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i Introduction

— a Rapidly changing field:
| = vacuum tube 4 transistor -> IC -> VLSI

X =« Mmemory capacity
= processor speed (due to advances in technology and hardware
- organization)

= cute example: if Boeing had kept up with IBM we could fly from
Bangkok to HCM City in 10 minutes for 5 baht (2000 dong) !

s Things we'll be learning:

/8 = how computers work, what’s a good design, what’s not

., = how to make them - yes, we wi/ actually build working computerst!
= issues affecting modern processors (e.g., caches, pipelines)

r £
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~ The Five Classic Components
 of a Computer

s Input (mouse, keyboard, ...) \ gt
s Output (display, printer, ...) [ aoinems o
z  Memory Sl Tap a0 Lodip F—- Input | €= e, Ul
, ry Ty processor | C}fhfﬁﬂj
= main (DRAM), cache (SRAM)
= secondary’(disk, : o )
(c<Y) ﬁCDr DVD, ...) Output —>“"“‘"€’° ¢
] Datapath Processor Processor ' ‘;".D/U)
= Control | (CPU)
= Control
Pala ‘:'JYCQJ:Q YW
@‘4, 9\‘;’ \__1/:;&(,—\5‘( YyYYyVvVY
“:PP/W\%’(':;_
- Datapath
T

L Our Primary Focus

The processor (CPU)...

= datapath

= control
= ..implemented using millions of transistors
a ...impossible to understand by looking at individual transistors
s we need...
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High-level

swap(int v[, int k)

language (int temp;
program temp = V[KI;
(in C) v[K] = v[k+1];
[‘ F A vik+1] = temp;
straction )
U,p\,nuzw o f as S -") 1 _ Vraesedio
e \ w Vohoren
= Delving into the depths reveals @ f—;’," =
. " o cuef
more information, but... ey é
= An abstraction omits “unneeded” oo i 52,854
2 dd $2,$4,52
detail, helps us cope with complexity (o wrs) w $15.0(52)
Iw $16, 4(32)
sw $16, 0(52)
sw $15,4(52)
jr $31

w From the figure on the right, how

does abstraction help the programmer !
. o e > (_9»-04./1—
and how does she avoid too much \g';uo\ ) (EASEmEPn=E \asg,._
; }
detail? | - 0 o k) )
.‘Mw lA.- apﬂu‘"—g L IM\':)) qjkﬂﬁ
Binary machine 00000000101000010000000000011000
Tanguage 00000000100011100001100000100001
iwsYv.  L—) program 10001100011000100000000000000000
a::n “ (for MIPS) 10001100111100100000000000000100
Aleriieali s (s 10101100111100100000000000000000
T K=t 10101100011000100000000000000100

00000011111000000000000000001000

The Instruction Set:

a Critical Interface

software

Y sy ek instruction set

‘rgé b\.\ e oIl S\ L Sey e R e
% S —_—

hardware

~e3 .85 Y _l',,J-:”')
k,:-’ ‘s NI f \

\Jw\gis:-’_:r?)i‘

F"& Yau~
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- Instruction Set Architecture

Kb‘c’l— "\”(c) (o ».f)lew'“-ﬁ)
ol J\-\huu,_a) S2L) {nsyr ey

= A very important abstraction’ Sealigin =
. Cﬂ “ L )( e
= interface between hardware and low-level software FEE
- - . - - ; \ ‘e) L
= standardizes instructions, machine language bit patterns, etc. -, ;,, K

Aﬂe.mb\ ' '
= advantage: allows d/‘fferent\imp/ementat/ons\ff the same At

architecture’

= disadvantage: sometimes prevents adding new innovations

—
T = T

a Modern instruction set architectures:
= 80x86/Pentium/K6, PowerPC, DEC Alpha, MIPS,) SPARC, HP

What is Computer Architecture?
- Easy Answer

Computer Architecture = o v

ﬁrd’ PIF==

Instructi rchitecture + f",ﬂ TS
Machine Organlzat|on 6 Gy S

,}: B JJ\_A—J

\V\\Ya,,\,‘-m (W,(é')—é‘)u} 7 "G/_,\,’Ln\

de:b] ok lon
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What is Computer Architecture?
Setter (More Detailed) Answer

WS =
Apolicati
P"’j‘ﬂh?; pplication :
Operating :
System | .5,
Compiler| [Fi ol
ompiler irmware | o0 Set

' — Architecture
Instars. Set Pro¢l/O system TR

ozeVits_ |  Datapath & Control

Digital Design

I Lavout l
FJ

_iforces on Computer Architecture

T@@hﬂ@ﬂ@@y Programming

\ Languages
Applications TN /

Computer
Architecture

Operating / \

Systems
History
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COD Ch. 2
- The Role of Performance

- Performance—~

| s Performance is the key to understanding underlying motivation
for the hardware and its organization

s Measure, report, and summarize performance to enable users to

= make intelligent choices
= see through the marketing hype!

s Why is some hardware better than others for different programs?

s What factors of system performance are hardware related?
(e.g., do we need a new machine, or a new operating system?)

s How does the machine's instruction set affect performance?
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~ What do we measure?
. Define performance....

w Passengers _Range (mi) Speed (mph)
3ocing 737-100 101 630 598
30eing 747 470 4150 610
3AC/Sud Concorde 132 4000 1350
pouglas DC-8-50 146 8720 544

‘How much faster is the Concorde compared to the 7477
'How much bigger is the Boeing 747 than the Douglas DC-8?

 So which of these aitplanes has the best performance?/

- Computer Performance.
. TIME, TIME, TIME!!!

urW’"t.J‘”‘ o PT BT ( u8) gwwu)

s Response T/me (elapsed time, latency): = Q Brery. > S
= how long does it take for my job to run? Ere DA Py ke )
= how long does it take to execute (start to Individual user

finish) my job? concerns...

= how long must J walt for the database query?
RS\ ,)'))o—//"’

W g Throughput ‘f”“f’,ﬂbn—mwd \_=HsE T @W{)\m) <o, ;j:_h;,,)\,

w,.) —
Yl o« how manyjobs can the machine run at once? WS oo
G‘_a L
— « what is the average execution rate? Systems:manager

concerns...

=5y, = how much work is getting done?
i »3"'?)0!_)3 -a\?hﬂdckh w-P‘\ . A {‘;"\\L%
A8 = S\ ”.. ores,
Ufi:—-ubyu_a.)\ﬂrjl. /’B L }"R zud"\:{”{:}# ,\,,:{_; )L fL——r
If we upgrade a machine with a néw processor what do we increase?

a [fwe add a new machine to the lab what do we increase?
CamScanner = Ligo d>guaall
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- Execution Time

n  Elapsed Time
= counts everything (disk and memory accesses, waiting for 1/0,
running other programs, etc.) from start to finish
= a useful number, but often not good for comparison purposes
elapsed time = CPU time + wait time (I/O, other programs, etc.)
%b) u’—(P"“,\——’\ Slelad \Q Yiwco - %){)‘-&J\&é

D n s ~utoe
i m s CPU time (s _
= " doesn't count waiting for I/O or time spent running other programs

= can be divided into user CPU time and system CPU time (0OS calls)
CPU time = user CPU time + system CPU time
= elapsed time = user CPU time + system CPU time + wait time

s Our focus: user CPU time (CPU execution time or, simply,
execution time)
= time spent executing the lines of code that are /n our program

- Definition of Performance

-

m For some program running on machine X:

Performance, = 1 / Execution timey ( ;) U e
7 VD(MM"— ‘)l'.au,:}p\ E}(¢, J"l--u_
& N EE IR ) oL s
s X5 ntimes faster than Ymeans: —e  Er«fy

Py

<y

Performancey / Performance, =n

E [ oyeehio E;

e NS * A
£

E‘\" ‘ ey
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- Clock Cycles

= Instead of reporting execution time in seconds, we often use
cyc/es.' In modern computers hardware events progress cycle by
cycle: in other words, each event, e.g., multiplication, addition,

etc,, is a sequence of cycles

A M E \

1L an P Yo wp __;,:[}
seconds cycles  seconds Sdeealigy

= X

3 ~ ~ " -
(B30 eyl ) .
ed \.\i.«-.‘-v\\-l-‘*fl }9 S S S

WD Cndle v Ay ety
——'—-.-—_

program program  cycle

. I : Pl’b u—\) Vo
s Clock ticks indicate start and end of cycles: —— s N ek

(perioa ) 0"
cycle{ % } ll 4 A Pwiod))“ij.é) )}JWL’

]

[ :

v g time - 2\
=

| | |
| [ [

< 2 | PEA
m  cycle time = time between ticks = se cycle

s clock rate (frequency) = cycles per second (1 Hz. =1
cycte/sec, 1 MHz. = 106 cycles/sec) | g
= Example:(A 200 Mhz\ clock has a ———— x10” = 5 nanoseconds
——\‘\\-_

cycletime g ey 7 200x10°
— v
[

CPU Clocking B

Operatioh of digital hardware governed by a
constant-rate clock

NI -
M /—Dk .ri;u‘) eddery - ISy U)()r.\:))
Clock (cycles) .) i _'! I_
Data transfer 5 e
and computation ( X T )
Update state <:> O O

—
»

Clock period: duration of a clock cycle . -
= e.g., 250p$ = 0.25ns = 250x10-"%s = 5=

| e
Clock frequency (fate)? c@;f/ﬁé/s nd
= €.g., 4.0GHz = 4000MHz = 4.0x10°Hz

-
CAamnutar Ahctrartinne and Tarhnalamu
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Performance Equatio

\
- )
Cet=dtas X (P"' 92 a3 K_.—__—i-
~ = Seconds _cycles seconds PEIGhL
E.‘ = = Cc\o;.l/— Vf“'\)
y program program cycle ——
Sécsnd
o« fedvnm :
F_—_:— equivalently
\
T=\¥¢)
CPU exccutiontime  CPU clock cycles X Clock cycle time
for a program for a program e,n‘,;u)E-T R

=

—
,.__-

A e 0) Tref 2V EOSEE | 20 & e
(6’5%-— . i G TeThas 0P Peoit
2 @ So, to improve performance one can either:
= reduce the number of cycles for a program, Or

= reduce the clock cycle time, or, equivalently,

increase the clock rate
G'_‘,\ ﬁ F 94.‘\.‘

- How many cycles are reqwred
fora Droqram?

a Could assume that # of cyc cles #7# of instructions

. L,-L)
vt T )AJ\U,.._D.J

Jime . S
C(’L(—) 2
__2—-—”

kw ¢

;.—1, )

1st instruction
2nd instruction
3rd instruction

a THis assumption is incorrect! Because:

s Different instructions take different amounts of time (cycles)
m Why ? '
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4 .

How many cycles are required
for a program?

MU|t|p||cat|on takes more time than addition

f0ating pomtnp)erations take longer than integer ones i, TS
Acc—gggm@'ﬁ/emory takes more time than accessing registers ", - ),

jmportant point. changing the cycle time often changes the —
umber of cycles required for various instructions because it
means changing the hardware design. More later...

. TR WO TN
’ %‘Aﬂ% Hie e
2 » ALB
!D _—
w| EXampIe Egbr_\g ;_- ‘*ﬁ%“o __X
los ~ 22 *~ '—"\\—DOM
e E..’T‘:- ‘\ﬂ’@c_,\f_ A ?e({u)

s Our favorite program Jrunslin 10 seconds on computer A, which
has a 400Mhz. clock. = 2Z5= g -les =

s We are trylng to help a computer designer build a new machine

;B, that will run this program m‘B seconds, The designer can use
new (or perhaps or e ) technology to substantially
increase the/clock raté, but has informed us that this increase
will affect the rest of the CPU design, causing machine B to
requirg 1.2 times)as many clock cycles as machine A for the

same program. l NN E-T B A i mahin 13 25
fen ) < e N = a. '\ 8 i)
S i o) c\w =5 —s S = i
ﬁ”anw@-’ :E:Pﬁﬁﬁzs
f clock rate should we tell the designer fto target? g pdA TL—
Vs Naee AR - P, e lg l.L:L&"B
e °fs2 @ = - CYel 5y, o i L{aY
i 2 7( Ve it I vl
T == MY AL TA=2 " iy, Riace
R = e M3 A Q N A —u
eci e F 7
taz = fAESIZN S fiE i
wa )u‘--u_.n_)ﬂ) _q—é——)ﬂo— oo s HZ
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CPU Time Example

F 2G

ComputerA 2Gﬁ§glock 105 CPU time = ¥
J,,jz DeS|gn|ng Computer B Sporie

= \ Ih.é't—l) S

“he-  m Aim for 63 CPU time o bety

)ﬁ g;« .y Can do faster clock, but causes 1. { 2 x clock cycles
BRI T

(s ~\

”“fﬁFlE)w fast must Computer B clock be’7 AP AR

Clock Cycles, _ {2 Clock Cycles,

DR = e 6s (e

Clock Cycles, = CPU TimeA x Clock Rate,

ovc_ﬁt\tz E'-\— X;

:1OS><2GHZ=_2_0_>i1_0_9 @+ LBFuk Peq

1.2x20x10° _ 24x10° _ /o1 w6 vec e
6s 6s

Clock Rateg =

Chapter 1 — Computer Abstractions and Technology — 13

_i Terminology
A ovnas b k]'uo Wiy

s A given program will reqmre 2 P 1 s &
)

o w0 4’)‘3)“1 = some number of mstructlons (machine mstructnons)
. = some number of cycles % "7 S s
ET sz !

= some number of seconds

a We have a vocabulary that relates these quantities:

UL e Nl e .
e cycle:timeé (seconds per cycle)@ ¥ g,&fj, P
- —_— - g
piltsiipiT=R ) 6 3,
PN )'4'* @CPI (cycles per instruction) iwste = ale s
A (1 HrO) 52\
b "”a@m)I ating point intensive) application might havi ajhigher average CPI s
; million bty SN S e
x5 (millions of instructions per second) ol b 1952
Thvagh = this would be higher for a program using simple instructions

b
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performance Measure

performance is determined by execution time

, Do any of these other variables equal performance?
= # of cycles to execute program?
=« # of instructions in program?
= # of cycles per second?
« average # of cycles per instruction? < ¢ =
= average # of instructions per second?

« Common pitfall : thinking one of the variables is indicative of
performance when it really isn't

Performance Equation II

E \ b) \
\‘H______,__fi': Wy, el

CPU'execution time _  Instruction count x average CPI /X Clock cycle time
for a program for a program S P '%; =1
| bl % e \ 22y
\v\S\'v

v Derive the above equation from Performance Equation I

= \ &g+
Clock Cyclesi= Instruction: Count x Cycles per Instruction

CPU Time = Instruction Count x CPIx Clock Cycle Time

ST — \)p Glock— Jak (fre)

A Instruction Count x CPI

SCBCKRAER
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- CPI Example 1

s( )\0,4) Lp 2

Ny YU Q) M’S\w) Wiy e . 1
é‘ﬁ y)guppose e have{two implementations f the same instruction

r:._l(éo—-’\u‘ Qo

ram

il set architecture (ISA). For some prog i e

(09 e = machine A has a fYO ns. ‘anj a EE; 0: 0]\ 5)
0 ns. and a of .2)

tlm%afDZ_ Sl SRSl

= machine B has a clock cycle Aay

Ae, o F,.[ )h-;_,.,.w ») F’ .
Q,\C\DJ PASH Fre €3 P BINHY 22 L)
> much?
a  Which machine is faster for this prograi, and by how

m Iftwo machines lra‘u/;: \;llze ame ISA, which of our j%;gt;sjll( Z;gvtj3YS be

= ﬁo_c;l_(_rgte CPI, execution time, # of instructions,

[ L ue "")
identical? = P pref g2« <ol Epla T s
T plopfidai i
0"9))_& (\r-\-l)) s = i
ETA kB oua/P.) - J”/"—'Jl"l ‘
E"TB “\ip(as L vo
PR G lle) Vbl

. [ows
s Incker. NSy X
(3131-"‘:”\) Court 23 s }«’/A* <5 A-‘(D/V;S ’52‘2{
== EB = * P —— —
BB SR e/é R
-2 ons

)_Sﬂv-w Wy,

CPI Exaﬁrie»«-w £pr 2 o

wﬂ\ v A pacids --——) e A /\9 -’\-—QJ) 0[&3 = > F
; “"-P‘é)f) )k i e -l.h)\ A

-)

Computer A: Cycle Time = 250ps, CPI =2.0
Computer B: Cycle Time = 500ps, CPIl = 1.2

QU )
Same ISAﬁVTNY SS D

Which is faster, and by how much?

QPU TimeA = |Instruction Count x CPIA xCycle TimeA

=1x2.0x250ps =1x500ps ~— [ Ais faster...
CPUTimeg =Instruction Count x CPly xCycle Time

=1x1.2x500ps =1x600ps

CPU Tim?ﬁ’) | x 600ps @\

CPUTlmeA |x 500ps W
qush, )’L«g—tL

—
AMmnintar Ahctrant; innc and Tarhnalams — 12

B

Chantar 1
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CPl in More Detall

/ﬂm’m"’*““ ——
If different lnstructlon classes take different

numbers of cycles

AN -
£ e i
Clock Cycleg)= Z(Cﬂxlnstruction Count)

plog. A Caets vt ) = :
.5 A I 1 -' Y -~ .
E‘:"_PJ " )’rr»&»:_)

—

Weighted average CPI

| o) :
CPl Clock Cycles Vs z CPbenStrUCtl,on Count,
—=Instruction Count — Instruction Count

e,ui“‘\"CU) — ~
= .
Relative frequency] 2© . 5,
loo =1

i=1

—

Chapter 1 — Computer Abstractions and Technology — 19

CPI Example II \}c—{"«)\ <o «f/\ce:ﬂi’i&l;
(ot Jo”_ 24 A mariplicarien L)i,__)
yﬂ- ﬂi'z— %;Q‘LT_A_U Q_)_,.;)a)“_n_) fsp_L——-‘;'__i__
= A compiler designer is trying to decide between two code
sequences for af particular machine.| = G-l =i

ot frq IV ‘
AR \

U s
= Based on the hardware |mplerﬁentatlon there are three
different classes of instructions: Class A, Class B, and Class C,

and they reqUIre 1, 2 and 3 cycles (res pectlvely) -
n Th/g_\ \lrsﬁ code sequence hasﬁm atlis CC:;

ZOfA lofB,_andz\ofC —p x4 wixdr= 1O /W
The second sequence hasﬂgmstructlons] = f‘ 8 fra BV
+ \X3 =

o

o t’_\’ﬂ/
40fA,10fB, and 1 of C. :.p'vﬂt: Va2 i) ;
\‘3 Dutyees g _)\\"g‘\ b:i Wow re’é‘\‘f”f)*ﬁ“-c-}z
o=y ] for ea
" Which sequence e will be faster? How much? What is the CP.
sequence?
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CPI Example

F Mm I
Alternative complled code sequences USiNg
instructions in classes A, B, C

|

Class B g
o TGEIor dass TR O e >
T S Y sequence 1 N2 e e 1
(s %7) |IC in sequence 2 4 i
52 u‘:"‘;“'j Clock Cycles M@—rﬁ)
F“’ﬁi .,\%“‘ (il_} G I-InstruchonCount:;:(--—~ Instruction Count

) tﬂ) Lecle o I\\‘j}
Gt o] _  Reewaly
Sequence 1: % Sequence 2:

\o

liC _55 ‘%: = =" _ 1%6\5*

CPl= 1*26} 2% 1/5+3*2/5 CPI = 17416 + 2*1/6+3*1/6
=19l | = =15

l (£.) 2Ot eV O Frep 3o __W;L_‘_-a N i aS
\%l\ K?/S x 2 "F./:}L)” Chapter 1 — Computer Abstractions and Technology — 21

Pitfall: MIPS as a Performance Metric
F=
MIPS: MI”IOnS of Instructlons Per Second

Ao 53

mﬁ@zf‘ Doesn’t account for

peo=-=" . Differences in ISAs between computers

- Differences in complexity between instructions

N DS g

| t — sy (E=VE
MIPS Instruction count . ’g d‘ \ )
\}w ) .o o nExecutiontimex10% -

e
o9t Judl mip | ; IntSt/’:"fél/onfognt @/ Clock rate )jfj
R NnStructio untx CPI ki
bwﬂ)) fﬁﬂv..

6 CP|X106 o T
D5y S ET Clock rate x10 Sex

: ®\§;Jﬂb
= CPI varies between programs o, 5 given CPU

Chantar 1

— Chamnung
L ar Ah:i-r:u-finng anr Tanknalhmid 279
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MIPS Example (.-

Sjlh A EY:’-\ (?""_ -:_Q

Two different compilers are being tested for a(500 MHZ.) - fMM
"machine with three different classes of instructions: Class A,

Class B, and Class C, which regliire 1, 2 "and 3 cycles == R,

(respectlvely) Both compilers are used to produce code fi Rt b
large piece of software:;u e R %&T S

20 %8¢ S\t E - 'T Zo» lo 3= Fbn Ly

3 cOm iler 1 generates code with 5 billion|Class Aynstructlons 1 % tonwex
billion\Class B lnstructlons and 1 b|II|on§CIass Clnstructions. — *Zbux;

¢3" Caimpiler 2 generates code with 10 billion Class A instructions, 1 = Sl
billion Class B instructions, and 1 billion Class C instructions.

Vo & YR A4S BN e ’—br 12wl p E-T = lewiwsas
@ ET \S X103 2mS = 2 %o SO Y E;s- D
s Which sequence will be faster aster according to MIPS: = ot oM.

s Which sequence will be faster according to execution time? 20% _i_cf

Lo\ LJ_,\,%QKS\..} \M'\eg s 63/‘?_)7 Eﬁ
o —

i3 oy

—

s _“m‘_mV—H‘J-_—hﬁﬂh—.%eiﬂ O\ s, L m s millen e L.v'k-J\ N4 el

R =

Benchmarks - -
Sebh o vy
[ Y=\ HJ;\))CD\V‘\«——&—‘
\AEE‘\(,.-V oo,
v Performance best determined by running a\real application
= use programs typical of expected workload |

= Or, typical of expected class of applications
e.g., compilers/editors, scientific applications, graphics, etc.

Site ("*"“;’_45*5
" _Small benchmarks \ =—
= NICE for archi and designers

v easy to standardize
= Can be abused!

" Benchmark suites
= Perfect Club: set of application codes
= Livermore Loops: 24 loop kernels |
= Linpack: linear algebra package
= SPEC: mix of code from industry organization i
CamScanner = Ligo d>guaall
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~ SPEC (System Perfo'rmance
Evaluation Corporation)

-managed -
= Sponsored by industry but independent acgnfj%lism 9
trusted by code developers and machiné

= Clear guides for testing, see WWW.Spec.ord .
= Regular updates (benchmarks aré dropped and ne ed

periodically according to relevance)
= Specialized benchmarks for particular classgs 0
= Can still be abused..., by selective optimization!

f applications

| ,‘ SPEC History

First Round: SPEC CPU89
= 10 programs yielding a single number
s Second Round: SPEC CPU92

= SPEC CINT92 (6 integer programs) and SPEC C i
point programs) FP92 (14 floating

= compiler flags can be set differently for different programs
a Third Round: SPEC CPU95

= new set of programs: SPEC CINT95 (8 int
CFP95 (10 floating point) (8 integer programs) and SPEC

s single flag setting for all programs
e Fourth Round: SPEC CPU2000

= new set of programs: SPEC CINT2000
SPEC CFP2000 (14 floating point)

= single flag setting for all programs
= programs in C, C++, Fortran 77, and Fortran 9g

(12 integer programs) and

CamScanner = Ligd d>guwaall
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i cINT2000 (Integer component
of SPEC CPU2000)

program
164.921P
175.vpr
176.9¢cC
181.mcf
186.crafty
197.parser
252.eon
253.perlbmk
254.9ap
255.vortex
256.bzip2
300.twolf

Language

o000 o0oon00

++

O 0000

What It Is

Compression

FPGA Circuit Placement and Routing
C Programming Language Compiler
Combinatorial Optimization

Game Playing: Chess

Word Processing

Computer Visualization

PERL Programming Language
Group Theory, Interpreter
Object-oriented Database
Compression

Place and Route Simulator

CFP2000 (Floating point

=

~L.component of SPEC CPU2000)
Program Language What It Is
168.wupwise Fortran 77 Physics / Quantum Chromodynamics
17Lswim Fortran 77 Shallow Water Modeling
172.mgrid Fortran 77 Multi-grid Solver: 3D Potential Field
173.applu Fortran 77 Parabolic / Elliptic Differential Equations
177.mesa C 3-D Graphics Library
178.galgel Fortran 90 Computational Fluid Dynamics
179.art C Image Recognition / Neural Networks
183.equake C Seismic Wave Propagation Simulation
187-facerec Fortran 90 Image Processing: Face Recognition
188.ammp C Computational Chemistry _
189.lucas Fortran 90 Number Theory / Primality T§5t|n9
191 fma3q Fortran 90 Finite-element Crash Simulation .
200.sixtrack Fortran 77 High Energy Physics Acceler_ator’ Design
301.apsi Fortran 77 Meteorology: Pollutant Distribution
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each code in the suite

tric mean O

SPEC CPU2000 reporting
Refer SPEC website www.spec.ord

Single number result — geome

for documentation
¢ normalized ratios fq,

Report precise description of machiné
Report compiler flag setting

| B CEP2000 Result
Advanced Micro Devices SPEC2000 = 458
Gigabyte GA-7DX Mothelbcad, 1. 3CH: Athlen 7rocesol SPECEP_: ase2000 = 424
AP lome:d Ml B: ABTD Auxin T bk bbp IO [Eadv 2 5T Tun 301 [idllamu Ao F T 1001
s Al e B Hatw 200 40C &1 90
—— |:--‘|.-.I...I._.I...|_.,_.,|
IR 1 pnioe & | IA| 438 WG| Add == =i
171 mwiro 31.00 | 7or 33| 77 = : = =
172 rog1id 1900 515 141 55| 343 — - )
177 2pal I 5 470 1| 49 =
177 e L1460 252 556 225 621 T -
178 g= woo | asl|  sw| sl e = — = : =
170 2t woo| 75| ase| wi|  m =]
133 mq1abe 1100 ani| 323 17| 3% ,
137 £xmizc 1900 1;8 531 357 511 —
128 e rap noo | so|  am | osas|  am o B T D
L% lucos Flesd] [s1F: 8] ] PO e :
191 frm3d .00  414] 49 434| 49 * :
2W0aiaud 100|386 JoL|  auu| 154 %x\\ﬁ
301 2pad woo| el aet]| ua] wpEeeeee——o :
- : s -
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Specialized SPEC Benchmarks

I/0
Network
Graphics
Java
~ Web server

Transaction Processing (databases)

B R A Y K _SPeedenQz  Joo = S (S upjues\
we€ e .
Cavwy

—_—

Amdahl's Law“‘

n  Execution Time After Improvement =
Execution Time Unaffected + ( Execution Time Affected / Rate of

Improvement ) gruie
PV
f g 2o 3£ ’ | 35 2 325
~lo
§W _& = 0 h\f‘xi LA

Improved part of code AN L) LY
s Example. e e o= Sl g ’)

= SUPpOSE a program runs in 100 seconds on a machine, with = E\fo‘*)
responsible for 80 seconds of this time. Bo |zo] t%
\ o ——“

. | Sps T
= How much do we have to improve the speed of multiplication if we WantU 6x)

‘ 5= loo . o
| E-t. theprogram to run 4 t’mésm&‘\ a2 preg 2
' (M" ) »  How about making it 5 times faster?. =

oeay) e O‘a E‘T
B ibh e . 5 Covecatr — Supld &7 W\{ s )0S
orealy o G ) B T s st ey 1T B
@Deg n Prifciple: g__A% the common case 1qst.., . E1 -5
= XY e © TN — 3 - T
e (Bhne e e | B
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PSSl e

Pitfall: Amdahl’s Law

The performance improvement to be gained from u§ing rslor;le ::fter
mode of execution is limited by the fraction of the time the fas
mode can be used.

Improving an aspect of a computer an w:g?(pecting a proportional
improvement in overall performance C‘ii;; ,

P E

g2l

SSRGS S e L

a i =

L

\
‘ = o vk spe<d oYl =
;(\;'P:J A \'rﬁt:_\t\f;w.; T Pf:‘:...) @ :c &@“Wn\ el + [ rq Pf
ML (O affected + s LYy T
i = ecle
I —2C improvement factor  ‘mefeced 2, o oz
s Example: multiply accounts for 80s/1008 ‘%‘ma)
>
"= How much improvement in multiply performance to
\ el il i ol
e get 5x overall? 2 el 25t
o ’
L igls ) 20 :8_0+20 = Can'’t be done!
e
k\\:r-“m""'\“’PWW’d QQ“&&CFLDQDO

Corollary:"make the common case fast

Chapter 1 — Computer Abstractions and Technology — 33

Sy S B L L

I Examples G %5.- .

e : VWQH-— QAleq
: Loid spsed upi=:s L)
s Suppose we enhancg: a machine making all floating-point

instructions run five times faster. The execution time of some
benchmark beforelthe floating-point efﬁfm\mmt‘ is 10

seconds. i \ Ak T e e
e D% 7B G- sem) Y6 \es =T
‘/\a\g q e

5 3 -
15 = g What will the speedup\be if halfof the 10 seconds is spent executing
;’ floating-point mstructions? , €60 31 Jo = Felw
-2l

Flets =
s We are looking for a Eenchmark to show off the new floating-
7 e, POINt unit described above, and want the overall benchmark to

——=—, show a gpeedup of 3| One benchmark we are considering runs
\

.6

.~ for 100 seconds with the old floating-point hardware. -, _ wp_,
J ﬂf:‘:‘ b XisloisX F‘\é‘j‘:" :0.3._.)0;_\— 5(__‘ -\\\"() A3 0,82’ T:b’gsx Yo = 3.8
\1‘) ‘J'/"j ?—/ &\ocul) -5 Shay( ) —

s How much of the execution time would floating-point instructibiis have to
account for In this progran) in order o yield our desired speedup on this

benchmark? Tz S T
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sSummary

= Performance is specific to a particular program
= total execution time is a consistent summary of performance

s For a given architecture performance increases come from:

= increases in clock rate (without adverse CPI affects)
= improvements in processor organization that lower CPI
= compiler enhancements that lower CPI and/or instruction.count

s Pitfall. expecting improvement in one aspect of a machine’s
performance to affect the total performance

= You should not always believe everything you read! Read
carefully! See newspaper articles, e.g., Exercise 2.37!!

L] Computer Organization

ey
o o
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SPIM Example Program:

# Program adds 10 and 20

sea

.text
.globl main
main:
la $t0, wvalue
lw $tl1, 0($t0)
1w $t2, 4($t0)
add ‘$t3; Stl,
sw $t3, 8(5$t0)
.data
value: .word 10, 20, O

# text section
# call main by SPIM

# load address

# load word 0 (value)
# load word 4 (value) into $tZ2
4 add two numbers into $t3
store word $t3 into 8 ($t0)

Parse the
machine code
for these two
instructions!

#

data section
load data integers.
start address 0x10010000 (= value)

“L add2numbersProg2.asm

vyvalue’ into $tO

into $tl

Default data

MIPS Memory Usage as viewed in

|l SPIM

SigaYeh- s

o> oo

reserved ©

stack segment =

td

D

Cﬂ‘(a'\:) \19

{—' ——
; Ox 7 fffffff
g = 3207 Ox7TeffC
22- b FANOWZ
O Bl =
b4 dowin a,,,,v..) @
) Uino)
pef 0=)
— data segment
NP TR l0x10010006 al
s T N s text segment
g __,(iﬁifdis(ﬁ(m_s)’
T I
SeDU 1000001
reserved
0x00000000

kﬂwa\)\%f’

el S et
f L,;u-}’ \_.;__,,\

Shac ke =? Tl &k

il Y

((NexX)
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MIPS Assembler Directives

G!‘J\ ‘,');\’a\:_-&
DAy S
—

s Common Data Definitions:

w277 R \word ) Wip..own

e o= - store n 32-bit quantities in successive memory words

\,V(J = | .half hl, i of hn

’ o,wb)‘\\/ 5,) b. store n 16-bit quantities in successive memory
= «> 3 = \.byte\bl, .., bn

%(:’f)) Q@ \. ),y) QA _:jﬁgre n 8-bit quantities in successive memory bytes

. = ascibstr . :
: -)‘/-ﬁre the string in memory but do not null-terminate it

halfwords

/ (3 )
s B2S fl//Jg = strings are represented in double-quotes str.
D >)7'),))’ = special characters, eg. \n, \t, follow C convention
s 20 str o
M . store the string in memory and null-terminate it
> —
/:P >
NODElS A
(7 >>\ é/ :
Lo
(;(( .> \O‘w.' 7 \j_\_j Ny o (ARt Tttt e oz [ = e -
\’\",\\\ » )\j ylj
A A
Il MIPS Assembler Directives,
- -y Fla“¥ a ﬁy:v.ﬂ
= Common Data Definitions: === é); f
e
720 =K e BRI
— =« float)fl, ..., fn

= store n floating point single precision numbers in successive memory
e g4 b — locations
) = doublegl, ..., dn
3 'stor?_ n floating point double precision numbers in successive memory
ocations

= .Space n
= reserves n successive bytes of space
=« .align n

= align the next datum on a 2" byte boundary. For example, .align 2
aligns next value on a word boundary. .align 0 turns off automatic
alignment of .half, .word, etc. till next .data directive
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SPIM Example Program.
- storeWords.asm

Program shows memory storage and access (big VS-

zgatd SPIM’s memory storage depends on
word 0xabc89725, 100 | machine: Intel 80x86 processors are

little endian)

the underlying
little-endian!

&

here:
> byte 0 ’ l ’ 2 ’ 3 -
.asciiz "Sample text" Word placementin memory is exactly same In
there: .space 6 big or little endian — a copy is placed.
] byt.:e " Byte placement in memory depends on ifitis
.align 2 | big or little endian. In big-endian bytes in a
.byte 32 Word are counted from the byte 0 at the left
(most significant) to byte 3 at the right
t (least significant); in little-endian it is the
.text
other way around.
.globl main
main: Word access (Iw, sw) is exactly same in big or
la $t0, here little endian — it is @ copy from register to
1bu $t1, 0($t0) a memory word or vice versa.
lbu $t2, 1($t0)
W +St3; 0(SED) fyz‘e acc§55 depends on ii:j it is bi39for lit%leﬁendian,
ecause bytes are counte 0 to 3 from left to right
si 23026 PED) in big-endian and counted 0 to 3 from right to
sb  $t3, 41($t0) left in little-endian.

- SPIM Example Program:
oI swap2memoryWords.asm

## Program to swap two memory words

.data # load data

.word 7
.word 3

.text
.globl main

main:
1ui
ui $s0, 0x1001 # load data area start address 0x10010000

lw 8s1; 045s0)
1w $s2, 4($s0)
sw $s2, 0($s0)
sw $s1, 4($s0)
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.text

# text section
-globl main

# call main by SPIM

# Nonsense code
|

: Poad in SPIM to see the address calculations
main:
j label
add $0, $0, %0
beqg $8, $9, label
add $0, $0, S0
add $0, $0, 30
add $0, $0, $o0
add $0, $0, $0
label:
add $0, $0, $0

SPIM Example Program:
" procCallsProg2.asm

SCCaUTE Call to 8wap two array words

#
-text * int temp;
glObl main $ temp == V[k];
main: # vik] = v[k+1];
# v[(k+1l] = temp;
load para-[1la $a0, array ¥ }
meters for| addi $al, $0, 0 # swap contents of elements $al
SWap # and $al + 1 of the array that
save el ragdi Ssp, $sp, 4 # starts at $a0
_address$ra {SW $ra, 0($sp) swap: add S, San; §ail
IyStack add S, SEl; Stl
jumpand [jal swap add 5&1; $a0, Sti
link to swa 1w $t0, 0(sStl)
restore (1w $ra, 0($sp) 1w $t2, 4.(Stl)
return |addi $sp, $sp, 4 S st2, 0(5tl)
address sw $t0, 4(stl)
jumpto$ra{jr sra jr Sra
# equivalent C code: .data
# swap (int v[], int k) array: .word 5, 4, 3, 2, 1

|
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MIPS: Software Conventions
|for Registers

~zero constant0
1 at reserved for assembler

16 s0 callee saves
(caller can clobber)

vO_results from callee 23 s7
3 v1 returned to caller 24 t8 temporary (cont’d)

a0 _arguments to callee 25 t9
5 al from caller: caller saves 76 k0 reserved for OS kernel
6 a2 27 K1
7 a3 g gp pointerto global area
8 t0 temporary: caller saves 29 sp stack pointer

(callee can clobber) 30 fp frame pointer
15 7 31 ra return Address (HW):
caller saves _J

___ﬂ__,»_’_._..__,_,—————-—-—-————’———-——"*"’

S

ol spiM System Calls ., .. - ==

Sysha~ ,
. System Calls (syscall) \im\(ra‘_v 3 )Lp,k(,q\\s
Yove
Y &4

a 0S-like services it 5] BV
N PNl Py & 2

Feen _)‘l—?J/L f) A L2 LS

=, sgpv— <t

jﬂjcrm» as, as I ol O
A\t V>

] MethOd | & oY '“‘c >
. load system call code into register/ $v0|(see following table for codes)

= load argu/nuegjs into registers($ao, ...,
» call system with SPIM instruction syscall

« after (éll retgrn value is in register $v0, or $f0 for floating point results

-
—
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SPIM System Call Codes

\ ervice Code (put in $v0) | Arguments Result
22" 2=\ print_int ta0Li
i \f : \ 1 §aOXxinteger (~2L)
print_float 2 Floefloat —\0 e
. AT
print_double 3 $f12=double B
print_string 44 a0%addr. of string
read_int_ \~">"YY) 5 ¢ ‘Tf* c:;,;/ |intin $v0 eV
read_float 6 L P float in $f0
read_double 7 o B double in $f0
read_string 8 $a0=bufi’er, Ao
$al=length— sven 7
sbrk 9 $a0=amount @ © | addr in $v0
ot it 10
\JP\
: - i S B ——

i

|

=~ SPIM Example Program:

systemCalls.asm

—— 1w $tl, 0(5t0)
e lw-5t2.,-4.(5t0)
44 Enter two integers in add $t3, Stl, St2
4# console window sw $t3, 8(5t0)
44 sum is displayed: 1fyster_n callt(_:ode
" text et it S orprintsing
8 w |
.globl main 5“;))“:‘;; s elid la $a0,( msg PEZ o
—[nte (eyseally
main: A »‘*‘”‘)g;.& gemyet argument to print_string call
la st0, value 1i $v0, 1
jp 8 B NS system call code Hevetyaly Ht2 ?‘/fte'?:]tca?"tmde
= 1i $v0, 5 for read_int . syscall or print_n
syscall e s L\)‘JL } argument to print_int call
sw $v0, 0($t0) s o 1is sv@, 10
o 2 (e s . syscall *+—__ system call code
”'03}) - T result returned by call S0 for exit
1i $VO, 5 Tdata o 3
syscall value: .word 0, 0, O
sw $v0, 4(5t0) msgl _asciizg“Sum = "
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COD Ch. 3
Instructlons Language of the

——

F-"alﬂ»

M

- Instructions: Overview

= =

= Se e & ‘\V\S\IY.
s Language of the machine WAy e

o Mou/x prlmltlve than higher level languages, e 55355 5 s
fgf SOphIStICated control ffow such as @/ or @.

Very restric restrictiv RN S
s e.d. \MIPS&arlthmetlc instructions
= We'll be working with the MIPS instruction set architecture

= inspired most architectures developed since the 80's

= used by NEC, Nintendo, Silicon Graphics, Sony
] | DB
the name is not related to millions of instructions per. seconcg__h tj’{)«f\

n it stands for microcomputer without mter/b);:fed p/peline stages ! -
= Design| goals| maximize performance and minimize cost and
reduce design time Q = o
G
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MIPS Arithmetic

a All MIPS arithmetic instructions have 3 operands
= Operand order is fixed (e.g., destination first)

—_———

WY e /)‘\}'S
m  Example: o2 W‘“); ;
\,ew\")_g\_@uu)\\ 2z e
C code: A =B+ C compiler’s job to associate
o variables with registers
\6:“«( (8 \M-A\’w-k
MIPS code: 2yt add ©s0, $s1, $s2
:17 " DisYirti e )
e V,@\'l. \Sou"“—z»)
\50\'«\01.)

Go B2 s SexSy

g MIPS Arithmetic

3 “‘f”‘ﬁ/ ’))C"Porma}—)‘fd&-—)%(-) Desgiua Mooy
=t~ . Design Principle 1: S/mp//C/ly favors reguiarity. R O s

ol Q<y N\ uL—‘»—)—P s
Translation: Regular instructions make for simple hardware!  (s4u.e | ) o —

an ye Yires
&V\ﬁ. 'L &|\Y¢¢7—, D X L

a  Simpler hardware reduces design time and manufactur/ng cost™ T

: g ) Allowing variable number
a  Of course this complicates some things... | of operands would
Lo st (Sove= )2 cansd 4 simplify the assembly
T plon de =« AzBigt D; codée»but complicate the
Smplecils w\:‘ﬂé'Z_“”)E = F - A; hardware.

. u(arlthmetlc) add $s0, $t0, $s3 -

(o Yo B /
Skt )(-d:ﬂ PS code [add $t0, $sl, $s2 Juwo slatae

ﬁ%“‘l | W 4 sub $s4, $s5, Ss0 Fhyee S\’a\ra.\\(‘

wo A o ?M’Y | i Ee

%E] ¢ Skotbgmen 't ins¥re .
\e e Performance penalty: high-level code translates to denser —

machine code.
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Vme L Bsg0, ()

[L MIPS Arlthmetlc

6\ _))C.Vf" L\,;’Jl
i Operands must be in registers — only 32 reélsters!prowded
(which require 5 bits to select one register). Reason for small

number of reg|sters \oy 32 = SbiY
Qonay sy Sty 30 Shey 51

Fene. G\ )™
m Design Principle 2: smaller is faster. W/1y7
n Electronic signals have to travel further on a physically larger chip
increasing clock cycle time.

a  Smaller s also cheaper’

bR sae N AN B Pofi, T
22 4 —
A
°.(“;:‘\'Z\¢n7 [ one Gac\e
j_c.oc cle MZine Jj\lu’l '2_) B RY
R t Mem Crplir yep
_ L egls ers VS e Ory \llybld\(v\v-—\/l
f-'- J*‘” L(Pe’ﬁm«a)ue) 4\_1) J‘Mb:.ﬂ/,_S/}, wb
=)  a Arnthmetic instructions operands must be in reglsters e
— a2

a MIPS Cas 32 rg%lsters (éd‘s‘tr*r‘“e L, 2R ) Ypedaey AR
\Wwale sYere B2 ¢ At
a Compiler associates varia ith registers

s What about programs with lots of variables (arrays, etc.)? Use
memory, loady/store operations to transfer data from memory to
register — if not enough registers spill registers to memory

s MIPS is a load/store architecture

Control Input
Memory
Royi > %,p Datapath Output
d ay~ Pn\‘\n BIN)) 3
_—:_’_—\;__'-‘M 3 ) Processor 1/0
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Memory Organization

= Viewed as a large smgle -dimension array with access by address
= A memory address is an /ndex into the memory array

m Byte addressing means that the index points to a byte of
memory, and that the unit of memory accessed by a load/store

is a byte "l
. < ™ 0 \
kq(')rcs.t )| Y’_‘S‘“ \)S) \ojh._ \S‘Wﬂh”“ ‘ I Y
A
a(a&tlb't_ 5

< vas LS

0 8 bits of data pJ\" 2ere @5 \—EA’ Maf £) N p
I —
. uafk
1 | 8bitsof data res N )
>~ ,ﬁ‘: V5 (
o) 8 bits of data - . S e
L - 'LC’O (‘_,\ ‘_ka wWe- t ’b:f° ’_p)) ) \
3 Sblts of data . [ u-.
4 8 bits of data L , t ) ) 'Jsare.;‘ B ~\ o
- ' VBRSO J"“’
5| 8bitsofdata 5 \ o R ,
zecs (_)-\\ ‘-\J‘"" &q 4 (;' ) N v-?d‘-—ﬂ- ~>
6| 8bitsofdata cﬁv:_-/' e = ginii
uhvt—n 3_—_‘ (—‘ (_)\ W\-H’\I , e 4 /:—__)- —_—_
© L 0ress é_

2N

el ol Wod | M Sias | disep Zee VS - WBTEE, )y,
—_— - Sa> i (—‘“bTF""* =20 W

Memory Organization

= Bytes are load/store units, but most data items use larger words
s For MIPS, a word @Qﬁ 4. bﬁ es

- Lo wmipg D)

-

Yo 2b | He® word \o_~5\*~3
worelo vz ) Ot Lo —_—
o =T\ PR el =
vos 0 32 bits of data :«,‘2—- ) & r"\‘ \03“{‘ d
sVv20 gy Nraced )
32 bits of data | «————>{ Registers correspondingly hold 32 bits of data
s e sy —— —_—
8 | 32 bits of data
nw»o 12| 32 bits of data

270 _ab m:f’) A prewery < o f_"_‘l'_i‘.’ 3N Y
\ pi‘r \ . ) cw«-) o SNy
0% adies M z:,‘:zu(a = qQ e BIRST ¢V 4 0 ),
a (232 byteswith yte addresses from O'tﬁ 232-1
a (230)words withbyte addresses 0,4,8) . 1232:4,
= i.e.(words are a//gned ‘
. what are the least 2 significant bits of a word address? i

l zcwos Y
~ ) ~ v bW
Wl 2SN S
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Load/Store Instructions

a Loadand storeinstructions

s Example. P Mz 32
) Wj U_/pl.)f/ S Shecy 3\

VLY. 32 eal SINLR C d | (“ \cw\' :\\;;‘: aldves, )

PO o e C COQe: = h + A[8] ooy )

& > alves; I\ _,—U

= | B s, \EIL@S o':» uoff\sgg‘maddr sg
25 qSewe 22 & MIPS code (Ioaai LwoXStl, 32 (@) P
adiess O\ Jobh Sranfr (arithmetic):  add $tO $52 Sto\wclil*5—3

W, S =

(1o o L (store): swelSEQ) 32($83), LR o
o TSl B L YA Mol AlBI Rl @ 'S’Ho Wko ALY 2o p Lo i)

-2~ \0e  Load word has destination first, store has destination last

Resr )“" Remember MIPS arithmetic operands are registers, not memory
b2 2 locations

AR = therefore, words must first be moved from memory to registers
using loads before they can be operated on; then result can be

stored back to memory
- q(pa B c’.)_;b X
e 3eS) \é_/\ axriwa . Deaiah, COASITRREES) Yath 1ap A MBI frc =
Shece Do\éd Po,g:.LiJg)
= \'”‘"_’j-» BAse sy e
lo‘d Ar, 2-f <2

Memory OFerand Examp!e 2

S3~Uf}

C COde (_MM, % st *h

Sy

A[12] = h + A[8] PR

Loge (BAn= 32)

= hin $52 base address ofA in $33

Complled MIPS code:
. Index 8 requ1res offset t of 32

5=\ 7,

®1w $_1;Q 32( 53)";‘;;’3”# load word
ecadd $t0, $s2, $to=~*"
G sw. - $t0, 48($s3) # store word

Chapter 2 — Instructions: Language of the Computer — 11
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> gyt ge NN ole
Cther 2~ ahg s ey Bk gowe w2 Tako g, )T

SOTY o clln @A B
! _ A MIPS EXample \w) V6 &w}‘;y,‘{“‘a: M[HJ\.,J,\B

v 3 $L)
\ b\‘\ —IN\S 3, \l(_)-)‘\* J\(sw )quP \3
n Can we figure out the assembly code? W o\%) _—
u——p\;f"é"'"'—‘-“.‘)':f-;ﬂ)\ S‘rs\ _)—'”\'_\\:) \-\ "() \g
. — it g = L
swap (int v[], int k); e o ,w,.,\\,_)yt,\.u\
{ int temp; S e 32t
tem g [@); s ndex Gaoubk Ol
vikl = vkl K_ﬁ) £ i AT
} 'a’g’.}gs\
%-’L 0;) \ »
= 9«’33 Gy Cowsk Al
- $‘5_* > Tl §2= ue
+$4P” @5 (o1 h§2= VANE
r= ,(i?—_-lﬂ\‘; ufy}{“d 2! QUJUUW
f_ ( 2)}]\‘, v e 374@_\3) uti-\:-u
15 yvul',m S $15’ ($2) PV N,n({:*’
2 Ao ) ry
|6 > ur3 (22 )
51 14 sy ‘7“33\ 392220 5BY N g2 1)
)"'_j"'lo ,_y"dj 1 )\(—“gwwf /-\\1__»_‘;.\\43/@:1 \' )—L :
YLk) < 5 I
5 é—ﬂ_ b ey 1 i

Fian Nl Lyes g2

2P

So far we've learned:

a MIPS

= loading words but addressing bytes
a arithmetic on reglsters only

s Instruction Meaning
, p.')\r Sovi= - - - .

wt 21%add $s1, $s2, $53 = 551 = 952 + $s3

__J-' Bl ) aW@\':w. ol
or5.5, sub 851, $52, $s3 = $s1(—\$82 - §$s3 Aless Lo Sion
\_“,u,u@g_l, { oo(ﬁs = Ssl = Memory[$s_2_ﬂg_0] Wres  3ae 3o
v ft € $51, 100 ($52) = Memory [$s2+100]= $s1 5% Drivho
(b ligunge) — o \x:' ;@U <

SreS24 1) == Lot

moj)pfj
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Machine Language

m Instructions, like registers and words of data, are also 32 bits long
n Example. add $tO, $sl, $s2
s registers are numbered eg $LO is 8 $sl is 17, $s2 is 18

—_—
— — —

= Instruction Format R-type ("R" for aRithmetic):
SR TR

Wiy
000000| 10001/10010 | 01000| 00000 | 100000
A op IS rt rd shamt functy ©
opcode - first second register shift function field -
operation register register destin- amount selects variant
o 2% USa source source ation wr\> of operation
= Wik T N
\<\«cm\... ope;itanc_:lu optsilrdnd operand Ym\; 0 ”\’"”‘ T _;)\
Vv )7 n“f)‘”""‘ T uee bk
[6bits \ |[5 bits | [ bits ) [5bits | [Sbits | 6bits | ol » e
2\ sk family ) of e
! ‘L‘.‘.ﬁb 2\ "lqm—?) ‘J
e — A= ~Eivsy ) foawep— ==
p Tt s o2 e e S, s @ 57, g

Machine Language

= Consider the load-word and store-word instructions,
a what would the regularity principle have us do?

= we would have only 5 or 6 bits to determine the offset from a base
register - too little...

o Design Principle 3: Good design demands a compromise
s Introduce a new type of instruction format
| oad o I-type ("I" for Immediate) for data transfer instructions

‘ u Example: 1w %9 1002 (557 o S2z1\%
SY@M‘_)"‘\QMJ ’).| N K___—gg — \\uo'z_,') Yoz
-y~ [100011 [10010 ] 01000 | 0000001111101010
- I .
@ S 6bits  5Sbits 5 bits 16bits (162
op s K T6 bt offset 7
) S::cr_ D\s\( 2
2T Sl
—
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Stored Program Concept

Moardwe- sVLiou sa¢ by N\ ¢ ~ \_(’ \Mack PR
e \snf\v\M )
Y, O\ okl _J" Y AN

: ) QYA
w Instructions are bit Se sequences just like data

s Programs are stored in memory
s to be read or written just like data

memory for data, programs,

1, Processor | | | Memory / compilers, editors, etc.
T o

N@ “'"j) ”‘\“———-5 sy &D*N

-
\Eéi T NI
o pata VB Eeaas VI WL ) *430)

ACARL
&\3@' Fetch & Execute Cydle - ..., | N
PN B "= instructions are fetched and put into a special register
v ou @ Dits in the register controlthe subsequent actions (= execution)
»2=1 a fetch the next instruction and repeat

i

——

C \ EJ 1
\v\.))r N LS P J’“-c/"J

SPIM - the MIPS S|mu|ator

s SPIM (MIPS spelt backwards!) is a MIPS simulator that

a reads MIPS assembly language files and trans/ates to machine
language .

s executes the machine language instructions

| = shows contents of registers and memory .

= Works as a debugger (supports break-points and single-stepping)
s s 85 provides basic OS-like services, like simple I/O

= a SPIMis freely available on-line

—

w An important part of our course is to actually write MIPS
assembly code and run using SPIM— the only way to learn
assembly (or any programming language) is to write lots and
Jots of code!!!

= Refer to our material, including slides, on SPIM
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ESTR K S O AR
qL;Z()M st |

— Memory Organization:
Big/Little Endian Byte Order

" Bytes in a word can be humbered in two ways:

"= byte 0 at the leftmost (most_significant) to byte 3 at the rightmost
\m (least significant), called big-endian | 0|1 | 2|3 | =p “ bas

v o d _ptvw

' =) o byte 3 at the leftmost (most significant) to byte ( at the nghtmost

least significant), called /ittle-endian
( g Mew-j)gﬂﬁ yas) o 321110 %l:t MNes gy

Wy .ré_“.:{‘f;\‘f#ﬂ woesy M\ asligs © | Sigyns
= BME“ - \ = ‘Little-endian -
Pt Memor o = o o=
o0 % o Fed MSQ’EL ] m (=)
Byte O[Byte 1|Byte 2|Byte 3| Word 0 Byte 3|Byte 2|Byte 1(Byte 0| Word 0
Byte 4|Byte 5|Byte 6|Byte 7|| Word 1 Byte 7|Byte 6|Byte 5|Byte 4|| Word 1

- Memory Organization:
- Big/Little Endian Byte Order

s SPIM’'s memory storage depends on that of the underlying
machine
a Intel 80x86 processors are little-endian

s because SPIM always shows words from left to right a *mental
adjustment” has to be made for little-endian memory as in Intel PCs
in our labs: start at right of first word go left, start at right of next
word go left, .

a  Word p/acemem‘m memory (from . data area of code) or word

access (Iw, sw) is the same in big or little endian

a Byte placement and byte access (Ib, Ibu, sb) depend on big or
little endian because of the different numbering of bytes within a
word

n Character placementin memory (from .data area of code)

depend on big or little endian because it is equivalent to byte
placement after ASCII encoding

s Run storeWords.asm from SPIM examples!!
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Byte Addresses

\y e ister Register
N
MEIDOI'y 0 0 B W D @@/@@ Memory
Adven : he ' E
o Uﬁlﬂ L3 loD
al:|0B| &L |25 ar1oC
a+2:|0C| &= | b &
are ) —» a+2:|0B
. Mk 3 ) bhale 2
a+3:(0D = S e 43: 0A oy
: "SNdan Little-endian (+-<3V :
vt J/)E—&\ el )J‘J\:E;’\:’l
o 2T AN e (L VOSop SCL e
g Endian: =~ a2 23S By ttle Endian: e S0 T e e
eftmost byte is word address m\ ?QL, Rightmost byte is word address 1. oo
S Byte-has biggest address i in the E}: LS Byte has little address in the%“‘?"‘ SN
vord R word. Q’_‘;’,“ Sl Sl ) N e ‘S'

——

Control: Conditional Branch

) v . o . SO s e 153
= Decision making instructions \abel o by L2 e
—_ \ PO IV A

= alter the control flow,
= i.e., change the next instruction to be executed

' § ;OFSC*'}*,
a MIPS conditional branch instructions: \z_””\"‘" \e\m\\\‘b‘ﬂ i
Fda ST =R
(rs) WA ot L Al
\,.,\e\w\vbne $tO tl Label \ Itypelnstructlons
e beq §T0, sti, LaBeI{Jw) 5
| — qépiv S beq $t0, $tl, Label
000100 01000 | 01001 | 0000000000011001 (= addr.100)
B\ A(h)
a  Example: |f (|==]) h=i+j; word-relative addressing:
55 sl 25 words = 100 bytes,

E’L"ﬁ.‘;w»C add $s3, $s0, $sT —

%)b‘jz’/ Label - .. c;\'s«_\v )\q__ﬁ Ql)’/\.}iJJ)-PW—’ L-*o. )
- J 7),-' \"/'6 u C(()’HJ N C\.f
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Addresses in Branch

,11,\;

ALy 5 »
? ub

m Instrtiqchtlog REve
bne $td, $t‘,h\’ Y Next instruction is at Label if $t4 1= $t5
beq $td4,$t5,0abel —  Next instruction is at Label if $t4 = $t5

I\

m Format 0,_;)\ ,_;AJUM\"\“Y)\’)_:

I op rs rt 16 bit offset
(&) 2 8 (e B

sV m 16 bits is too small a reach in a 232 address space

b TAN : . .
)5 2 7 ezfi Solution: specify a register (as for 1w and sw) and add it to
> ":) offset
y B = use PC (= program counter), called PC-relative addressing, based
VWJNA") . on
\ () (n""’k V.::) L. 3 : .
/7w principle of locality: most branches are to instructions near current
instruction (e.g., loops and /f statements)

/
/‘-’ ) \c“"y \‘)\
o“) \ \qw\ N
g\'c\"'"\.' / — e R
s P \\&

\°°

~ Addresses in Branch

i‘“‘u Further extend reach of branch by observmg all MIPS

instructions are a word (= 4 bytes), therefore Word-re/at/ve)

addressing: iior b L e e F
@branch destination address = (PC T (4/off set)..a.
12 c_ﬂ*"' 2 b 5%%«) m)'“rh be F deln

AT it 7 ),W
e NS —_ - A 5’/ - Because hardware typically increments PC early
= — = in execute cycle to point @to)next instruction
(o= v s
A w\>-a SO = (branch destination address — PC —_)/@’ g A

/" m SPIM does offset = (branch destination n address — PC)/4
% AN éll' IM does offse ( )/
ﬁ// m‘w,‘.\u}’w/
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Control: Uncon-ditional Branch
i JumD) o i

= MIPS unconditional branch instructions: ,. b'j;t‘o el
Label = Sy

s Example: " 3 | pe- 26
if (1!'=3) beq $s4, $s5, Labl TP

h=i+73; add $s3, $s4, $s3 - T o
— -2__ /

else J Lab_2
h=i-j; = ¢2 : sub $s3, $s4 f)f _}:
== _)(/J\—/ L -
jFS}ahzv- Lab2 o o P4 VA)
a J-type (“J” for Jump) |nstruct|on format - dre/at//;;— \’Z/[%jj
= Example: 3 Label # addr. Label = 100N s47recsing: T Cas
1 25 words = 100 bytes .}
000010 00000000000000000000011001 Fl‘bt
6 bits [26 bits | targer N
— - PN
op 26 bit number by ot F’*’

S K/) /«/L\’g)‘?\) 37_ jg)(L‘Z tf(f,.eJl fe

‘Addresses in Jump

. Word-relative addressing also for jump instructions

/> J op 26 bit address

s MIPS jump j instruction replaces /ower 28 bit bits of the PC with
where A is the 26 bit address; it never er changes upper 4 bits

S ap —a Examp/e if PC = 1011X (where X = 28 bItS), it is replaced with

P i o e
% s there are 16( 2%) partltlons of the 232 size address space each
partition of size 256 MB (=228), such that, in each partition the upper

4 bits of the address is same.
= if @ program crosses an address partition, then a § that reaches a
different partition has to be replaced by jr with a full 32-bit address

first loaded into the jump register
s therefore, OS should always try to load a program inside a single
partition
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| Constants

= Small constants are used quite frequently (50% of operands)
eg, A=A+5Y,, —
B=B+1; a?%
E=C= w &

)‘7 ps”

o
a Solutions? Will these work?

create hard-wired registers (like $zero) for constants like 1
= put program constants in memory and load them as required

a MIPS Instructions: s, 52 )
addi ($29,” 529, 4

W "l 68, 08, 0 o

st Ean@d 5290, $29, 6 u,).\\a w2

£ : 2 \v
\ W T origson , 99, 0F WV
—_— \ b) \

oy

a How to make this work?

- I The Constant Zero

el
a MIPS register 0 ($zer)o) is the constant
]ZO k 5;_,: u‘ z 2er
0 — Km enuple 20 u/,_::\;)
= Cannot be overwritten e
a Useful for common operations
= E.g., move between registers @5
e e ol
L add $t2, $s1, $zero, o i
ﬁf g )}\M v 2 /U ouc o Y. ze ﬁ-“f
@ 7 i:; has 422 Y\:\}Sl “"7;,:._/ 7:% C\Jd;\t‘ 3
0 {" _— Yo Ve AV oo \
{S?B ChapterZ— el V1=t
Pt e, e

O TR D

mm———

Computer — 27
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Refor ZPa
C'Ih«dl ﬁr-— 'Z[Zj + 6

Dot effed s 52dr,

BiF

\ s}, J“DI 4 '-"F"""u.. }

Jeel s v ¢ s yes) L\
r \‘(:)W o Jool, [ ="

i Immediate Operands

m Make operand part of instruction itself!

Jaever
=\ /L;A..

—

a Desian Principle 4: Make thelcommon caselfast

n  Example: sffj $sp, 4@ Ssp = $sp + 4]

—

S ) e )

l 001000 | 11101 | 11101 .0000000000000100

6bits 5 bits 5 bits 16 bits
l op rs rt 16 bit number

>
How about larger constants?

\e V;{ 3\& 6\‘6 ‘ j" O\da Ml h\"‘-\’ =5 B—\—‘@ 'E)\_ d)’\ \r-'/,, "
= o?,.—,\ S \éb\\— 2R \ \—\(.t\\) F—
a First we need to load a 32 bit constant into aregister’ add ¢ ke .§0. onB(D
= Must use two instructions for this: first new /oad upper immediate + l\
instruction for upperd6bitss Lul - s g
\i!  (@ED$L0, 1070101010101010  gy1geg with Soree o=
x “3 illed with zeros
‘ oYi M\/)w}\'b / /
(2[00 1010101010101010 | 0000000000000000 ‘ Yy
| s e ik
£ g‘*é\ Jjuppe ebl, 2
biem " Then get lower 16 bits.in. places’ . \s > 12A9A0 @
‘ 6o @F 5t0, 1010101010101010 —;,33 E
| e e et i
| \bb@ 1010101010101010 [ 0000000000000000 <“' \“ \\ma “W" ool
1 P
; o&e,'i | 0000000000000000 | 1010101010101010 Vb n e
ori — &= : et \9\\
)< b) 1010101010101010 | 1010101010101010 =
e e Seampe o
o

-—

a  Now the constant is in place, use register-register arithmetic
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Meaning

s Lnstruction Format
add $sl,$s2,$s3 R} $sl = $s2 + $s3
Sub $s1,%s2,%s3 R $s1 = $s2 - $s3
lw $s1,100($s2) ‘%j $s1 = Memory[$s2+100]
SW $s1,100($s2) 1) Memory[$s2+100] = $sl .
bne 3s4,$s5,Labl  [1J Next instr. is at Labl)if )$s4 != 955
beq $s4,$s5,Lab2 J Next instr. is at Lab2
j Lab3 L1\ Next instr. is at Lab3

a fFormats:

& s 26 5 S 5

j_,:__ 6op rs rt rd shamt| funct
ik & op $ rs S rt 16 bit address
g 6 op 26 bit address

Logical Operations

Instructions for bitwise manipulation

Useful for extracting and inserting

Operation C Java MIPS |
Shift left << << STT (iy e by
Shift right >> >>> ST [y v 140
Bitwise AND & & | and, andi:f-—-iu
Bitwise OR | | w9 or, orf)
Bitwise NOT ~ ~ Jior\ )
A =\ oo

1L nveeo = o

groups of bits in a word

Chapter 2 — Instructions: Language of the Comp'uter —31
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[>
Control Flow

' s We have: beq, bne. What about branch-if- /ess—than?
3“‘\” 2 \:::_ wg\,&_‘,w N

s New instruction: -

\es IN 2, .. l Sl <552 then
= S : T
slt $t0, $sl, $s2 =

t0 else
G e o 1o W2 _‘[f— HE0EN0 SN2 2B
S@;S\Q\"‘ ¥ )\.'\:: = ,;‘ . ér‘m_ra) Pf""\ \ ¥ “:f;‘:p FRY ]
a Can use this instruction to bu:ld b1t $s1, $s2, Label M»;;:’:_‘)‘*
= how? We generate more than one instruction — pseudo-instruction MY
= can now build general control structures \ Sz
\F"MHB‘)U’ J%QH'Q VPN W ser, Lo g )::::
= The assembler needs a register to manufacture instructions = T
from pseudo-instructions
m There is a convention (not mandatory) for use of registers
a C code:
1 . —_— o " f=g+th ' f=g-h Hl)‘- |
it (i==j) f = g+h; == =) |
else f = g-h; Ape

|
a f, g, ...In $s0, $s1, . | |
m ComplledsMIPS code e ST s |
VI L-'JV/ SR R8Nl ’ '+ e = :\
E"‘/;Lyb’b aa»(,’ ‘bne $5§ $s4, E-I 56 \;r::«h \ |
))\S\)\ N )\-\-egz'add $SO $Sl $SZ * F E
\ﬁw‘&’““’ j  Exit

.)Elsew_sub $sO $sl $s2
©om EXIT: o
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Compllmg Loop Statements

\ .,\5)—'
)\,»9 stz T
pw(a* :-r- &\

m—————
C code: »
S 48

‘while (save[1] k) 1 += 1;

iin $s3 k in $s5, address of save in $s6

Complled MIPS code;., .. -

Adze  sWiF)Y leyia t=fy \\\ ey SN ,,,5» — eh
s DR 5 c w 6/_\
“Loo] E@ $t1, $s37 2 3 N

~ 27 .add  $tl, $t1, §56 ;; addr of i
= T 5.5 save[i]
by ¥ *’i‘;\,ﬂw $10, O@_]_-)d \L‘\.fwé ;; t0 = save[i]
e %ot 5bl’]e $t0 $SS EX1 E J,L;,, Comp
%,,\a}gjaddm $s3, $s3, 1 S At

e S 3
\‘%g(')) J Loop P“”VUJ\J\;\
EX1 n \, v u\’L :'::_a_ = JOR wrr
L = 00
2P L s oY be®D
/\}i}\ o
_ e

Chapter 2 — Instructions: Language of the Computer — 34

Policy-of-Use Convention for
Registers

i)
\\”/;g ZC.,AV

|“" Name |Register number| (2 \~»<\ .0 72) Usage
| $zero 0 the constant value 0
Sv0-$vl 2-3 values for results and expresswn evaluation
T [$a0-Sa3 |4 w25 4-7 arguments
! o [$EOLSE 1Y sh’i:"B{S ) temporaries
T (e241$50-$s7| 8= 16-23 saved 3N
"Mw@té-sw 24-25 more temporaries = ("%Jd'
add g '/_ $gp 28 global pointer SYore +Dfesp™ g =
Y % f}y SsSp Srack |Pein 29 stack pointer = purw Psf lowd 1, P°? :‘*q\;
;) w .} Sfp 30 frame pointer R chai&;
Z.\2""$ra 31 return address (_Prsme sy <\ 1 434 E
’) ; gb\Y Wby, \2 \,uu.u) _jm-.f fefuv 3\ U—““Pb—uf:’/\u (thJ“‘uJ

Reg|ster 1, called $at, is reserved for the assembler; registers 26-27,
called $k0 and $k1 are reserved for the operating system.
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Assembly Language vs.
Machine Language

m Assembly provides convenient symbolic representation
= much easier than writing down numbers
= regular rules: e.g,, destination first

1% , 0%

m Machine language is the underlying reality
= e.g. destination is no longer first

Ex ——")"‘”U‘/f)')\ \") Pievte _ 0 oy L\orlo Wty Lol p

wAINC

L_. s €.g., move s$t0,

N\U—/ —"

L S would be implemented using add $t0 $tl

Assembly can provide pseudo-/nstructfonsﬂ
$t1 exists only in assembly

[szezo\

pn{,.ud«:v. ?%BU
i o g
NS o) % I A ) IAF A
L e, e
Ex moue Yo, by
el 2 )

ecdve S (*"‘->6

vy

u’ : :
psexs  w When considering performance you should count actual number

of machine instructions that will execute

Machine Language - Load Instruction

patey
=

a But. .

1 Consider the load-word and store-word instr’s
=~ ¢ What would the regularity principle have us do?

. Good desigh demands compromise

a Introduce a new type of instruction format

c I-type for data transfer instructions (previous format was R-
type for reglster)

a Exampl-\to

G@

/ o
op \ )% 16 bit number
20 | 18 8
(73011 10010 (31000 0000000000011000
y ¢ ShF 16y P
@’TJ\‘{?\ (29}_’ = by

—_—
——

37
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Machine Language
4 Instructions, like registers and words of data, are also 32

-bits long ~
- S Sy 2
c Example: add $t1 $s1, $52 s> ;\z

C registers have numbers, $t1=9, $s1=17, $s2=18

\_‘\r\\c_\

\
= Instruction Format: ¥
Fieldsize: 6 hits 9 bits g bits S hits S hits A hits
i 000000/10001[10010 | 01001] 00000 Fﬁooool
op 5 k'T‘f “fd shamt funct
(o> s a2 WP _OV ad) ﬂe-ﬂl;)

g

L2)
)‘\:’;k Koz%z%gzo) Ry

3 Can you guess what the field names stand for?

\}j\“ ¥ ;7_ an o 5PN
\ ! = oL,
|g 2- "lS -—-') mbl ) Ve {’k’
13 3 / (ox 02324 920) 38

L7 A e Mo e

Machine Language — Immediate Instructions

7';" What instruction format is used for the addi ?

1T ddd $s3) $63) @) #$s3 = $s3 + 4

Moy e .\\'\Lv‘g
— -

= Machinhe format:

fop | rs / [ 16 bit ilymediate | format
/ LN
8 19 [19 4

1 The constant is kept inside the instruction itself!

r So must use the | format — Immediate format

C Limits immediate values to the range/Z/’l‘S/ 1to 215
\ J )’o - 21,5

40
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Procedures

Example C code:

// procedure adds 10 to

\

vye? int main ()
fox" { int i, s
/ i = 5; F\.\vs
Gt ok J = adle(l)'
‘5\‘0\\0"""\’ i =
Symse Y

gonf’

v x\o

V,_,___-
return 0;}

int addl0 (int i)
(1L + 10)
Nz

{ return

7}

02 e

cA <

KC"\\\ » ,..)\_, qj_Sl )

input parameter

" Procedures

Transilated MIPS assembly
Note more efficient use of req
.text

gisters possible! save register
in stack, see

Eﬁ;’ figure below
= -globl main " addlo:
) sV wwdaddi $sp, S$sp,
main: 1 qﬁ@““ﬁf“* sw $s0, 0($sp)
addi $s0, $0, 5 ”Lﬁﬁaifk?
ke
add $a0, $s0, $0)f;A ~ addi $s0, $a0, 10
rgmene T Gy D) add_$v0, $s0, $0
jal add10 HESULE e
_ control returns here| to caller
mp and link T restore 1w $s0, 0($sp)
a_-d-_d- $Sl, SVO, $0 @ values addi $Sp, $Spl 4
add $s0, $sl1, . ,s\e/\)enc 28\
k‘:’, e 5 Dy,
return—»]r $ra 5;_?—‘
1i system code R

& call to
exit

rq\CS”“
L $v0, 18%}
syscall

nn thic rode with PrSnim: nrcCAallsProal.asm

l MEMORY \ High address
$sp

Low address
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MIPS: Software Conventions

O S pra P A

_for Registers  »oewmronauo

ool v o
-

—a

zero constant 0 16 s0 callee saves
T at reserved for assembler| ||... (caller can clobber)
2 v0 Tresults from callee 23 s7
3 F returned to caller 24 t8 temporary (cont’d)
4 a0 arguments to callee 25 19
5 ;_16 from caller: caller saves 26 k0 reserved for OS kernel
6 a2  owmv 2080 {;j‘f}, 27 K1
7 a3 “;ﬂ»{»a}‘v;u{%“) 78 gp ponter fo global area
8 0 tt;mporary: caller saves 29 sp stack pointer
(callee can clobber) 30 fp frame pointer
15 t7 31 ra return Address (HW):
caller saves

Procedures (recursive)

s Example C code - recursive factorial subroutine:
shracle push a8 S L s

int main() SYucke s P s Rebem ol
i=4;

j = fact(i);

return 0;}
int fact(int n)

{ if (n < 1) return (1);
else return ( n*fact(n-1) );}
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Procedures (recurswe)

m Jransiated MIPS assemb
.text
.globl main

slti $t0, $a0, 1

hranch to beq $t0, $0, Ll

main: 11 if n>= 1

addi $a0, $0, 4
control Jal fact

addi $vo0, S0, 1
returns { nop return 1 ; 8
from faci | if n < 1{ addl Ssp, ¥SP

jr Sra
move $al0, $v0
print value

eturned by 13- 5004 1
fact syscall

addi $a0, $a0, -1
jal fact
nop

if n>=1f call
fact refcursively
with ar ument

] =1

syscall 1w $a0, 0($sp)

lw $ra, 4(Ssp)
addi $sp, $sp, 8

restore Treturn
address, |argument,
fact: and stack pointer

save return (addi $sp, $sp, -8
address and | gy Sra, 4($sp)

argument in
stack sw $a0, 0($sp)

n this code with PCSpim: factorialRecursive.asmt S turn control { J% $IA

return

"fact(n—l){mUl Sv0, $a0, $vO

=

Using a Frame Pointer

High address

-1 o $fp —j
$Sp —b $sp ——p]
Stp —] Saved argument
registers (i any)
Saved relurn address
Saved saved
registers (if any)
Local arrays and
struclures (if any)
Ssp —»
Low address

a b. c.

Variables that are local to a procedure but do not fit into registers (e.qg., local arrays, struc-
tures, etc.) are also stored in the stack. This area of the stack is the frame. The frame pointer
$fp points to the top of the frame and the stack pointer to the bottom. The frame pointer does
not change during procedure execution, unlike the stack pointer, so it is a stable base

register from which to compute offsets to local variables.

Use of the frame pointer is optional. If there are no local variables to store in the stack it is
not efficient to use a frame pointer.
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Using a Frame Pointer

a Example: procCallsProglModified.asm
This program shows code where it may be better to use $fp
= Because the stack size is changing, the offset of variables stored in
the stack w.r.t. the stack pointer $sp changes as well. However, the
offset w.r.t. $fp would remain constant.
« Why would this be better?

The compiler, when generating assembly, typically maintains a table
of program variables and their locations. If these locations are
offsets w.r.t $sp, then every entry must be updated every time the

stack size changes!
m  Exercise.

Modity procCallsProg1Modified.asm fo use a frame pointer

= Observe that SPIM names register 30 as s8 rather than fp. Of
course, you can use it as fp, but make sure to initialize it with the

same value as sp, i.e., Zfffeffc.

d“‘“ N2\ s Lo f@m—.v ideoh ,_;

MIPS Addressing Modes

. Immediate addressing

I op l rs I rt l ImmadlatJ

_y \ Ciﬂ\\"‘-"

2. Register addressing

[en e ] m [ rd [ func]
ek 11 J 32, Register

Registers F_Ic; \VI/J\ V.J_A.s)

=

. ~ Jress N
(A 7 ¢ ey )\tjqdroa BY »ovJJA\\\,W, WJ
/

e 3, Base addressing

ITpl rs , rt ] AddressJ “-\ Memory

B .
LAY
() Vrscpfideaderd®
P r Register J 7 ;‘ [[Bwtel] Halfword|  Word
[ e

4. PC-relative addressing \. DYl B‘l"""l}

l op [ rs I rt [ AddressJ Memory
r PC A Y wmﬂ 3o Word
T o
a2
/

5. Pseudodirect addressing

[op’ Address ‘i j\.\u-‘)) Memory
L= O\d"'—” -\- ‘x | HA

Dot =x
ﬁ PC j GD‘ Word
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Review of MIPS Operand Addressing Modes

| o Register addressing — operand is in a register
j@i rlsl t | rd | | funct | Register

% word operand j

0 Base (displacement) addressing — operand is at the
memory location whose address is the sum of a register
and a 16-bit constant contained within the instruction

[_op [ rs| rt] offset ’ Memory
Ex l—‘iﬁ 2 word or byte operand N
[ base register | e e NE2
o Register relative (indirectj with  0($a0)
~di i ) 5 o = PA n’):'\
o Pseudo-direct with addriSzero) 2 ° Shan. 2

0 Immediate addressing — operand is a 16-bit constant
contained within the instruction

rop | rsl rt| operand T

Language of the
Computer — 49

Review of MIPS Instruction Addressing Modes
|

| 0 PC-relative addressing —instruction address is the sum of
; the PC and a 16-bit constant contained within the

instruction

op rs| rt offset ..} sk Memory
94 branch destination instruction J

L G pe) = offsel
A—;&ég_. I\ = Iy
0 Pseudo-direct addressing — instruction address is the 26-
bit constant contained within the instruction concatenated
with the upper 4 bits of the PC

op jump address _ Memory
J jump destination instruction

Program Counter (PC)

— |

Program Counter (PC)

Language of the
Computer — 50
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I Overview of MIPS ¥

s Simple instructions — all 32 bits wide
a Very structured — no unnecessary baggage
s Only three instruction formats

R op rs rt rd shamt| funct
I op rs rt 16 bit address
] op 26 bit address

s Rely on compiler to achieve performance
m what are the compiler's goals?

s Help compiler where we can

Summarize MIPS:

MIPS operands
Name Example _Comments
$30-$s7, $t0-5t9, Szero, [Fastlocations for data. In MIPS, data must be in registers to perform
32registers [$a0-$a3, $v0-$vl, 99p, jc. MIPS reglster $zero always equals 0. Register Sal is
3{p, $sp, Sra, sat reserved for the assembler to handlo large constants.
Memory[0 Accessed only by data transfer instructions. MIPS uses byte addresses, so
) ry(0],
2*%memory)|Memory(d}, .... sequential words differ by 4. Memory holds dala struclures, such as amrays,
wor Memory[4294967292 and spilled registers, such as those saved on ure calls.
MIPS bly languag
Calegory Instruction Example Meaning Comments
add add $s51, $s2, $83  |$s] = $82 + $53 Three operands; dala in registers
Arithmetic sublract sub $sl, 92, $83  |9sl = $82 - $s3 Three operands; dala In regislers
add Immediale addi $s1, $s2, 100 [$s]1 = $s2 + 100 Used lo add constants
Iload word 1w $sl, 100($s2) [$s1 = Memory[$52 + 100]|Word from memory lo register
storo word sw_§s1, 100($s2) IMemory[$52 +100] = Ss1_|Word from register to memory Pecin-A
Dala transfer [load byte 1o $sl, 100(9s2) [9s1 = Memory[$s2 + 100]|Byte from memory o register —_
|5wm byte sb_gsl, 100($s2) Memory[#52 + 100) = $s1 _[Byte from register to memory
load upper Immediato | Lui 55\-1: 100 Ss1=100*2" —P S’-‘&f"‘_ Loads constan In upper 16 bils M 0000
320 = of Ratge Ja[> A
branch on equal beq $s1, $s2, 25  [if($s1 == $82)golo Equal test; PC-relative branch
PC+4+100
- ’;(MChoﬂ not equal gb'ne $'sl,h 932, 25 [i[(ssl !~ $52)goto Not equal test; PC-relative
Condilonal A =2 2 o) [z A Mo k]
branch sel on less than slt 351.' 382, ;'5\__?_3 if (552 < $s3) $al=1; Compare less than; for beq, bne
dsy o NA e, N else $51 =9
A = -;ti $s1, $s2, 100
s r ’ S5
sel less hian ; 320 220 JIr5a2 <7100y $s1=; Compare less than constant
wl_l} { \MWQ;A\ ) [else$sl =g
j 2500 &
Uncondi- o Ister gv Sra \DC‘ = o 1:000 Lmp e
i coln ump m?:“ek a1 2500 \ —‘%‘ﬁ"_“\ For switch, procedure return
ional jump _liump and i =PC+4;q0 10 10000 |For procedure call
Uy ) loco - )J.-tr A Q _

Yo st
e \ 2seoxt e YR o )2 AL
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¢
\
et
a Design alternative:
= provide more powerful operatlons g it et [ €@ N3
PAS 12 woYre Conni D1 s #iw / O s )
N goabns to red;e.number of mstructlons executed odun i,
= danger is a slower cycle time and/or a hlgher CPT ED 9% f:jf;\“AD*
\;JL‘ L\m\ Dus ) Cu\-flc:('m) /C qu Jﬁf_b@“’)g’\l. G""f’“”lwy _)4-0-_‘
ik ) W Fued -\,F‘m.ny W\ Cornfiex e O‘C)/MM:) i Ay G \;.,..» wcy-. A Acssa NS
\ESE’Q = Sometimes referred to as R(educed)ISC vs. Clomplex)ISC
= Vvirtually all new instruction sets since 1982 have been RISC
_é\;"fz_:)h
= We'll look at PowerPC and 80x86
QM\‘-\ 2
u 0Indexed addressing; [ EETRL o F N Spsets
pomer g ;'.."”Examp/e Iw $tl,$a0+$s3 #$tl—Memory[$a0+$S3] =p ol i
— = what do we have to do in MIPS"—Qadd $t0, $a0, $s53 o  wus) ey
CFD) g, S DE SEL Q0610) oyt T
m Upda-ﬁ?—r f:ldpr%sgpg - offset

exe= U o update a reglster a% part o Ioad (fo)r marching through arrays)
"_ii'* s Example: lwu $t0,4( ($s3) #8t0=Memory([$s3+4]; $sB=$s§24
(4i3 22 =« whatdowehavetodoin MIPS? Tw_  $t0, 4($s3)
[q;_)_:rra‘:‘- Vs wed addiv sSEEIESSSRNAN
* . m Others: ‘ T
Sa-= S3 Y ' )
—=, = load multiple words/store multiple words
s> = aspecial counter register to improve loop performance:
L=l ke Loop, ctrl != 0 # decrement counter, ifnot 0 goto loop
XU s % w MIPS: gaddi € §t0, $t0, CD
% .

leso )‘\YJL’\)\ CowY¥ar N dcer _)_P (&

@—) ML;% &€ @bne 2 5t0, S$zero, L
= OO low
/"))“4."”"“@ r““}*) -\ peaddi s ' P =C 385l ep 4 /U

,.().‘ bwne v-t_.)b

' CamScanner-: LWigs 4_>Wl
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A dominant architecture:
80x86

venae nm 1978: The Intel 8086 is announced (16 bit architecture)
sad  “* 5 1980: The 8087 floating point coprocessor is added

——
VWA \o er

I 1982: The 80286 increases address space to 24 bits,
e 2., instructions |
S Nask 25 s ) a 1985: The 80386 extends to 32 bits, new addressing modes

WO T g 1989-1995: The 80486, Pentium, Pentium Pro add a few
s cff"’\ instructions (mostly designed for higher performance)

Raclasv?d . :
\) WQW\Q 1997: MMX is added

R TS “his history illustrates the impact of the “golden handcuffs” of
Lb - (M\_) £or® 2 compatipility”

‘o‘r 4"‘*’1’ =

M adding new features as someone might add clothing to a packed bag”
(),{ Ko ‘a 9
N

Ny
>

31‘%

- A dominant architecture:
iz 80x86

m  Complexity Ba = Yous o o =2 "A*"aa'”' o
= instructions from 1 to 17 bytes Iong -

= One operand mustact as both]a source and destination R\
REranc QUI'CE and destinatior

s One operand ma come from memo S R

= several complex addressing modes s

4

["_L
=
7

s Saving grace:
= the most frequently used instructions are not too difficult to build
= compilers avoid the portions of the architecture that are slow

an architecture that 1s difficult to explain and impossible to love”

“what the 80x86 lacks in style is made up in quantity, making it beautifil
from the right perspective”

CamScanner = Ligo d>guaall
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o Summary

R

m Instruction complexity is only one variable

i ol kc‘“ "wﬂ)'/'\ﬁ-“f"i*’.ﬁ"‘\x

= lower instruction count vs. higher CPI / lower clock rate

= Design Principles:

i rneh- DN Sy W N :
5+ = simplicity favors regularity
Fxea »$ = smaller is faster (
'_'..————#.—_ .
‘b, gyeletats) @ good design demands compromise
( a2 = make the common case fast P05 6 2y
. bt A )

e - e
> » Instruction set architecture
= a very important abstraction indeed!

—‘\.!
/r’;‘,':f___

Computer Organization

Slide Sources: Patterson &

Hennessy COD book website

(copyright Morgan Kaufmann)

adapted and supplemented
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- COD Ch. 4
"z Arithmetic for Computers

@
|
|
1
|

| Arithmetic

~ s Where we've been:
= performance
= abstractions
s [nstruction set architecture
s assembly language and machine language
s What's up ahead:
» /mplementing the architecture

operation

s Pk N w ALU

24 2o > / result

oi\v
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‘Numbers

Bits are just bits (no inherent meaning)

= conventions define relationship between bits and numbers
Binary integers (base 2)

= 0000 0001 0010 0011 0100 0101 0110 0111 1000 1001...

= decimal: 0, ..., 2"-1 n bits

Of course it gets more complicated:

= bit strings are finite, but
= for some fractions and rea/ numbers, finitely many bits is not enough, so
a overflow & approximation errors: e.g., represent 1/3 as binary!

m néegative integers
s How do we represent negative integers?
= which bit patterns will represent which integers?

Possible Representatlons o

‘ <}
m Sign Magnitude: One's Complement Twos Complement
000 = +0 o 000= 0 w2 000= 0 VT
001 = +1 N\ & L001=+1\ o 25 001=+1 0%
010=+2 )5 &74010=+2 \& 53 010=+2 ——
011 = +3 ) A 011=+3 |3 £5 011=+43
100 =-0 £ " X*100=-3 > o9 100=-4
101 = -1 8 101=-2 /2 232 101=[3] V0o
110 =-2 110 = -1 © 8¢ 110=-2 il
i11=-3 111 = 0 §o 111=-1 gt
= Issues: =L Tl o
w balance — equal number of negatives and positives W
s ambiguous zero— whether more than one zero representation L N
s ease of arithmetic operations R —
w  Which representation is best? Can we get both balance and non-ambiguous
zero?
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s TwO's complement:

Representation Formulae

— - * 90
Xn Xn_l...XO == Xn * "2” + Xn-l * Zn 1 + aea + XO 2

or

XX = x,*-2n+ X' (writing rightmost n bits X,.;...X, as X’)

= X, ian=:0
20 + X, ifx, =1

s One’s complement:

XxX'=[ X, - - ifx,=0
2"+ 1+ X ifx, =1

s 32 bit signed numbers:

0000 0000 0000 0000 0000 0000 0000
0000 0000 0000 0000 0000 0000 0000
0000 0000 0000 0000 0000 0000 Q00O

0111 1111 2111 1111 1111 1111 1111
0111 1111 1111 1111 1111 1111 1111
(1000 0000 0000 0000 0000 0000 0000
1000 0000 0000 0000 0000 0000 00OO
1000 0000 0000 0000 0000 0000 0OQOO

1111 1111 1111 13132 13133 3111 1111
1111 1111 1111 11171 1111 1111 1111
\1111 1111 1111 1111 1111 1111 1111

0000, =
0001,
0010, =

1110,
lllltwo
00000
00010

Il

0010, =

1101,
l:Llot.wo
131340

Negative integers are exactly those that have leftmost bit 1

Il

Oten
+ lten

* Zten maxint
+ 2,147,483,646tenj
+ 2,147,483, 647

— 2,147,483,648,,
- 2,147,483, 647,
- 2,147,483,646

ten

ten

3 —
Eon minint
2¢en

l ten
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Two's Complement Operations

= Negation Shortcut: To negate any two's complement integer

(except for minint) /nvert all bits and add 1

» note that negate and /nvert are different operations!
w  why does this work? Remember we don’t know how (o add in 2’s
complement yet! Later...!
m Sign Extension Shortcut: To convert an n-bit integer into an
integer with more than n bits — i.e., to make a narrow integer fill
a wider word — replicate the most significant bit (msb) of the
original number to fill the new bits to its left

s Example: 4-bit' 8-bit’
B SIS\ Svavie
[do1o = 0000, 0010
a010 /! = 1211 1010
—— oV
a  why 1s this correct? Prove! K P2\ S el
par @y T\ hK 3
— — ———————— *‘ﬁ-;*'oj@"‘p’jé-\'—;‘z.—)—‘.’—;{—.—\ sLY {\
L c_:éb) S S
k Iessrces

MIPS Notes

Sy frRRs Wnshr. IS Ay L Cr -
i et ’ ned 19 o Jg._. Y !
- ghbvs. 1bu o R 2 70N
—_ At D\ —lop

"a signed load sign extends to fill 24 Teft bits— of Vo iR, O
= unsigned load fills left bits with 0’s

s slt &slti
= compare signed numbers

m sltu & sltiu
= compare unsigned numbers, i.e., treat

both pperands as non-negative
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a Perform add just as in junior school (carry/borrow 1s)
= Examples (4-bits):
SOFE 0101 0110 1011 1001 1211
ewty 0001 0101 0111 1010 1110

o \l\V©o .
g e ' Do these sums now!! Remember all registers are 4-bit including result register!

PRIV 4 e
S -
m Have to beware of overflow : if the fixed number of bits (4, 8, 16,

32, etc.) in a register cannot represent the result of the operation

w terminology alert. overflow does not mean there was a carry-out from
the msb that we lost (though it sounds like that!) — it means simply
that the result in the fixed-sized register is incorrect

= as can be seen from the above examples there are cases when the result
is correct even after losing the carry-out from the msb

So you have to throw away the carry-out from the msb!!

Two’s Complement Addition:
-Verifying Carry/Borrow method

integers: X=x.X,.Y =y, Y’

Carry/borrow | 0 <X +Y < 20 2" < X'+ Y <20+l
add X + Y (no Carrylin to last bit)| 1

X,=0, y,=0 ok %%a{/;gﬁ gx{%";:tfbf wl!)
X, =1, y,=0 ok ok

X, =0, y,=1 ok ok

X, =1, y,=1 not ok (overflow!) ok

s - Prove the cases above!

m Prove if there is one more bit (total n+2 then) available for the result
then there is no problem with overflow in add!
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Two's Complement Operations

a Now verify the negation shortcut!
m consider X + (X +1) = (X + X) + 1:

associative law — but what if there is overflow in one of the adds on
either side, i.e., the result is wrong...!

s think minint!

n  Examples:.
= -0101 = 1010 + 1 = 1011
=« —1100 = 0011 + 1 = 0100
= —1000 Z 0111 + 1 = 1000

Detecting Overflow

a MNo overflow when adding a positive and a negative number
s No overflow when subtracting numbers with the same sign
m  Overflow occurs when the result has “wrong” sign (verifi!):

Operation | Operand A | Operand B Result
Indicating Overflow.

W) = IR N D efur Sy,
L-t)fld reuyr Jy

A+ By =0l ZWON; < 10 g
A + B ! g ) e - 2 0 =prCSqT—\(+;Eh; oy ==23)
Ai- B 2 0w RO~y < 0 ) = ov Q’.""?-’;’e’?
A - B < 0 ey 2 0 o 2 0 () =0 oV L—\-\M\‘f‘]
-;‘h Sy .:--_',c
] : w2 uw\—pu
a Consider the operations A + B, and A~B _ : Q j\, et )
5 . " ) -
w can overflow occur if Bis 0 7 U pen e — Y
a can overflow occur ifA is 0 ? ol A

oM gLas Wy A
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i Effects of Overflow

s If an exception (interrupt) occurs
= control jumps to predefined address for exception
= interrupted address is saved for possible resumption

m Details based on software system/language
s SPIM: see the EPC and Cause registers

m Don't always want to cause exception on overflow
= add, addi, sub cause exceptions on overflow
s addu, addiu, subu do not cause exceptions on overflow

Review: Basic Hardware

1. AND gate (c=a. b)

a —]

O T
b — J

:
34

2. ORgate (c=a+b)

3. Inverter (c = a)

4. Multiplexor
(fd==0,c=a
else c=b)
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Review: Boolean Algebra &
Gates

Problerr. Consider logic functions with three inputs: A, B, C.
= output D is true if at least one input is true
= output E is true if exactly two inputs are true
= output F is true only if all three inputs are true

m Show the truth table for these three functions

a Show the Boolean equations for these three
functions

Show an implementation consisting of inverters,
AND, and OR gates.

A Simple Multi-Function Logic
Unit

= To warm up let's build a logic unit to support the and and or
instructions for MIPS (32-bit registers)

= we'll just build a 1-bit unit and use 32 of them

operation
selector

i

——— output

s Possible implementation using a multiplexor :
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Implementation with a {“"“

L] - \'.)‘°c_k
4 Multiplexor =
d — —ATEE
: ' i
a Selects one of the inputs to be the output J’i;\t‘*“
. — Awv )
based on a control input ——
) \led
2
Operation = ==\~ 5 .
T AWy Y —=Pq°"‘ar\?r' :
Lers o ) Z{ ™M
E —»[ ¢ mew\_,,@qq\- |
‘ | ANO Ve o€ —Q A AN
: Result £ 1) ! |
) o
b T |
— el —
a Lets build our ALU using a MUX (multiplexor):
— l a b Ceur | B
| Implementations S V)
=0 3
X ol "t‘ \qu)w o olal D oy e E;hf\:?_:.imz—l@ﬁ u—)\.[ °®:,—\ 6 ;

Not easy to decide the bestway to implement somethmg

,,J—“/‘ = do not want too many inputs to a single gate
¥, 2% . do not want to have to go through too many gates (= levels)
b® C . PR S T ouy
a® 0 . for our purposes, ease of comprehension is important avpp L =202 ) :p(ﬁi‘i

o wna.
——

oL 9 - b
Z a Let's look at a 1-bit ALU for addition: preeg=\l, aie |
e V=oab w(ho rLS)E F TTane

Dcéjv\ __\S:n Carryln, V“p \ L’_‘_‘_"l_‘_'l @‘\- q_\-b \ C W = 2 0L
,-J-* u-’LJ\uIJL_J\uQ_Q) Wour - \= AUb sg ) uoe
P NTVT o 5 YiEsiy = @l + @ECEyt BEtin _
\ \povg al—s (Q e : \_ PEYIPR VL BT
oWy e AW )\Wupeouv >\~
+ L+ Sum S = a.b.c;, + a.b.c;; T
b —» N a-b Cln S =Y o C;
= | Sy DRBEDre; .
R —
% (g / CarryOut o e a® v exclusive or (xor)
Vi
AN oider

n  How could we build a 1-bit ALU for add, and, and or?

w  How could we build a 32-bit ALU?
CamScanner = Ligo d>guaall
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She = Q @b'@ .

e x (gPp)ein

1-bit Adder Loglc@w —

@®xol 2 )p> ov Az

I /——'——w Sum(\g‘@b) QWO
0
7
A@P® B .
= I — @ ook o
o
| T Ca -*_;]' G\‘_:_r“i; . ROb) Leax \o@b)-civn &

E)

If-adder with one xor gate

S a )
o2 )

A
“ = i — Y e@b) RESVN
g ﬂFuII adder!from 2 half-adders and™ —

an or gate

Half-adder with the xor gate replaced
by primitive gates using the equation

—~,  A®B=AB+AB
4

4 A Pd\'{u\\ é\_)

~
o ] - P o Vo \WJ&‘U
| Building a 32-bit ALU {&277 =
Al i e, U‘yw\«{ Caraim  — y.\_me.x\
—_— - OTEy
3 C o 224 350N T Cors
: it : T — bl Sy
ultiplexor control line i\ P i - Wk
—— = oG e\ *—Q oo AR L0
e 10) o7 > AW
wip 25 L S ivre =
Opcja/non \W_‘_‘_”;_f * =0 Carryln B
Ay SYane S(Camyimy | iy W, - r 2 b0 (—s| ALUD 7 Resulto | Q4D Ly
b = 1% ) P o Camyduly ;2 —  Awmd P
a [ \ L4
S {Ewa){-’)‘"‘ﬁ")
ﬂj_—' Carryln i} are Fg) >
b1 —l _ALU Result1 ( AWJ) Do)
= CarryOut), o
I 22— Carryln
—— IR ALU2 Result2
53 ey - e b2 “—] — e
| (/'l‘_,‘.aui' b v (caryoun) _ L CamyOut ==
1-bit ALU for AND, OR and add (epac 1
CC\I_B < : :
M,p),u Carrn J‘S"" ) |
o ‘ |  Yeswy 3)
3! C'\“Q .da', ’L a3l ﬁ Can-y]n .
o] < HN ALU31 Result31

a— C"D s e Ripple-Carry Logic for 32-bit ALU

Yo 1 ) .Bﬁflﬁ"c‘)z__ 3) )u\\a,\u;,ﬁﬂ
LX)y A Sk
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l(t{}

aAA-b =

/

What about S[gbtractlon (a —-b) ?

[

a+ -b

e

.fqb\'fw.}' \\‘\Q\,—J’Cuk)cf N r'_’"‘-"/_..n_) k C\—ﬁ-zcokfb)

= Two's complement approach: just negate b and add.

How do we negate?

w recall negation shortcut : invert each bit of b and set CarryIn to
least significant bit (ALUO) to 1

. Binvert |»

Operation /

o 5|

LA LFI’ L2

AL SL

Siveen iz 2 *Feno

.--J/L..-).- F“\\ - Q“\‘?‘A‘Y
ey

———

J,.J 15y

> Result g R R

bﬂq\_——fb =1

Suyp B U

L th-k;-r Binumb AT

—

a ﬁ‘—\ p
-/
; 4 13
Sub E b sw "—’J g
v
,_.y-e/ LA il ' ~
\C“"D)J = :( b On + 2_2
= b{r-:.) l : ﬁ)
o g
i Fo ) D) X:-\&) /D ‘)’b‘
Oy ot B B eEs oy — LC)J .
o z—c--.r-- L e _J \Iww B CarryOut
U) NI St e T SR

Tailoring the ALU to MIPS

m €.0., slt $t0, $t3, $t4

_Test for Less-than and Equality

m  Need to support the set- -on-less-than instruction

= remember: sl1t is an R-type instruction that produces 1 if rs < rt

and 0 otherwise

m idea is to use subtraction: rs < rt < rs—rt < 0. Recall msb of

negative number is 1

s two cases after subtraction rs — rt: .
= if no overflow then rs < rt < most significant bit of rs —rt = 1

= if overflow:

s why?
= €0, 5ten - 6ten =
'7mn
s therefore

set bit =

then rs < rt < most significant bit of rs—rt =0

0101 - 0110 = 0101 + 1010 = 1111 (ok!)
— 6n = 1001 — 0110 = 1001 + 1010 = 0011 (overflow!)

msbofrs—rt @ overflow bit

where set bit. which is output from ALU31, gives the result of s1t
= Fig. 4.17(lower) indicates set bit is the adder output — not correct !

= set bit is sent from ALU31 to ALUO as the Less bit at ALUO; all other
Less bits are hardwired 0; so Less is the 32-bit result of s1t
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Binvort Oporation

r—1

— Result | , Carryln | Banl
b — o] + p—i2 1
: a3l — Caﬁyln | Result31

Carryln S =
| upporting s1t
| :
T Binvert Carryln Operation
—L2T U]
T H— Resull a0 —| Carryin
= 1 0 + 2 b0 —+| ALUO — Resull0
P {= - = P Less
| Less input of CarmyOuy
" Less 3 the 31 most i
L significant ALUs g
v |
Carryout B alWays.0 al —| Carryln
1- bit ALU for the 31 least significant bits b; =% fL\:;J; — Resultt
Extra set bit, to be routed to the Less input of the least significant 1-bit CarryOul
ALU, is computed from the most significant Result bit and the Overflow bit
(it is not the output of the adder as the figure seems to indicate)
Binvert Operation
a2 —»| Carryln
s | b2 —s| ALU2 Result2
0 —+ Less
a ;D_ L (5 CarryOu
P—.j : %
—

Less 3 b31 — ALU31 Set
0 —»{ Less Overflow
Set
s2Cos Sy 7 Q«»éﬂar el
Ovarfiow "Qverflow —
L deteclion

32-bit ALU from 31 copies of ALU at top left and 1 copy

1-bit ALU for the most significant bit of ALU at bottom left in the most significant position

-

Tailoring the ALU to MIPS:
- Test for Less-than and Equality

s What about logic for the overflow bit?

= overflow bit = carry intomsb ® carry out of msb
m verify!

= logic for overflow detection therefore can be put in to ALU31
m Need to support test for equality

» €.0g, beq $t5, $te6, S$t7
s Uuse subtraction:rs-rt= 0 o rs=rt

= do we need to consider overflow?
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Supportin Ca
est for|E quallty

lines

Bneg- Oper- | Func-

ate Ouemlmn - -
: ate ation tion
.
20 1 Camyln | Resulto
g 2 0 T Bt aggen o | 0 00 and
Combine Carryln | = M=% (Camyouy® Equalily 1+ Equal 0 o
to least significant [;&4 3 —_——— et 0 10 add
ALU and Binvert to]_~ | ey )ed I Sue: | gt 11 88 lgok
a single control Iine\b % BT —] Camyin]  gosunt \_eq 0B o Su ! 1 10 sub
as both are alwa 81 — AL > - oo
either 1 or 0 s 0 — Cu:? L) e, ) \gl 1 11 S|t
RROERpeRes 07 C) CamyOul : °—':~ Zero Sigam\
Q;«D s _l 1 e ALU operalion
< a2 —* Camyl
K\V\ b2 — AL"Jz“ e y2\U AW DN vd>l) e @
— 0 —| Less {piggak -ﬂ"A—‘ ;
W e Ca"lvom Output is Tonly if all Result bits are 0 a3 Zerg Sawdy = Voo
o :_:\.:) : 5% . e PP\ D= eve Jasy sy U e =32\b\i\}
il s 3 : 2 : e E e = v
s |———] | \=s- Negts 2 ("3";n T
e — | ———5
_-.\,%*;g/ a3l —] Caryin _Resultd1 ze-s 1.& ) .\..-l-n()\ : AY
\q:/\o_) b3l —> 'Al_gg: - Sy s i 5 LCPREAY .)_’;ga_\_?,uf,_a"\—\\e U.‘;/"..r-' (&4 A
= 0 —+ L =\ T
N ' ’@ — Sty Symbol representing ALU
o> @ | ensa G OB TR 2R / e T
= == o F FXDIEMIPSALU— o, 1 Sk Sl D
S, . : . ] ?“3{ ® out —BQ ek Z Al A :
4 ‘\ 7 @ Sy —— i~ R o
b )‘J."G A\“ -)\ “'-_3. 3o e‘,M' oa) Zew N“ “'\
se2 g \
= e R B sl
. of - O\ Bw< v =2 _ =
eI \,\)sa?_"(_{ S nb Oare_ 2 ova Sha
. . e \»‘f—> U Siaway
- - Sy 2= .
| onciusion | By = ah &, -
. ) (sl v Sigs
:% L . eyus\
A I D

s We can build an ALU to support the MIPS instruction set
= key idea: use multiplexor to select the output we want
= We can efficiently perform subtraction using two’s complement
s We can replicate a 1-bit ALU to produce a 32-bit ALU
s Important points about hardware
» all gates are always working
= speed of a gate depends number of inputs (fan-in) to the gate

s Speed of a circuit depends on number of gates in series
(particularly, on the critical path to the deepest level of logic)

m  Speed of MIPS operations

= clever changes to organization can improve performance
(similar to using better algorithms in software)

= we'll look at examples for addition, multiplication and division
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Problem: Ripplejga_rry Adder is

Slow 21 A5k e pieplyy Sply Gy AR
w  [sa32-bit ALU as fast as a 1-bit ALU? Wh 1y ?
a n-bit ripple carry adder is approximately 2n + 2 gate delays
a /s there more than one way to do addition? Yes:

= one extreme: rjpple-carry — carry ripples through 32 ALUs, slow!
= other extreme: sum-of-products for each CarryIn bit — super fast!

i a Carryln bits: Note: ¢, is CarryIn bit /nto /th ALU;
(a ), ¢, = by.Cy + ag.Co + ag-Dg Co is the forced Carryln into the
o e, , least significant ALU
. (+2)
c, = b;.c; + a,;.cy +a;.0

= = a,.ap.by + a,-30-C + a;.b,.c, (substituting for c,)

\ + by.ag.by + by.ag.co + b,.by.cp + 3.0,
o
L),a }Jt&l)\s-\\

Cj bz c, *+ a,.c, + a,. bz LJ)\);__.UC»V )_)
= .. = sum of 15 4-term products
« How fast? But not feasnble for a 32-bit ALU! Why? Exponential complexnty”

a N K|

Two-level Carry-lookahE:ad ,
Adder: First Level

s An approach between our two extremes

= Motivation:
a if we didn't know the value of a carry-in, what could we do? Vi, =27~
= when would we always generate a carry? (generate) g;, = a; . bfti—‘_ -

= when would we propagate the carry? (propagate) p; = a; + by (>
e 3=\\)—ols

{E,{v\ — C,:AY3
e —

m EXpress (carry in equations in terms of generate/propagates)

c . g + p c\_;\_&r’l) v (o )\:4_,\ Caav )\y,u_)_“
1 0 0- (oK) s 3 \

o s /‘@}\ 4 )+ [_"{E\‘B \'-’@\Cl”] \u‘y—w—f}’

C2 = D P1- 91 Pi:9¢ = P1+Po:Co T ey Coed Coaveny m3em)Tp

C; = gy t P2 C2 = 92 t P2-9) t P2-P:- 9o, +P7 P1-Po-Co v»u’l)g\s Lot
C, = g3 T P3-C3= g3 t P3.9, + P3.P;- g1 +p3 P>-P1-90 %“b‘ \
+ P3-p2-P1 -'\p—%‘?_gcfgjz_ _LJJ-.._,C_!)ﬂ :-\,\,\utn\ l.:s\\ =7 )u._-.n_cﬂﬂ-mt- ol 50
m Feasible for 4-bit adders — with wider adders unacceptable complexity.
a solution: build a first level using 4-bit adders, then a second level on top
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Two-level Carry-lookahead
-~ Adder: Second Level for a
| ' der-

m Propaéate Signals for each of the four 4-bit adder blocks:

e\ Sz e
Py = P3-P2-Py-Po; \\éyjubu% o gz AV
L e <Add =
g By = P Pg- Pgy pg; K‘:\;"J‘o = T
_\b o = = = = AN = SA ro q"_
,'\5;_2. o pll BB pa ‘b’vy)\-“ Sqe-r = \"*Io ‘93
5. — \3\,
Py = plS Pi14-P13- p12 Q“")\)

= (Generate $ignals for each of the four 4-bit adder blocks:
ew el 9& = gg T P3 - Ypj + P3-P2-9; t P3-P2-P1-Yp

(’C..‘b aw G, = gy t pPy.96 T P7-P6-9s. t p7'p6'p5‘g.'4"

e
QENET6] = g t P11-94e + Pi1-Pio-Jg t P11:P10-Po-Jg
Jele == Gy = Jgsy t Pis-Jiay t Pis-Pig-J13y T Pis-Pig-P13- 912

—
i

~ Two-level Carry—lookahead
e Adder Second Level for a

= Carryln S|gnals for each of the four 4-bit adder blocks (see

earlier carrl/;m equations in terms of generate/propagates):
Suf T

C, = Gy + Py-c

C, = Gy + P1.Gy+ P;.Py.Cy

C; = G, + P,.Gy + P,.P;.Gy + P, Py Py

C, = G3 + P3.G, + P3.P,.G, + P;.P,.P,.Gy +
Py-Ps+ By .Bg-Cy
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[

Carryln

Carry-lookahead

Qs-Ueiy | — ; ;/—_..-J- ‘}:\
a0 —
e I 5 Gl gic
S\ P ~— . Resu
oy — 4bAdc?ero 55‘.‘9 y e
Lg% —_— ‘5-.% RIS & Carryln
3 ﬁ3 = — Carry-lookahead Unit
a (ch - ‘
' (OGar den
a4 —| Carryln | 5 \2’\-—)‘ a0—
Eg ] - = Resulld--7 bo—» ALUO 3 » sO
b§ — (82)
- — 4bAdd§|;1 P P — e
' e G1 & . gar @1 ALUT =%t 51
b7 — CC2:> O ———b1—> E T
b(ar_lc- 3 o m
\4——— O a2—*  ALu2 e )
a8 —| Carryln a b2— L o
/ gev— = Results--11 &
-~ O
=7 410 —= 4bAdd: ;2 e 3=+ ALUS —»s3
= G2 3 B\ iy ¥
(&) 1 -
‘o\»:kw b11 —| 9 F“‘a ye 2+ Blow-up of 4-bit adder:
vz S © Sy (conceptually) consisting of
12 = Carymn = R::m__is four 1-bit ALUs plus logic to
\%" ', 213 —|abAdder3| = compute all CarryOut bits
el 514 — 4] and one super generate and
PR ST . one super propagate bit.
s O Bk Each 1-bit ALU is exactly as
L%

~»-16-bit carry-lookahead adder from four 4-bit for ripple-carry exceptcl, c2,

adders and one carry-lookahead unit c3 for ALUs 1, 2, 3 comes

[6 et - Gary wa Cercey, s Qost from the extra Ioglc

e — e —
\GVM q dw./

Two level Carry—lookahead
7| Adder: Second Level
bit-adder

s Two-level carry-lookahead logic steps:
1. compute p,’s and g,’s at each 1-bit ALU
2 compute P;’s and G;’s at each 4-bit adder unit
3. compute C,’s in carry-lookahead unit
s compute c,’s at each 4-bit adder unit
s.  compute results (sum bits) at each 1-bit ALU
. £g., add using carry-lookahead 10gic: 7> veva \_ ‘@Y caae @z )
= 0001 1010 0011 0011
= 11100101 1110 1011

o Compare times for ripple-carry vs. carry-lookahead for a 16-bit
adder assuming unit delay at each gate
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o)
a Q r \“
(67076677 =3
pLe o1 0 \Y)

0001 /1010 0011 0011

B |@1104J/0101 |1110 |1011

= (g% (0000 ) (0000 [0010 0011
llo

oV 3":1‘ br',\-_:; \0

= DCED|EA [1111 |11 101D

P o a*a-ﬂi{:O\: AT /R ":'T‘.-uu.\ =
su»g’ > GI ‘5;’} ‘éjff"@ LS:Z*UL: @ .

?3-P~3 w\ 1\&/ 0
R e e D [ o~
Sum |0000 |0000 |0001 {1110
ARR® <
_ o _’J m:D o _
B
| Multiply .
r';‘ Grade school shift-add method;_ R

- by Sy
Multiplicand 1000  deso & e = )

R
Multiplier ~ x 1001 - =¥

1000
0000

0000 .

1000 sl

3\ L) ”

Product 01001000 &

a M bits X n bits = m+n bit product W asev= 2wk
its X n Dt C—

n Binary makes it edsy: B DA
a multiplier bit 1 => copy multiplicand (1 x multiplicand)
= multiplier bit 0 => place 0 (0 x multiplicand)

= 3 versions of multiply hardware & algorithm:
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Shift-add Multiplier

32-bit multiplicand starts at right half of multiplicand register

e

Version 1

Multlplier0 = 1 1. Test Multiplier0 = 0

Multiplier0

Multiplicand
‘ Shift left \

1a. Add mulliplicand to product and
place the result in Product register

64 bils )

( | /\2%
N
o]

sy

(&

—

) L\-a"\.:\

!

Multiplier >
Shift right

32 bits

AN
s

y S5
) ‘tg-):ﬁ:\’\)\

\'\)U‘—"

| e

")V-'L‘ -:,.\J
P

J,_c‘u-‘\iru

FANTPl e g

kY

Product i
Write Control lcst

I \ - pre deck= Pra

Product register is lqmallzed at

Multiplicand register, product register, ALU are
64-bit wide; multiplier register is 32-bit wide

Multiplier0 = 1 Multiplier0 = 0

\4)

r

2. Shift the Niulliplicand register left 1 bit

3. Shift the Multiplier register right 1 bit

|

No: < 32 repetitions

Yes: 32 repetitions

Algorithm

Multiplicand Product

z 3;(1‘(

‘l.a.Add multiplicand to product and
| place the result In Product register

L

2. Shift the Multiplicand register left 1 bit
faribill

3. Shift the Multiplier register right 1 bit

Algorithm

0000 0010
0000 0010 | 0000
0000 0100\AV0000
0000 0100 oooo

D

0000 0000

010
0010
0010
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\3) 22805 Q) 2~ ns dﬁfhben‘( =
- M'ier: 0011 M'and: 0000 0010 - P: 0000 0000

s,

« 1a. 1=>P=P+Mcand__ Mier: 001@\)3;;) Mcand: 0000 0010 47 #2-P; 0000 0010
. 2.5hMeand O Mier: 0011~/ Mcand: 0000 0100 +% “*P: 0000 0010

a 3. Shr Mier Mier: 0001 %%, Mcand: 0000 0100 wwx..P: 0000 0010
\Y- oo AT
m la. 1=>P=P+Mcand ,}oMler 0001 v2:Jch:and: 0000 0100 =+=6& "~ P: 0000 0110
= 2.ShiMeand o >'> M'ier: 0001 Mcand: 0000 1000 <+ 4 p: 0000 0110
s 3. Shr M'ier ©M ier: 0000 s~ . Mcand: 0000 1000 P: 0000 0110
. _—\ v 3

s 1. 0=>nop M’ier: 0000~ ~ Mcand: 0000 1000 P: 0000 0110
« 2.ShiMcand (g Mier: 0000 c’f" Mcand: 0001 0000 P: 0000 0110
= 3. Shr M'ier M’ier: 0000 ’/ Mcand: 0001 0000 P: 0000 0110
s 1.0=>nop M’ier: 0000 Cy_“)q’ Mcand: 0001 0000 P: 0000 0110
- 2.ShiMcand &) Mier: 0000 ~7 Mcand: 0010 0000 P: 0000 0110
a 3. Shr Mlier f\ M'ier: 0000 ,~Z Mcand: 00100000 P: 0000 0110

o = A
SO ot et Duse  Ghred

e S
Observations on Multiply
1

1 step per clock cycle = nearly 100 clock cycles to multiply two
32-bit numbers
s Half the bits in the multiplicand register always 0
— 64-bit adder is wasted

a 0's inserted to right as multiplicand is shifted left
= least significant bits of product never

change once formed

a Intuition: instead of shifting multiplicand to left, shift product to
right...
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Shift-add Multi £I|er Version 2

Prodwr ) 3215 Shi WV odab Ty Starl

feswhe A Az Ph) D

Multiplier0 = 1 1. Tesl Multiplier0 = 0

Multiplier®

|

Multiplicand 1a. Add mulliplicand to the left half of
A the product and place the result in
32 bits ' the left half of the Producl register
| : C e \
L (_,‘-, &S swib V‘Dk Ji_‘: v I
nﬂ dvwih I\ 23 Mulliplier —f= —— o
32-bit AL 3‘—\)-—’ \-l ‘ij J ‘ : Shift right ads \f: - 4 v -
G 32 bits - |17 | 2 sShiftthe Product register right 1 bt
2y (— w\hf‘b)\.a.p\ (s \) oy 3
i =Gy == e
Wnte 3. Shift the Multiplier register.right 1 bit

u-Ler lSd»blls ! \

\slp 1t 2
L/\.,py 2_‘, s Product register is initialized at 0
13}

No: < 32 repelitions

32nd repetition?

dultlpll an egister, multiplier register, ALU
ire 32-bit wide; product register is 64-bit wide;
nultiplicand adds to /eft half of product register

Yes: 32 repetitions

Algorithm

Shift-add Multiplier Version 2

e N ————

M%ﬂﬂ5i<::tii:>ﬁﬂﬂﬂt° Example: 0010 * 0011:
Multiplier0 1

Iteq Step Multiplier | Multiplicand Product

1a. Add multiplicand to the left halfl of -tian
T Prel S o] [init 0011 0010 0000 0000
| values
1| |1a 0011 0010 0010 0000
’ 2 0011 0010 0001 0000

2. Shift the Product register right 1 bit

3 0001 0010 0001 0000

3. Shift.the Multiplier register right 1 bit

No: <32 titio
32nd rep% [Epethons

Yes: 32repetilions
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3

Mier: 001  Mcand: 0010 P: 0000 0000
1a. 1=>P=P+Mcand Mier: 0011 Mcand: 0010 ~"p-(0010/0000 :f&
2. Shr P M'ier: OQ_Llifb Mcand: 0010 P: 0001 0000 ‘:)5”;3
3. Shr M'ier M’ier: 0001~ Mcand: 0010 21,0001 0000 =
la. 1=>P=P+Mcand M'ier: 0001 Mcand: 0010 ¢ P: 0011 0000
2.Shr P M'ier: 0001 Mcand: 0010 P: 0001 1000
3. Shr M'ier M’ier: 0000 Mcand: 0010 P: 0001 1000
1. 0=>nop M’ier: 0000 Mcand: 0010  P: 0001 1000
2. Shr P M'ier: 0000 Mcand: 0010 P: 0000 1100
3. Shr M'ier M'ier: 0000 Mcand: 0010 P: 0000 1100
1. 0=>nop M’ier: 0000 Mcand: 0010 P: 0000 1100
2. Shr P M’ier: 0000 Mcand: 0010 P: 0000 0110
3. Shr M'ier M'ier: 0000 Mcand: 0010 P: 0000 0110

Observations on Multlply

“|Version 2

a Each step the product register wastes space that exactly matches

the current size of the multiplier

s Intuition: combine multiplier register and product register...
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Shift-add Multiplier Version 3

,tg\. uuj»f/'n L)

Swipy v le >

Multiplicand

l r

32 bits

e ek

—_\/_7
Xaz;bn ALY/

Product register is initialized with multiplier on right

No separate multiplier register; multiplier
placed on right side of 64-bit product register

S—p
Shift right
Product write |
64 bits | =

Q:*—"""'JC‘“)( Start )
/5% o

4

Product0 = 1 1. Test

ProductO

r

1a. Add mulliplicand to the left half of
the product and place the resultin
the left half of the Product register

N

Producl0 =0

4

2. Shift the Product register right 1 bit

No: < 32 repetitions

Yes: 32 repetitions

Shift-add Multiplier Version 3

v

( Start '

L 4

N

Product0 =1

y

| 1a. Add mulliplicand to the left half of
the product and place the resuit in
the left half of the Product register

l

1. Test
Product0

Product0 =0

3

4

2. Shift the Product register right 1 bit

No: < 32 repelitions

——

.Example: 0010 * 0011:

Yes: 32 repetitions

Algorithm

Itera Step Multiplicand Product

-tion

0 |init 0010 0000 0011
values

1 |1la 0010 0010 0011
7 0010 0001 0001

2
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Observations on Multiply
“|Version 3

a 2 steps per bit because multiplier & product combined

a What about signed multiplication?

= easiest solution is to make both positive and remember whether to
negate product when done, i.e., leave out the sign bit, run for 31 steps,
then negate if multiplier and multiplicand have opposite signs

= Booth's Algorithm is an elegant way to multiply signed numbers using
same hardware — it also often quicker...

Motivating Booth'’s algorithm

" | &« Example 0010 * 0110. Traditional:
S 0010
X—0110 S
0000 shift (0 in multiplier)
0010  add (1 in multiplier)
0010 add (1 in multiplier)
0000 shift (0 in multiplier)
00001100
s Same example. But observe there are two successive 1's in multiplier
0110 = 22 + 21 = 23 - 21 5o can replace successive 1's by subtract and

3 e

then add:
0010
0110
0000 shift (0 in multiplier)
-0010  sub (first 1 in multiplier)
0000 shift (middle of string of 1's)
0010 add (previous step had last 1)
00001100
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Motivating Booth’s Algorithm

o middle of run N
end of run ginning of run
o 1 1] d

Ex —D l 1
‘\_:,\ |?
oML bit = 2n bit = 2m
R I
-2
a Math idea: string of 1's .011..10... has
" B s Rtk ol ah successive 1's

N p LS \
% UPESEEHEES

value the sum 2" + 2m1 4+ | 4 2m = 2n+l _ 9m

= Replace a string of 1s in multiplier with an /initial subtract when we
first see a one and then later add after the last one

a What if the string of 1°s started from the left of the (2°s complement) numnber,
e.g., 11110001 — would the formula above have to be modified?!

Booth from Multlply Versaon 3

1

’ '[V/od/fj/ Step 1 of the algorithm Multiply Version 3 to consider 2 bits of
~the multiplier: the current bit and the bit to the right (i.e., the current

_:Jilt.of_tbe.pze.\nmts_titep)._lnstead of two.outcomes, now there are four:

Case Current Bit Bit to the Right Explanation

1a 0
1b 0
1c 1
1d 1

0

1
0
1

Middle of run of Os
End of run of 1s
Begins run of 1s

Middle of run of 1s

Example Op
0001111000 none

0001111000 add
0001111000 sub
0001111000 none

Modify Step 2 of Multiply Version 3 to sign extend when the product is
shifted right (arithmetic right shift, rather than /logical right shift)
because the product is a signed number

Now draw the flowchart for Booth’s algorithm !

Multiply Version 3 and Booth share the same hardware, except Booth
requires one extra flipflop to remember the bit to the right of the
current bit in the product register — which is the bit pushed out by the
preceding right shift
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MIPS Multiplication

a Two 32-bit registers for product
Jw[ N HI: [mostisignificant 32 bits
%

///f " o LO:Teastisignificant 32-bits

= Instructions \'é, =) &, e o B
= mult rs, rt / multu rs, rt
S~ )-—a-blt product in HI/LO Lowsi g~
Ermj@r\:’d / mflo)rd
LM "TA e, Move from HI/LO to rd
- = Can test HI value to see if product overflows 32 bits

Chapter:F—mU1 I"d rs, rt ww %Px‘)“@ o 523
'—\"’ W Wl

égtr:;”;gfsf‘“ @ Least-S|gn|F icant 32 bits of product —>rd D mElo @

MIPS Notes

s MIPS provides two 32-bit registers Hi and Lo to hold a 64-bit

product

o muf”multu (unsigned) put the product of two 32-bit register
operands into Hi and Lo: overflow is ignored by MIPS but can
be detected by programmer by examining contents of Hi

m mflo, mfhi moves content of Hi or Lo to a general-purpose
register .

m Pseudo-instructions mul (without overflow), mulo (with
overflow), mulou (unsigned with overflow) take three 32-bit

register operands, putting the product of two registers into the
third
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MIPS Division

= Use HI/LO registers for result

a HI: 32-bit remainder
J,,\,u . LO 32-bit quotient

.‘/\ .
e e

¢ Instructions =
» ®d1v rs, rt / divu rs, rt
-

@ wee
2 /No overflow or divide-by-0 checking
y” = Software must perform checks if required
= Use mth1i, mflo to access result

Chapter 3 —
Arithmetic for
Computers — 66

w b

1 MIPS Notes

s div (signed), divu (unsigned), with two 32-bit register
operands, divide the contents of the operands and-put
remainder in Hi register and quotient in Lo; overflow is ignored

in both cases

s pseudo-instructions div (signed with overflow), divu
(unsigned without overflow) with three 32-bit register operands
puts quotients of two registers into third
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Floating Point

’ ‘g G JEEE elo
DAV u_)—n)\ ,&{;::'«'U\-"—‘W Q‘\A.)O“LJ' Ffmb)u
We need a way to represent ey ) 35 g

= numbers with fractions, e.g., 3.1416 -

= Vvery small numbers (in absolute value), e.g., .00000000023
= very large numbers (in absolute value) , e.9., -3.15576 * 1046
a Representation:

binary point
n SC/ent/fc sign, exponent, significand form: RR =l oo
..L(\p\.u\—'
sl (—1)5'9"*51gn|’r"cand * Qexponent  F g =101.001101 * 2111001

IEEL DT . PR . PV D Sign 21y
P more bits for significand gives more accuracy -
®$5“\$l(ﬁhl _:pa‘:«_ u_,_.a\o\ _-_,_»

= more bits for exponent increases range GEEE 5 g dines dr

s if 1< significand < 10,,,(=2n) then number is normalized, except
for number 0 which is normalized to significand 0

« E.g, -101.001101 * 2111001 = -1 01001101 * 2'11011 (normalized)

iEEE 754 Floating-point Standard

s IEEE 754 floating point standard: 3Py
a \Single)precision: one word
3) —_JJ e}
31 bits 30 to 23 bits 22 to 0
sign 8-bit exponent. 23-bit significand—'—ﬁ
L ———] e N

(o8

o o U Ln) \. bk
= double precision: two words_ ( ZE s [2awr

20 e oot 22
Sieypai.  _n “ndi/fﬂir,suuh:: nyuéaxki\ Lekio

31 bits 30 to 20 bits 19 to 0
sign 11-bit exponent upper 20 bits of 52-bit significand A

-‘—
bits| 31 to 0 1o |=bia,

lower 32 bits of 52-bit significand
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JEEE 754 Floating-point Standard

o Sign bit is 0 for positive numbers, 1 for negative numbers

= Number is assumed normalized and leading 1 bit of significand left of
binary point (for non-zero numbers) is assumed and not shown
= e.g. significand 1.1001... is represented as 1001...,
= exception is number 0 which is represented as all 0s (see next slide)
= for other numbers: =
. — .
value = (—1)1_%‘ * (1 + significand) * AL
RS R AN . \@‘(" _wias )
s EXponent is biasedto make sorting easier
= all Os is smallest exponent, all 1s is largest
= bias of 127 for single precision and 1023 for double precision

= therefore, for non-0 numbers: S SRl
value = (=1)sion * (1 + significand) * 2(exponent - bias)/
Ex) (o .39 5, 6) =p-IEEE IS — | zg’“y; exp. 4\ e
4+l = TN - L
us g_-E\—‘C"‘°00\\0\\\\‘._. Hop3) dmwrn eup IS g oo
D hotmmlizake—— @__—-44@‘ — : — o — . o o
R DN L. - % o~ S D
(= Sles ppNap,dy oy s A2N
2 Exp:- 123e2: = oanuidl AT YD * B
= (—________. - \_a_-l-\'d\, QJJ\L) :\
™ o,c\iWWolpio™ .. vatat s € VA x B sBx oeen U 3)

T ‘E"—_ 23 by = -\J;‘;‘\L\.‘_.L
1EEE=/54 Floating-point Standard
~ Oating-poin dandar

fr: Cf? l =3 )\ 22 P N\
- —————S
Expa- g\ =

= Special treatment of 0:
= if exponent is all 0 and significand is all 0, then the value is
0 (sign bit may be 0 or 1)
= if exponent is all 0 and significand is notall 0, then the value is
(=1)sin * (1 + significand) * 2127

« therefore, all Os is taken to be 0 and not 2127 fas would be for a non-zero
normalized number); similarly, 1 followed by all 0's is taken to be 0 and not

= 2-127
(-ﬂoa'\‘-‘\
m  Example: RepresenteD.75,., in IEEE 754 single precision
N " _ - _ D Sign= & ,,\2&\
a dgumal. -0.75 = -3/4 = -3/22 ®SH ‘@{:as ) S —
0 blnan -11/100 = -.11 = -1.1 x 2 o l)\:\\:. as (S g
: s ; e . Vernaly T
a IEEE single preC|ES|on floating point exponent = bias 4 exponent value ;-
B gy= Expm win E SJ1271 + (1) = 1267 2201111110, s o
= IEEE single precision: 101111110M0000000000000600000000 970
J'.S'\ —J/'J;_v__)—; ¥od U yoris “\
Oz ) exponent ﬁa‘ﬁ&iﬁbsigniﬁand S\ =, ks
- TR T ey Lol S WiaslEiy T
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COD Ch. 5
The Processor: Datapath and |

oy |
|
]

o

s We're ready to look at an implementation of the MIPS instruction set

s Simplified to contain only
a arithmetic-logic instructions: add, sub, and, or, Sltl A Mzc\Z
= memory-reference instructions: 1w, sw — '
= control-flow instructions: beg, e

2 Oahyfathes> W Frrmat 21 Wi VOV iy

6bits  Sbits  Sbits  5bits  Sbits  6bits  Gxcereudeede nFeky e
—r | — | — | —
[ —— | | | l | Forgh decade Emmene

|
i rs rt rd R-Format |.,, _n—

& o‘fh;..\. I\ W‘m

| 6 bits | 5 bits | 5 bits s 16 bits g | Bedpe s woa\deamds) Mene
rt offset |-For’r’nat 31 Fanag 55 K

& ST e

. = P

206 bits .l S\ WALPs D). C‘?wfl“—-x}g
J-Format “~*=
address éﬁmk
[ga

—
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Implementing MIPS: the
Fetch/Execute Cycle

= High-level abstract view of fetch/execute implementation
= use the program counter (PC) to read instruction address
w fetch the instruction from memory and increment PC
= use fields of the instruction to select registers to read
= execute depending on the instruction

m repeat... -
- Hearvard
Arch
e\~ W s oS\ : e L o)
- e - AW \,.:‘_S\:_:; a‘é‘:ﬂ‘f‘au !“j‘;‘k*Lﬂ. -
7 e L =
S\ s | = 3
Fevol ..w‘:‘ I gstor # , Bet —
Address [Tnstruction Regislers ExeaV AL Address &YWQ a.??%} 4
Tnstuction | S = Regisler # . )
e & . | g
2 L @,T \omen Y (sparpm
SucRERN, = i 3 oS F
s L e ™ o =g e
-_,\‘/%é 6b3 et \ il J L OJ\« ) LmCeT A e
N S (B AR S gashie © o
Ve — T g O Sae ® -
¢D \ La\2 S
f \,E'\ncxhnsh \ P Bw —

| Implementatjpn Styles)

Aey e S\ plig | S

; SIMG &..,.. il > f\f«g%;f)qo»%a\-_,
= Mperform each instruction_in 1 clock cycle { K = *"“:'LL 02 7 Tn,
C{; s Clock cycle must be long enough for Elowest mstru}’tnon therefore,  ~ ~
= disadvantage: only as fast as slowest instruction
s Multi-Cycle (e, N2 )
= break fetch/execute cycle into multiple step oz s~
= perform 1 step in each clock cycle \9>» =325 )

= advantage: each instruction uses only as many cycles as it needs
= _Pipelined Q"‘C' | B2 a L otbf ) ) 1 Foo 6 Feph o2 bk

5\0-1-&\' .uy‘@ PR

&5
- execute eacﬁ instruction in multlple steps

“fa9e 0 perform 1 step / instruction in each clock cycle

\"‘;L‘:'. process multiple instructions in parallel - assembly line

S B ¢ 5 S5 o
Clhr\n [Wa{L p‘ﬂ’ah‘-‘) ("f‘t‘w\, “M\\ ._JS,‘A—)\ “L"-P 5(

‘-J))\(_wé)la-o’.,,.‘-_.l {tar b u‘jdc-d ) ———

ot
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Functional Elements

a Two types of functional elements in the hardware:
= elements that operate on data (called combinational elements)
= elements that contain data (called state or sequential elements)
BQQUV &J:\S\ @
—_—
AQH | M (X my)
E-T = 1w CpIX Chde et

R

EZN
S—-&)k 4:_\'_\““_<

)\ \v\-e:A\’ )),)/)e)\, 3\ “’J'.'-‘-' \._L

&5 Combinational Elements

>
WY - — |8 ‘P}

‘-“i . bd’( _)“ in) —-v—-" ""*5‘ "') phpsqh“ )‘ l_ f
s Works as an /nput = output funct/on e.g., ALU

s Combinational logic reads input data from one register and
writes output data to another, or same, register

s read/write happens in a single cycle — combinational element
cannot store data from one cycle to a future one

)= S Pt

Combinational logic hardware units

CH\"
State State | _State % y
element Neloment —* dlement —S¥%b»{ Combinalional logic
1 2 2 fjhtl;v' )
S \,@ _j ) il
| U
\\ CO‘"-b ,dez_/ g)p_)‘_—) (& =

\w J-'_ﬂ’ "
l % ) J:‘(ap pe
Clock cycle -

S e ——
Dhg atd DlREN ) o) = 32D Leb) e Q‘UJ}:J('/{IL'_"J‘ L(__(.,_k

—_— == — Periad

Vil —)]rll'; =/
( C.ﬂ-u.\ E n

- CamScanner - l»sc 4~>94ml‘
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State Elements

’et-Reset (SR-)
locked)

State elements contain data in internal storage, e.qg., registers

and memory

All state elements together define the state of the machine
n  What does this mean? Think of shutting down and starting up again. ..

Flipflops and /atches are 1-bit state elements, equivalently,

they are 1-bit memories

The output(s) of a flipflop or latch a/ways depends on the bit
value stored, i.e., its state, and can be called 1/0or high/Aow

or true/false

The /inputto a flipflop or latch can change its state depending

on whether it is clocked or not...

E 2 jusk & Aska =tseyes

Teral

Sev, M
r‘———/a—":r‘;\e

\ wrda

Nows

TP ik, Bx 2 BX

Ave<el

= Tord cyds
‘\\u\"u\ wil
2 oetop

e k) R v D) §
e

Tatch

Think of Sbar as S, the inverse of sef (which
sets Q to 1), and Rbar as R, the inverse of reset.

$9ar®

(set) = o
—'—/
-

Q-\»

—

RSP

4B

nl

Q

(reset) = W, _ .
— See sr_latch.v in Verilog Examples

B

equivalently with nor gates

Qbar

A set-reset latch made from two cross-coupled
nand gates is a basic memory unit.

When both Sbar and Rbar are 1, then either one

| of the following two states is stable:

a) Q=1&Qbar=0

b) Q=0&Qbar=1 "

and the latch will continue in the current stable
state.

If Sbar changes to 0 (while Rbar remains at 1),
then the latch is forced to the exactly one
possible stable state (a). If Rbar changes to 0
(while Sbar remains at 1), the latch is forced to
the exactly onc possible stable state (b).

So, the latch remembers which of Sbar or Rbar
was last 0 during the time they are both 1.

When both Sbar and Rbar are 0 the exactly one
stable state is Q = Qbar = 1. However, if after
that both Sbar and Rbar return to 1, the latch must
then jump non-deterministically to one of stable
states (a) or (b), which is undesirable behavior.
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Synchronous Lodgic:
Clocked Latches and Flipflops

m Clocks are used in synchronous logic to determine when a state
s o €lement is to be updated

e

clec) 4 yazl

in /evel-triggered clocking methodology either the state changes

only when the clock is high or only when it is low (technology-
Veva =0 \lakew dependent)
i .

. o
S |5 ) wrign (o]
Aecive T 170

Falling edge
‘J
arls WAiaw 13
£V yre
N fee
Brevive 2 '

v WV Qecke

\ >
R — \

[y - w-\}ﬂ@k ?_:“ e sing edge

= in e’dge -triggered clockin me§10dology either the rising edge or
—= . > falling edgeis active (depending on technology) — i.e., states
Pressr § © change only onrisingledges or only on[fallingyedge

\..-,‘q (AU T
=]

_ 2 s\ \ec\e Pariiay
Latches are level-triggered. ARy et
Flipflops are edge-triggered g Py

It

/\10—1

,\J Vo 2
A -3

“Lfo * £l 2
e SHwvchamens g2 cledd Myanh oM s\ % v ‘dd”"S"‘ =
s e
-P-A\& =
\ wc.d’)'k

Clocked SR-latch

s State can change only when clock is high

n Potential problem : both inputs Sbar = 0 & Rbar = 0
— A will cause non-deterministic behavior

‘_}}_} y el

»}4& Sbar

clkbar Se lake

See clockedSr_latch.v in Verilog Examples
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Clocked D-latch

m_State can change only when clock is Aigh
= Only singledata input (compare SR-latch)  —s& e sves ™
m  No problem with non-deterministic behavior sk =P s, ) Dotoven

D‘W—_—@O%:) X (“““- S
rl Q

Ik D clkbar
e ) 22 0
A Y

See clockedD_latch.v in Verilog Examples

Qbar

vze 28 L_e L\—;_\\-.)\_‘CS\S

A\ _;Jo-’vV)\ ¥ .- )

Q
——Tlmmg dlagram of D-latch (@ g g 2

. Clocked D-flipflop 2"

- n MNegative eage-triggered Kﬁd—ﬂg

€ by

ade from three SR-latches . mu
g S0Py D 2P N ——
(e pos) e = e Ky
bar B
[ cbar S
clear ' L q
‘;
clkba
clk — ; r — qbar
rbar
d

See edge_dffGates.v in Verilog Examples
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State Elements on the
Datapath: Register File { ~*=<)

MJFF l"P/U b'\— ‘,J

= Registers are implemented with arrays of D-flipflops s,
&= [Pz

k.s‘/-ﬁ, Lol

gl GRS L) @R s (Y ) o=t S eﬁzm,

Clock

= 2 & Read register :
" U \2 \ .;._L 227 )5 bits by o e i
(‘- 22 s % 5 bits __| Read register y =
“‘Y \}\ ” L ) numberz ' » SN ez s \L\"“D)
v A 5 bits __|lwaie e P e &
s ...J\ 5‘\( < ) | tegster i 25 vl ‘\'“" Veemdi e
Y = 32 bits = = “ ba)
— Write = ou-- Yile Yoar
\ - 32 b:...:r—‘-.‘ma.
[ ——m wd
J'\ —
\o,«—’ Ium\’ )" N\);i\.:,\
e’ ):‘,1‘: e
Q"“ Warram0-—F 700

Register file with two read ports and
one write port

C)e_vmﬁ,.i dq_.h-_,u—&_.,_, Orid
oo

~ State Elements on the &=&t™
iz Datapath: Register Fule

G = Sc\=a. 5] M.P_r e;‘-

m Port implementation: ==Tve~ . Clock LK (lw g, |

SH =
Clock Zz —_—
oc CAM‘;;‘\"‘" ) k E \‘¢\ g kj g““)“ >
~ \ - e .
; t“d s i ) l Wrile ﬁ,, \

s ) st T s PR
Ys ead regisler r =
number 1 pagy =4 Y€ ik gf‘)l oy Cr 3 Na_t") Yz 0 B €
== BE’:‘M F—DReqisierO B l “‘“""1 Y\ L ;L\’" o \)(i}r 1 o Regisler0
Y _ \ Register 1 M \v > /\)\o n-to- l
el - = b —»nuaddmm P g’i‘”"“m:‘:)/é],} do(:oi::u: et L—’—D_.-E Register 1
By [: Rxegislcr:-; ' - 3 — 3z%i) 32 l'o Sine WK n=4 3
( == T |t
Y )Readreg]sler C = SN =2 <
number 2 E" A Ry ( ‘(L—:))’;}.‘-,\Ll S
Rea) | 22 _.L° " Y gl W2 | B Segatara =1
bor & U —+Readdata2z g} 4| Lsy 5 0
L‘ = X ==t b o5 f‘."‘v‘f." \ H) Regisler n
% @, V= q.eglslef data —ﬁ——‘w —e— i P o —
aP T t))i A !|i D) i l..wﬂ*p )’1
Somi o e )y “V\}rhtu rti ol ted usi
_v—w U Read ports are implemented It€ portis |mp emen using Q-L
Jao vd ith a pa“- of mp'tuﬂexors -5 "g)m a decoder — 5-to-32 decoder for E,::\&.{:-
val~ Yxl e g ale
z_..“,u M’"” bit multiplexors'for 32 registers 'y, 32 registers. Clock is relevant to ) ez

write as register state may change—

W “ <
G Dring 2 ol eg 0 Seleur 614 s gt only at clock edge

((”m S0 oAy AL o /W52l \‘K
T edr B T

CamScanner = Ligo d>guaall


https://v3.camscanner.com/user/download

e d=x us) Preyr vt
lany

8

Verilog

m All components that we have discussed — and shall discuss —
can be fabricated using Verilog

a Refer to our Verilog slides and examples

Slngle cycle Implementation

Wk, )n_,f\ PRV L B TS P \\\r\-,j.._) LT =\
e tT’:)) =
O 152 Qq\f v 623 -
Cloc) fiy
RedBr = pecind % Coce BN sl oI I/ { 2eps G800 _u sk -»SJM SN e
Our first |mplementat|on of MIPS will use a single long clock _&: Bz o

cycle for every instruction ST T
s Every instruction begins on one up (or, down) clock edge

and ends on the next up (or, down) clock edge
This approach is not practical as it is much slower than a

multicycle implementation where different instruction
classes can take different numbers of cycles

= in a single-cycle implementation every instruction must take
the same amount of time as the slowest instruction

= in a multicycle implementation this problem is avoided by
allowing quicker instructions to use fewer cycles
s Even though the single-cycle approach is not practical it is
simple and useful to understand first

s Note: we shall implement jump at the very end
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Datapath: Instruction
Store/Fetch\& PC Increment

e
Q\"j‘
w"? AW (F
K P"j ﬂ-
— Iargs_dimchon ¥4 {/ ad
ress J ’f‘
a0rs _J\“\MB‘ S @ >Add
=32%\ Ins\mcllor( &
Instruction K"‘“o \3:0 @—o
memoryad | ERE
IR X SO
1.") > /’2—’\\ Ll ..;c PC gggr%ss
. 52210 Fdean 2V [\ InStruction fr———
g b, Sl Instruction
Three elements used to store y memory
and fetch instructions and e R A TSN
increment the PC )t SO o k—=>¢=
)
= Datapath
Thgy NV e, ) a5 maadre whas Po M P2 dny 2@
== OV sk )\-do\\.a-ﬂ@
We  TC (M e (dwsy ) 2S o 2t Y < add< —LL’"L/ Pe vl
—_ — N\ o - - ‘).\ w\—q = ) -
. :_\ "—‘)—“’\ L‘ ) ! N .,->_.4-' \"

(’g _u L}/’." Y Cruw

| 28N i
kbb\’t odrejable 3\ —_

Animating the !_;Datapath
Q) s\l 20y pRts oW Ry

B nstruction EM[PC]
PC <-PC+4
i dea

P‘—T@ Taer) e 2 iy

— Memo
k4 @%& Instruction

i
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Datapath:[R-Type| Instruction

ol
- = 37
A\ kw, \9;\& — Z
w53 22 adken K‘A )s —_—
u;,,.yf) ] = e
5 fRoad el 5 | Alliperaiionl ©
a%?;j L register 1 Read|

&ead- data 1
register 2 Zero

) Registers ALU
Write T
et

Y '- DI
e e (Instruction)
— : v X
—Read [> = register Reag 3 esult Y
F.-—"‘! ‘ g ® d—ta) data 2 ]
Iéeé\}vmd L/:’g*,‘f‘ T i = I Eﬁ

egisters Data

.J‘P o
2 ~mba
B :_T T S vy [Regwind W d)
' a. Registers - \ bAw ) '--’,—\f,’ | lRegwWrit
o gsenz et ==
- =
Two elements used to implement fDatap_—ath
R-type instructions ,
mom 2 [\ cess Gl
-

. Animating the Datapath

add‘ rd} rs, r_t

Instructio ==
L-op T rs T rt T rd Jshamt] funct R[rd](<-R[rs] + R[rt];

RNT RNZ WN
= T

, RD1 =
Register File —;

o
WD
v
RD2 =
RegWrite —
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Datapath:
Load/Store Instruction

2 ""“_:’\ ."/)—L e

w2 SN
eI
ue?
> 3
e ~ -
= /}w?‘\.,
(s
/" [Read 3 ALU operation
MemWrite L] re’glsler1 Read l MemWrite
, ]Qe?d‘ ’ dala 1
(_ Inslruclion régister- dﬁ) £
b e
—— Address Read \ ¥Y lllgl Reglefers %@ Read|5—"
dala O szr‘ | register @ Nt data j?
Wite Dala ot ‘ _’@ = - -
data memory a3 \ memory
= Rean’lel , \é\fr;zl:aJ
AN al
e\ ‘
1 &4 ~_o-\ M mRead
MemRead w\""‘ el
w i) L
auni! b. Sign-extension unit DL O -1 A [T B g
— * P_’——-—
sam Y au\" . .
Two additional elements used ~ N\s>* > —— Datapath
To implement load/stores YW

50““‘ 2 ”’vd‘ s ‘PQ-(.A -

K-u\r ¥ vy ) Forhe _'

o

(bt—\- @ X3 )Q_“__ -
“\SH5,

_ Animating the Datapath e e

\-, [N Q‘—'I’_’

i es c\‘-‘\
e (zt)
| rs | rt | Offset/lmmedlateJ 1w offset (rs)
| i Rrt] <- MENQR[I'S] +s extend(offset)y

=\ =

Opera::on o
A1 lsat ) B 23
N ALU Zero D\ = XL &LwonvE 2
g Yoo
[N _E\.C::"J#?-) e aa}th
N
3 t ® MemWrite
’ ADDR
B 1~ Memo
() eV o
MemRead
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# Animating the Datapath

sw rt, offset(rs)

—op | rs | rt | offset/immediate |
*;{B‘G MEM[R[rs] + sign_extend(offset)] <- R[rt]

Lo aad) =S

5 Operation Vrame S 70 2 (o RO )

"~+RN1 RN2 WN

. . RD
Register File
—>{ WD l

MemWrite

ADDR
Memo

]wn } y RD
MemRead

4 detr (Y) T Ar Ex=ar Jvas.y 4

- Datapath: Branch Instruction

Q‘P“”' ) = e i
Lol g
M .;-'):)_‘\ -2 l -
g P Yame\n
t':' CmaYrs
\sj i<

i PC + 4 from instruction datapath =
R—

No shift hardware required: A

simply connect wires from \

input to output, each shifted

left 2 bits > 1 i
o\ ¢ \M‘a"t"ﬂ.b':‘b
ALU operation fuu)gf s ) ;l.. " e)
Read — = = !
Instruction | register 1 Read @ 3'39) f::_ ~-6 - 5=
Ry Read data 1 q{"?,“_‘""" \';,L _%\;}E,
| register 2 - ) 2 &7
Registers To branc a2 27 =
Write L
register ) ag
Write =, ‘—‘_‘—..-\. ,’\-y’ U\__B‘ ~
data
© RegWiitd
S'~o0)—16
LSl i
Y

Datapath

']
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(ot ™70
- , PC +4 from
[ op 1| rs | rt [offset/medlatej instruction’ ms
datapath

" . RD f - \\:d(\'
Register File — ; i—=5 Zero >~ —
WD
RD2 |
RegWrite — | e T

f @), wea e
E .
L 16 Ll \Ped\rs; ,]:;E_’ offset
» = e ol 5=
l N |

if (R[rs] == R[rt]) then
PC <- PC+4 + s_extend(offset<<2

o
=Y

| » Qi
+-L MIPS Datapath I: Single-Cycle
K DR T
= -
Input is either register (R-type) or sign-extended
lower half of instruction (load/store) ] o Aw iy YZ—F.,. i
X ALLL QpOnTNe S_.——-l i 5"’;'“';‘;‘1_{ \“‘d_ 13
> | Reac A
16 e I tdarm'ddn AN Y. V’Z)
' o3 | wirne ALUM%'L-:I‘IL OET| . ‘i K \":J Read &o S
o = data M
) load >
L 3_—:&0 t_ﬁ ;“%@ G'") (K5] :li
M*\"‘t" G: Wt namory \
L'b?\ @ aaa
B %‘5 @
S : 1-—,,3) 5 Bt bl
w wi )
e
Data is either
from ALU (R-type) ot . . .
or memory (load) Combining the datapaths for R-type instructions

and load/stores using two multiplexors
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Animating the Datapath:
-type/Instruction

( v V_—\jﬁr‘:ms\ gl
CE eGP add rd,rs,rt
Aot o vy ’ ’

(V- (=]
j;m - mmm

RNT RNZ @ _ o
D= R iz "
Register File 3 Zero V=
e |
i ! MemWrite
—| ADDR MemtoReg

Data
" Memory RD

.5WD

-t

E
X

16
T
> N
D

32

MemRead

o j

L >0 T2Y
/95(?\\'-

Animating the Datapath:
Load Instruction (==~

Instruction S N lw rt,offset (xrs)
= == g e \‘4"{:’ Operation —
E’i 13 Ibvv' ﬁ/"; s
RNT RN2 - N&
) _ |RD1—
Register Fil ALU [ Zero
WD E = v
M &n L MemWrite
RegWrite - X I)Jc = L [F#| ADDR MamtoRsg
B Data
E Memory e
)'l(' . > WD - €9 s ’»
g | MemRead

*
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Animating the Datapath:

Store Instruction (...

@ rt,offset (rs)

B Operation
A Y 3
RN1 RN2 WN
: ., RD1 =——rrrpp
Register File = ALU | Zere Eudde
—’ DS ol
WD‘ Ef: o Tp wl= '\H wdre y w“ww
RD2 s-—j- h Zzs MemWrite MemtoR
RD2 A Ilg oReg
RegWrite \v| =k ‘,{EE@ B| ADDR 4 !
i ata
t e l 3 Memory
Twem- 16 | X |32 {1l lALUSCc Y.l N
T el Yy
= =a| | B S=={=5| WD\
D : MemRead
]
» }

ol e 5
=z

Bl

Separate adder as ALU operations and PC

. MIPS Datapath II: Single-Cycle

T

[ 2
increment occur in the same clock cycle
4 —
> Registers
X /.| Read 9 3 | ALU operation .
o register 1 MemWrite
| Read 03N vy & Read
1 address g - v Read ol MemtoReg
“| register 2 ALUSrc Zero
=l
- 12 /S |Write Read . ALU ALY Address Readl_
7" | register data 2 M result data M
‘Instruction Write Y u
memory — data Data X
Write memory
RegWrilc] data
¢ o ‘::’,5
P 4 M+ 16 [ Sign 32 MemRead
WA 7@ —>| extend
Separate instruction memory
as instruction and data read

occur in the same clock cycle

Adding instruction fetch
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Q’&c‘f;)nm A Fhun eE) Seds wding
s '\v\‘\

result

32

PS Datapath III: Single-Cyc

New multiplexor

le

P Sowlve
P L/

ta:u vy, 2V 15

Voo | > Py

Yeso :

= =", e

;quy rrers ¥
L TG o Nt 7 TEsay- 2

IE\;ktﬁrg‘aTa.er : ne‘e’d edas both?

adders operate in each-cycle

—~o

B\de—

Tera DAl

————

xb 255\,
Pt
>Add
4 — ar‘_p\?!b"“"‘h :M:"\@
) Tary o¥ Aw\p e T
Yoo 1219 7 - I P
N 2\ o Exb ey ¥
= Registers
Read
L|pc l$olRead register 1
: address Read data 1
. >| register 2
Instruction = .
| Write Read
Instruction .:,t‘alq:stler datar2
rite !
memory = dat
ReéWrite‘
- 16 "
Wawan Sign
d i ok | extend
istruction address is either
(+4 or branch target address
Addin

branch capability and another multiplexor
Important note: in a single-cycle implementation data cannot be

ored

during an instruction — it only moves through combinational logic

Question: is the MemRead signal really needed?! Think of RegWrite...!

R rl

faoni

Instruction
Memory

.\ e : Joy1 ;AS'_\__L
(ermwi) Pt St
e e B _)-f) )
MemtoReg .= ,
\.\g ( O N N- v
= L\
Address Féi?g—. =t
M =
Data X
Write  memory
data AMean Y
» .ﬁ/\e\-\ M
Soi5,
RIRTHYOS o
150 Sf:j‘—‘\

Yerd ) sigem
ke 93 )

i CEx) @
' Operation \
16 v 3 —D> EXCCMVK KA‘\"\] -
RN1 RN2 WN —’ -‘"’:
RO1 (= a¥ Mem Soda o GD
Register File— ALU —*Zem[‘—x_‘
WD i ‘
= == ' MemWrite
RegWrite Quz = '—»{ ADDR (4(]4].’45.3) MemtoReg
) T "‘ Data
NN 3 ' Memory RD M
L e
LG ¥ 32 ALUSrc olwo u
g ’6 s g Q J- .|~ MemRead |
wrikel ST l ‘
g b b i e

>

WEER) NZa\b B-for )
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Instruction _

ADDR R

Instruction
Memory

T o
i

N1 RN2 WN

. RD1
Register File

sl
‘ > emWrite
' ——— u[=> ADDR) (eard =1
! egWrite X h
8 f * Data CRE
i | E M
i 1 16, X ALUSrc emory
lw rt,offset (rs)| b MemRoad
— | 7

colE > SN

» : —_—
\"'u.x_f

= - - — e
a—

\,»u»w/,u,\ Exear M -’/JF a‘*”"\“\‘hu 5,\ ~a=) wh 2os w8 /—:
o, oy o b Pt 2 22

DatapathExecutlng SW

Operation

Instruction
Memory

ALU |—> Zero

Ml “ MemWrite
J l).: ; J =51 ADDR MemtoReg
Data R
) = wALUSrc v‘\:__ WDMemory
SW ( offset (rs) =2 MemRead
= wagn Jtefpion 3
N /
oy PE253 \,\,u) 22
S puss==
B,// . ap SYev o)
: rAL w Ve

- R —— T — T . . .
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Instruction

—— l

e - RO YA (T - 1 A5 Operation
Instruction | v
Memory RN1_RN2 WN

3 &l =
N kv
EZem

RD1
Register File

BT 22, v\u

L) o=

eawt is kel

P< Sove S8l %

WD v’)‘a—'f\ uJ'Pa.-\ J‘*P-?'L’J"
MemWrite g) >
= =1 ADDR MemtoReg o
Data Pc Zf’
ALUSrc Memory R0 =9
i, S— ${ WD P =
eq rl ’ r2 r offset MemRead (Pt
LN i
Ta.
a e ;' "C _) r,‘..-rl/ qu\ fe. ‘6 W‘-“l )\ f’—a—'\ D bVM J\ ZD“\\
) )\ Yt dﬂ \ 5.,((,‘& - X,
mf"?;"\v, ) == 8T wexr —h S SO -
= ,;,_g_iw'v“a'i’ﬁ,’)&"ﬁ?-')\,”“ i e = ""-)jt'- = Sk &)
Tl G T e
Control J
RS0 g e s,

a @bfnﬁ?&-urﬂ?takes input from
= the instruction opcode bits

Control unit generates
s ALU control input

= write enable (possibly, read enable also) signals for each storage
element

selector controls for' each' multiplexor

J
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ALU Control

~Thain control sends a 2-bit ALUOp control field
: to the ALU control. Based on ALUOp and funct field of instruction the
| ALU control generates the 3-bit ALU control field @;fww

Recall from Ch. 4

| a |ALU control  Func- 2
' field tion .

i (XS}

{ skt 29230 400 and —L-D

| e > | 001 or r’

Ty
° f-‘t ZesP e uni

, } &) 0

ek
1 AW

To ~

ALU
control

= == input
] o 010 add . —
et 110 T £y e
S A ) It e S
&\—1.;2;& j S Shre, Temd 1D
o aten — Tl \:?d 9 :Sggtugg%" ALUOp generation
2 -F Aol poes by mai trol
£27“a ALU must perform = Sbes” B e quyr.' ,'Z_c;f OJ:.;J\,
= ggdfor load/stores (ALUOPp 00) e T

= sub for branches (ALUOp 01) (8br)) Sammrak inp, 9"

a one of and, or, add, sub, sitfor R- type InSEJ uctions, depending on the
instruction’s 6- b|t func:t field (ALUOp 10)

- Settmg ALU Control Bits

Instruction AluOp Instruction Funct Field Desired ALU control

opcode operation ,,4:, e Bong ALU action input
wad 2900 load word 1 [ xxxxxx  add 010
j 32 00 store word txexxxx ~ add 010
Branch eg«*01 branch eq XXXXXX subtract 110
R-t sz\_\l_g add > add 010
R-type Ti. 1'9_ subtract(éw,r\( subtract 110
R-type 10 AND = and 000
R-type 10 OR or 001
R-type 10 set on less set on less 111
V_gau,zwoft—-q.\'-—r’-f-‘ e -\ W R TR O o
- _ALUOp Funct field Operation
[ALUOp1 ALUOpPO|F5|F4|F3|F2|F1/F0
B s 0 === [XIXIX|IXIX|X] 010
| ypo ikt g ey | x [ x| x| x{x|x]| @7
et s potentnl |— 2o i@ TaToTod 010
conflict between 1 H X X1X10101110 110
line 2 and lines 3-7! 1 X X1X10111010 000
1 X X|X|0|1]01]1 001
1 X XIX11[0[{1]0 111
Truth table for ALU control bits
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+ Designing the Main Control

M-

A \av" ) §lay = ‘:‘y:},’
R-type | opcode rs rt rd shamt funct ¥L-7 )
31-26 2521 20-16 15 11 106 5-0 —
Lor ¥ P o u\/_, N Fi o ] i :
d;/rs‘tc J_) °N"L \-QU \‘ (s“» \ \775\.\. - 2
Load/store
or branch oponde [ t address
e 31-26 25-21 20-16 ISR RN 15-0
e = e e
—M\N‘- ':’)-.

E— :
s Observations about MIPS instruction format
a opcode is always in bits 31-26

= two registers to be read are always rs (bits 25-21) and rt (bits 20-
16)

s base register for load/stores is always rs (bits 25-21)
= 16-bit offset for branch equal and load/store is always bits 15-0

= destination register for loads is in bits 20-16 (rt) while for R-type
instructions it is in bits 15-11 (rd) (will require multiplexor to select)

Wk o e wlbo ) De-ﬂj\.\ D )t 1)

< is\—-c.\

Datapath with Control 1

\C,a\..\'tu\) L,-P}

PCSrc—:)’/(
¢ — Plm
Add r
o | . Q = PC;;“ «
. oseah k
New multiplexor RegWrite =
. I
Instruction [25-21] {$ |Read
| [ocl)L [Read ECaN register 1 Read (i MemWrite
address Instruction [20- 18] r’fead oty ] ALUSTD l
‘ —tRea ‘ emtoReg 14
Instruction N e9isior2 Read Y zan Q'LP_ L
[31-0][™ A Write data 2 (Leg ALl re“s\\l]lliJ Address Read
Instruction " register o -
ns Instruction [15-11] | x, Write i X
memory 1 data Registers (T 5
write Data
data _Memory
Instruction [15-0 16 [ sign ) 32 ]
= /] *r{ extend MemRead
e i
\' Instruction [5-0] &~
AN
s e B > -
PRl -

Adding control to the MIPS Datapath III (and a new multiplexor to select field to
specify destination register): what are the functions of the 9 control signals?
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Control SignalSe.:; = = sz

\

Signal Name | Effect when deasserted &(b) Effect when ass;:')ted k Ak~ YN Sk )
RegDst The register ination number for the rPThe register destination number for the ﬂ“@h\v\::a“
i Write register comes from the@)ﬁeld (bits 20-16) | Write register comes from the@ﬁeld (bits 15-11)

i loud : : = n - =
RegWrite None (o) .= ‘\;' P ) I,?; rti(_';alster on the Wntg reg|ste|" input is \Cv\r)ltten
AILUSFC The second ALU operand comes from the .7 Uit The second ALU operand is theg@
= second reqister file output (Read data 2) g >¥ower 16 bits of the instruction
PCSrc The PC is replaced by the output of the adder é;The PC is replaced by the output of the adder

that computes the value of PC+ 4 .. - »® that computes theé@
MemRead None Data memory contents designated by the address
input are put on the first Read data output
MemWrite None e Data memory: contents designated by the address
input are replaced by the value of the Write data input
MemtoReg The value fed ta the register Write data input The value fed to the register Write data input
comes from the ALU “s TT & comes from the data memory

Effects of the seven control signals

Datapath with Control II

|5 )

- § - )
Py 7 ) 050
“ ~ a2 Pery
X oz P Soxe
(7= ) .
Add \ P
reooa BeV PCsIc
‘ RegDsl ( 2o ¥ s b 7N
4= Lass opeede T LM °\, -~ ) \P2FN)
1o\, 3 ; MemRead i ) Bl ; BIR-AVY (‘bm e
-y conyol HemicReg _ \Vlen) &l = e \
ntro L oY I 1
. . ALUOp/ SE=dci J
= }:m ) 0 Y N @
— ALUSrc et lodd sy r; brm) 1y :}| 5_,1__ B
AN | b DR\ :
— == |Instruction (26 -21) 2 vodfRead \3 2 /'\':"')'
PC address < Togister Reod 2 o) t i
Instruction 20 -16] Read data 1 < ,"( ‘L
3 4| register 2 ‘Mead S Zero
1 Registers Read A5 ALY
B A 9 ' Reed
Instruction | register res data
L) ! : (O} wito x [l Data
== | dala 1)) memmory
- o P N WSS/ Wirile
Instruction [15 -0] 1\0 -Sign 2 | - 3 8 T

Wi (77T <
| "L e )

2l = (NP

MIPS datapath with the control unit: input to control is the 6-bit instruction
opcode field, output is seven 1-bit signals and the 2-bit ALUOp signal

\w\

Instruction (5 -0)
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[f PCSrc cannot be
set directly from the
opcode: zero test
outcome Is required

0
M
u
x
1

Add @ |I‘CGI!; Ei 13w

ReqDst —— -
F— Branch ’_D Votaatk o) TOI

- T\
MamRead s, \ w2 T

oL
Instruction [31 -26] MamioReq e V= rab | awd _r;':",___.u'-f-—
Contol Birgyop=———— - =y = v
; o8
MemWrito C Uf - 3 I
[ ALUSH Sea b, o 0\3 e
RogWnte ) P o L AP ST AW () ~
ROE -—"5 =
o Instruction [25 -21) Read \ \ o
vy reglster 1
address ] d!‘lga‘d M &{l
Instruction [20 -16] \r Vv Read i
Instruction register 2

Registers Read

[31-0) Write dalaZ
ala
Instruction \v }) reglster
memosy Instruction [15-11] Wrilo

Read
Address data
Dala
Write mameasy

atapath withl=e= |« O , ==
pntrol II (cont.)  |==t2—1p ()

-

NoADsY
| i 4

4
L
Determining control signals for the MIPS datapath based on instruction opcode ‘%‘s

L‘ er..
Memto- | Reg | Mem | Mem (5 SR
Instruction | RegDst | ALUSrc| Reg ' | Write |[Read | Write| Branch | ALUOp1 | ALUpQ | =it
R-format __ |*2 1 0 0 Jet1n| o | o o Il | of
1w v 0 |z2et ¥ [ald] @] o o =l | o
sw | rx = X _[x0 [ o | (™ 0 {0 0\ |
beq o> TLx 0 x [#*0o o] of ] o TGy X

Cowurvig A

rann s SO P | B 7 (. . S~ AR 2 [N i <

== Cov¥vn

Control Signals:
R-Type Instruc‘_f;‘ipn

rt
I[25:21) X[20:16] I[15:11]

SVETANSS
W ADDR RD 7 \.J‘:’ )
Instruction 292 Value depends on
Memory ation funct
*gm:k;gp ‘- Al
\F\'A\;-"-f-‘\‘\'-'w Eu,ﬂ_\.“ )
dmasdiaty/ MemWrite
offset___ o onR
I[15:0]
Data
Memory RD
wD
MemRead,

Control signals
shown in blue
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Control Signals:
1w Instructio_n

ADD
rs Tt rd >
I({25:21] I[20:16] I[15:11)
Instruction \ / Al '@_’
Sl 1 5 N
& 40
5

ADDR RD
Instruction

Memory

<t

5 ‘5
RN1 RN2 WN

. ALU — Zero 0

y

. RD1
Register File

==x=| WD
o MemWrite
bt Ao RD2 | ADDR MemtoReg
I[15:0] RegWrite
‘ Data
8“ E Memory RD;
l) L e WD
: ; N
Control signals D Mem;ead
shown in blue 1

~ Control Signals:
AL sw Instruction

rs rt rd
I(25:21] I[20:16] I[15:11]

] Instruction
ADDR RO (s ' T 0
Instruction 9 = 1
Memory i s AT '
RN1_RN2 WN
_ RD{ (enesa 1
Register File Zero
—{ WD
S » =9 @ i Memt’rito
offset | RD2 ] i
I[15:0] RegWrite i l == ‘ =) ADDR MemtoReg
3 il Data g
' 0 ﬂ AL3$ Memory RO
6 2 rc
b - 1_7 T 3 —=|wp
§ N
Control signals M 1 MemRead 0
shown in blue 40
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Control Signals:
beq Instruc@;i_on

rs rt rd >
I[25:21] I([20:16] I(15:11] |
| Instruction \ l / — @ i
ADDR : RO [=5== = al ‘
Instruction All 0
Memory 16 ! RegDst Operation
5 5 5 ‘
RN1T RN2 WN
RD1 (o fermm,
Register File | | ALU Jm===zero 3
1 WD ) B
mmadjste/ A==l MemWrite X
offset___ RD2 i ul== ] ADDR MemtoReg
I[15:0] RegWrite o] x n]
IIT Data
4 E 4 Memory RD
16 X |32 ALUSrc =
- N d
Control signals D Me"‘:"a
shown in blue 0

Datapath,.ﬁWIth Control III

,___.'- > —

o

Lo"i \\f.)-‘\ﬁ:p_’l_/b .n...;..s\ K HI\SL) _p—'- adven v g7 1

Jump opcoaé 4"7 h R address
31-26 iz )
- Composing jump - 50 Bxaz = <’ New multiplexor with additional
[T _.\_-_Lgﬂm\e \zrget address\ L && =X u.\p.'\--'-‘ "7 control bit Jump

R~ —r d_) \\'
@d DN SNFS \ ’.f)\&\ |nsuudm125-01 A_@\ Jump address [31- 0]

HRe faa )
- * [+]
b&-ﬂq{""’“’ ,._-“b b
AR = 4
—_— o
x
P awl BT
* A Add fasut !
Add| —
kw\?s.ljf\ @
0 T3
4 Hranch w) ‘_';‘ g
P.. o AT
Instruction (31-26] critoad
lté MemtoReq
Instruction (256—-21] Read
PC :;:;ss registor 1 Road
Instruction [20-16] Read data't
g i sler 2
v (] I . rog Reglslers Read ’L.“"" =
[1-0] Wile dala 2 Addross Pri o )
Instruction az register dal ﬁ\“
memory 5-11
j Instruction [15-11) gﬂn Data pl.l'ﬁj,
memery (=
Whnle VM ytann o
daln I—- [ ]
16 2 , r&b ~
Instruction [15-0] \ Sign T e 2N
Y \F-\‘.
<
e —
Instruction [5=0]

MIPS datapath extended to jumps: control unit generates new Jump control bit
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ol 22200l <.c2 Jo==pm{ concaT - -c;.q-
AUD 26 ! VYCLA[N1-20]) @
roradi-28] N \
ADD v x
4 | Control ALuop ALU xJ [0
Unit 2 | Control [
s O PCS J W)
L 31:26 e : - rel; ~oump
ADDR L B - op Sﬁ‘l‘ 1 u:vct,@sxsls 0 P
®| Instruction mnatvection X r'2
Memory |, \ X e
16 [ 4 Branch
RN1 RN2 WN
op (31 . . RD1 Zero
Register File
—>{ WD {
MemWrite
RegWrite i v ] ADOR e e
) 9
i Data B
) E Js Memory RD}
ALUSTC
18 ¥ 32 » wp
N MemRead o
° ;
“s: - "\“;s Lo itp S L 20 Z_”“F-p

e,dc"g

ﬁTR—typejI nétruction: Step 1
~add $t1 $Ez, $t3 (active = bold)

—
m&_ ; > Kl—-"-«-d

L\(__.,J’}”’C) ) ! g =~ Exe )‘
5 > M
o =5,5) ) : b (o

’Efa\/ P B
7
Add
T

RegDst
Branch

ALU
@ &
Sordet e ) ke b
e o -

4

) Me

MemRead J
i o MemtoReg <2

1 Instruction [31-28) Control I W A
Ais /Q Vesar = P ke
MemWiie ] ! \ )-,\ ( _;anag S )

’ ALUSIC A aw s ame-2¥ 7 \ 6

A3

@J

T T
Rm___‘ \ O&C' dec
[ insrucion t25-211 ;s {[mamm '
PC sr?:fdcss 7 register 1 Read ry
{ [ Instruction [20-16] , y¥ | | Read data 1 ;
reglster 2 -
i pectiop L. 0 L Regislers Read Read W
= Wnte data 2 aal
Instruction ( hu‘ register Address data 1M
mermory, Instruction [15-11] , | * Wite u
———+~U data A Data x
3 ¥ Wnte ey, O
{ data
. 32
Sign |y L

;d‘j'“ Instruction [15-0] / 18 1
5
@ / T lextend | Y ALU

. contral B ”
- e . .
)3./ Instruction [5- 0]

»
= instruction and increment PC count
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Load Instruction Steps

i lw $t1, offset($t2)

Fers

—

™

{Fetch) instruction and increment PC _fr4 2=

" cec-de])
Read base register mse

register ($t2) is given by bits 25-21 of the instruction
(w Ex k‘“""-\-’h—- < .
3. ALU com?ﬁ'fes sum of value read from the register file z.a
and the sign-extended lower 16 bits (offset) of the (e “"3)

instruction

G\d e3>

Sy
a, The‘@from the ALU is used as the address for the

data memo-ry_—‘—“@\w\ v 2B )

5. The data from the memory unit is written into the
register file: the destination register ($t1) is given by

bits 20-16 of the instruction
axr Laa)

2

Uis - S )

WY, 0] k b<d )\(:.“_‘lér;e—’-.‘.')\ /

Load Instruction

ilw $t1, offset($t2) .ooven

)
(£)¥@T ™I S0) Siye "’]

S

,..
N\

Branch
MemRead

0

MemicReg |

@ \ @ k._-—. | :
\ \ :

\ ALUOp
MemNnie

ALUSrc
RegWiile

Instruction (25-21] Read ;
Read register Read
Bc address } Instruction [20- 16] Road data’l BN
register 2 ALU ctm
ALU|

I -

Instruction Registers Road fo
[31-0] quml data2 N resull
egisier
Instruction f ) u \
memory Instruction [15-11] Write X
Jinstruction (15— 111 | " | ] Wl &
¢

Instruction [15-0) Sign
J T |extend t ALU
r control
Instruction (5-0] -

Address Read ]
M
u
Data x|
Write memory 0 N
T
- |
—
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Branch Instruction Steps
i beq $t1, $t2, offset

1. @instruction and increment PC

2. Read two register ($t1 and $t2) from the register file

3. ALU performs a subtract on the data values from the
register file; the value of PC+4 is added to the sign-

extended lower 16 bits (offset) of the instruction
shifted left by two to give the branch target address

a, The Zero result from the ALU is used to decide which
adder result (from step 1 or 3) to store in the PC

&Jr‘( ) 4 ’“tj r"ML’
A\ b2 S“D Roc o

—

Branch Instruction
beq $t1, $t2, offset .y 2ugman

( Ever =020t o= feye )31 G @;}\h\’
® |\ & \[— :
| . Ada AL 4
atd T .
JHo‘:gD'.l
A= Branch
\ MemRead
Instuction31-261 [ 'ALU(l)pH q ) i
nWite
/ ALUS
\ Rf.ﬂ\.nh'.- \
1

Instruction [25-21] Read . @
Read register 1 Read
—|PC
address .
Instruction [20-16] Read data'y 5 |
: - register 2 l Zero
ns Regislers
[34-0] viile Py 0 e o Reed
u or '::
X

Instruction \l

memory Instruction [15—11] "

A j e <
;! @ [\_\ data
5 16 32
Instruction (150 \ Sign - |
T lextend 7% =
Instruction [5- 0]
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n
mplementation: ALU Control Block
ALUOp Funct field Operation
ALUOp1|ALUOpPO|F5|F4|E3|F2|F1|F0|  , . 3
/0 0 [x[xIxIx|x|xh@fo "
07 T XXX X X X [T 1} S *Typointext
(1—\) X XX 0.0 gj Q 00 :;:g1fhlcfcllgl;(;:cr)1{lla]
1, X X| X010 0] ~140 conflict between
/1_\ X X|X[0[110/0 b linc 2 and lines 3-7!
1 X |Ix|x|lol1lol@d e T
\o
(L x _IxIxI@lol@ed -+ L
"~ Truth table for ALU control bits =
B\
W av
AL&L&&[E‘@ _‘YV‘.}‘
y ALU control block A\ =
ALUOpPO
ALUOp1
Yo A\
3 r“h‘“ﬂ Operation2 j
F (5-0) =2 . Bpe
T:B ) IOpcmticnoJ
FO .
.—LD"}‘D\W

SR S —

AN

ALU control logic

Implementation: Main Control

Block

R-
format
0

g

Signal
name
Oop5
Op4
Op3
Op2
Opl
Op0 Guasphas )
RegDst MLl )
ALUSrc 2 0
MemtoReg
RegWrite
MemRead
MemWrite
Branch
ALUOp1®" 3§
ALUOPHY?

OOOOj

— RlkRlolk - oo o R
- —~
%
-

0
1
0

A |

&4

SW

OO X|HX P EFEORF O

B

Truth table for main control signals

_:),(lllp‘i-ﬂ’s‘v Ez\ :;:J
“ﬁ%u_-oﬁ 2
O o v to? T
Calyce b
op3 | Q,’ +Stoy tload =
beq op2 e —
Oop0 %3
8 19930080 18l BRAIES (foad ~ @F))
e S :
0 Q"\"') @ _@) Gﬁ Outputs
(.:-‘o > 1'3\ __r | | be T —
é \‘1 orm:——_’)w > w 299 ~ —fiRegDst” /'
0 ofe o= gud =) alse
op == {MemoReg
X [:> RegWite (( g 2 &f
0 —— =
MemRead (e > ) \)
X MemWrite
0 Branch Bra
0 T | ALUOp1\ w.a.::‘\
0 5 ALUOpO s g
1 jMaln control( rogrammable-% Y
0 Jngu:_ar_@y) principle underlying (A
\\) \"t) Qq
u PLAs is that any logical expression

\:

can be written as a sum-of-products

CamScanner = Ligo d>guaall


https://v3.camscanner.com/user/download

Single-Cycle Design Problems

. Assuming fixed-period clock every instruction datapath uses one

\ow) 2> —® AP I ._s\,l——’-c us
clock cycle implies: - &sugn - ,J,,Je).( )/ s s

v,-P\f\)
« JCRI=4] _)_w_ﬁ\Q{;m(, )
= cycle time determined by length of the longest instruction path

sy At
)’?:}?‘; N (load)
LA }” =« but several instructions could run in a shorter clock cycle: waste of time
i )fJ\, :‘/;’ = consider if we have more complicated instructions like floating point!
E/M'\ : ’(‘: . = resources used more than once in the same cycle need to be
“"’;U, = { duplicated ‘ .
¢ | ¥
@ g '-)V = waste of hardware and chip area
~ R
&
Example: Fixed-period clock vs.
- variable-period clock in a
Sl smgle cycle implementation
l
a0 —a machine with-an-additional floating point unit. Assume
funct lonal umt delays as follows g P ey
y

5 memo@ ALUand adders:[2 ns% FPU add: § ns§ FPU multiply. @,

register file access(read or write): Feu )Ww....;\u\,.,e\
= multiplexors, control unft, PC accesses, sign extensmn wires:
a Assume instruction mix as follows Rt Bed o e
o all-take same time and comprise 31%_\712% s T

j. e "'“"3
. [ o
= all[stored take same time and comprise 21% gmf\\%< Erti:(_i

s R-format linstructions comprise 27% peade '1?‘7",-‘,; T

. —_— e ,,.J\-(J e
u comprise 5% A e 2
m {jJumps comprise 2% 2% (el b ah)

ds and subtracts take the same time and totally comprise 7%
= |\FP multiplysjand divides take the same time and totally comprise 7;_0__/3)

a  Compare the performance of (a) a single-cycle implementation using a fixed-
period clock with (b) one using a variable-period clock where each instruction
executes in one clock cycle that is only as long as it needs to be (not really
practical but pretend it’s possible!)

CamScanner = Ligo d>guaall


https://v3.camscanner.com/user/download

Solutlon

Instruction Instr Reg|ster ALU Data Register FPU FPU Total -
. write add/ mul time
class mem read ﬁr mem.  wri sub/ divl . Q\\q 3)
Load word 2 1ws) 2(Ee®) 2 1v o - 8
Store word |2 1l 2 EA) 2 O x o ' o 7
R-format e 2 1ty 2\) 0 1v -2 ° 6.
Branch e\:"_'; 2 1 \e) 2 LV) 1) o X o o 5
Jump = |2 X\ "J) X »)’ o ox > i = FRURN
FP mul/div 2 1 Loy ,\; o 1v o 16 &‘-‘)@J\))
FP add/sub (2 1 (ner) ¢ X o 1v 8 o 12 :;U.J,
s CIock period for fixedqperiod clock = longest instruction time = 20 Ew:/
——— == 2ok,
\F"”"' zaus} : w (U Freg Wit

e
pre—

fAverage clock period for variable-period clock = 8 x 31% +

.S we

w7 x 21% + 6 x 27% + 5 x 5% + 2 x 2% + 20 x 7% + 12 x 7%

P :@‘ S S Tems | Veed
@l Y

= Therefore, performancevar_per,od /performancefyed-period = 20/7 =29

Fixing the problem with single-
cycle designs

= One solution: a variable-period clock with different cycle
times for each instruction class

s unfeasible, as implementing a variable-speed clock is technically
difficult

Another solution:
s Use a smaller cycle time...
= ...have different instructions take different numbers of cycles
by breaking instructions into steps and fitting each step into-one

cycle
n feasible: multicyle approach
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Multicycle Approach

Q:/'U gm‘l 2V yo Rercar o\ C\?‘;‘M ".5 “9é il PM‘\M\” -
N %P> bﬂ\"‘¢w J\J‘%\ -I_S-J N ELW

s Break up-the instructions into Steps. y..i . wo-cmscade =8 g
Mdoo'rpul‘- -
= each step takes one clock cycle ol o, A ) Fam, -

= balance the amount of work to be done in each step/cycle so that

they are about equal ey 25 uodbiarinsrar ok 2M2A2 2= Bon
( exvia S\';f ac & v~ P qn.

) pyuk
a restrict each cycle to use at most once each major functional unit
so that'such units do not have to be replicated

= functional units can be shared between different cycles within one
instruction

s Between steps/cycles
= At the end of one cycle store data to be used in /ater cycles of the
same instruction
= need to introduce additional internal (programmer-invisible) registers
for this purpose
= Data to be used in /ater instructions are stored in programmer-
ved visible state elements: the register file, PC, memory

Multicycle Approach

g\\,\a\t PCSr
\ 2o ) Qe A | M
et a) 4 Adg ALl ‘
o Registers 3 ALU operation MemWrite
L e PC (s aRde;’iss | ’—> ;3:;;!&1 Reao|_ ALUSTe =
= Note particularities of R = Eh Mo
multicyle vs. single- netmcton |+ (1o cas 2 T pe|acress i
diagrams it = om
RegWritd Wita SRRy
. 16 : 32
| snngle memory for data u@+ MemRead
and instructions D b
s Single ALU, no extra adders Single-cycle datapath 3
extra registers to i
o 1 »
hold data between Zoth S e
4 Inslruction | __
clock cycles [ = 1 g R i Data
e )31\,9-‘) 3«3\4— U’ﬁ | ?2)\ Memory Insl[r;:ﬁ::l: =18 Risel:irsf:zrs
i \\,\s\.‘—/_‘;’:’afd‘ LL —M;;ﬁﬂ-." | Rt
: )' WA Ci~ w Data fegister b—| Register #
VS \;; a»:-:‘ 2 Loz By 2 hp e G Ui J_.Jub\-l.d\‘-“_‘Jo\ s
o 5} Ld--(d -
. A \ZLW)LMW éo—l’J Q-:\:
e e -3 ik )31 Multicycle datapath (high-level vnew)
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Bk Multicycle Datapath . .....

Fevoan o SeMo ) = SP VoL L VWA e
: & L &\ ImpY = ~
2, R Q\i\_ : lsud ek AL 3

%) \iwe o Sty o ) p =8

AL~ e Jarets dea¥a e 4 =

c)l’ﬁ.» 4~ v
_d.é-- = opu> nave ovipe
/\/ Loud .
Aher -
) ~a)
ocldio (5 =8y £4
M Instruction \ Y8 Read : v A N
N Address [25-21) \- / regisler 1 o2 ) e = |
X ] S
Instruction Y, Read Read IR
1 Memory [20-16) *| register 2 dala 1 3 el
MemData 0 . Regislers ALUOu -
Instruction M Write Read =
’ (15-0)f § thstructiof| u register 45132 Ang—
Write : 1M x .
™| data Instruction . Write . dare.
register Yo data we S
Instructien 0 =
0] M
u VY s
N [ x Y )e_l = =
{0 Memory 1 i
- ] ‘
st de{ SO0 swiE +Siafl )
g { extend \e by 4
V.
Ode_Lued Ex Pty W2
- oY e . Ogpie P Vs
225 Wy O\ [ 1wP® Lo ) =0y WMy e W) OV et 260 Ca € Sl

ap D Eﬂg_\‘_\ 3 *M}-_&-G Sy < vl Adc)cg 0\5.L>:L:c.".,\_; ~. ,_r"\-‘L'-i‘ st T
Basic multicycle MIPS datapath handles R-type instructions and load/stores:
new internal register in red ovals, new multiplexors in blue ovals

Breaking instructions into steps

P, A\ o 9SS

—

eaxe S

B
s Our goal is to break up the instructions into steps so that £
= each step takes one clock cycle
= the amount of work to be done in each step/cycle is about equal

s each cycle uses at most once each major functional unit so that
such units do not have to be replicated

= functional units can be shared between different cycles within one
instruction

m  Data at end of one cycle to be used in next must be stored !
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_Breaking instructions into steps

= We break instructions into the following potential execution steps

— not all instructions require all the steps — each step takes one
clock cycle . k)

RN e A Ynew oS- mak IV AR

Tevo Dlnstr%)ctlon fetch and PC lnc@ment (IF)

2 Instructlo g and register fetch (ID). (&) =#2 -
b 5‘3“‘ @, memory address computation, or branch completion (EX)

A\ s . .
e @ access or R-type instruction completion (MEM)

adv. # 5. Memory read completion (WB) Eee 2
)\,\9“‘ iba ].gq,} \&) ot A VA
S/\(‘“/N- ""‘:,\,. tt"___’” Pazk —° éi?:w L P PPl W Zs
_\™31a%" Each MIPS instruction takes from 3 — 5 cycles (steps)
L fﬂ

u)"’Y )“ P

Step 1: Instruction Fetch &
PC Increment (IF)

s Use PC to get instruction and put it in the instruction register.
Increment the PC by 4 and put the result back in the PC.

= Can be described succinctly using R7L (Register-Transfer Language):

\$ -
Atrd W men @y

— @ IR = _Memory[PC]; i 25 shuk s
@Rc = . O D) Qoo o dake D)
P = PE + 4, s 42‘:) a Ll

—_—

Fevon o2 9’»&5'} _—
="
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Step 2: Instruction Decode and
(,iegister Fetch (ID)

s Read registers rs and rt in case we need them.
Compute the branch address in case the instruction is a branch.

e, B
. RIL = *{;,_
= R_g[ 5 21]]
B — Reg[IR[20216]1; S I SR
KUOut = PC + (sign-extend(IR[15-0]) << 2); eT @ ]
T h\r::\:v’»-'z.’ﬁa—
@™ LA el a2
?’
wexy j 5-\"’3@'T )\-'f\ra
i q)b)—)"!

putatlon or Branch Completion

E;“ Y |

s ALU performs one of four functions depending on instruction
type lownd, sveyv

MIPTA
s memory reference: e_?;:
EE AjALUOut = A + sign- extend(IR[lS 0.1.);
[} R—type e r-oma,naa, .~ °f= w0

ALUOut = A op B;

= ‘branch (mstr letes)—.  sub Q.-S\
if (A (A==B) |PC = ALUOut = gl A-B &
A N
= jump (instruction completes): (tex sisn <cn)
e BE = BC[31-28] [] (IR(25-0) << 2)

oA =
} SV‘EY 1 C)h\ﬂ.w\’ - -
— ton'&z +th:pg ) o

CamScanner = Ligo d>guaall


https://v3.camscanner.com/user/download

Step 4: Memory access or R-
. type Instruction Completion
(MEM) ...

m Again depending on instruction type:
m Loads and stores access memory
VI g \end ««¢ 15 oa |oad PEA \. u))
E.f A€ Mmem. e MDR = Memory[ALUOut}

wL AN SiaS\ e ’ e
il 5 s store (instruction comp?etes) =0 WSV U e

atha s =

——_ »+-“  Memory[ALUOut] = B;
g T =
C"'“) m R-type (instructions completes)
,r)”\’ Reg[IR[lE—%_L = ALUOut;
[
"o =
()
%

~ Step 5: Memory Read
-+ Completion (WB) ===

- s Again depending on instruction type:
a Load writes back (instruction completes)

Reg [IR[20-16] UDR e
N

))_s_-\

=4

r\- J—*\-/J.rl dav.

Q""‘"ﬂ/\w&

Important: There is no reason from a datapath (or control) point
of view that Step 5 cannot be eliminated by performing

Reg[IR[20-16]]= Memory[ALUOut];
for loads in Step 4. This would eliminate the MDR as well.

The reason this is not done is that, to keep steps balanced in
length, the design restriction is to allow eac step to contain
at most one ALU operation, or one register access, or one

memory access.
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. Summary of Instruction
Execution

<~ o
N D ee= L [AYS > =2 > e
P S) 2 4 /
Action for R-type [ Action for memory-reference Action for Action for
g Step name instructions instructions branches jumps
Instruction fetch - IR = Memory[PC
P l=—7r [ &55) PC = Pcni[4 ]
Instruction N" 57 vmn oy 8) A= Reg [IR[2521))
P |decode/register fetch C o e B = Reg [IR[20-16]]
JALUQut = PC + (sign-extend (IR[15-0]) <<.2)
Execution, address =3 ALUOut=AopB ALUOut =-A * sign-extend if (A ==B) then |PC =PC [31-28] Il
X |computation, branch/ L’;S (IR[15-0]) PC=ALUOut | (IR[25-0]<<2)
jump completion SEps =
emory access or R-type Reg [IR[15-11]] = | Load: MDR = Memo UOut
HEM romplgion E ° E\Lt[JOut ! = ‘—%m ry[ALh. : K ~
Store: Memory [ALUOut] =B
VB |Memorv read completion Load: Reg[IR[20-16]] = MDR % i
: 7

load QL LY 2
==

Multicycle Execution Step (1):

Instruction Fet.?h

IR = Memory[PC];
PC = PC + 4;

A5 A5 A5

MemWrite RN1 RN2 WN
B ADDR . ro1 4ol A B
Memory ‘ Registers !
RD wo =5 ALU
' ouT
PC+4 wbD RD2 +» B
_— MemRead RegWrite

)
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Multicycle Execution Step (2):
In ructlon Decode & Register Fetch

A = Reg[IR[25-21]]; (A = Reg[rs])
B = Reg[IR[20-15]]; (B = Reg[rt])
ALUOut = (PC + sign-extend(IR[15-0]) << 2)

F-(,\ \a\\ J&)

| | instruction 1
¢ P R S ) ) (s 5 Branch
| ﬁ : Target
= =l(|{ |- RNT RN2 WN I Address
==ttt »{ ADDR - RD1 [P A [
Memory m I Registers :
== RD = D > WP ¢
P + R B b <
C 4 WD M B = ] RD2 — T >
MemRead ‘ RegWrite ]

‘Multicycle Execution Step (3):
Memory Reference Instructions

\”feéy/ﬂ ALUOut = A + sign-extend(IR[15-0]);

V nS Slepr: g.T
=3NS SValy 2 Mccﬂw Adre
ll J I'Instmclion I
R

J”: P ¥ P Reglrs| Sperlion Mem.
L_J RNT RN2 WN NG, Address

PC MemWrite '
1 : —» ADDR l RD1
Memory m |l Registers s
RO D | WO
R

PC+4 wD RD2 -
MemRead ’ RegWrite |
$ | 1 Reg(rt]|

dawpl 1
ouT
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~ Multicycle Execution Step (3):
i ALU Instruction (R-Type)

ALUOut = A op B
Instruction I
5 15 {° Reg[rs] Opergtion
RNT RNz wh | P G
RD1 ¥ A ==

Registers

Cc MemWrite
P A ADDR
Memory

- RD WD

esu
F,
4 ' ? — v
PC+'4 WD ro2 ¥ B =
MemRead RegWrite I ]‘ 2
f f Reg|rt] '

- Multicycle Execution Step (3):
i Branch Instructions

if (A == B) PC = ALUOut;

‘ | llnsﬁuction I
R
& 5 15 15 ch[l‘S]
MemWrite |___I RN1 RN2 WN -

3 —P{ ADDR : RD1 ‘I’E
. RD D p| WD
ct we " Ro2 19 B |
&'I:_T;::‘%-S MemRead RegWrite I !
L2 f T Reg|rt]
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~ Multicycle Execution Step (3):
iJump Instruction

Jlﬂg

PC

PC[31-28] concat (IR[25-0] << 2)

Address

{

MemWrite
ADDR

Memory

WD
MemRead

RD =

F

f

Instruction I |
) [ pre— 3 2 o | Branch
5 45 5 Reg|rs Operation Target
RN1 RN2 WN 3 Nddress
Registers RD1 #|A AU Zero
»{ WD Al 1
A “|out
ro2 1 B -
RegWrite
b Reg|rt]
YC-\J

WY

(52

Multicycle Execution Step (4):
_;kMemory Access - Read (1w)

MDR

Memory [ALUOut] ;

PC+4

. :

-
),
M S~ \»,.J]ﬂ_)

l-’-\&

Pm—

| MemWrite

ADDR
Memory

WD
MemRead

RD

Instruction I

—T

A5 A5

15

Reg|rs]

Registers
»| WD

noZ L_zi;—_‘

Mem.

Data

RegWrite

RN1 RN2 WN

RD1

RD2

t

Mem.

Address J

| 3l ALU

ouTt r
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Multicycle Execution Step (4):
i Memory Access - Write (sw)

Memory [ALUOut] = B;

=

| Instruction I

~ R

. ]

. . & ] |

pcll v MemWrite = RN1 RN2 WN
_ f———=p| ADDR . RD1
| Memory M Registers
i RD $ D > WD

R||1

1 y
RC+4 WO ro2 $3{ B | 5=
MemRead RegWrite { [
5 ? ) ? eglr

. Multicycle Execution Step (4):
i ALU Instruction (R-Type)

Reg[IR[15:11]] = ALUOUT

- | |linstruction 1
R —
! s 45 | ;ﬂ_ eg[rs] Opergtion R-Type
PC MemWrite e RN1 RN2 WN 3
' h J ADDR . rot 5 A | hs Result
Memory M|l ogisiers ALU ‘
RD D 7 Vit wD |l ALV | =
, out |
MemRead ‘ RegWrite
4 == Reg[rt] T \
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Multicycle Execution Step (5):
Memory Read Completion (1w)

Reg[IR[20-16]] = MDR;

| |linstruction 1

R - f e — ——— 1
4 5 Reg[rs Opergtion
L Regirs] . Menm.
pcll ¢ MemWrite = RN1 RN2 Address
ADDR 4 ero
Memory M Registers ALU
RD D WD P ALU
ouT
PC+4 WD R >
MemRead RegWrite 2
f Mem. === eg[rt]
Data

Kg :GT"“)(\‘z%) 4 Lom (and Mepr K:—-‘:’,‘(J FecpT o <r W Frat

‘;'f“ Q.:juw\pw;.a N asACH e »)
Sue

lticycle Datapath with Control I
v :3 J |ur6 MemRead k?:;:V\)n,Le IRWrite  Da £ _@,F, Reghie () _':;:e‘_l‘:,) ALUSTA
Aa_vss”\ = AT —_—

Instruction Read
Address [25-21) register 1 add
Mem Instruction Read  gaga 1 [==
ory [20-16] register 2 ALUOu
MemData 0 Reglsters ]
Instruction M Write Re. ad_.
R (15-0] lnslru1c11.ion Y register  data 2
Instruction | L[S 1] Wrile e
data register ! data ksr )
Instruction 0 \;“” 2
[15-0] M o)
u
x
e BLL
o U son | 2
register S uxl‘(g: d >
> F
Instruction [5-0] .\'\b\
<
PA\uo f\’--i ,7_
Uis\ —r) . @g os S _,__,) MemloReg ALUSrcB ALUOp

l oa P, »
( d awth control lines and the ALU control block added — not a// control lines are shown
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e _— R IR ys

e\

Yo ;,_CJJ:-\JJG [z nzsd iy )
) =

[ ot
| Iti '
‘Multicycle Datapath with Control 1II
| T gl
|
. ' New_gates ; i
4 \9 t For the jump address New multiplexor
/ | \
- — —_— |
: ¥ 3‘ —
PC\'JnH-Cm.m;S,mm 1
"_‘.‘l‘::"] om.-m\"“'o" /
ALUSGIED /
MemWiita] Control | ALUSIA /
MomiofReg RagiVriln
; IRWnte S lfv%l Regont A
— M
1
N! u
‘ 250 2 fom\2 sl | x
A) el 2 A)
Instruction T s Z l
o A [31-26) 1 PC (31-26)
q gy (0
M Instruction Read M
u Address (25-21) register 1 g 8 BN
X
i Read A X
1 Memory Instruction Read —U}‘_’ Zero I
20-16, ter2 data 1 ]
MemData l i, | "’“‘;Z';sl,,, AU ALY ALUCU
Instruction | M Write Roed _'I result |
115-0I[T tnstruction| u register o7 | B o L,
| Wit nstruction | LB HIL I x| e dmel1 M
Ca regisler ! data 2 :
Instruction 0
[15-0) M >
u &
X
Memory 1
d:_na N ALU
register Pt control
Instruction [5- 0}

. Complete multicycle MIPS datapath (with branch and jump capability)
and showing the main control block and all control lines

- Multicycle Control Step (1):

= Memor PC];

Instruction I

010%9)

Qperatio

N2 WN

Registers pp4

I |

Y
0O=

\ 4

T

=

u wD
X

ALU
out

RD2

R ge%.

0

\'7( S sWhL Y ke imediate 10
e

>
—_— g &

|
:
oOZ~<>xXm
18
_—
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Multicycle Control Step (2):
Ingtruction Decode & Register Fetch

A = Reg[IR[25-21]]; (A = Reg[rs])
B = Reg[IR[20-15]]; (B = Reg[rt])

;.\}f\’».-)'?f’—? ALUOut (PC + sign-extend(IR[15-0]) << 2);
b”f:.\')‘ “/\ B 2 2020) OIRerlm

<
%\ & el ] SN
- S i o\ Y
c.:l:"s\ '-:" L;_‘E—'.;::) é winstruction=1s - " VQ jmpadd ) 28 CONCAT o2
PCWr ;: :rvu/.ch-\“?{:‘".L P || A3 g
0 ey a2 I b \uux /<4 ReaDst o J b D
loiﬁ i) | ?‘ 11 M?y x ALUSrcA _O.}i.o qu ( ] —"1‘;
PC i R : eration >N
o MemWrite RN1 RN2 WN ~N f
y ADDR M | s i, i |Pcsairce
Memory = D > w - - >l x
RO R I~ l:: WD . ALU g{# K
—> WD l | -+
MemRead f;':lMemt?aReg, 4_’1: -
? ,7: X Renvtrite ;t‘px
O 55 O F l |lIerrB
ng 192 :[:;}h——lr @
)
D
]
Multicycle Control Step (3):
 Memory Reference Instructi
E:Tl/)ALUOut = A sign-extend (IR[15-01) ;
23 il .
Ces w{: ( \ewd, ﬂ»ﬁ,] IRWrite o\goupas L2 T.p N
el
IIQ Instruction 1 jmpaddr 28 Y 32
PCWr* ki xs rt 3 ycd e &= e

I?g O — I® s ts \mux /< RegDst @ D
v& & LA | *5 X ALl "’%OJO it

-- MemWrite RNT RNZ WN v
ADDR ) IRE )
Registers | PCSourc
i RD1 - Zero
Memory RD J o . {5 X

ALU
~»{ WD RD2
MemRead “|MemtoReg ? -
3 § X RegWrite ‘ ' <

N
0

6 i __immaediate .- _
——

’ -~ (3]
- \)(f = = ety
A et

U=
v Vv
>\cz/

ALUSrcB

X Fuw

2

\Q../

X
)
§

\i |
&
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Multicycle Control Step (3):

- ALUOut

- ALU Instruction (R—Type)
RS

/J“-’ J
lRWrIm
I Instruction T
" R | =
l rt yrd
O F32 s 45 \mux
¥ ‘L v ¥
MemWrite _T RNT™ RN2, WN
Py
ADDR 'g > Registers .p, ‘
Memory &b R 0 WD i
> WD * RD2 N -1
MemRead JMemtoReg 1‘
f ¥ 7( ReaWrite
O o)

Multicycle Control Step (3):

if

(A == B’ Opc = ALUOuUt;

Branch Instructions

':'0 svsbsz

(,:y\ 3

G o \co \___1—':‘
__P-bw\ ,bg\
) &1 \A\ P )

\:.A\':""-"’

WD

MemWrit

L ite
oot
Memory B

MemRead

3
O

é || Instruction I jmpaddr]
ki 5 T(25: 07
rt yrd
— AR A 4
5
\ \ ‘
— RN1 RN2 WN
M R
) egisters 45R
> g g S I RD1 ‘L'
> X
[ RD2 |- B} >
MemtoReg j 44—
X RegWrite —>
C) 4 ALUSrcB
i i 16 | X |32 . rc
immediate = +_’@' O
N
D

e

)
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~ Multicycle Execution Step (3):
L Jump Instruction

C_= PC[21-28] concat (IR[25-0] << 2);
5o Nughz _—E—L@_—_—

IRWrite

jmpaddri
.

N1 RN2 WN
ADDR M -
‘Memory +» D S Registers gl o
RD R u wD
— >0 X p{ALUL | 7\
~»{ WD J [ RD2 -E ou
MemRead MemtoReg 4

f

(¢)
O e
immediate w | X |32 @ ¥
| T +—..' g
N
D

ALUSrcB

X

Memory Access - Read (1w)

MDR = Memory[ALUOut];‘

IRWrite 0
v
Instruction I jmpaddr| 28 32
1 =¥ TTI507 <<2 CONCAT
8 rt ,rd 4
b

0 12 s 45 \Oyux /<4 RegDst X ‘ .

I ‘5 X ALUSrcA .X Z.< .X P 1

Vv y y Operation -]

MemWrite RN1 RN2 WN
ADDR == E oI Registers o |Pcsource
Memory RD [ u wD \ X
g Al |
wD _ [ RD2 OUT i
l MemRea MemtoReg ’
f X Roagrlte ' >-)
A s
immediate r'O > ¥ j‘a_.@.‘_
N
D

- = — . 7 j
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Multicycle Execution Steps (4)
Memory Access - Write (sw)

- Memory[ALUOuL] = B j;__—“ Skx e s
D),J-a

ry 3) B a—g )
IRWrite Q) = =3

| y 32
. ' | Instruction I jmpaddr 28
h" R 1] [ 5 1145:U]) <<2 CONCAT
] ( rs rt yrd A

i— e R 5 45 \mux /¥ RegDst % _’114
u

s A ALUSrcA
I Yy A ‘ Opor'/%o)s > >

MemWrite
=p{ ADDR M
Memory > D -
RD R
=»{ WD
MemRead MemtoReg
g * - :
@) o :
immediate el pas &
Zy T¢u+€§9"
N X
D
_ [ - : — - : ~
2 ol

Multicycle Control Step (4):
ALU Instruction (R-Type)

— -:—-")
Reg[IR[15:11]] = ALUOut (Reg[Rd] =
ALUOut) B
IRwrite
@ | ! Instruction I jmpaddr
| R |e- P, [ S Ry v
PCwr* X . rs rt x
lorD O (i )loq (5 J,
‘ Memvtme \fzi"w RN1 RN2 WN
ADDR M | Regi
~ > egisters :
Memory ro L g . Eﬁb WD RDA
%2 RD2 |-
g b MemRead | %ﬂt?ﬁ!eg ' - :

b

? & Q") \ Regveﬁte"

\\
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~ Multicycle Execution Steps (5)
; Memory Read Completion (Iw)

Reg[IR[20-16]] = MDR;
Rwite O
! __Instruction_I jmpaddr 2 Y 32
r# R — - z s <<2 CONCAT
| ra rt il rd
9)  1f<—RegDst 2
32 5 5 \uX
Q o T @) ALUSrcA XX)( 10
¢ Leaz) Lt C ) Operation & ox
MemWrite — RN RNZ WN || TN
ADD . 1
A M Registers : Zero PCSoure,
Memory D 0 M RD1 ] A
WE=ER 3 ALU )%
»out
rH{wo ROz [ B >0
MemRead rMommReg 4 —piil M
f D ReaWrite
© \
£ ALUSrcB
immediate ) X |32 2
> T <<
N X
D

~| Simple Questions

2e

n  How many cyc]es will it take to execute this code?

LA
5 + lw st2, 0($t3)

=AY
&6:9 eq $t2 $t3 Label #assume not equal

; t5 $t2, $t3
T sw $t5, 8(5t3) oy TES
Label: .. ST leed ADINTELY S 2} Ea

\_"

= e 2% eopo - A KN
w  What is going on during the\Sth cycle bf execution ?® b

Clock time-line

w In what cycle does the actualladdition pf $t2 and $t3 takes place? =14
ady §5o$pas L 2> e

Wwos 4dd 52y ) AAd NAUS @ Wen = e Y
ﬂx 7(\_.6/ C:D“' "'_{i) (7

‘.s‘loq nw+n
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Value of control signals is dependent upon:
= what instruction is being executed
= which step is being performed

Implementing Control

Use the information we have accumulated to specify a finite

state machine  =-.-2,. )

s specify the Yf:m—ite state machine\graphically, or

a use@icroprogrammmg}

Implementation is then derived from the specification

= Finite state machines (FSMs):
= a set of states and

Review: Finite State Machines

= next state function, determined by current state and the input
s output function, determined by current state and possibly input

Bl gyrar

»| Current stale ==

N

I QGAYry S\"‘\'Q-\—
)“? F'M‘ o= @(T_hg’uv

K
SRS

G VAo

a We'll use a Me— output base

=
CWen RS)ar 2=

) Ly oA

d only on current state

——

CamScanner = Ligo d>guaall


https://v3.camscanner.com/user/download

Example: Moore Machine

m The Moore machine béibw, given /nput a binary string
terminated by “#", will output™even” if thelstring|has an even

number of 0's and “odd” if the string has an odd number of 0's

j-J

v Lev= ),
Even state 0dd state

0 S
—

Output even state Output odd state

FSM Co,!trol High-level View

—l U“’ )\f
L ‘T §‘ P S ) \ | Instructio. [ﬁmm and register fetch
3= \ ‘_,)‘)/,:5 ) (Figure 5.37)
'u'\ .-'1 e R -
v v
E 1eN M_Im_u___;r:or);a:::ss R-type instructions || Branch instruction Jump instruction
i (Figure 5.39) (Figure 5.40) (Figure 5.41)
A (Figure 5.38)
n 3 —
Cren o I | | [
» & > - :
W High-level view of FSM control - — ez
) Instruction decgde!
g Instruction fetch @) %@@
MemRead SV ',-3 o
Aligg?; ¢ c“)! =
Asserted signals IRWrite ) E ¥
shown inside 2 S
state circles s e ==
N3 S¥ube 2,581
g“(’ : o PN —=
S —
/ . Trauy-. _,?J

Jump FSM
(Figure 5.41)

, I
Instruction fetch and decode steps of every instruction is identical

Branch FSM

R-type FSM
(Figure 5.40)

Memory reference FSM
) (Fogura 5.39)

(Figure 5.38)
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'FSM Control: Memory Reference

From stato 1
(Op ="LW") or (Op ='SW')

Memory address compulation

ALUSrcA = 1
ALUSrcB = 10

MemRead
lorD =1

MemWrite
lorD=1

—_—

Write-back step

RegWrite To state 0

(Figure 5.37)

=~
e )

-SM Control: R-type Instruction

From state 1
(Op-=-R-type)--

FSM control for memory-refere;—ce has 4 states

) Execution

ALUSIcA =1
ALUSrcB =00
ALUOp =10
[

R-type completior

RegDst=1 g
RegWrite ¢S
MemtoReg =0 4

\\6“;‘
o

To state 0
(Figure 5.37)

FSM control to implement R-type instructions has 2 states
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+|FSM Control: Branch Instruction

From state 1
(Op = BEQ)

Branch completion

ALUSrcA=1
ALUSrcB = 00
ALUOp =01
PCWriteCond
PCSource = 01

Tostate 0
(Figure 5.37)

FSM control to implement branches has 1 state

FSM Control: Jump Instruction

From state 1
(Op=1)

Jump completion

PCWrite
PCSource = 10

To state 0
(Figure 5.37)

FSM control to implement jumps has 1 state
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FSM Control: Complete View

Instruction decoda/
reqislor felch

Instnzction feteh

ALUSrcA =0
ALUSreB = 11

Stor

..’,»\z,u 13y

2 Yyl, ~-o ¢
n
Mamory address () OQ" b Shyle = gv_=4
computation Bronch € O Jump__. =
complelion compleolion

ALUSIeA = 1

ALUSrcB = 00
ALUOp =01
PCWriteCond

PCSource = 01

ALUSrcA =1
ALUSIcB = 00
ALUOp= 10

PCWrite

EX ALUSIcB = 10

ALUOp =00

PCSource = 10

g
]
"
é‘_ Memory
3 access R-type completon
MEM e RegDst= 1 Labels on arcs gre conditions
lorD =1 M that determine pext state
4 Write-bac\ slep
RegDst=0
RegWrit
WB_‘ Memel?JRag°=1

The complete FSM control for the multicycle MIPS datapath:
refer Multicycle Datapath with Control II

Example: CPI in a multicycle
CPU

Assume
s the control design of the previous slide
s An instruction mix of 22% /loads, 11% stores, 49% R-type
operations, 16% branches, and 2% jumps

m Whatis tIJassummg each step require@c/ock cycle?

cpT Fiveizs Mmi@ =,
‘%}Lof"“‘\
o = e
= Solution: Bo3-%

= Number of clock cycles fr revious slide for each instruction class:
s [ lOads j[\ tores 4 R-type instructions 4\ branches 3 \jumps 3
s CPI = CPU clock cycles / instruction count
= ¥ (instruction county,ss; x CPI,;) / instruction count
= ¥ (instruction count,es 1/ instruction count) x CPI
=022x5+0.11x4+049%x4+0.16 x3 +0.02 x 3
Y = mweﬁ\rﬁ )

e T D

' G \Sxpmuadil)
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PCWrite

PCWrileCond
lorD I
MemRead

IRWrite
MemtoReg
PCSource
ALUOp
ALUSrcB
ALUSrcA
RegWrite
RegDst

FSM Control:

gt
Neaiv

Cc_.u.\w\\

S oY Predver

¢ ’z"‘;\—s‘da) NSl

=S

\

4

|

Outputs

|

NS3

ALY NS2
W)‘:’aJ NS1

T | [~so
NN < )

I
ER

%)
!

(22 29

Inputs
; A
o) Wt TR

<t [s2]
Q Q

ol ©

B
™
(2]

s

[Ty}
a
o

N
[=8

EviY de

et ool \Y

[=5

Op0

= lobYeve B "’:)lo;\(

-

5

Instruction register

opcode field /
7

Four state bits are required for 10 states

State register

A A

K

\VM SV ede vecl= )

High-level view of FSM implementation: inputs to the combinational logic block are
the current state number and instruction opcode bits; outputs are the next state
number and control signals to be asserted for the current state

. .%gi_)_i-.._g_:.ww 1k N Zoinginl yelalsd )
a
opCade
Op5 (:j‘ l \l F
Op4 D
ol
o e
op3 I—D T P10 @ T
e : ® B
Op2 e
Control: s v e
Op1 \
a
Op0 \
sy o€ pY6dsT—1—C
< v S3 [
- W2 PR
_):“/\‘.‘\’ s2 LD‘\J h
e a
C.Um;«.v il : P O
LS hay N e
Implem-=| =5
a AR Se
)
- PCWrita
- (A ) PCWriteConc
entation +
2 d.MD MemRead
/ Yat MemWrite
- /9/‘ IRWrite
BYY-72 MemtoReg
S}S‘L ) olos PCSourcet
b5 ) PCSource0
9.\.—_ ALUOp1
K S ALUQpO
—— ALUSIcB1
ALUSrcBO
ALUSrcA
RegWrite
RegDst
NS3
NS2
NS1
NSO

Upper half is the AND plane that computes all the products. The products are carried
to the lower OR plane by the vertical lines. The sum terms for each output is given by

the corresponding horizontal line

E.g., IorD = S0.51.52.S3 + S0.51.52.53
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Implementation

s ROM (Read Only. Memory)

FSM Control: ROM

= Vvalues of memory locations are fixed ahead of time
m A ROM can be used to implement a truth table
= if the address is m-bits, we can address 2™ entries in the ROM
= outputs are the bits of the entry the address points to
adg}is output

_7L—> ROM 7/__p m

o)
nn
'S
- HOoOOoOoOo

1

Hookr oo

1

o o o+ o

1

OO0 OO RPFPHO

1

oo OoORrRroOo

H O OOoOo oK

1

ok, ooo o

The size of an m-input n-output ROM is 2™ x n bits — such a ROM can
be thought of as an array of size 2™ with each entry in the array being

n bits

B A\)}o_u«,;..gﬁm-.)_.__. =
K\,\.u C Yy AWY)

Qo__,u._) )
Vv\ i \w‘@fbg\vw

FSM Control: ROM vs. PLA

(=D

’,I Sz

= First improve the ROM: break the table into two parts

4 state bits give the 16 output signals — 2% x 16 bits of ROM

e

= all 10 input bits give the 4 next state bits — 210 x 4 bits of ROM

m Total — 4.3K bits of ROM
s PLA is much smaller

s can share product terms

= only need entries that produce an active output

s can take into account don't cares

s PLA size = (#inputs x #product-terms) + (#outputs x

#product-terms)

s FSM control PLA = (10x17)+(20x17) = 460 PLA cells
s PLA cells usually about the size of a ROM cell (slightly bigger)
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COD Ch. 6 '.\
. Enhancing Performance with
Pipelining

Es\]a \U\P \3 R)
K sy )‘-"-’r?‘
,pv'\/"“\u.—-)\)

Pipelining (et =02

= Start work ASAP!! Do not waste time!

f\:\»\ )‘__;n. \

Not pipelined
PR Task Neelsoy,

&J.ub.,d,—,\u_fﬁau‘-‘)

Assume 30 min. each task — wash, dry, fold, store — and that
separate tasks use separate hardware and so can be overlapped

M 7 8 9 10 11 12 1 2AM aphiw
SEML__ : : . KW).JL‘-I’_?) K € "‘3)

\ )\’\P"J; RN
g— e ¢ %\ Sf i 5 \"j
friSimsni=e) Pupe ned 3

E ~> (e g bty
ML e\e
Tm-; Numo Sbe) Rie: o

e )
—— gx O ho b labaey —=

( Fimm —
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MIPS Pipeling s o e ).

Qwo.o} A 55‘;3% »H),‘“"; % Yurg r:c,-q e
i o]

Five stages, one step per stage &=

IF: Instruction fetch from memory

ID: Instruction decode & register read

EX Execute operatlon or calculate address
MEM: Access memory operand

WB: Write result back to register

o g T8 2

Chapter 4 — The
Processor — 4

Pipelined vs. Single-Cycle
Instruction Execution: the Plan

Program
execution 2 4 6 8 10 12 14 16 18
ordel Tfrna T T T T T T T T | e
inllnslrucuonsis ALy Dexod wn'F Pucke . -
( iw $1, a Instruction Data Sl ngIE'CYde X-axis

w $1, 100($0) fotch Reg| ALU Reg

*= *Instruction Data
Iw $2, ZOO(SO) 8ns falch Reg ALV Reg
2 Moy §TF - 5
Iw §3, 300($0) = i —— 8ns lnsg;:on
Lo awd) Ak = —\3-;“- .
ll.u, ) \ s\ 8 ns

Assumé 2 ns for memory access, ALU operation; 1 ns for register access:

therefore, single cycle clock 8 ns; pipelined clock cycle 2 ns.

S S S singe X

Program gy ” e
oecuion g €y 2 trd (s B w8 g0 12 W N ) Tt pseS)
c;rdpr l_‘v:‘ﬁ——-\‘f'wdwl.-é.u) ' ! ™ .,U\-JJJ N o
(in instructions) —— rt:l-b\‘rh e
—| w$1,100@0) [ o0 el eg| A [ D@ |geg ,_‘j—) =S ( Toye pn.g_ Y
=5 s = Pipelined
—>] 5
.| ws2,20080)  2ns |0 [Res| aw | 03 g =
R ) “
T2l 1w $3,300(80) 2ns |"cton|  reg| AU | D22 [Reg I
—p— > -~ K"b’u;ﬂ":)k—‘!é\_ptﬁé
2ns 2ns 2ns 2ns 2ns
Pl"P—)\N\-Jq‘ e pip )w"’ Fa Ho e )Lﬂu&j P DNV G W
\ Y’\y‘ )"'I—*J-Q,_)J B\ pc:.d-—)\"“"ﬂ-v-ﬂyﬁh-)l--lnﬂ' Fei'«i--)‘“u-ﬂ-)l_/q:- N n\-\/‘o—
— o G et ﬂ:' T, SN K3 RO RE R B S 80 £ S g X b el
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Pipelining: Keep in Mind

'TW-*(‘«UL» Yy (o)
a  Pipelining doés not reduce latency of a single task, it
increases|thro ggggt of entire workload
a  Pipeline rate /imited by{longest stage] T ( %)z
potential speedup = number pipe stages’

iw sy

(e
IBSA Qip =B
\petear ) yeiim o unbalanced lengths of plpe stages(’rajuces spee

dEB_] ALK x]oo-& 43'_;\3

st

a  Time to [f#/pipelide and time to drain it — when there is M“P

slackin the plpehne — reduces speedup

2lbi- ;_‘\.9 l'é
‘ V0 it il =

[ Sk w’“?—)j Noyem & i 263150670 28 Houeer 1)
A gﬁ%’s G = Sl

ug)f \)v-‘-‘ SQ“A )\_)Du\s \"_’) :'j._;fb-)uf 0 5":3 o )‘-‘30 ‘7,06
. g »I\-—.- bc"m-n\u-)\-,zk F P\.I

Rt

B Nome=:
——

206

5a—t;a-:3°'f$’ =7

Pir=2%0 spestup> L’i;'u

Wwown P! 3 s

4= Example Problem

a  Problem. for the laundry fill in the following table when

1. the Etage len _;j are 30@3’0@@

min. 1'6‘

o w pre: ’LDT% +botls
IP - 6

—sk))

= o)

=P 264 20 + S0+ -‘\'Lh Viay ks A
Z‘\b

S¢=

-\%0
e
6o

.—w\

2 the stage lengths are 20 20 @ 20 min., resp. = TS
; Shen "J'CJ\t:-'\ w "‘\’:;\'t::w) (EoE= 25)
person | Unpipelined: }_?ipel:i_.neT—_—Ratlo unpipelined Pipeline 2 | Ratio unpiplelined
finish time | /finish time| to pipeline 1 finish time| to pipeline 2
1 3 il | & Leang A= = s, L ouk .
o 6o
2 120 120, |1 120" Ja 1
@ | 240 150 | 1.6 180 3= [1.3
» 1360 180 & €2 246 7 |15
480 210 2.2 300 1.6
600 240 2.5 360 1.7
To0n 1) 601
pesen oJ[12007\  [1204301) [@as >0 ?gz ) (2085 n->oo
= e v Comanspecdap BT Lospecdup
W 20K = = xF Steq € o) A
——— \ SV v\_..w\ +3‘,Q,.,.; \6\’”(’2‘}; ) k—c—’“)
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Pipeline Performance

-Assume time for stages s
= 100ps for register Fg(gﬁi{é
a 200ps for other stages

a Compare pipelined datapath with

datapath

Instr Instr fetch | Register |ALUop | Memory |Register | Total time
read access write &
3
lw 200ps 100 ps | 200ps 200ps 100 ps o )
swW 200ps 100 ps | 200ps 200ps A 700ps
R-format | 200ps 100 ps | 200ps ¥_ |100ps | 600ps
beq 200ps 100 ps 200ps K g 500ps
Chapter4 — The
i [ TE T ]
| Processor—8 vk davesy v pip pres = Se (i dFY
p —_ 5W
i g Vi
Program T—
on . 200 400 600 800 1000 1200 1400 1600 1800
Order T T T T L} 7 T T T T
(in instructions) s /_I-goa ;g‘, : uee 7 LN
w 51, 10050) o] o [ 225, [ o ETr W% 300
Iw $2,200(50) © 800ps | en |P9| AV | occoss |Re0 Lo o)
dsb\
lw $3, 300($0) 800 ps inatdion \ = "L'“' s y)
_\ vl
bk 3 Wt
] 800 ps C AL
| 500*‘ Boox Rexy =
Program
exegution Time 200 400 600 800 1000 1200 1400 E‘p{%
order ! ’ L ; i J , L s \r' iy
(in instructions) ! ey 209 51y £} - 70K = boo. 1
Instruction Data ' w 200, Tl e\,
w $1, 100(30) fetch Rog| ALU access |19 o Pe- A
= |osot (n - 3
W $2,200(80) 200,ps ["Ins"|  |Fes| AU | aciess |Fe8 [losor -3 mogs R
w $3,30080) . %7 200 ps |"mcion|  [Reo| AV | access |e8 Beo + w200
terd — T Sy e - ' Por
nera —1Ine oo 5ren i 00 ps, 200 ps 200 ps 200 ps 200 ps o ol
..... , g ” 200 ps. 200 p ol L Vﬁz:om Mr: £
: ” \‘0 .
S . ] ‘_"j\,'. R ..." .\.h TR =]
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Pipeline Speedup

\""ﬂ-ﬂ_’-’\ )

Speedup = e Tlmescf'_a_r?‘ e Saadiaava .
CRU—Timeggsgne SR
CPU_Time,. = IC Y CPI* Cyc_Tim \Mh | \\4‘:? \
=|C * Time/Instr.
AN
CPU_Time paine = (Fill_Time +IC){.CPI * Cyc—_—TimeJ
< > -
number of cycles
(Note: Number of instructions > # stages)
Ex) My =5
E"—im—ilf #ofstages - 1 =S -1  Fsv. =

P

CPU_Time (rad s = wer)

Speedup =
|CPU Tlm.epmeline
[  oTaly
1f1C >> s _Speedup approaches S (max speedup) o
—_—

Speedup Example

= Assume a program with N instructions: 10% (loads), 10%(stores),
50%(ALU) and 30%(branch). Assume the stage timing of:

s CPU_Timegjo=

s Speedup =
o If|N >> SK

\ D'(.‘ ‘-o \"O\fq,\

\o7s

= | N* 600
ﬁ‘fwef N* 600 ps \

S- 1+ N)* 19200
&7)5;’“;‘)

Yk

. S
N*0.1¥800 + N*0.1¥700 + N*0.5*600 + N*0.3*500

)

2o

N*600 / [(S- 1+ N)* 200]

m Speedup = 600N/200*N=

i Ser
(s-V)yaMley
:‘\A"p ~N

Spe=d =2 Instr Insir fetch | Register |ALUop |Memory |Register | Total time
5 & read access |write |
= [w (200ps > 100ps  [200ps  [200ps [ 100ps 800ps™
Googr 3 >R sw 200ps  [100ps [200ps  |200ps 700ps
& = b |Rima 200ps  |100ps  |200ps 100ps | 600ps
o)., RS :‘f‘“" begq 200ps  |100ps | 200ps 500ps

g fws\—-\- Shgc_ q\.u_fd\

R T
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kPipeline Speedup

= If all stages are balanced
= i.e., all take the same time

= Time between instructionselined
= Time between instructionSysnpipelined
Number of stages

= If not balanced, speedup is less

= Speedup due to@creasedi hp\t)

= Latency (time for each instruction) does

a, Nl—-’\ [ \.....;_.ﬂ

not decrease 555 0L0% Tudl A Vehy)
/>__ J"‘/L‘-U’@N R: MNP LS\ ) \u\/’)’fr\ I | S —

;)’)Jl_v\ o=

Pipelining MIPS

s What makes it easy with MIPS?
B aII instructions are same length L3ail,
( Wetch and,decode stages are similar for all instructions \ - Mp )
m ]USt a few instruction formats

= simplifies instruction decode and makes it possible in one stage
s memory operands appear only il Joad/stores | S

= SO memory access can be deferred to exactly one later stage @S sty =
o operands arelalignedin memory @3"’;",“\’ Ty g [ e B 215
- - \ —{leis RV ARV
= one data transfer instruction requires one memory access stage weulkiple €M

o :’\ u&JQ ch )\";"——J\'_A$\
. g e Vrten
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Pipelining MIPS (Hazards)

S alene N '“:: ix &y%, ﬂ:')
a What makes it hard? , '}, 2250 (ot

e e M,C\w
\Ii.ﬁy structural hazards. different instructions, at Q,Lffenentstageé "M)

axe = in the pipeline want to'use the same hardware resource ., ) ) Sk,

“owv=~ 35 o (control hazard succeedmg instruction, to put into plpelune =y
depends on the outcome of a previous branch instruction, (H-m«o
already in pipelinel

an instruction in the pipeline requires data to

be computed by a previous instruction still in the pipeline

S e TN RIS cg
%> “dsvann  Before a ually building the pipelined datapath and control
=2 we first briefly examine these potential hazards

individually...

——

R YRITY -y niy > > i
) Posigy NE= &= '~Hq,,.,'a B A N XS

m Structural hazard madequate hardware to simultaneously
support all instructions in the pipeline in the same clock cycle
s E.g., suppose single — not separate —instruction and data
“memory in pipeline below with one read port
s then a structural hazard between first and fourth 1w instructions

Program V““') K )
execution 2 4 6 —*10 12 14
order Time I T T : PRl o] %
(in instructions) T = 3 5 f‘—° %’ﬁ'\, You()
g, | st 100(50) inshvction) — Reg[ AU | e B " ~Pipelined
<+——"Instruction Da
~ | ws220080) 2 Reg| ALU !"’ Reg A
[ e " [Lteen .eg by » - Hazard if single memory/
S | wS3,300(50) o e B L I T P L e e §
<«—— | Instruction ALU Data | "‘ we P\:u:—-
T | IwS4,400(50) 20s [ _felen 9 access 9| sk Mie,
4 —r— ——r— > p‘ﬁ?*" Srna
Oedeal 2ns '2’15 2ns 2ns 2ns ——
(yeis w)35
MIPS was designed to be pjpelined: structural hazards are easy
to avoid!
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£l low )qf\w it

(_on )

V._J

Control Hazarrpds

@Yq\ae-“\)‘l‘
b g AN <

Branch determmes flow of control s;.u»,.,*‘—"i:,m o

« Fetching next instruction depends on branch R
outcome s
= Pipeline can’t always fetch correct instruction
Still working on ID stage of branch

In MIPS pipeline

= Need to compare registers and compute
target early in the pipeline

@92)Add hardware ' to do it in ID stage
————— T =)
Qecsae o

31’ V-\\‘... 1.5 .;’(

Chapter 4 — The Processor — 16

Control Hazards

Control hazard: need to make a decision based on the result of
a previous instruction still executing in pipeline [1ec Brau

= 'Solution 1 Sta//the pipeline 225 ot T e W
= W -
= P MNeadD L
Program
execution 2 4 6 8 10 12 14 16
order Time T T T T T T T T

(in instructions)

Instruction

Data

Note that branch outcome is

e $6) fotch Real MY | acoess |59 computed in ID stage with
beq1,52(@0) +——{™on| [ rog Ly Daa oo, added hardware (later..)
s 300(30) @a&‘ w,,?':'ilv E bubbl) [ oo [Reg| A | D% Reg

A w;L_. ‘.4———*2'15 Pl

:%4? i . PMObth”- 2 SYall ] oa bblc ‘

_— Pipeline stall — —

CamScanner = Ligo d>guaall


https://v3.camscanner.com/user/download

Stall on Branch

Wait until branch outcome determined
before fetching next instruction

Program
R 200 400 600 800 1000 1200 1400
order Time ' ' ! ' ! ' )
(in instructions)
add $4, 85,86 "0 [Reg| AW | 0% Reg
Instructi Dat '
beq $1, $2 i 200 ps ‘ ns';thmn feg| ALL) accaeis Reg
pop ) N E) =Y S ¢ \
st | fes C_v}\‘ SN e e .,g/,-a) bubble/(bubbley(bubble/bubbl dw
! \ y O
oapde or $7, $8, $9 Instruction Dat
Sy o 400 ps fetch Reg| AU | s |Reo
—

T i

N Program
| execulion
order Time

(in instructions)
add $4, $5, $6

beq $1, $2, 40
PP g
Iw $3, 300($0)

t”" Ws Shray =) \b“‘o\a\g K»KL’):"__\}/L{:\ Z,(:.,e/ 2 hatn
2 1

D Program

execution
order
(in instructions)

add $4, $5 ,%6

Time

beq $1, $2, 40

S =vaes) B
s \7-:\\_5\9

\//”

s Y or $7, $8, §9
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Control Hazards

‘ \o.«\:’»‘i‘z' e

Solution 2 |Predict branchjoutcome J“““t‘ )
\-«*wﬂ*’ "M;_ ~e:@.| predict branch—not—z‘akera

oo—
Jbro~ 3 -\bas )

= &) ZPpls )
a‘( "Z_‘/"'ufllﬂl*—' =

2 4 6 8 10 1 2 14
T T T T T >
Y, 13
Instruction f o o P Data [ o {? ap - W\b JS.
fetch access > ” Tt i
Instruction Data i, 5Ty
2ns fotch |9 ALU access | k9 & " PV‘? S L
Instruction Data
‘_2?' fetch Reg ALY access Reg

.Prediction success ', ~

s 1y 5,2-W\2ad

6 8 10 12 14
T T T T T T t g
Instruction Data
fetch Reg ALU e Reg
Instruction Data
‘ES—’ fetch | €9 ALY accoss |9

—

<

e \eo Ve WSy A Piy  (bubble )

O

Instruction
fetch

Reg ALU Data | peg

PI’edICtIOI'l fallure undo

[Furm = o

access
=flush) 1w
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Branch Predlctlon

ﬂﬁ

Longer plpellnes can’t readily determine

branch outcome early
StaIY fy

Predict outcome of branch

penalty becomes unacceptable

= Only stall if prediction is wrong

In MIPS pipeline

= Can predict branches not taken
= Fetch instruction after branch, with no delay

Chapter 4 — The Processor — 20

MIPS with Predict Not Taken

[ i s Aeenssmreaamy
Program
execution o 200 4?0 690 890 10.00 12|00 1400
order ' T
(ininstructions) .

D

;Prediction add $4, $5, $6 Ins'l:t.l;i‘ion HDQ ALU BC(;;:S Heg

) Instructi Dat

correct beq $1, $2, 40 m b Reg| AW | oo |Reg

~——lInstruction Data
w $3, 300($0) 200 ps| fetch feg| MY access Reg
(227D e \2Y
Program
execution  ime 2(?0 490 690 B?O 10.00 12'00 1490
order
(in instructions)
1 Instruction Data

Prediction add $4, 85,96 | "foion Reg| AL | access | Pog

. Instruction Data

Incorrect beq $1, $2, 40 200 ps felch Reg| ALU access |F1e9

ubbleA bubble bubbleA bubble
: O
or §7, $8, $9 Instruction Data
400 ps nsfe(ch Reg| AU access | 1%
e i e EA

(2 Ay Do v

—
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- T

T

CamScanner = Ligs d>guaall


https://v3.camscanner.com/user/download

e S T et S gty st — h— w e,

N\ N dsde 0—“*\\\* Ye didn k S L L2 oy
\u(‘\cﬂ. ) &\:---’"_‘\,p) F)
More-Realistic rancthredlctlon

R 1 “f /"\"-")'e”"" >TSEIDN o ',\‘.F UA\as wad Y
Statlc branch prediction <
—t » \aug )\b—u\

. Based on typical branch behaviorsses s o= ©
w‘g’/ Ny Cras Q
ExanE)’Ie/\loop and if-statement bran %esw AdJ

Q Sub
V\T,‘w\‘c Predict|backward branches taken %M 7

\wfv bPre@branohes noﬁa_kﬂy 2t e TR Trose
[N AT —— - 'P;o—:‘:\-:)—‘u
Dynamic branch prediction — \=2 "=

r \go\‘wx\obkﬁtty
e Hardware measures actual branch behavior
,:):,.Aa, e.g., record recent history of each branch
2 "‘“ = Assume future behavior will continue the trend
f‘f‘j‘; se v When wrong, stall while re-fetching, and update history
- ‘C‘_? S
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Control Hazards

/\i\) 2 ) \""—SY D=

Solutlon 3{De/ayed branch'k always execute the sequentially next
statement with the branch executing after one instruction delay
e b — compiler’s job to find a statement that can be put in the slot

Q\J\;w)‘)’?{ that is independent of branch outcome
A ,)w“’ s MIPS does this — but it is an option in SPIM (Simulator -> Settings)

4/~ Program
V“’*)‘ r"b“ execution

2 4 6 8 10 12 14
J»’j‘_,\,w» order Time T T T T T T ! =
b B (in instructions)
P d,)) beq $1, $2, 40 Instruction Reg| ALU Data Reg
,j- (/& fetch access
o . Dat
y luV"‘ /Hdd @@ $61 <« »|Instruction Reg ALU ata Reg
2./ __{(delayed branch slof) 2ns foch S
))l Stale Instruction Data
ﬁ . ¥ ))\ I\,\. 300($0) T folch Reg ALU iEeze Reg
& 550
5 2! v, WA e s et P, B Pk A
b oy ?;) 2ns =
A ] = ; .
C::_J Delayed branch beq is followed b@hat is
Q = " independent of branch outcome
> _<——‘-’-___ ,/"’——__———.
———
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% Fnd

&W W gy e zL»_,)

_ Data Hazards(»w% e ) ) Do B 8y

o An instruction depends on completlon of
,data access by a previous instruction

A -

JoaBdd” §50, $t0, $tl ORAleE) (2dsm o)
(2,0& sub; $t2 E$SO!, $t3vé\3u‘se_t\\su 10

Sy 2 volp ktf)ub\*wh)yj)—‘“ /J.»JUA.\,F ‘__j
Time 200 400 600 800 1000 1200 1400 1600 ‘]
sk e reny T e B 2o B v e rire &
add $s0, $10, $t1 lr —E|& MEM [WBl S L“ wawz )kae@ m;:gzu T::_i:é‘)
o |
- af"’\f\y @ bubble u e :.. NS 5‘3"\"‘}’“0"‘-;;
%‘;"’;w;':,,C\;m s e
A b w '. bubbleﬁ z:} » e
l (‘);\,',.).‘/V 1 3 ),e—)—fe-a-\ -
sub $t2, $s0, 313[/);12\ - _J: IP VV!B XE >
Shyaly A D ) N (%*;‘.S’Q o 2= N A
\}uos\rq“)\":\d‘ a‘-J'L_\SJ) Hadard \ e De__?....ééé'\
Yo twy of Buvnle. Lp{epT) DePomdues Fum v Ouhy e ) m—
. _E—_qi.‘)\.wk \\,\A‘ea‘ém 6:..;\3 J.»-—-*"Q())
4 Data Dependences
C&;\J\—t“ VX
Types of data dependences ==
G NNTE
Wdependence((true data dependence — read o
after write) \R A P
= Output dependence (write after write) = (AW

e O35t

o ﬁntl dependence (write after read)zwoar

For all of them, we need to ensure semantics of
the program are correct = © ®AR Kc;aae«sa.- L
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_ Data Dependences B oy

d J-S""\’—‘ L/,JJ Ceovrecy 4

o FIow dependences always need to be obeyed
because they constitute true dependence on a
value

= Anti and output dependences exist due to
limited nhumber of architectural registers
= They are dependence on a hame, not a value

(s 92520 By DRI )
i

» Data Dependence Types

!i__ﬁ HOV\g dependence

e <~ r,opr, Read-after-Write
<—®op Iy (RAW)
Anti dependence
ry &= Iir’fi)&op r Write-after-Read
< r, 0p rs (WAR)
VJn‘\r =

» Output -dependence

«—r,opr, Write-after-Write
< I3 0P (s (WAW) SYages S12-3885,
— 1 0pry e s e

aaPowaw-\;a— —‘LC—:)\&\" KCJT LJIM CM’-) le) \""\"C)-cpe_u\.wu \

- —-r:'—"«'.'»'.'":"'"‘:f‘ rpd i e
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Data Hazards

= Data hazard instruction needs data from the result of a
previous instruction still executing in plpellne apas

= Solution [Forward data jf possible... wabu-—sw: BTN

e

V.wa.’ /ub Fw Nde \H‘“W. KWE‘ “@ "'J.aeubu-—l-,_,...a_Jﬁj

3 2
/;’ D Time T ? (,s ? 10 -
Se ‘““"‘L’ Instruction pipeline diagram:

add $s0, $t0, St1 IF H ID [ >EX—IMEM—{ WB e )shade indicates use —
m 3 L left=write, right=read

L -'-‘JP\? S, uddivion nu‘-)

(Q;ru.-’ .d@?#))‘ ) a“‘*f-‘t\-y_j\ u-ﬂ) "——P O;"‘“‘ =

s\ u.nb
Program \_“‘_“_“_J
execution 2
order Time T , . ? 1|0

(in Instructions)

m . ) Without forwarding — blue line —
Ly )' data has to go back in time;

Viwe Ly = with forwarding — red line —

) Ve \__\.-\

il Ve ilable in t
Ui  subs2, $s0/8 S 50 2 » I:E] E’"data is available in time
, ¥),,.,»" 2) D e vso )
@;a\’;?’\“’" e > W) Wty Qﬂ")w 2
L%;“:j‘fﬁfa,-—- i —F-: (56, U5} @ (L =S
Cosd L\ b o
o R to\@d®=eN~ . - == a.wm o =
Vil b&bhl\t-—! &:
% loua 4 J‘;D’:/ =2 F:V Pr
| — Wit
Pala far~ d , — Q“;»: bqo
S uu&gx)\_)-aa S Ll R ‘pﬁ.’:
( xa& Jfe data \.'*m-uq}) M ﬁ,- onw-\ A T Ass -
: % e 7 P L J
_ Data Haza rds s B
A" h S T L o S
Pve )0 <] Yond 65.33;') : ) Vapbls & Fol

- Forwardmg i@y not be enough
Q‘“"’ sk DEBL g., if an R- Le instruction followmg a load uses the result of the

5 ) N___:“’ﬁ_q’@ 6 8 10 12 9 N
3 "-P'rlme T T T T T
‘ B:o\A i s;ggulg'n Q&Q (’6& cend < u—n—-—- »
U Se w7 oedor ) 5 zo )‘:”:3/\.,.-@'7 M“"J“"’)
(in Instructions 5
! —_— 4 Without a stall it is impossible
w $50, 20(St1) to provide input to the sub
SpPzaal instruction in time
CeAST
sub$t2, 550, 13 = v\—“" IR
HJ'|\<\-J-¥ 'yﬁ':"f) ; a.%; J4
Back 2 N ¥ e 8 0 12 14
Prbgmrn TimB., SUT O '. LT T T T T > pesa)
wecien @) T T =22l
o e 2 B o B,
in instructi &L 2
foheirctions) : e With a one-stage stall, forwarding
1w $50, 20($t1) . g v can get the data to the sub
instruction in time
,)‘
o AP LI >
pan L P _;” ® ® ® © O ZE‘JP‘JBP\E':, e /
ﬂ_“j ] ./‘36 sub $t2, $s0, $t3 ) She- \o“bb\K
Al pall JZ‘D > T . Twe o) F o Ys—~
. 4 s e Uglee NSTL L s v el )\ qu),q -
Filemw | ‘ff‘ Lw . e \es L i, \" _Wse (_\ e
B T R S ;
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| Load-Use Data Hazard

= Can't always avoid stalls by forwarding

= If value not computed when needed

P . . .
&% 'J(Can’t forward backward |in time!

Program

execution
S Time 200 490 600 8(?0 1 0'00 12100 14100

(in instructions)
1 i !
| Iw Ss0, 20(St1) IF —5 EX|—{MEM|—s- leBé -
[ : [ L4} b
bubble bubbley (_bubble bubble/ (_bubble
O O © o O
i FTT e
: MEM

sub $12, $s0, $t3 IF —= 1

Chapter 4 — The
Processor — 30

- Reordering Code to Avoid
UPipeline Stall (Software Solution)

=

ih)\r')“’:'}jj:’ Lt C""“lﬁ' N Zcord'rb S e
Sran D' A P }:’))'OQQF._\ g Feto b

:’;_:Elu,.b t:—"\2-‘\. ,(UBF ,Fq
L 12 \I

tl) = Ceac\e @ 28 Ji z
tl) - S%r__\ﬂ_—\‘l_—-‘p s\ C‘jc."--"-"

, : Data hazard

St ) 6'\‘1\9“““:8(56& +1= qﬁ‘:&“\k

$1;__1 ) I8 el e U v,)
{5 1 ey cle 1 = R

_ = 3 \p‘.:\'ow-. T¢ I EX Mem O ¢
G Reordere,d e: =P =) JE Tp EX Mem w6

0 ($tl ) k\ro] L‘.\;%_:l&x‘:‘] j-F rm ‘ Ex.l o —y = |
; 4 ($t]_) CopseV ,-!““aLe "“ IF  3p Ex wmes™

. -
wof’)"’:i "_\\'3' 4 uwwl ) FRAINY 3 _ -
PR e (Mg | g

! o b2l
s £ e >
S ‘ St 3
o = Je@ \pvuL b
@238 o Tl o) @2 Dabbled) Bl Srise bypbl B2 YareS

: ‘ S
Interchanggé 20N Shar OV IS0 deernsls =0
0($t1)

Qs ko
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k‘—v" U\) JJF?'-' | ) WUO"}) ,/“&C:_,J_.__; [‘ZWJVTFVJJ

U?ﬂray) g,
Code Schedullng to Avoid Stalls =z -

Reorder code to avoid use of load result in
the next instruction ( sefhar) el o

CcodeforA =B + E; C =B + F;

r\\ \r\\m ___ @

&y, W $t10($t0)
};&i*q*‘i:@ﬂw se2facse0) 2, w
Mu. add®$t3 S \‘;':}J:,w W |

D% sw St1, 12(5t0) 7 add $3,

bbbl '|W 8($t0) W
S| — add $t5, $t1: o -

=

stall )
8 ~ Q b bélt.
sw OFES, 16(5t0) Srisw 55, 16(5L0)  sivaspmms
- Stay = e ‘L\:a_-w'\.su'c
éC ~; Kola ——L—13 cycles L) 1icycles Shan. ; t!l“a ey
Y=o bubbla E__’_‘_/"*"--F-v Lo ShI NS &, (. B e S

Chapter 4 — The Processor — 32
VS — \dl..s\u.-ui \5_)_-3_\,) e
o) w_y‘é) 3y

M - ———20
EE m W REETTN
Q|

F Lew Oy

Plpelme

— Y VR

_:J "’*"):‘:7\:&_1 . 2 CPI‘ =85 Exe. A\
\J‘EU\“}' \ (s R o

goye )l D .
/’a’ = _)')".p) Ls_)":’ .&fg”p{.’k

S P2 WY

Pipelining improves performance by 5." <.
— A

increasing instruction throughput
= Executes multiple instructions in parallel“':f,_,.

1 Ay . =2

» Each issisualion hasdbeagipieiency |\ g

Subject to hazards | L = ="2uprsr vee 50
['g al

= Structure, data, control N )

Instruction set design affects complexity of

(e e
pipeline implementation
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Pipelined Datapath

m We now move to actually building a pipelined datapath

PC

First recall the 5 steps in instruction execution
Instruction Fetch & PC Increment (IF)
Instruction Decode and Register Read (ID)
Execution or calculate address (EX)
Memory access (MEM)

Write result into register (WB)

Review: single-cycle processor
all 5 steps done in a single clock cycle
dedicated hardware required for each step

What happens if we break the execution into multiple cycles, but
keep the extra hardware?

—Dﬂh niou= Lehv o Tionw:

@mers. 519 J
w@@

#1 ADDR RD

Instruction
Memory

IF

Instruction Fetch

Lasle) Elu—?\‘ Lmewp S\mae.) «\- L(p@) S h;’\)
=== L AR
T Righr e ek Blo luA&_\ Yo Hdterds
~>
Instruction I
16 %2 ;5 (5 £
RN1T RN2 WN
RD1 :R .
Register File ALU
: 490
—1 RD2
> ADDR
i Data 2 |
m Memory RP >
«1’G> )T( ?:g | WD
Y
D
ID EX' MEM WB
Instruction Decode  [Execute/ Address Calc| ~ Memory Access Write Back
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Pipelined Datapath — Key Idea

m  What happens if we break the execution into multiple cycles, but keep
the extra hardware?
s Answer: We may be able to start executing a new instruction at each
clock cycle - pipelining
= ...but we shall need extra registers to hold data between cycles
—{oipe/ine registerﬂ

. s
) ZAN ek X

2\ Lo P ¥ 3%
‘ 3\9"{) 2ok — 24
() % 2l el sy
(pry o= Wt ud by o | eif) eaviy Ly,
R — e

sl 40 )
\—Ip r,a'J-)‘:L_\ . )\‘ g)a;sLol-\?'qu;,:a J}JL

Pipel ined Datapa He wesg 2

[ “EX SO 2
.[M:u-—’w‘—-—P L.ru)L kﬁ\f??__w e F¢P »_p_,_,r;;)\

Pipeline re isters W|de enough to holé ‘élata coming in o e \
e Cip Neblap
ol ——— T[] =t~
7 ),JC‘;')(- vb-'\ |c.§«}_).! Ooive
.-,.> . e —
w' 64 bltsk e), "’U } d D \'v- S.‘- \J/]
| - A o7 bits] \' 64 bits K
ADDR RO 4 lns;uctlon T Ié .__l_.
J Instruction © I CO
Memory RNT_RNZ WN - Wy G
Register File " '< ‘ ALU Q Zefo -
—9»{ WD _L ;‘
a 2~
oMY - S = v " |-»{ AbDR
) ; N pata _1[3
J E 1~ g TN
ez’ E o | x 2 (BB LE* )ga\s"’// 5
2 WY A g 10y — P we
\-}'e _) \ (Zo‘ )}ﬁ D /'\ SD\A » :?;J S N T2
]ns}t ﬂm ()(’ \ p )" [« e A Loz "I‘::, FORSY 1‘: y
e_ 32 :\\)J""' ..;‘,) -;W‘I% S5,
]IFIID; ™ | IDJEX \ EX/MEM] (MEM/WB_
J{‘T

@0._,-»(_/
/

ﬁ—.—b-ﬂ f
ez N
D! &))" o Lalp oy <\ J_\—X

P o P
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Lo

Pipelined Datapath

Pipeline regist{\i\:ide enough to hold d#ta coming in

] / ™ e
64 bits 128 bits J\
" > («<2) 97 bi 64 bits
$1 ADDR RD b Instruction I
¢ > | 16 32 =
ﬂ Instruction 5 {5 £
Mamiory 4 RN1 RN2 WN
RD1 [ >
Register File ALU L Zero
~>{ WD [
RD2 | 1
u —>{ ADDR
g’ Data
= Mem&ry RO
~> ¥ — | wD
: \
D
U i I i
IF/ID ID/EX EX/MEM EM/WB

Only data flowing right to left may cause hazard..., why?

ur.’}( J\.:._.P):.f-

| Bug inthe Datapath ™™ =~

T TR 18 IS ] e L |

T

r:__] PRy pled € =P }
IF/ID ID/JEX EX/MEM MEM/WB
— e —

ADD T
4
& (<)
|
L] > ADDR RD':'; ns;uctlon T
: 18 {5 (5 [/ 45
Instruction v 9 y
Memory 1 RN1 RN2 \WN
11 ¥
Registef File ALU
—»{ wD m
RD2 | q M
1’1( = ADDR
il Data _
E Memory RP[] |
16 X |32 N g
> T — 1 WD
N
D
- = U L

Write register number comes from another /ater instruction!
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4| Corrected Datapath

IEND IDIEX EXMEM MEM/WB

ADD 3
i 5
4 64 bits 133 bits .
102 bits 69 bits
-
(:I

ADDR RD [= -] RN1 e J\

Instruction RN2 ALU » Zero
Memory Register ‘
sH|WN File  rpp &
M
wo u —>] ADDR
> Data

E Memory RD >
16 | X |32
g

+U\ o v

\
3
1
\XC:,

| [

Destination register number is also passed through ID/EX, EX/MEM
and MEM/WSB registers, which are now wider by 5 bits

i Pipelined Example

a Consider the following instruction sequence:

lw $t0, 10($tl)

sw $t3, 20(S$t4)

add $t5, $te6, St7
sub $t8, $t9, Stl0
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; i Pipeline Operation

a Cycle-by-cycle flow of instructions
through the pipelined datapath
= “Single-clock-cycle” pipeline diagram |
= SNOows pipeline usage in a single cycle
= Highlight resources used

c.f. “multi-clock—cycle”‘diagram \

= Graph of operation over time

We'll look at “single-clock-cycle”
sdiagrams for load & store

Processor — 42

- Single-Clock-Cycle Diagram:
~kuLlock Cycle 1

< =
: IDVEX EXI'B_II.EM MEM/WB

— " rID

= Sl N
m| = o)

PC _
=2 =2(aor | (ROPER >{ RN1 DY
Instruction” ,5 RN2 ALU > Zero
5 -
Memory Register
75 WN File RD2
M
—{ WD v —#] ADDR
"V Data
S E Memory RO g
Pt (E) o (0 ” i)
STy =il =
e 5
WY O \F) 1
\Eﬁg‘“g‘?) SRR J — = =

&@) pie S
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- Single-Clock-Cycle Diagram:
e lock C\@e 2

-
bee IDVEX EXMEM MEM/WB
—- Zero
—»| ADDR
Data o=

Memory -
WD X

—

Single-Clock-Cycle Diagram:
&,,ﬁ.;, Iock C\gﬁle 3 @

IDVEX EXYMEM MEM/WB

ALU —1 | — Zero
J' =

B i
' P == Data
;'k,' F— 1 WD
» |
f

gl |

| B A DY uslaes
—Laalo ¢ |f

Fle =
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Single-Clock-Cycle Diagram:
Clock Cygle 4 22 ™

“sw. . lw
S e,
IEID ==/ ioEx = exmem MEMWB

| —
L H-.Mlx&mcﬁ RO 1 T l ok
Memorgn i H—_: WN Reg;seTrmla.
1 —»| WD inl
e | )
L
I
. Ve E Ny
= G-\ —,l
Single-Clock-Cycle Diagram:

. sw LW

s Clock Cygle 5

IF/ID IDVEX EX'MEM MEM/WB
m =

'
|

\x
~ol=s
lF;A = — "
li= | vy Ty
|\
[
BE
| |
|
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. Single-Clock-Cycle Diagram:
k. ClOCk CyCIe6 .suB__| ADD _, _SW

Llﬂlu IDVEX
'] m

ADD
4
#{ ADDR ) RD | RN1 RO
Instruction
Memory fwu“"ﬁ’mr
5 File Rgrp2
—pd WD |
| !
|
16 | X |32 |
™ T ¢
o) |
D
1
i=
— S

- Single-Clock-Cycle Diagram:
L Clock Cycle 7 g i

g >

IF/ID IVEX EX/MEM MEM/WB
— — ek
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. Single-Clock-Cycle Diagram:
& Clock Cycle 8t ™ x =,

gl'--, 4—__‘
=
IFD IDVEX BEXYMEM MEM/WB
= = =1 m
‘ ADD \
4
(<) |
PC ‘
o | ADDR RD <> RN1 RD1 - >
Instruction ¥ ALU 57 2o,
Memory 2 Register =
s"|WN  File Rroz{- >
~p{ WD u —>{ ADDR
g Data ‘ N
E Memory RO W
sl Xt H w l—th
N i =
1s D 1l
=
e — = Rd - . —/ e =

Alternative View —
Multiple-Clock-Cycle Diagram

= = cc1 cc2 cc3 cca ccs ccé cc7 ccs
< o FIDNEAEH & g wB Time axis ——
I [ { |
Iw $t0, 10($t1) - Re h -[ 2w ol 5
sw 3V (Y g +\a

= : __ Y‘.‘e&)) 3 e -=1t
sw $t3, 20(5t4) I’rn ~FJ: RI:EG - lém L [ e é

G
= [ euhsesd
M

b | rec| T
I=h

sub $t8, $t9, $t10 I:M L} O] R%G — h ‘LDM_T_H—- RéG %

add $t5, $t6, $t7 m | 1O RI:EG ||

I L
L

v,.
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Multi-Cycle Pipeline Diagram

= Traditional form

S - S

Time (in clock cycles)

CC1 CC2 CC3 CC4 CC5 cCeé CcCC7 cCs8 CC9
Program )
execution )
order
(in instructions) \
D =3 M w
Instruction | Instruction ? Data .
Iw $10, 20(S1) felch dosade F_xecmfon access | Write back )
sub $11, $2, $3 '"S::“::"" In:trucbon Execution a([:):elis Write back s
add $12, §3, $4 ot | Maucton | execution | 012 | wiite back
Iw $13, 24($1) '“s:;‘t‘:r"k’“ '“je";‘:g:" Execution ag:is Write back
Instruction | Instruction Data 7
add $14, $5, S6 i decoda | EXecution access | Write back
>3 \5
\ F'\\\ Hh“ \SS'; C— ,\
= C-V+w
@A et = Eofwte = T =B
{ N
' =S =
Chapter 4 — The B Tr S =\
Processor — 52 . T&=A :

Ex) X \oud insy, =g Qs\_,an_‘.y.“ )

"\}‘Mb \‘:a"'“) 5 5 o))/

w*\\'; 3 :M"UJ_,}\'

Piy.
—_— - . _)S-—-‘\ o7
A
NOLES 0 pewzman o B =2,
\2\ — "‘ng'("il Loz . @_f_._

a One significant differénce i execution of an R-type
instruction between multlcycle nd, pipelined implementations:

a register write-back for the R-type instruction is the 5% (the last
write-back) pipeline stage vs. the 4t stage for the multicycle
implementation. Why?

s think of structural hazards when writing to the register file...

a  Worth repeating: the essential difference between the pipeline
and multicycle implementations is the insertion of pipeline
registers,to decouple the 5 stages Jed ¢,

a The CPI/of an ideal pipeling (no stalls) is 1. Why?

s The RaVi Architecture Visualization Project of Dortmund U. has

- pipeline simulations — see link in our Additional Resources
page

s As we develop control for the pipeline keep in mind that the
text does not consider 5ump — should not be too hard to

implement!
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Recall Single-Cycle Control —

_ the Datapath

xcz ©

PCSrc

Iiecévl.I—SingIe-CycIe — ALU

Instruction AluOp

Instruction [15 -0)

1
Add o { ¢Pzlend)
J Regost =\ @@ =R For )
4 Branch
MemRead
Instruction (31 -26] A MomloReq
Control ALUOp
MemWrito
I ALUSic
ReqWrilo
Instruction [25 21] Read
Read Ister 1
PG address reg Read
Instruction [20 -16] Read data 1
9 reglster 2
Instruction ¢ Registers
L Wiite dgl:ag Address
Instruction register
mony | instruction 115 1) wite
af
s Write
data

Instnuction [5-0]

\@'\

memory

Read
dala

Data

O xcz =

Instruction Funct Field Desired

Control

ALU control
input

010

010

110

010

110

000

001

| |opcode operation ALU action
HTn et A0 load word xxxxxx add
Sy a¥ LOQ_ store word  XXXXXX add
Branch eq 01 branch eq XXXXXX subtract
R-type 10 add 100000 add
R-type 10 subtract 100010 subtract
R-type 10 AND 100100 and
R-type 10 OR 100101 or
R-type 10 set on less 101010 set on less 111
ALUOp _Funct field Operation
ALUOpP1|ALUOpO|F5|F4|F3|F2|F1|F0
0 0 XIXIXIXI XX 010
0 1 XXX XXX 110
1 X X/X1010/010 010
1 X X[ X10]10[110 110
1 X X{X1011101]0 000
1 X X{X10/1]0]1 001
1 X XIX1110f110 111
Truth table for ALU control bits
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acall Single-Cycle — Control Signals

Effect of control bits

Effect when deasserted N Effect when asserted

The register destination number for the The register destination number for the

ggWrite None The register on the Write register input is written
withrthevatue o the-Write data-mput
(USrc The second ALU operand comes from the The second ALU operand is the sign-extended,
———— 1 —second-register-file-output-{Read-data2)———fower-t6-bits-of the-instruction
src The PC is replaced by the output of the adder The PC is replaced by the output of the adder
| that computes-the-value-of- PC+4———— | that computes-the branch-target
;mRead None Data memory contents designated by the address
Input are put on the first Read data output
mWrite None Data memory contents designated by the address
|- input are replaced by the value of the Write data input
;mtoReg The value fed to the register Write data input The value fed to the register Write data input
comes from the ALU comes from the data memory
Memto- | Reg | Mem | Mem

er- | Instruction | RegDst | ALUSrc| Reg |Write| Read |Write| Branch | ALUOp1 | ALUpPO
ling [R-format 1 0 0 1 0 0 0 1 0
trol |1w 0 1 1 1 1 0 0 0 0
i Sw X 1 X 0 0 1 0 0 0

beq X 0 X 0 0 0 1 0 1
X i f Q\.‘-u—\\ : ‘2l

e i, dacy u)
1 Pipeline Control =
s Initial design — motivated by single-cycle datapath contro/— use
the same control sngnafu‘) pe vasm ol ) M Ty o
a Observe: CECT (B =0 e panee st

Will be
= No separate write signal for the PC as it is written every cycle | modified

s No separate write signals for the pipeline registers as they are zlt':fﬁ,':
written every cycle unit!!
a No separate read signal for instruction memory as it is read every

clock cycle
No separate read signal for register file as it is read every clock cycle
Need to set control signals during each pipeline stage

Since control signals are associated with components active
during a single pipeline stage, can group control lines into five
groups according to pipeline stage
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Pipelined Datapath with
| Control e

\' IFAD IDEX EXIMEM MEMMWB
et ' '\L d
Add
4 —] /‘ AS
@ bn2
v Rt-?d MemWnto
| Address 3 rogister 1 dna;: |
ata
Read
1 ter 2 MemtoReg
Ihsiniction I g = Muﬂeqishr‘ Read x \,‘
memory writa datn 2 [ Address Reod |
register dala
o Data
-4 :”a"': memory
Wrile
data
Instruction T
(15-0) ‘f sign k3 ‘6 AU T
T |extend % | control !Momf(eau j
Same control Ihsruckes
- 0
signals as the , w | [avon
Instruction u
H I ok I (15-11] x [——
single-cycle ; ||
datapath [Fowte S
—

Pipeline Control Signals

a There arelfive stage in the pipeline
s /nstruction f etc)‘»?' / PC increment Nothing to control as instruction memory
a instruction decode | register fetch | e e are dweys enabled
s execution | address calculation
P V& m  MEMory access %
a write back | J

[wi )

Execution/Address Calculation| Memory access stage | stage control
stage control lines control lines lines
Reg | ALU | ALU | ALU Mem | Mem | Reg |Mem to
Instruction Dst Op1 Op0 Src_|Branch| Read | Write | write | Reg
R-format __Yx¥)1 1 0o 0 0 o | )| o 3 X
1w 0 0 A Y o | (1J] o 1 1 M
sw X 0 0 (w1 0 o | (M| o X § &
beg X 0 1 Javo (1 0 0 0 X Y2rl
AL T ok @
ee= ., R )
S U -
ot
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Pipeline Control
Implementation

w Fass control signals along just like the data— extend each pipeline

register to hold neede ' ing stage
g :_z&g‘fc?[}ro' bits f(J)L1 ig)cceed g stages

> :
W8 %*5_‘_;:\0:“9'1"
Instruction - E“‘E———l 6‘14—54— 7
= -\ e = e
Exgelb’;f b= T
T we e
/I'v ;y;f::\u-
il
E(yh/t,, EX‘ _&-ﬂ Men . WE
/ L_ Ex VaeusS\U

- = fwo Koo —
IFND %—_‘Q\GB\}) IDEX jwiy T :_:_;EXJMEM MEM/WB

: g’(T 'ﬁ“{'—';d l’i\%w ki S @uﬁf—hh)

a Note: §I he 6-bit funct ﬁeﬁ_’of the instruction required in the EX
stage to generate control can be retrieved as the 6 least
significant bits of the immediate field which is sign-extended and
passed from the IF/ID register to the ID/EX register

: Pipelined Datapath with &= )

- Control II

. WV =2 \; ®©
- “\.’/j‘.’;«'e ' ,1\ TR -
R T
el 1 ﬂj@ })
- > Elv—w:J _'&\Q__ !
b vji Th / - IJ:VJ‘.J\
IFAD = s ] ?J\f/.f)é, 5
3 9 W, v T
Add q!‘w] e -J‘;\\t_'q:;"
4 N A % J | e\ ‘;‘1"} Ypude
i Q—E — [\ vl 3‘14 in
d")———* e Y ‘g ‘t\ ‘ H
€ etr 1 Read i T Ex. ) L® [ -> BH| g o,
e A - a2
PC Address dam1 [ 3[ JN — Q_{é_}/ = .1 e
Instruction '.'Tlgsunzegtsla:s P AU Ayl ! VI
m ~ S o s 1 0 resul Lo ) 9
- "f@ = ) = AT 1 oua s 1‘ [ ‘5
Wnte X memory. ! =) :
= | | il
g\:"?;o ‘]I g .‘_].
s 0 o |2 . [
s n omRead
Control signals e g ey
emanate from B <& y &7, Q
>? Qs 25\
the control inivcton ] 7 sty
Z f th (15-111 il | | W"" o8l _DeaP
p?l’tl?ﬂS 0 : e || TORR o \ Wirie
pipeline registers 5 T 1y rz
5 G,
.H“ (";’Q » r-""()\(*"’:
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Pipelined
»| Execution

- Control

Instruction

Nay o= sequence:

—0)
g/@ iy
D o

Clock cycle 1

IF: lw $10, m(su,\;ﬂm bofora<!> lu baforo<2> Iuem:mrw:b WB: boloro <4 >
'Ll I\Ll lnllu A iwe
!
. 1
- | ' —

t 1 =1

N :

(™1

;;;;;;

Clock 1

IF:sub $11,§2, 83

=T1w s10, 20(51) |EP '
(L) s sub $11, $2, $3
Lo ):;-; and $12, $4, $7
o 2 or $13, $6, §7 4
= add $14, $8, $9 Al B |
Label “before<i>" means g
i th instruction before 2
1w S e
Clock cycle 2 | ||| |
cycle L[ e L i
k\ﬁ‘f‘ T T T
P - I a d IF: and $12, $4, §5 10: sub $11, 2, §3 EX:Iw$10,... MEM: before<1> iWB before<z>
L[ e |k
IPEline 3| (o] | T
—E 1 '\/"’z: - ]r I
pExecution | Byv——E5100 )
] Al Il | |2 i
¥ Bl s 17
_ Clock cycle 3 | ||ll="7" :PL |
= Instruction - iy | W I j
sequence: Rosemp_ |ooees jmem  fER e
TP E L
1w  $10, 20($1) I; .2 TOL tl" , J,]
sub $11, $2, §3 Z=4VE et
and §12, $4, §7 , | i i
or $13, $6, $7 Y | H M= |
add $14, $8, $9 o 5 = ‘i—t‘/ . | ||
L —f T |
Clock cycle 4 i H = ]
Clock 4 T T e T T

T
T |
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IF: add $14, 38, 30 |ln:o.s|:,su.s1 EX:ond 312,. .. MEM: sub 311,40 WO $10, ...

Plpelmed 7 l =

Control ..

\}/‘L Clock cycle 5
, Instruction )

sequence:  “ioe*” e’

/6) l'lll N ;:‘l" = 7 o |
20 (1) & @_ . lgeE——l i |
o EE m J-- - oo é \

O
|

H =
= -

1w
sub $11) $2, $3 il
and $12) $4, $7 <l
or 13) $6, $7 ! o j [
ad $14, s8, $9 = il
Labél “after<i>” means — e = =
i th instruction after add ] | ®__ ._
Clock cycle 6 | ||[Ton | [THE==L] |-
o Clock 6 o= = T_Lé" & L

Pipelined
Execution
nd __
Control v <2

Clock cycle 7 A
Clock 7f T 3 |
. =
. InStrUCtlon IF: after<3> ’ ID after<2> EX: afer<1> MEM gdd $14,. WB: or$13,...

e

E J f = 1;-":

sequence:

1w $10, 20($1)
sub $11, $2, §3
and $12, $4, $7
or $13, $6, $7
add $14, $8, $9

Clock cycle 8

Clock 8
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ipelined Execution and Control

s Instruction
sequence:

IF: afler<d> |ID: afler<3> EX: alter<2> MEM: after<1>

L) [+

L >3 27 verwn
Co T
‘. } ‘ 1 - i .,_,__A_{. ‘

'we: add $14,

lw $10, 20($1) <
sub $11, $2, $3 W
and $12, $4, $7 WM
or $13, $6, $7 u\
add $14, $8, $9 V'

“y) $
Qepd™ st O

\}‘\ WC} \);)"'J

—

Meriite

-\ e
\/.;»‘7 Clock cycle 9
Ay Clock 9 T

= =)
Exer Nwdozy #8077

Revisiting Hazards

a So far our datapath and control have ignored hazards

a  We shall revisit data hazards and control hazards and
enhance our datapath and control to handle them in
hardware...
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RPN Y
2 H‘lb

TN w

/)\ B rpd\.q oA 8255 b Dodm D) X

Kfu%.,.u_\_,w Wl ) A\ acf’ BRRRTES
\QA),,W/“JW! e A VAV

Data Hazards and Forwardlng

= Problem with starting an instruction before previous are finished:
= data dependencies that go backward in time — called data hazards

Timo (in clock cycles) - 5,—9‘&\#3) &
$2 =@b<19£ _sub; Valueof CC1 cc2 cc3 cca CC5 ' CC6 cc? (olo}:] cco
$2 = -20 after sub  |——— rogisters2: [10 @ @ @ 10 % 20 20 5
Program il
Pesio— DN Ty 2~ ) execution 10 (v PRI
29 . order “ P ~ T 7’?
Hu Q, ® (in instructions) é? \ 360 4 % ("‘{: -;\':‘“ v,g'
o’
sub 2, §1, 53 ) \ Q.7 3
\l.-\‘c ’___“ ) \33\;} e/"‘)‘ b
Py o 2,
Y

,:nd $12, $5 , | and$12,52,85 ' l ! 'F.“ (// - q.«\
or $13, $e6, @‘ b aes &: | e I = g/
2

2dd $14, @,\f $2@, Deces #1es wopos

13'55'52 N3 -
Lsw  $15, 1006 Wle ot L2 5 Req
P"}"“"“,’ Qr e TP e posp. "‘l‘:f’,»)»'
R é_ff.,, i) 2= awdsi, 250 <o = o8 o]
Y gy — Pecs e L I r
A?' S L, swp I \————-—}
‘:’...rQJ 3B r‘WD-.‘ f sw $15, 100(52) -’ I m I @
T A ile uwm_) e j LA
C «.)1 \'l) T e —_——
G S o -
\‘) (VJ\.\’ Kg A OCG-& \,../.. La R F___-_._
W.rn-\ L& b)\_,.)u-'»‘ LWy
P S .,:HuJ-' b > ﬁbJ 34 ‘ » rawd 65“\°
\“'&‘ V_J-“_) L»’ wsy ooband o' T S

'L.r’ C»‘(‘J‘o H t;:"-:'“)’\‘-""'."

Software Solut|on | e e

JU‘ e G A

'Ier-guarantee—neverany d/ta hazards! “’v)*::‘ =y

w by rearranging instructions to insert independent instructions
between instructions that would otherwise have a data hazarg &&=

J__?w

Q""d l”qblc.]

between them, e oo O

. . . . Facl —&/ e

= or, if such rearrangement is not possible, /insert nops -:.I;_:y,l-,-) ﬁm}) o

SP—P‘_ $2! ll , sub $21 Sll $3 ::';\.b;)

lw  $10, 40($3 Xé" nog; 0/{0; )%l"?— P

R N I R //f" nopl) 2 O

o and $12, $2, $5 or' an $12, $2, $5 P"?]' 0L

25 oor  $13, $6, $2 or  $13, $6, $2 ygfee 2

v add  $14, $2, $2 add  $14, $2, $2 T
\ﬁ‘ Da 2 - J;UP

b, sw $15, 100($2) SwW $15, 100(82) wu™
7 o

= Al

s Such compiler solutions may not always be possible, and nops kye=s
slow the machine down =g

MIPS: nop = "no operation” = 00.. 0(32brrs)— s11 $0, $0, 0
P ]

)

w2 gf“f‘)f:Lb
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Hardware Solution:
Forwarding

» Idea: use intermediate data, do not wait for result to be
finally written to the destination register. Two steps:

. Detectdata hazard (v &'f41%)
. Forwardintermediate data to resolve hazard

).ﬁ)u— paropr I S, )2

Pipelined Datapath with

=L

e degs
g, GU an;"

=} Control II (as\before) ==\
| = \RA
— - L
PCSIt
= |
[\ : LBUMEM
Contrd M W8l MEMWE
— L e
IFAD EX M WB
En“; ) Bronch
ALUSrc :D_ t::é
ot { Rw €
== :::w ui‘;‘f j l\ =
19 I "’g""kfw,, nisld AU Zero |—
w[:w data2 [ T E‘ re::L}i' Address e T:?: L
Wale : memory
dala 1 -
m::
nstuction (g 2 6 I
Control signals e e, p—
emanate from ipancion A Y
the control "
H {?ﬁ‘ﬁrﬂ x J
portions of the | | | ) ]
1 H H st
pipeline registers
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k Ry A ng\.w.-u
\\A\\'/dg" v UJI“ ooy R‘B\"SD E% -’")\Vo.wru o
gwév,pﬁ‘m Yo s r“"“““” )
| -uv-u«»q
v otties ’_)\Qa——@-u@::m )
| 5—%‘%:,3: x e
o/
& Hazsfd Detection ==
_ Zinsy (¥ Seevcoar L, ‘va‘:w 4 = @
Blazard |conditions: & i (u m,ﬂ),IIHP SN 1P RP g
1a\ EX/MEM.RegisterRd é [EX eg|ster ! Lwe,. S Ie T, FD vﬁi m e
1b. EX/MEM.RegisterRd = ID/EX. ReglsterRt'— B 2 A c'»\_}f’a.s
2a. MEM/WB.RegisterRd ='ID/EX.RegisterRs) . Cg:“_.,-.

m)@-‘m JD”\- )‘J/\.J,,I_ iy

07\"

2b. MW(’ = IDTEX_RMRt t‘:Mu\"""“P'F’ Ve 1o v (10 ))H‘\‘L« gl S _l,.q,_Lb
= Eg., in the earlier example, fi rst hazatd between sub s2, $1, $3 and

and $12, $2,
sub IS in MEM stage because

s EX/MEM.RegisterRd = ID/EX.RegisterRs‘?iZﬁ

(la)

$5 is detected when the and is in EX stage and the

Sﬂ’f-o.‘u‘ Cuw S
oy o TR

oy 1D

Q:Yd

R - (@l - ettt s

= Whether to forward also depends on:

RSN wr ql\\,\"\)\" /\»U‘-"\‘.J
VY‘J"’&’SJ 4

a /f the later instruction is going to write a reg/ste/& ?/not no need to
forward, even if there is register number match as in conditions above

a Iif the destination register of the later instruction is $0—

in which case

there is no need to forward value ($0.is always 0 and never overwritten)

@_@_)\,w «ﬂ,lA\q Moo Pip oo
9 T Sky i

o._).,__(,-w——[)‘qf QK'V‘P) J—P/’LN

,ql-« . p"‘"ﬁ

=" Data Forwarding

4 - o a//ow inputs to the ALU not just from ID/EX, but also later

pipéeline registers, and

w use multiplexors and control szgna/s to choose appropriate

inputs to ALU
Time (in clock cycles)
cc1  cc2 cca  cC4 ccs cce ccr ccs cco
Value of register $2: 10 10 10 10 10/-20 -20 -20 -20 —20
Value of EXYMEM : X X X X X X X
Value of MEMWB : X X X . X X X X
Wl Nl {.‘J_,\A\_)’
LYa =S ] ‘ﬁ;:gcz;:n order E
Ya=rkr & (in instructions) B
P‘L sub§2, 81,53 m I 'HID’ ‘
R oD $1 s 3 = 2
a I
nd $12, $2 g k| ands12,$2s5
or 513 36, G L
add $14, $2 $2 ) JA-@
: W |
sw  $15, 100 ($2) or $13,$6,52 k/ II"

add $14, §2, $2

sw $15, 100(52)

Dependencies between pipelines move forward in time
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Forwarding
Hakdware - F

111
I

Dala ) I
memory
oD .
Ex) swi\is\ e (§n)
ade $5L(-§s“$“5 L L [
gAY o &k (= a.NoovarDatapath before adding forwarding hardware
\ o~ - )
anppr L SRR STY ne:  Ghoph o weur

§ B

Data -

memory

@Eﬁ’) .ﬁ/’l) o 2
//‘/F/X{W P = Registers
ot 1L

e 2B L0
e

LS S BAI IR

ah %
el ) W o JE
—. L J ;__ ol el
ah » “_,\,J\ " %r, EM.RegisterR C_r" L, ‘J_,,-
= EMWBRegisteRd N5 |1
\ .)V ) === ]

y 3 é v (y_’__ ) :,:'l»
)6) > ‘—4_\‘"nﬁn.,‘a5"‘”' [T .‘.9

G »winowenDatapath after adding forwarding hardware

TR —— e & , e I —

Forwarding Hardware:
Multiplexor Control

~ Mux control ‘Source:  Explanation
¢~ 2“ForwardA =00 ID/EX “Z-The first ALU operand comes from the register file
ForwardA = 10. ( EX/MEM | The first ALU operand is forwarded from prior ALU result
ForwardA = 01  |MEM/WB, The first ALU operand is forwarded from data memory
| or an earlier ALU result ——
ForwardB = 00  ID/EX The second ALU operand comes from the register file
ForwardB = 10 EX/MEM  The second ALU operand is forwarded from prior ALU pesult
ForwardB = 01  MEM/WB The second ALU operand is forwarded from data memory
or an earlier ALU result

Depending on the selection in the rightmost multiplexor
(see datapath with control diagram)
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Data Hazard: Detection and
k Forwarding

s Forwarding unit determines multiplexor control according to the

[ les: o
following ru o Te )\ )
ot ks T
f EX hazard S¥al, WL Sydemd R | i
if ( EYMEMRaWitd=\ & — " .. , //ifthereisawrite..

]and i( EX/MEM.RegisterRd = 0 ) @ S oarh ) // to a non-$0 register...
J'and X EX/MEM.Registeng\zi_ID/EX.RegisterRS )) // which matches, then...

ForwardA = 10. ®
if ( EX/MEM.RegWrite // if there is a write...
and ( EX/MEM.RegisterRd = 0 ) // to a non-$0 register...

and ( EX/MEM.RegisterRd = ID/EX.RegisterRt}) ) // which matches, then...
ForwardB = 10

) - Cy 9 ea3Pe?

Fo\—\_,m(b‘ A . Y‘\%&

\Q Ls \ 26 and fLs == ﬂ_,_a_-\__ ad B mEm Ly ::\) Co= \ &Q‘,)
sy =0 and Rs 2= B3 and  WB Ry =T 1) e T (1)

. ehe Erzo (o) s T o

" Data Hazard: Detection and
- Forwarding

F
r'"'m jS;P#
. _WMEM hazard Lo | Ty
i MEM/WB.RegWrite v ~ X [/ if there is a write...
and ( MEM/WB.RegisterR@?) /[ to a non-$0 register...
and ( EX/MEM.RegisterRd[#|ID/EX.RegisterRs ) | // and not already a register match
L= \TIN G S /| with earlier pipeline register...

and ( MEM/WB.RegisterRd(=)ID/EX.RegisterRs ) ) // but match with later pipeline
, register, then...
ForwardA = 01-
if MEM/WB.RegWrite // if there is a write...
and ( MEM/WB.RegisterRd = 0 ) // to a non-$0 register...
@gd ( EX/MEM.RegisterRd # ID/E)_(.RegisterRt‘_-)] // and not already a register match
// with earlier pipeline register...
and ( MEM/WB.RegisterRd = ID/EX.RegisterRt ) ) // but match with later pipeline
register, then...

ForwardB = 01 -

This check is necessary, e.g., for sequences such as add $1, S1, $2; add 81, $1, 83; add $1, §1, $4;
(array summing?), where an earlier pipeline (EX/MEM) register has more recent data
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aflor<1> 0dd $9, $4, 2 o]:m. $.52 and 34.... it
[ e L, aw?
W e ”
1 g LIz Lr:
rwarding | 0 c| il e
G s P O =M T
= Execution i vees T TR o
example Clock 5 '
(Cont.): afer<2> alter<1> add $9, 84, §2 or$e, ... and $4, ...
.E?" oy
g SUb $21 sll $ “\-Ja.bv\\)b\- "—'—__———I —“-m
v and $4, $2, > e | {u — - I.:_L:,:
\ or $4, $4, }M oo o HZ LL [

l:»\w» patole [

\ add $9, $4,

%\1 6. \“\c_g tnen | | _g. ot

Cyy,  Ppubble

=\

ey

Aifh > ekl ooy LGt X

( Okt ot W\ Clock cycle 6 I

Chamy Clock 6

SEN—— Dbl | kf‘z% T A
bbbl () (8

Data Hazards and Stalls Qj@—e.ﬁ;;,z;)

" c.v
Load word can still cause a hazard: o e AR s

. A s
- A-tries-to-read-a-register-following a load instruction that L X
\\m wrlges}_\'gi" he same Lglster = ed eqce 202 <
“""‘"‘ (. { )J’V’ . o .l ,EK_ ‘).."_) W\M \N\'\)M \lu.)\J.?_)’L/ eu) -2\ N‘
W @ 20(51 F 1
Snd $4 $2 $5 Z;:grn cci cc2 cc3 cCc4 ce7 ccs Cco

order
or s 8 ’ 2 ’ $ 6 (in Instructions)

add $9, $4, $2 Iw 52, 20($1) m

| and$4,52,85 =
‘ C_j"“ \vvfu-'

As even a pipeline | fw ¥~
dependency goes 1’::;“‘,.& I [ I {rog

backward in time S
forwarding will not | **% 5“31u¢ e [MH
solv hazard s U/ S
e = ARVIEVIRNS A‘gﬁu\’\‘o
3 Lei{?fo;:_:ﬁm "“\’P‘; : loia’”j"\ sy V05 € [N '@'l" |Eﬂl [
qypma.v ; \\,\.l\&n’r I o= .
Groni e

I
|
'l Pt “,( )u therefore, we need a hazard detection unitto stallthe pipeline after
e Frag i the load instruction
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—

Pipelined Datapath with
Control II (as before)

() 10TX
M =]
N Wt EXMEM
x
cu ™ | o
Contred M L Wi l:gm
| — umm =
-—N 1EAD Ly Mt o
$ _-V o= ASd sl
< Branch
2 shin
'y laf 2 2
ol ALUSC =
Read § g
PC=d—e{ Address ! register 1 Reod I\ 2 G
Read daw [ | > §
E N - N O I I N ;.
fmameny Write dav 2 [ 0 result Address %‘a?: | !
register :l Daw ;I.‘(
__|wite x momory x
data 1 0
Wnile
data
, : RER sin | o | aw MemReod
Control signals ] eatons ~lconro
emanate from isrucion
0 ALUOp
the control M
= Instryction X
portions of the ety | | J]
- - - RegDet
pipeline registers

G 34 G A1 S\s 2,

63

ll-(l'.

0;_.L
ST e (= \l'-ftsJ Gt drj
Parea W el

Hazard Detectlon Logic to Stall

Eé%w Dcum)),..; J¢ LD&—M WAWWEES \‘L{

w2\ S
PR Hazard detection unit implements the followmg check if to stall
(62 (ned N g
K \ bv »"\q_,\
if ( ID/EX MemRea \qu»*‘ St the mstructron in the EX stage is a load...
3 ( ID/EX. Reglste @ IF/ID Regaste // and the destination register
_or (ID/EX. ReglsterRt = IF/ID RegisterRt)) ) ) // matches either source register
\ >V /P v p:»f__}j_‘ = ""’*"”ﬁ 1/ of the instruction in the ID stage, then...
stalll the pipeline S S
Cowdiiow A e W e
Srat )i 4
==

(ot sy T Ve BB BL5 YL‘-J)
K——‘f t = ‘:D

CamScanner = Ligo d>guaall


https://v3.camscanner.com/user/download

Mechanics of Stalling e«

Cjt_\.‘__

H

a If the check to stall veriﬁe-s, then the p/pg;ine needs to stall
only 1 clock cycle after the load as after that the forwarding
unit can resolve the dependency

el

= What the hardware does to stall the pipelipg 1.cyglet pinr o,

a does not let the- reQ'/ster changg (Gisablewrite') — this will S

cause the instruction in the ID stage to repeat i.e., stall NS
h?m':g
.J,_J“

a therefore, the instruction, just behind, in the IF stage must be
stalled as well — so hardware does not let the PC change (disab/)’“
write!) — this will cause the instruction in the IF stage to repeat,

i.e., stall Feh.k)\ d s

a changes all the EX, MEM and W8 control fields in the ID/EX i’)" o7 1
pipeline register to 0, so effectively the instruction just behind Qin_j

the load becomes a nop — a bubbleis said to have been inserted
into the pipeline \estd D42 Chuge 2)a50P

L—“ﬁ_:r—'

= note that we cannot turn that instruction into an nop by 0Oing all the —=
bits in the instruction itself — recall nop = 00...0 (32 bits) — because Chex sAC
it has already been decoded and control signals generated Q _)Su Sad =2

( q_,\,_/,\vu\ AN ‘r"‘)FC—"""))-’f"“\’* kJ ‘-a_JL,__Ei_ S &) tS/P\e.n)_,.lo )
bub\a"-,)‘wé»-' nla_éﬂ s

azard Detectlon Umt S &

N = ARy & Sre— —
) l : ]mlExS SEENAL D
s N )‘,,» : FID ePxlue 4 2pe
. ‘lEXmEM

=2

L |
5

bl % \i
Tz Lu=| I
:

_

\ o

£
Jo,
)V}-Ju 5 M L4\\-!!3
e M 2 ] ]
(: ’\’0\\ M
o
E = :
H Registers B
Instruction || A t >A,_U Data | |
memory memory M
u
M
| u x
| s
w“\- ) ,@.
IF/ID RegisterRs 55,04, S 7
—= = B aveis INNGo 11!
IF/ID.RegisterRt ] Teo 0¥y ® A =4
IF/ID.RegisterRt 0! ﬂ R AN 3 | exMEmRegiterrd| [
IF/ID.ReglsterRd Rd 2 L I op\
X / L) "] L_
\ ID/EX.RegislerRt :;s an“nirldnn MEM/WB RegisterRd
— Jo— -

Datapath with forwarding hardware, the hazard detection unit and
controls wires — cert_am details, e.g., branching hardware are omitted
to simplify the drawing
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Stalling Resolves a Hazard

= Same instruction sequence as before for which forwarding by
itself could not resolve the hazard:

Program Time (in clock cycles)

execution CcC1 CC2 cc3 cC4 CCh CcC6 ccr ccs cc9 cc 10
a “3 &~ onder
o~ (in instructions)

il
] )‘) !

b‘f)'\ 1w @ 204$1) W$2, 20(81)
and $4,($2,) $5
or $8, $2, $6
add $9, $4, $2 and $¢,§2, 85
S1t $1, $6, $7

% or §8,82, 6

n i T Lt
‘ {9‘/ add $9, 84,52 e m I'llb’ I m l @

. »
Srhr a0 o) e bt LB 8y
> A

w25 e s
sit$1, $6, 87 —_ o s [ Reg
[ gwe DY S0 OFPH o

Hazard detection unit inserts a 1-cycle bubble in the pipeline, after
which all pipeline register dependencies go forward so then the
forwarding unit can handle them and there are no more hazards

and $4, §2, 85 Iw $2, 2’2(5_1)_\ before<2> before<3>
A -
: UL ST
Stalling| _ il 11—
& $ : | f
[ 5 'El i ""’" 1 | ‘ Data
o~ mamen [ [ | s ‘f mamory [ 1
? u
m EXxecution i
example: CA*A é "A IDEL Regsiarfit "’__Ji -Hj
Clocléxgycle 2 ot
1w $2, 20($1) or $4, 4, 52

2na %452, Iw 52, 20(51) befora<1> belorniss
and $4I $21 $5 [ *",‘i'- h
or $4, $4, 92

| P
add $9, $4, $2 oY | O

=), Lt
—

| t M
4 ! 4] x
wmanen | {5 R . sl
memory " ™ ' | menory ]
: } l
:
1 . . I
l.- |

- ' |
| v N |
| =]

|
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or$4, 84,82 |ond $4, 82,86 beloro<i>

? =~
Y

r.A o
= Stalling &l
™ : é 5
=l B a1
i
« EXxecution |
example T )
Clock cycle 4
(cont.): Chckd
add$9,$4,52 | orS4. 54,52 and $4, §2, 5 bubblo 2,00
1w $2, 20($1) K --A
and $4, $2’ $5 E Cowel ]
or $4, $4, $2 T,n B ]
add $9, $4, $2 i L| X s-_ |
§ B
woner | |81 2 [l 2 H U_
nm-u«ax‘7 i
Clock cycle SI
Clock 5
after<1> add $9, $4, 52 ' or 4, 84, 52 st ﬂ.@
-
cona—{ Lv" = et
g ] B ] [
il

s Execution ﬂ ]‘
| T
example Clock cycle 6
(cont.): Cook
after<2> and $4, ...
lw $2, 20($1) l D =
and $4, $2, $5 !
or $4 7 $ 4, $2 i ]"E:_‘:ﬂ,‘
add $9, $4, $2 ™

z 194

i

& \\ywb\e-) '::?.‘:"

e |
memary I
u
*
—

‘lJ e I lL.r’\‘:'-—] "]

p

Clock cycle 7

Clock 7
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A

19““4"‘ |5 //f’u \n} NI _JPL./ B}r)«";\n J )’(,lv\r* I u_-—':.,\_,)\

—ih. t
=f Control (or Branch) Hazards
C oy \ d— (gam P isivio-

a Problem with branches in the pipeline we have so far is that the
branch decision is not made till the MEM stage — so what
instructions, if at al|, should we insert into the pipeline following
the branch /hstrudions?

s Possible solution: sta//the pipeline till branch decision is known
= ot efficient, slow the pipeline significantly!

= Another solution: predict the branch outcome
s €.g., always predict branch-not-taken — continue with next
sequential instructions
= if the prediction is wrong have to flush the pipeline behind the
branch — discard instructions already fetched or decoded — and
continue execution at the branch target

s Rather than waiting for true-dependence on PC to resolve, just

guess/nextPC = PC+4|to keep fetchlng every cycle
sk ,"4/1-—

a [s this a good guess?"
s What do you lose if you guessed incorrectly?

eimat S ftd:'},u E_}-__ttk; j{x Lot lol
Q0 I e 2l Web bale = =90 wig, K“‘E')
m\ ~20% ®f the instruction mix is control flow \BY

Mers N g o
)uf “forward” control flo rol flow (i.e., |f_-_hJelr_e|§g) is taken ate
7"{3{)\ Jm@dm control flow (i.e., loop back) is faken | fust vk o#-
o K—/bverall typically ~70% taken and ~30% not taken ( _:_wi }
[Lee and Smith, 1984]

s Expect “nextPC = PC+4” ~86% of the time, but what about the
remaining 14%?

91
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- More Sophisticated Direction
v Prediction

s Compile time (static)
= Always not taken
a Always taken
BTFN (Backward taken) forward Eot taken)
Profile based (likely direction) —
Program analysis based (likely direction)

« Run time (dynamlc) .= —i"—' TIED i)
a Last tlme‘»redlctlon ot YoV pTpT
= Two-bit counter based predlctlon

s Two-level prediction (global vs. local)

u Hybrld ”

Predicting Branch-not-taken:
Misprediction delay,

)
_ Program Time (in clock cycles) /¢~‘(qltb > ‘;)

—P

:::::'ﬁm cc1 cc2 CC3 CC5 cc6 cC7 cc8  cco9

—
(ininstructions) o NP 2L AN ol il SRS

-l

e’fl{br“\y), di" ot s ;:V-n)
;J i, @eq $1,$3,7 I @II.’ '.. },‘y_.. (S os u)*.;_é ._{33
) ’;“_‘il’ — : i Qd()’% o
PP e | [H | D s
@ck” \'/‘ - I‘v\i‘:’J N
N ‘ lo
oy @ we i Eyltar) e
oy 1 T e s e
i J/,},’L @%{c}' 5252 | @-[E,:D,J § G £\l
) — .

k—’—__‘-
N o u‘-iLJ\

2 I
& 721 $4, 50($7) OReg R4
By o D [ = Sl

The outcome of branch taken (prediction wrong) is decided only when &)y .
beq is in the MEM stage, so the following three sequential instructions

already in the pipeline have to be flushed and execution resumes at 1w 7 =~
his i
r@/qw,l,\ );l{b" 'J \3-—3@\5 b)

Bty
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&

Jx%

Optimizing the Pipeline to
Reduce Branch Delay |

a calculating thd branch target address jnvolves moving the branch ““C’?-,

adder from the MEM stage to the ID stage — inputs to this adder, ™~ £=
the PC value and the immediate fields are already available in ‘Fgg2 s,
the IF/ID pipeline register::;"( 5 ) ¢ Aol eu \RT) DR

sy v B Galeulating the brgagﬁ)c)fecfsfbn is efficiently done, e.g., for

SSoe equality test, by D(bRing"“fesﬁective Q@ and then ORing'all the

s ¥ results and inverting, rather than using the ALU to subtract and

;5'3 >~ then test for zero (when there is a carry delay)

k Gk = with the more efficient equality test we can put it in the ID stage

—

an Move theWhom the MEM stage (as in our )
current pipe TﬁE)?Wertg the D stage g—_k“ -‘ﬁ",ﬁ‘;‘% ’-r-"’-l; N:,SL,

without significantly lengthening this stage — remember an objective

w
S of pipeline design is to keep pipeline stages balanced

ey 9/%; w we must correspondingly make additions to the forwarding and
_{@f o hazard detection units to forward to or stall the branch at the ID

‘\;,,)_ stage in case the branch decision depends on an earlier result

K -l 3 IR ¥
vy . Jea 5RO R
NP3 '

VS R O T e
bul & :,bh}-l

CJSZ'fL) )

= Change the semantics of a branch instruction

= Branch after N instructions (Breon Oey ster)
= Branch after N cycles =% cigpwsome =

SRS
T ¥ L) Qe

a Idea: Delay the execlition of a branch. N instructions
(delay slots) that come after the branch are always
executed regardless of branch direction.

a Problem: How do you find instructions to fill the delay slots?
= Branch must be independent of delay slot instructions
s Unconditional branch: Easier to find instructions to fill the delay slot

= Conditional branch: Condition computation should not depend
on instructions in delay slots = difficult to fill the delay slot
CamScanner = Wigs d>gwaall
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Delayed Branching (II)

Normal code: Timeline: Delayed branch code: Timeline:
Jwsk
A if |ex A if |ex
B|. c
c A Foten 226 BC X A
b JBOX] o CBEA & F C A
D C-j‘-“m B Ex D Bf‘W‘*(E ) C
E v @BC C & E (,,4,,3\*/25@ IBC)
F =) BC F| ~2c B
. P = il
I o G| v
AT T L e N Lo
" 6 cycles P 5 cycles
_ —_— 96 kbubmt) Np»

o ——

Fancy Delayed Branching (III)

elayed branch with squashing(In SPARC)

= If the branch falls through (not taken), the delay slot instruction is

not executed
= Why could this help?

Normal code: Delayed branch code: Delayed branch w/ squashing:
X:[A A
1
B X |B
C C
b a5) BC X
()6'\(, NOP \l(),\\o\‘ A\ = ﬂ\);_a.-./ . "‘(L\
N \ R
o )\)‘) .){i‘p D ad{:\:} 2 D hk_ 3N
B AV " Sk T 2 gl WD o
Bl sppresy, E Bran 2!
- == .;,-’_l-,l"i:f"\ ) WG v S~ h‘:“v%
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AT

*Delayed Branching (IV)

m Advantages

+ Keeps the pipeline full with useful instructions in a simple way assuming
1. Number of delay slots [== humber of instructions to keep the pipeline

full before the branch resolves s
2. All delay slots can be filled W|tﬁ useful instructions

= Disadvantages.
-- Not easy to fill the delay slots (even with a 2-stage pipeline)

1. Number of delay slots increases with pipeline depth, superscalar execution width

waJh‘ A 1’46\’_9"_‘.,) cA ({

v o WV

V2

WwSEite.

9~

2. Number of delay slots should be variable with variable latency operations. Why?
-- Ties ISA semantics to hardware implementation
-- SPARC, MIPS, HP-PA: 1 delay slot
-- What lf plpellne |mplementat|on8changes with the next de5|gn7

- An Aside: F|II|n

e
(RAW, WAW, s>

if $s1 = 0 then

Delay slot

WAR) | ‘\S(“ .

2 .

(X BTAY
i) /"’
L ‘ Tagdesr2?
a rﬁm@ b.\ From target. c. From fall through
: | sub $td,
e N w:\ sub $t4, $t5, $t6 add $s1, $52, §53
e e $\8Y 3
== du‘) )'-—vdw tv’” Y] if$s2 =0 then if $s1 = 0 then

reoraering data add $s1, $s2, $53
independent LR |

sub $t4, $t5, $t6

Koy |5V edr B2y
lnstructlonsam ON== ke,
Becomes Becomes Becomes
does not change
program semantics add $s1, $s2, $s3
if %g% =0 then if $s1 = 0 then
add $s1, $s2, $s3
322 _pladd $51, 852, 853 |
W Sy £ if $s1 = 0 then
Z =1
within same a new anew
basic block Instruction instruction
{Based on original flgure from P&H COKD, COPYRIGHT added t(() (EOt_ added to
2004 Fleovior A1l RIGHTS RESFRVFN | talkan nat 27 el

glthe Delay Slot

b2\ =

e ools

Suls e

! QSJS/‘.;,_‘_,,,:J

KJ‘_»n-L]

Safe?

ala!
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. Reducing Branch Delay

s Move hardware to determine outcome to ID

Sta e \,/f‘? / "'a‘— :
g bl &0(}‘( Dj;j\;/
B2 { Target address adder — £ o o
o‘@’ O = VoAl
e SRt compartor ¢+ O L g
74 G Oe<c e h—‘vr}’\"“\h
/ = Example: branch taken <°s=:- i T

Jeca L
36 sub $lo $4 $8 o N oL 5 o™
403 beq $1, $3, 7. |TargetAddress = ;. o oty
44+ and $12 $2 $5 N \ PC + Offeset = 44+ 7*4=(72 ‘
48: or  $13, $2, 56\ Bmwj\g;\%po
56: slt $15, $6, $7

/|
;‘/',"
/
<o
4 )
g

Chapter4 — The
Processor— 100

72: 1W. $4,A50($?)

) -

b
S A
\S— ) 8 Hwe ) (R ) B,

S Data Hazards for Branches \=-+-»

r\-LfA _)\ J-uﬂ Ff...z}-

= If a comparison register is a destination“gr 151 el
‘nr> O P

2nd gr 3rd precedmg ALU instructionm= e e >

e 2 SPR L Fod w gl QA W,

add $1, $2, $3 |F 'D E o | Lmetf el e ;‘ib}bxawa Lin ke
| ; : = RlE)
add $4, $5, $6 IF IID I EX i enl [ wak2=* e ot

. I' ‘(e—hn —-)\j--._)-)
‘f) & ,{r-v-f IF ID I %( MEﬂ wB| =da~ sy G
N RNy \; ]

bEQ@ $4 target Ys :.»—f.)}ov“ e IF I ID\ I EX I

E(—*—“r#g’.*”-h'
MEM | wa L

— &5 USEN S be I == il '
= Can resolve using forwarding Db,
A '“"g’ (i‘&:;“—_\
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Data Hazards for Branches

~a If a comparison register is a destination of
preceding ALU instruction or 2" preceding
load instruction

= Need 1 stall cycle
v s

T , addr IF I ID I EX (||| MEMAl wB

\@add $4, $5, $6 IF Ino IEX E
_(’_‘r_)\_P .
beq stalled e T IF I ID I j{:,) loﬁé’%"’—,‘,

@ ] ) F:
£l
34;» ;beqC @ target P‘:;":“’ \,’1, b';fj)l’@\‘i EX I MEMFWB
g ’- e '~ \-@e)ﬂ;
2 AW sk T ety - S

e A
& Yosre! o]
— )\,,.e,\.‘
S Flu ushing on Misprediction
= m Same strategy as for stalling on load-use data hazard...
o a7 e control values\(or the instruction itself) in

sl
J’/ Q/‘} pipeline registers for the instructions following the branch that
/ ». are already in the pipeline — effectively turning them into nops

9/"'l %3 so they are flushed
"’a in thd optimized plpeh;wmh branch decision made in the ID

Sl "~ stage, we have to flus only one instruction in the IF stage - the
A 5 branch delay penalty 7s then only one clock cycle

E}f s>

T )\ 1 P‘ob\'d"“')\ b
(4 | ‘ )P ’
o - Ve 12"33@ ﬂ})/\‘
e 2
12 o UJ\J\/
(gt“b \L)l’//
527
\’._“’ﬂ.

CamScanner = Ligo d>guaall


https://v3.camscanner.com/user/download

i

,'b_':‘ Pieve ~)
Y ns Web

optlmlzed Datapath for Branch

|rII|J|
als IEFlush control zeros out the instruction in the 1F/ID
S 51— pipeline register (which follows the branch)
7- ] < NV,
) B w — ‘EXIMEM
( 9’ w’* O
Cmm-.l, LM-
IFD o
* —
4 sh
lof 2
PC lnn“:rrc:ro; 1 — m(‘)ranq.;ry o %
//
e
L
b)‘(
0
A7 59| N\ —
7 \o«“,»rD o)
5" )ﬁ\ : b N i CJ Forwammg\_—i —_I
\\) J/ > S | unit )
7 N———~
\{"!‘Yw u? J

Branch decnsmn is moved from the MEM stage to the ID stage — simplified drawing
not showing enhancements to the forwarding and hazard detection units

= ___bdq__).a A M D) e

—

[

\ my \H\K
\P'lf/h‘&— et and $12, §2, 85
Pipelin d ==

beq $1,83,7 sub $10, $4,$8
- —_—
= V| =
A nE

before<1>

‘Branch = I
s Execution
example: ) b

_'——_—-—'-—' - -
Clock cycle 3 {

36 sub $10, $4, $

40 beq $1, |$3j, 7 —:ro L:‘I*uso(sn]

44 and $12 52, §5 ~R vl

48 or $13 $2, $6 -;.*““

52 add $14, $4, $2 %

56 slt $15, $6, S7

[12) 1w s4, 50(57)

Optimized pipeline with

only one bubble as a result

of the taken branch

beq $1,83,7

C-&-hu\ 2 4
Heend
he) }411‘-«)

".'.u

Pt 6

Clock cycle 4
Lbl’(mb\ At Qe gile oy I

sub $10,... beforo<i>
N~
‘_’; Lt
qp/
[ERVINN
LQT
s — —
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Impact of Stall on Performance

o Ea'ch stall cycle corresponds to 1 lost ALU cycle

m For a program with N msMs and S stall stall =
cycles, Av_eL_a_EQec"FPI—(N+S)/N il \lk

Jjgm “"*‘Jl—h- Vs P—/ljc\«-,-,\ v By
= S depénds on =\ep) T = ﬂgﬁ =
’ E( e -+
m frequency of RAW dependences K cps )

<=
= -

l—ré_

m exact distance between the dependent instructions
- a2y (e &S50 Lf"“'ﬁd
distance between dependences —

106

Simple Example: Comparing
Performance I

n  Compare performance for single-cycle, multicycle, and pipelined
datapaths using thdgcclinstruction mix
o -,\/o Q- assume 2.0s for memory access, 2 ns for ALU operation, 1 1ns
T ame?t for regiSter read or write e S
’ (= assume gcc instruction mlx('3°/o Ioa_{ 13% stores,] 19%
w% branches, 2% jumps, 43% ALU

e for@xecutlon assume € sarl lewd ose ) [LAGEIw AP
J(-L} St )_J:(_ 3 of the loads are followed immediately by an instruction that
st .+ 4= uses the result of the load (A w& Feed afk Cin \-\MML

: (uor.d
96 25% fbranchés'ia’re mis Qredlcted \\) &/ S “)“:h
J/ s D) a fA)

= branch delay on misprediction is 1 e & cycle
P, ./
y L \qtx25/7¢ )j; — = jumps always | lncur 1 clock cycle delay so their average time is 2
J —_—

)
A Clock cles ool
o AT T piaiGud s
[¥3 # % b \ ( r C
S N \Wc- p Chudk SH)Cls Yo -
K;U,}b) & ( sz cv- " 3
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Simple Example: Comparing
Performancell

o 5ing/e-cyc/e (p. 373):(average instruction time| 8 ns

ycle pefiod =2+ 1+2+2 + 1 =805 | wov- 10 o) L,\ii&ﬁ' e \;3 3h
J\,yw CPI=1, Exhe = Tsvrx Bu
,S No Hazards Q"f\""” 2 '\}L" =
XHQ\‘-«\
m Mu/t/cyc/e (p. 397): average instruction time 8.04 ns Vil <

%cle Eerlod @2/12 ) 1) 2ns () tTa\u)c\ Seqen
vty No it c*") Yoz (o LS Xz
*JW'MK;»PJ L/ OH;(LEJ v Xz ‘—) B ser
LD instruction time =5¥2=10ns st~ €/~ {3 .
bea Lzm-»\ T bwse

SW,Rtype instruction time =4*2=8ns

Br,J instruction time =3*2= 6 ns;

average instruction time (_23_101,+ 0 13*8m>+ 0.19* 6ust 0.02%64+ 0.43*8
Tf(. V"‘ Fw'ar ﬂ‘ﬁ

\¥
EE==T= R
’ sher
F&

N ’\\-«S\' \. S <% _QCQV{vq X

Simple Example: Comparing
Performance 1II

R Ppelined v

« loads'use 1.cc m when@@i@ﬁiﬁ%@nd 2 cC
when there is dependency-— given 50% of loads, a{) e followed by
dependency theaverage cc per load Ts 1. 5‘,;\"““’ 120, 1.8 1

.ﬁuselcceachngw) b2 @?j

= branchesjuse | cc when predlcted correctly and 2 cc when_not —

iy _given 25% misprediction average co(g Ber branch is 1.25
TRy . CPI=-25%2 + 75%1 {1251 =

22 »~a jumps use 2 .cc each *’U Zxn)
s~ ALU jnstructions use\1 cc each o Hy :
5 e

5><23°/o+1__1<__1i%o+1_2_§__19jZ0 2 x 2% 1@'3%@
K_refore average instruction time is 1.18 x(24= 2.36 ns -
_L 3 —
W i) )‘i =

- s _\ggw =
uﬁ/ U/Tw«@',) Vi) \ (Edca,\ CPI= 2a SJ
&Z‘i{ o 22 ,oe‘ﬁﬁ
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Performance Analysis

(M)x )

Predi byau/‘« oer ww

@wa\a.. N \sb

: Yo le EX V] —(petu ) =
orrect guess = no“"ﬁé"ﬁ‘é “) gé%d/d?)h
= correct gues - J6b% of the time
w_\-;\;)‘_«—-_—:‘\ é ))1
m incorrect guess = 2 bubbles ~~—" SR
N Anc\a e«»\; ’_.
m Assume @’T/Q’:‘:: > w—\a N( ’ij;
m no data hazards
ontrol flow instructions ¢ 862 (N\e>
e o
70% of controLflovyn;tructlons areftaken AL o
LI e "o
2= g [@I’(o’z-*o 2 Q‘D P L =
S o) T AL
e @1+0.14y 2]=128 ? o B S e
£ . e o <)
e ."’ 36v., <8
probability of & “penalty for for B
a%@ 'V.) awrong guess
Can we red uce elther of the two penalty terms? 110
e D V) o Paaliy OB 2
N qu 15y :"jéhsyj) L/—"' e P \ & -\
Svsguns Q0esd ?Add-"‘c_":‘:h”f
(&= EINEELE S BT, ¢
/ ?

Computer Organization

Slide Sources: Patterson &
Hennessy COD book site
(copyright Morgan Kaufmann)
adapted and supplemented
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IRt ~ T T AT P SN | TG e ey T L TR S SO

COD Ch. 7

Large and Fast: Exploiting
yHierarchy

v o mem ¥ LW N " \F%
5o ) mat%
- T6

S B R Cr R O AL S /@_{.

Vo g Ly conv J*ﬁwa\ﬁc‘f“”\%"’) 2t B s "f’ P Caiche

Loalb |15
:r»;v) Extennrio 22 0055 g B fcas wn ‘_L{.ZAM) qu\ Lo *L\cw\ _n\ e Cship) 1
D

-6 \ 00 \D) levar 2

-2l Memories: Review, = ”I?L/‘f[».jﬁ)af).;

WAl =
’_,,p)s‘.,)_‘_”_’fr‘abz_/ b‘;_)\u@bu-_) _ﬁJJS ‘&J bal

polt _f.w..,_ woLo| SEEER: U Syl y M 2
4 P L WS- H)Js = L =i °Ve.\§’) ‘du\ e

cE=D M,L%énamlc Random Access Memory): Jo Lo, # I G, sy,

4 =) 2Fs2

»ja”éi“‘-v”i’u“é Is storedas a ¢ arge on agacrtor tha(t"ffﬁlst be periodically refreshed, — 5> -

e
>“’f") “which is Why it is called gynamic— Qw ) Vst ok
\\;’} .l\s ‘\é) )\\

ry small —{1"transistor per bit } but factor of 5 to 10 slower than SRf\MY) P
v siges = N
2 "* /y%ed for main memory e BN e R ST
‘mﬁ SRAM(StaUc Random Access Memory): 3
b-vm. <R =, value is stored on a pair of inverting gates that will exist /ndefrfl{elyas long as @,
il S )there is power, which is why it, 1% — wew:d) g1, 981y, 13" 129 (mem) fxg “’i
m} T is called static e RN sééed Lol om0 1y e oz tillby (DS
0—// &> very fast but takes up more space tha’k' i = w\’k\" N i
()9" 6)\’}\DRAM 4 tO per blt -—: Fastest @ﬁ\s) ;L"“";’;’S)mallesl Highest \;} G
¥ 2 '
)usv‘*\%z;—aused for cache Cpn WF mom D ESLS s [ Tlepw e -
\.”, 3 emao
_:rjl\n'-f a"‘:\':‘?yt)\w"é‘“ k\ P uJ\) 5;_,(_ CDS\" J\D&J)L‘“ (id \Pu * Y:‘J.g-zl I
perre it i s U
rJf" E’:)f u) Mg -)’J'S Sre D/,'-!\.- C‘—’)' AN L‘“—\ ._dt‘}“.ﬂfm“‘)‘y\"a_o’ Lowest
iﬁ‘-*\u B (aqh N y51,55250s2 Menn vPJ ey iy SO Wi L C“gz"\e ORI P55 o
= Path [ TS I S E(_')\- vw;)-- o oL add M,y
e ) N = i o
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- Memory Hierarchy

a * ) et
e Coo  Nukag ! ZoNer e, _J_C WKCACD\L) <

. —_— e & % ,t._se; [E S TR (S 'jd‘éf" .—A-P:
- = Users want large and fast memories... N e ol
= expensive and they don't like to pay... (v\eu \m«ag)__

s Make it seem like they have what they want.., wier—=lz e 23l oi= K

o \memory hierarchy| %1 ~pSpsiled s ”""""f‘“‘j\u‘]uw N N

Q -l o
- hlerarchy is /nc/usu/e every level is subset of lower Ievel 4 oe-\:T 33
o v \cpu RS =
= performance depends on (hit rates) Tz~ N
a\SJéyl-:__\gj'J'IJi/yw'Z_fad. vpr-u.u_)\l,\ CcPU
e iy Q\wz)\tx\:u S L1 (i b ol 13 Lot
leve\ = _)...J lﬁ-“:‘:c;;):,a“f—‘:
P———'°°‘?'55°r Blockof data | =0 tew v ‘bmcfr AT\ T
4% A)(unit of data copy) \Gon M2 \ fom the CPU i
\L access ume
— \ever ive
J; v \e“‘) N biv r'\‘ Levels in the
- d,, ﬁ‘b\.p\z_ memory hierarchy
J[ Data are transferred—> _‘ﬁl"\.’"’"‘ eve\ I ILL IS o \
(\u-_u !
Sgru o S22 e
—-‘:Et / LS\"@‘HJ / tf-\lc.\ """] LS_‘EL’L I
Qﬂ \ _uu‘é] -

Size of the memory at each level

)\Lg\é\,._CJU-\uaS—“ o R LR

N SRR Proytm s
Locallty (2 ) sy 2

Peor s procibl  =ew A qhz—> Qe
“"‘& \ °F la(y.\;\j) Wrcv\g\bt)

\&Uﬁ( Sy ¢

Localjty is a principle that makes having a memory hierarchy a [ G -

._ 5 fore S V) W Ex
QOOd idea” 2o A\ e s g ‘\.J\/ a2 O ‘—f%‘ﬁo— &AC&)) _,..{Jt::) M...H_J
a Iff[‘ J@em B refer ee‘d then because | N e, B |agess )w Vi )
°F o tempora/ /oca//ty it Wi to be again referenced soon  \'ew

""‘)4}" T S 2 Sumn + ALK)
\Ciwy 2 e.qg., |nstruct|ons lna ?O |ndu |on vanablesz?m R e _»C\L_f\)Psf—m) Ok |,\
e?_)"_spat/a/ Ioca//ty Items ill te% to be referenced soon u[§<

. E.g, sequential instruction access, array data Popoas 27N S 2

Qess
A Wiy does code have locality — conszder nstruction and da/z‘_%
‘—'—;\ /g._l
(632 Tt e T e g e %1 B PESe
pees 0y Yy e € = Sy 4
[B i Bee. \/&th‘ln}' \“-“t/d”") J_ R il
s = }_ | a‘p"ﬁl vepala) /-0
¥ empeal locdiy” t =

5P°|h‘q(

pey: ABx a2
Mk -"“‘bt
bl XA PA
sy IM&VJ\E:)_JJL& )
;—L.”e*“ SBS) Wieay o) N

u-_-nJ Fl,,
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mem. o ULV \x)
\-l_ﬂ\l...-l\'\,\ \\,K)
Wiy 2wl L §S

H|t and MISS iff"“"““““

WA Recadle WY up q@.‘d«( c\pp«r|w-\)

-’_)\puV\A\ o\ \suder

- m Focus on any two adjacentlevels = called uppe, r(closerkto CPU)
weain \ “Tand Jower (farther from CPU) in the memory hierarchy,

YWAEWA -

\e%~ =) because each block copy is always between two adjacent levels
et cw g Terminology: Cod b= ihe Mwﬂ
"’“"‘ Al ) —‘m minimum unit of data to move between levels Qm......g)
Go g R U L e data requested is in upper level - b
U“\" _,)‘/A”) Tl

~ a /miss. data requested is not in Upper level
— 2" = hit rate: fraction of memory accesses that are hits (i.e., found at
— upper level)
w //ss rate. fraction of memory accesses that are not hits
\\.‘\\r Vn) e WY Cank 151 W i
T W 558N Fo ton B jit time: time to determine if the access is indeed a hit + time to
Catne N ::’-ii"- access and deliver the data from the upper level to the CPU

\nj\w\ -\-\?P::)

\eve

,-5')—9 uu-%l&i L“J — “/‘J‘D'
' mm,;\w,n,\,\{—— miss ) T - - — —
/-14 -
s\ )\)Q‘PPV K
-2,,\1__ Cashe Leue)
Mo, Vs ——R\ \":::\ &
By simple example ey
m assume block size = one word of data
e =S [—‘Q“\a, Eyu( )
Cacve = (X».)CP“\ WS
- X4 4 = )
el N i “:fi% = 3 Reference to X,
S (fhaid = — — Ccauses miss so
== i it is fetched from
memory
Xn-1 Xn—-1
B % /' \C“d«.)_)l :P.wk =3 \5) \\_\\- Y v‘-\.)\ ¥*%
= / “ﬂj/d‘m” qu,U /"0) S\"S
(Gocbepssigp,otip 2, o (k) (Seran) - o
X3 X3 (ou,, o—P) E (Cocke) = & 9B

a| Beforeythe reference to Xn b]Afterjthe reference to Xn = I\ g %pskLD) ':«PL‘ J\gq_,—é,
= —_— Cadne .
Issues . kol _J\__‘\C‘\CL-.) )\ “*’/‘D‘) )JP Jw ‘3-’
- ) 0-..\\5._0 (e ¥ '_‘_‘_4 1o\

m how do we know if a data item 1s in the cache?
w If 1t s, how do we find it?
m If not, what do we do?
= Solution depends on [cache addressing scheme.]
CamScanner = Ligs> d>guaall
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[mappibe n*‘ka‘:):\:ﬁ:f 1
bl
Cache Design Riies

a BOL\L)\ G0 v—-ﬂ \sb‘bt,.v_ (T \,__,Lé L;—B—A-'_Jﬁa-ﬂ-b\ \qd()r...u)g \
bo\la %5W\EM\T)%HTU = JA)LK L addee vy
Address [Block Address] _ [ Block Offset — 1 (sabiv ==
Address [WOrdeet] [ Byte Offsef] gpang, 'V
e gy Ebe adiros iz 3 s
‘,G(I}B&Igck Stze)@ boce | logies )u. wfle) ris s
ca S|zelBIocﬁ Slze S PRI

k 37- le ) \YZ.\GLM.S\u \\ a d!gf!

k, --N\A\) ; Bl
, = #Blocks' / (& ize ng.;,_;g e
N ——— &, “blecl )
~u = number of ways inrtne cache

wec?cache . Set_Size=1 C;’j‘ )(#Sets = #Blocks)
fully associativel : Set_Size= #Blocks (#Sets = 1 )

For\k-way associative: Set_Slge-;‘k b_f\_.u S ke )

= f ) é
log, (#Sets)  __, _ \ ))
e S(te
Tag_bits = Address_bits ~'( Block_bits + Index_bits)
Vo lL'f / - e,,...P)
A ,)»,_,m_, o Chapter 5— Large and Fast: Explomng Memory H1erarchy —38

L_{’} \r‘.MJ ‘—‘3 Tz JJ—P).. l)l B s R o

Direct Cache Example

aw = 1 ey I ]_se.\— size=\ | L:b;;.ey = A pleac]

=
2 —o Patby | O\ e Susdt) G gq»,.;w?w;te)\
Mc\r q\'u\ >5‘f~\-\-¥..s \ e\ =P 2o LN} D S S U e _://

« A cache he is lrect-maped and has 64 KB(data\Each )
block contains &2 byteshThe address is %2 bits wide. (e
What are the sizes of the:_ tag, index, a shd block offset
f|6|d5? %\ii‘:a\' 'l-—&\;gz\. __;:‘—-;e::-pma=\> o sekr = _"':C'EH"“':- LEAYS

=% Block: S\ucm:\,(%?? Gnze= 5 S | oW e ‘g'“'\m"kj
. # bits'in block offset = 5 (smce each block contalns 275
byt(i‘ﬁ?n.zr‘o\d~ iSRS \,\.._msm_ke)/ . 2% 2% 2 2" 2K blowk
. # blocks in cache = 64x1024 /32 _msj
— S0 # bits in index field = 11 (smce there are 2711

blocks) e 2= eyt 2 weir (s»\—ofj,,\,fp
+ # bits in|tag field = 32 -5 - 11 = 16 6 (the rest!j =) vee
\53,\_})’)\ k‘f W) oy Hoe J__é

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 9
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K-way Cache Example
-T_—-m‘j-—“‘ v\\o\:‘\c

(’s’b\v,\ VA Zp P\ Sed

* Acacheis 4—way set-assomatlve and has 64 KB data.
Each block contains 32 bytes. The address is 32.bits
wide. What are the sizes of the tag, index, and | block
offset fields?

off: \ey 32 T 2
* # bits in block offset = 5 (since each block contains 245
bytes)
°_ # blocks in cache = 64><1024 /32 X 2048 (2"11) (

o Voleen 3 von

4 Bets in cache = 2048 /@= 512 (29) sets (a set i setis 4 o N

blocks kept in the cache for each index) s
— So # bits infndexfield = 9 -

. #bitsintagﬁeld:32—5—9:£3_

Chapter 5 — Large and Fast: Explontmg Memory Hierarchy — 10

= Ca “f—-),_)\quu.;\_} —-o W) Cuthe N 5 Lm0 T1Y \PYCJ-..\') iL
& ,(qu) _)l...a.) wxohA A )\ et =bv-.sj ws5Pas ZeCn (e v
2p d B gm\wm B
G

o _39@ an 1 £ 3

f)hv i : A L ,-4 ;v_'nx.nJ‘]:l \:-—':‘J\P__:Pvu “aor'c,q J\t-; I'_j I \)\L-( h)._; \‘Zf =

e - 3y 810 g £ o ARSI

lv\;}} 7 - \ Imiss) 4 2 =
“ .~ How do we know which particular block is

1" stored in a cache location?
a Store block address as well as the data
= Actually, only need the high-order bits
= Called the tag
What if there is no data in a location?
= Valid bit: 1 = present, 0 = not present
J[Initially 0\ B

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 11
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Direct Mapped Cache

ddressing scheme in direct mapped cache:
a cache block address = mem ﬂ block address mod cache suze (un/que)

c‘\J

a If cagheM cache ad(‘jres& lower MBS o memory address
= remaining upper n-m bits kept kept as fag bits at each cache block
= also need a va//d b/tto e (Cahl\ aR~ Neuel) addisssy 4

\2’>\ C" Sh\r

&
=-—"" \“ ) \b

"i,,

\ J 6
=
X bloolﬂ i
| -~
RS Press ¥ ) , § St~
3 &'— ﬁh‘\')\ | —— 0y 1\“ b —ﬁ 3 v b‘o cle
o) 5109 4 i '
/-)’\_‘\] on a“q - 15 i i

=

A ¥ an od 00101 | 01001 611%m10001 10101 11001 1110
"""‘w L» ) T, —hljlﬂ 9
wm [ V7821 ¥ (\owsr \evel) o u_(‘
o ST B A S5 4 e g e Ssmose \Aen) 225

res)!

=

Clthe - WW
" K\J_hﬁb\qbk)‘:{se,d\) Cashe
_ C;K-L':— _)lLW\Dl)) sl_zll)_q__,b'eck_)\v—p-*w-‘.f—\u-AL(.\\,( ) I UL Bived V'3 Lep
i ’@.‘,'a,cw; SOl UGN bleck 384 Cardhe quM-JlquC» \Coiblock 0\ 2 Lo i 412 an
o e ' e 3 _n..._.J
ng;uui, ga fle Example kblz‘c.ll- M7 qdf;/ i_. ;‘JL") = \
e _r ; ,\)1_)\‘,.9_»1,941_ '(” 2! q, . F_pp\v—-d\‘—'ﬁl
® MS 1 word/block, direct mapped &%
22 bleue
= Initial state, [Mem=32 words (or blocks)@m
e«ireg }-Index :\/q,,l,) Tag Data ‘:‘“&-C“."‘”” i
(e o0 e Pl
(i Joot N
==t |010 N
011 N
100 N = Cachs NP
101 N & Blocte of dthea
110 [N gﬁﬂg‘“ﬁf?ﬁ
t111 N &Bfuﬁagsa ,
) | Sa— S+ & ek \
[MeYe JaYa) SRR 8'.3’9:;2 =
= A dd ressas
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Cache Example

Word addr Binary addr Hit/miss | Cache block

| addfer v 22 fr«syauufnoﬁ‘o?i‘s’ «[ Miss | 110
?:Lof\? £ WV~ qom )\,pun\-]qu )\w::i . \g;?wﬂ—r“»
[ae) \%\%_‘L‘L‘_/‘:-i,—) j\i}\; \6)fv-25/ v R ﬁ\,‘am:?d&)“” Pk :ilui:\
_w_~—__ = | Index V Tag Data 4 ag Uu?,,q::.
Cooe=™2" 1000 [N o)
cv::):).\e*f"“ Do 3
s 2| 010 N
@@=} o1 N
100 N
101 N
110 (D 10 Mem[i0110] 3212 amai i
111 N

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 14

CHAD B0 B 1) L ) hats. . _
Ot = LSy v -._-"_v-k._ oy — 3\ uat -5 _—_)_' AR T e g e e L e R . A i S
KCQC\A—‘—)‘ _»J__'.n.'c\.}(:‘l'.v )—‘_‘_\_S.) = =z QQJJ : = Y -} y A= el 7 b= 2 CaRT 5 BExe. I J:.JJN’ Jav

Cache Example . , -

2. C:":“ G( et MI._SJ ;

; Word addr Binary addr Hit/miss | Cache block

26 11010 [MTSQ 010

NP = fagy AV _')ﬂ;e,) W\ )\j;l_,c.“h;,,wn,,m.. S iy
Index \ Tag Data
000 N
001 N
(;w,¢q.]T 010 Yol | 11 Mem([11010]
hade 011 N
Comsgd cay | | 100 N
M 101 N
110 Y 10 Mem[10110]
111 N

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 15
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Cache Example

Hiv-

21 —N)\_ﬂ)

N A ©OASW bay v 2/ —= rer o
T___ta\;\» t’:cﬁ s \:d:l:uj—s \w\;\\])“*' r"h @Agichb;f "ﬁy?ﬁ )_J\\
Word addr \nary addr Hut/mlss\ Cache block 2
22 274 (QON10 Hit 110 ik g
26 2t3-{ [111010 Hit 010 S
< [Z) iosp Cathe 1
Index |V |Tag Data
000" [N
001 N
010 Yoo [t Mem[11010] &)
011 N
100 N
101 N
Y=t |10 Mem[10110] | “~
111 N

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 16

Cache Example

Word addr | Binary addr | Hit/miss | Cache block
;;%%.116 167420 Eﬁ_\ooo G‘ﬁ% 000
3 3630 00011 Miss 011

16 10 000 A= 000
Index V Tag Data
000 Y 0] Miem[10000]  \GAED wiss )
001 N
010 Y |11 Mem[11010]
041 n 4 [0n ] Mem[00011] L@B\gﬁa Vrins 3
100 N
101 N
110 Y [10 Mem[10110]
111 N

K\bwg

Q) Ly N __\.J:t
E\QJ!\-—PT&)J\ >
i S o=

—_—

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 17
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Cache Example
—E:______-._, v sy
Word addr | Binary addr | Hit/miss | Cache block

18 1323 [0j010  |“[Miss 1| 010

SAFspe\ Gl S VGRS Wy Ve
(g S5 f o BN Gt

AN\ ia mewl ‘\oted - L _\_\_\_\ 28 Lols) wus 85’ Yag  2°
\\\\\’
o) 3:” Index V | Tag Data
s S 000 Y 10 Mem[10000
\i—);‘/)\/ \Tj em[ ] /&Cou? \ .d-
e 001 N
S L
. ; i M|ss ‘Ta
Coliex =.01 0 ¥ ] m Mem[10010] mismatc%
R U Y |00, Mem[00011]
e Z (100 N
sosd ‘”;” 101 N
ook 10 [y 10 Mem[10110]
sl KL N
\ _ '_ ‘ Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 18

Dlrect Mapped Cache

an® 32-lp-2 ) %c:\
Address showmg,bn; posmons cc‘\aw

‘ s
a MIPS style: 3. 3130 V13 121|1 ;:[0 phv/ A \,“ \2 W]Jatkmdof
gm, ‘2”—;’ — ““‘b locality are we
N\ S = Jpte
[j QL‘L‘ T sl “"6 s} P “Fiking advantage
— D] | ggo of7 = leng i
= 2. modekz1o oculijm 7
‘macx suevz) !.‘_p.J\ é'u,_qb Index Valid Tag~—  Data )7
W= oy sl rr] e o) i\
Cache u-ﬂU“\Qddku) ¢ v =
= T Moeq eal @ Bak Bl 4B soP et
el e q W0 10\ 1€ 22p2 U= el 2 (5)
2 ‘ Qo azr N s g&‘-ﬁ)"—’f“
SAVEN TS ,eu Sanngs ot [aaes\=
\ r )\,D LQJW \_h,_)\ ‘ :gi; 1 PP‘!A-&\ \‘(n\\b) g &\\‘\ )
2&@\9?& *33\)\t9—%) ' .\_1 . e
e et ,,qdﬁrcu) f J20 43z V- Qw
SConplr> CZ e )y el =l | B Cj S\ S > By o)
R, ——  ———— == —;‘ S CoWTWe \ Py = Fay 4 VA \or\-
owe 'a:,m_,s\ lecie. O\ 9\ ~ 7,4 [ \¥/Cache with 1024 1-word blocks: byte offset
== :7—"" & l L&, (R % — (least 2 significant bits) is ignored and
I k"‘ next 10 bits used to index into cache

3% - o ()

T ‘—«~~r~.——-,-_..wv-“-—v--
g By PRV
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mid

Cache/E Read Hit/Miss

chl, nsYy UDF;}(M_ MUH o 'ouJ )
 Cache read ﬁ/t' no action needed g
S Ty Cace N s Cdltess N, fefl b orl Lo 5 )

o Instruction cache, read miss: cnm.emww o Cintoansh wis Aces 31

. Send or/g/na/‘\ﬁét va}ﬂe(curr at AECY as PE as already been . r~
incremented in first step of %sﬁ%cyc e) toTriemory Chley

>, Instruct fnain memony to perform read and wait for memory to (C—‘F‘“)
complete access —[sta//on readf; v oy Fa \100 f— A mem) o

s After read completes pwrite cache entry] ~ we ¢ : loo <om
4 nstructlon execution at first step to refetch instruction )
e 218 e
s Data cache réad miss: (wadmn-301es  ska)s Abupbl) Zye 1 Pip =)
iy S R\* -7 vy s el
a Similar to instruction cache - qmi‘@, o G
= To reduce data miss penalty allow pro -5&0r to execute ETIANTI
instructions while waiting for the read to complete unti/theword -
is _reqwred stall on use (why won't this work for instruction i)
misses?) ( — o o S ip QP I b,

Fake iss
P’\u\\\j
(S\‘q\\))_J\\,qu R \.;,uu.u cx_\..__J\ oﬂtma) \U_.,*
— “’_r "';5\—‘ 7 = S5 LJ;;H,_EJJ W\ﬂm w\-'\—-ﬂ_)-'—*-\—"\’\sw\
ins ) »b\-\,.\) p=T Vs \,‘)\U,L)L, ,6 ovJ\,-.\\ Wik

DECStation 3100 Cachek':‘:::%f@: Ry

s —)-‘-,)a\ [ s

(MIPS(R2000) processor) (7=

lsa g Ce
ress. showmg blt positions

VIR Ll o wd Ias gy,

.ﬂ.su ----- 171615 . 643210
’r ad ‘E \L‘ oBff)g:t 7‘& e \o
i a 2 6 - \éﬂf
¥ mde] ¥ e \C 23y
16 bits 32 bits \o & g\,
Val;:l Tag a Data ‘\v—ac”‘“ i 2’:——‘_:—_—‘
Yoxu\
D AN
[y |72
Word L2 Enrw N s
é_(od‘- \3— °'3 S (mera { Dat )
g LT 2 ) J»:) K{"P W’* %’“ .
q ol
LA | e 3z tlsei=17 bik % [¢K
Cache with 16K 1-word blocks: byte offset v,
(least 2 significant bits) is ignored and
next 14 bits used to index into cache _"ik_*;:s‘?.
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'-‘.r\o R \’\)w_._) ¥ u-J\d_.j

Cache Write Hit/Miss J,J;”,:‘;;’:‘?:

i ks}or mﬂ*)
'T\mrusk
Write-throughlscheme | _ v Backl ke g
o b1 a B_ON widte Alt: replace data'in cache and memory with every write hit
;)ﬁ;;:‘ o avoid inconsistency (e s
C;d;:,n scsigen On ] write the word into_Gache and mel%y obviously coa 7.

he 2\ 4 no .

Cadhe nee (0] rea missed W from mem 0 Mmen~ =-~a~£~ Cacle $=p
\’JH —" W leats) s Sj é
T a8 a Write- through is[slow( bé ca of always requrre memory wnte

»-Q.a nACw -
e & = performance is improved with a [write buffer/where words are stored K t}_,
Been while waiting to be written to memory — processor can continue
w\ M E R . ‘.J s l—
= =5 8 execution until write buffer is full VBN, <
yt_/_‘(‘f‘ \"».st = when a word in the write buffer completes writing into main that buffer
o F slot is freed and becomes available for future writes
V2o ¥ ’f = DEC 3100 write buffer has 4 words

U—&L\o\\\( _J\Wu / V"‘"” SR =N\ \.-

T eohe Wr/te-back scheme =, e ) ey BEETE

= write the data block onlyinto the cache and wr/te-back the block to

oy e y
e CASC main only when it is replaced in cache
[~ el = 0 .
=k o :;_v) = more efficient than write-through, more complex to implement
|- 5 = 5

ava ‘M) e Cese s o\ Cathe i S op L ) gl [ e o

Uav-  ymen G- . N WY pecls

L \a e ) \-..r-AJ) . ————

' ‘hc_y, o .)fy_h_ma- \____) " Cagne OV s Vi1 b 1ol ) \sr G o

_ a\t‘.\lu_ -A-Dt@ \:D)J)L(J C:‘\Q'\‘w ,J_e) \wﬂ\'\ M)_J\ QI.S“

o 5 v«f“)l“f’éct Mapped Cache: Taking
il Advantage of Spatial Locality

- _ { a -of-spatial-locali wnt?lg Jargerblocks:
ddréée ﬁ owing _L_t_pgsﬁza S JFh, o \..:n,pb
o aS L b\»d:, (:\\ 31..416 15..4 3210 4 blec Q)) ,Suu \).Cc—-) )0\
Q—l ora) [ | I_T\Sﬁ,_\; o ;Pla.‘r. e e = )‘tf
— i 221" 16 M@ZBrte g, ) Silseuhy Data 7
\ wm) [ Tag | ; \ [“offset &C:m o r‘ g E(o;\c.
b, = i) [ Tndex )} woisy ['Block offset ) .
o=t c‘AL [4 16 bits 128 bits b\‘;“—\‘% )\"‘:';Q
S@:—u) \> Uqlv::: V. Tag Dala -C:SQP'“ OV t:j_tgf;
YDt 4] )’..ur- 2232 ) YW
)— Y 2,50 e - s TCQ‘&P!EQ-\-
L TR 2 Y T = Nl T —
Qn (i fr o > ntries ‘
5 lus;

VML‘» ple NP [TPO' i§fen

- Caclhe \,Cuc\,\,_)\u&\w)')
\\15) ‘\3_2: ] J432 \\32 A \\3.2 ’ !',43—' s )...A-J‘
1 r (5 )= fz___k i Ef—i—: E i
R L |

NP, \Dun) ¥ T _ wor® irep los, (222) o,

. ‘&‘Zl_‘.ck- 2 D Ty s J)ML:” gﬂl?’ﬁ‘)
Jel

bkj‘ite oﬁ'set(least 2 signifi éant ‘blts) is |gnored, .

next 2 bits are block aff.'set; ahd the next 12 bits are used to index into cache
\ L6v= 69KR =% put)
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Direct Mapped Cache: Taking
Advantaée of Spatial Localrty)m

e, (g
sk" Cache replacement in large (multiword) blocks:

S word read miss.” re3a entire bTock ﬁomm

W;J‘&— word wirite miss: cannot simply write word and tag'
)\sblodc_’)\ Why?' (“’“‘""L’ E:‘word&'a‘,ﬁ’l'd".’;"“"—)
word S =
s Writing in a[:r/fte throug/ﬂcache 801 &%\
« if write hit, i.e., tag of requested address and and cache entry
are equal, continue as for 1-word blocks by replacing word
and writing block to both cache and memory

= if write miss, i.e., tags are unequal, fetch block from memory,
replace word that caused miss, and write block to both cache
and memory

= therefore, unlike case of 1-word blocks, a write miss with a
multiword block causes a memory read

D|rect Mapped Cache Takmg
Advantage of Spatial Locality

= Miss rate falls at first with increasing block size as expected,
but, as block size becomes a large fraction of total cache size,
miss rate may go up because

L} there are few blocks
= J; competltron for blocks increases

blocks get ejected before 3:? i u\
most of their words are

accessed (thrashingin %l \\
cache) 20% /

0%  —— 4 .
4 16 64 256
12) 2, 0 : .
YN — & _(qd:.l.L — ’)\' e vs.l block 5@%"!’8’*‘"5’ ::; i:
Cage & L Wiss various cache sizes ke
\ y/) Yqle

¢ 64 KB

A Are in

n.rﬁ é\ 2
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Example Problem =

m How many tolal bits are fequzred for a direct-mapped cac:be with

728 KB of data n@\ word biock %&'ﬂlﬂﬂﬂg 32-bit >

9 AV
address: m en = o,
\o T ‘q} ley 2 = \S v Qex
a Cache data = 128 KB =317 byfed= @vp@ = 268blocks
= Cache entry size = data bits _+{tag bits +[ya£[
+H1 =(48 bits T

A werd T ,:,2+ \ :_/ :

o Thgr/e"Tojr‘e\: cache siz size =215 x 48 bItS = SR 27 b% paet)
215 5(1.5 x g)]btts £ 1.5 x (220 bit -«]1 5 MbltSI . iy bsm)u
"= (data bitSin cache = 128 KB x g =1 Mhits EREIREA
a total cache size/actual cache data - S8t 1@ \ S B

<=5
e IENTE T e L

oV~
[Cncs
—

1. Example Problem

L
s How many total bits are required for a direct-mapped cache with

128 KB of data and'4-word block size, assuming a 32-bit address?

4B Wy Sl

s Cache size = 128 KB = 217 bytes = 215 words = 213 blocks

= Cache entry size = blocﬁga)t,g: hits .+, tag bits + valid bit
=128 + (32 —@-@@ + 1 = 144 bits

s Therefore, cache size = 213 x 144 bits = 213

x (1.25 x 128) bits = 1.25 x 220 pits =! 1.25 Mbits }

= data bits in cache = 128 KB x 8 = {1 Mbig
T€ total cache size/actual cache data = 1.25

~ a0y bleae T (0
)’ O hewe) Si— e
—= =
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Example Problem

Consider a cache with 64 blocks and a block size ol 16 i

» bytes. What block number does byte address 1200 map to? E =
Xy e ] Dca_—r) e ;:fj’\
_ As block size = 16 bytes: o-si AL I

5 byte address 1200 = block address L1200/ 16@: 75 = isce
" As cache size = 64 blocks: TR ey AR = =

block address 75 = cache block (75 /17:/@ =@

= = ————

-
GEL S

—

iImproving Cache Performance

20
] % ng\n._ A o
ab|insr.

AT =
T@”C—qm Y N
Saso &P, w"/».&\\r%ﬁ:{ - T et
p—l?—r

Use split caches for instruction and data because there is more
- spatial locality in instruction references:

——
e m

Block size in | Instruction | Datamiss | Effective(combined |
Program words miss rate rate miss rate
gce, 1 : 6.1% 2.1% 5.4%
. 4 s27=9=e 20% 1.7% 1.9%
spice ; 1.2% 1.3% 1.2%
= 4 3= 0.3% 0.6% 0.4%

Miss rates for gcc and spice in a MIPS R2000
with one and four word block sizes
}ih& _)3 g Veul PP N = "
o IS ey, e Vi
Cachen  Make reading multiple words (higher bandwidth) possible by
> Lo, increasing physical or logical width of th&system...

-_'/D))word PA
A e STy (1B)

\
T e ey
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Improving Cache Performance
by(Increasing Bandwidth

- ; ASSU . F E ! Cf/\ﬂ\‘\-“)\"‘")‘\ ‘-‘_y\:\

Wovd '\ 5y S
‘ Wi cache block of|4 words| e = \owe el )
\‘5 \,\\ - \; &
-z _’/\P) L >neAl clock|cycle to send addre%_ tojmemo Dd address buffer (1 bus trip)
c © A Weld = S———
O,P\J,b..{ 15 clock jcycles Féach-m@mory ata access Yy1s = TWows W Y
VA v _ —_—
Vg \° = 1lclock cycle to send data to memory data buffer (L busth Tp) . J:u_
cPU oEU b\\:lt‘:_-v_/
%ﬁ\f Bus
Cache Cacho l l [ l
M Men
i ol R
eV Ve -
A l/ 23 l
Dok 04 Lbenk ':‘;E"L"%‘ o3 Interleaved memory units
_@ compete for bus
Memory &W-dememovyotgnnizeuon J anteﬂoavodmomoryomnnlzallon ) b"\b\w_\g
4 word wide memory and bus 4 word W|de memory only ———— )
Wof a A d )
1+ 1+15 +101 =[17 cycles | 1 +1*15 + 4*1 = 20 cycle /\!)vddrm
o coe MP;:“:éEﬂz:“ZS 2y in Pares
Lol iss pen
1+ 4%15 + 4*1 = 65 cycles -7 a2 g0 A
o e R i )
| Sk

\iu\ @ﬁ‘vlﬂ“a\B
)sG\A\ ‘/‘:g,_,,,,_.,o), BiS

\b\v‘) ' sy < Jo

s Simplified model assuming equal read and write miss
penalties: S e
s CPU time = (execution cycles + memory stall cycles) x cycle time
= memory stall cycles = memory aMe x‘miss-penalty

;r‘éé’//“%d \ _"L“*,’“’y"“f.“)é-“‘f') ]
a Therefore, two ways to improve performancelin cache:

= decrease miss rate

= decrease miss penalty

m  what ljappeﬂs i we' Inerease block size}
\ P

LD : IOCM.\‘D —:D %MTS) Rct“cq—pm"—‘%
peciy
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; i Example Problems

s Assume for a given machine and program:
instruction cache miss rate 2% hy (h =907
data cache miss rate 4% — wv = 46t

miss penalty alwayq 40 cycle%- K“‘“’““"

CPI of| 2 {without memory stalls —pcuv)
frequency of load/stores 36% of instructions

PR

;. How much faster 1s a machine with a perfect cache that never
misses?

N

What happens if we speed up the machine by reducing its CPI

BN S ES
to I without changing the clock rate? = 1y 9Pt

3. What happens if we speed up the machine by doub]mg its
clock rate, but if the absolute time for a miss penalty remains
___same? - 80 Uk

—
—_— —_—

k Solution

Assume instruction count = I_) R esE ncplrer® |
Instruction miss cycles =1 x 2% x 40 —[0 8x1I.)
Data miss cy_[és/jx 36% x 4% x 40 = [0 576 x 1)

So, \total\memory-stall cycles =0.8 x <1+ 0.576 x I fl 376 x I]
= in other words, 1.376 stall cycles pér mstructron

Therefore, CPI with memory stalls =[2l+ 1.376 ={3.376 )

Assuming instruction count and clock rate remain same for a
perfect cache and a cache that misses:

CPU time with stalls / CPU time with perfect cache
=3376 /241688 | aysscrnoeo
Performance with a perfect cache is[bettér by & factor of 1. 688

—_—
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i Solution (cont.)

[CPI without stall = 1 |
CPI with stall = 1 + 1.376 =[2.376 |

m (clock has not changed so stall cycles per instruction remains same)
CPU time with stalls / CPU time with perfect cache

= CPI with stall / CPI without stall

Performance with a perfect cache is better by a factor of
2.376  gomin S bl dens 2

—_— =

—_—

5
= “Conclusion; with higher CPI cac e misses fhu/rtm_oie_( than

with lower CPI /———;/—"’ = 1S
D L

e

—_—

_ Solution (cont:‘);w

x
—

Er 5’“‘1'J

With doubled clock rate, miss penalty = 2 x 40 = 80 clockcycles

Stall cycles per instruction =

(I x 2% x 80) + (I x 36% x 4% x 80) =[2.752 x 1§

faster machine with “cache miss has CPI = 2+ 2752 =4.752
CPU time with stalls / CPU time with perfect cache _=-pex
= CPI with stall / CPI without stall

= 4752/ 2% 2.376°

Performance with a perfect cache is better by a factor of 2.376

Conclusion: with higher clock rate cache misses “hurt more”
than with lower clock rate
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Decreasing Miss Rates with
_Associative Block Placment

Cola- _ D Ve

4 s oo ddrer s AL Lo e “qy v ards - )

~ hs :ﬁi_::;j}:;\.g@ l 'c’::u:;,ﬂ \c-o-lfq.bl; i ._...M\.; e EJ_\S\ LT \Ovjj.s’\““u"jc"‘h =)
mapped: one unique cache(location)for each memory block
’(cv“?"*" heils Cold wiiss

ck address = memory block address /mod cache size; .. b \}

fulj;éaﬁ,{oaat/@ each memory block can locate anyw Z’rein‘ =

e S
C"“@““"’u—,&' L o2 5o waeun, .,,,P,.» blede g 1 [ @)y )31 on Plie
CaC e bwu\,)\wC_:M_,\L?(\‘\S ,”I chh w_\\'cpulo.- PRI h-_\ C‘\CL-—)\wuuu\ t‘:‘.—t- ,.L_s\.L

e ~, ad’cj __) PASA
« all caclle er rues are searched (in parallel) to locate bi block 233 )

q__a_m ""\4-'\
MAX I L YD 2N e Saan D) e WL (<

Ue wbs
Set ‘54sociative: each emory block can Mace in a un/que setof ;=
cache locations — if _the set 1;. of size n it is|n-way set-associative ::
Se¥x SVl n..r ) =
= cache set address = memcfry lock addrgss mod num of sets in cache A s
= all cache entries in the correspondlng set are searched (in para7_]e_75}t0 T =
locate block 2Por o WY bleckt S Eb Yo )

Newasy o it blecie < st by ©S0 12 \or 102 ) RIS

Increasing degree of associativity %"f\:f.k-é; (8 Somum vt Cosv 1Y
s reduces miss rate —

a Jincreases hit timei?ecausg of the parallel search and then fetch .

—_— ——

\(% e ?{’ il
_/ K;-'\')

~ Decreasing Miss Rates with, - ?),;
”
. Associative Block Placment w2 )/

\olm} > "\ Las
)
5ot - - BN \b Yo o " W;QJL

vv 7, b
Direct Mapped 2-wa Set:__ Zl_;ssoc1at1ve Fully A_asox:.LaJ'_ur_e ,é_.a\z

__________ S he )
et -)Block # 01234567 Set# 0 1 2 3. 7 Sex Sy et

C ae A

T ‘ Bl s )
oSV ‘) k! Lbigja\’
e i ‘ \
Data : 3 Data | | Data ‘ oS exr 2
| : 2 bl (=
J,
s \:/u-p_:
T2mod8 =4 12mod4=0_{:u:;\fjl
. 5 v
1 1 Jpoer B 1
Tag Tag 9 AW was Tag
5 Jo oINS
Seafch 2 Search T T kgn?:j)Search T T T T T T T T
WY O Yy g - e il 9 m
s lwwa sgpe 0 diikadi "

Location %f a memory block with address 12 [n a cache with 8 blocks
with different degrees of assoc:atlwty_‘
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Decreasing Miss Rates with
L Associative Block Placment

) One=-way,_set aosocmt.lvooba )‘J/L-P B \ole e

v
nw ) (duructmappod) wa\‘f-‘- a
e ~\\-?\‘:"‘) Block Tag Dala < ~‘\\
90\' IW\P’ vy o 0 . i%_:\f\ Sex
N, 4 Two-way sel associalive Z —
s qobf"“ 2 Tag Data Tag Dali, L s Ser B\
'_/\’\ 'L/ ﬁ 3 0 s : Yo \,_,.,3
b ' =2 4 1 T Yors  \ v
5 2 o) =
9, 6 3 PETPR SRV S
'L’\\ z g 7 N\ﬂ'ﬁ EYR%' @4""
; it
%\\/»}\:Q: (e 2 BSeY "‘*__L-’ v—')'/‘ hiv 7
‘L'\\'%‘ Four wayset associalive q o I Sc..t'
Lb““ﬂ Set Tag Data Tag 5;'“ Tag E%‘% Tag at
o \bsa GV ge
Wy s ST (Gw) 1 S\ lseV
"+ P LDk Eight-way set associative (fully associative) L%‘- \ Sev3
CBL’ = Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data
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Configurations of an 8-block cache with different degrees of associativity

Example Problems
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m  Find the number of misses for a cache with four 1- word blocks

given the following sequence of memory b]ock accesses:
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o ® in a 2-way set associative cache LRU replacement can be =
—;%m implemented with one bit at each set whose value indicates the 3
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s\ =2¢l = mostly recently referenced block .. . S e
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L1 Solution T g

- Q810,62
s 1 (direct-mapped) (A
o\ Conl conf
‘ Block address Cache block = =
VBW®) os.w)
cag v 0 0 (= 0 mod4)
E &) C%;QL{G 2 (= 6 mod4)
s e C““‘ 8 0 (= 8 mod4)
wQﬂf(:“»jé 213, Biotk address translation in direct-mapped cache
V778"
= (_au-P ek M;u
Address of memory Hit or Contents of cache blocks after reference
block accessed miss 0 1 2 3
C Ly miss Memory[0]
C"V\r ) —-___—_:‘__—_—"—-

ompy _Miss " Memory[8]
(CP) _m_I_Si Memory[0]
(_cd) Miss Memory[0] [(Memory[6] S
miss | Memory[8]i Memory[6]
Cache contents after each reference — red indicates new entry added

s | 5 misses R P
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Solution (cont.) ..

£ S\
a2 (two-way set-associative) e
Block address Cache set
0 0 (= 0 mod 2)
6 0 (=6 mod?2)
8 0 (=8 mod 2)
Block address translation in a two-way set-associative cache
\ \o\-d")t‘) 2o\ SeY YV Se(Q Sek @© AL
Address of memory Hit or Contents of cache blAcks after reference
block accessed miss —Es—e_t'_OJ |\ Set 0 ) | Set1 § | Set 1 3
% miss _gMemory[O] (Vorssekd ) \
8 misskg:‘gs\—.p Memory[0] MemoQ[B |
\aoh)w» 0 A hit @j Memory[8]
= 6% w“:f‘ )mnss Memory[0]  Memory[6]
ey nik B Eosy > miss Memory[6]

us— Cache contents after each reference - red indicates new entry added

Su) b )
f’ Four misses @) )‘Av'w o W a D0l AL 3) e
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Solution (cont.)

a3 (fully associative) = B
) =
Address of memory Hit or b\-(;ontents of cache blocks after reference
block accessed miss Block 0 Block 1 Block 2 Block 3
0 miss Memory[0]

()l;" By miss Memory[0] Memory[8] Yok 5
g y»M _hit] Memory[0] ~ Memory[8]  (_ wau )
7’/3 6 x Miss Memory[0] Memory[8] Memory[6]
NV 8 v [hit Memory(0] ~ Memory[8]  "Memory[6]

*‘7/‘) Cache contents after each reference — red indicates new entry added

Implementation of a Set-
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Cach _)Jym\E-mh_r‘d %?r)ﬁ ST &) Data\ Y=
4-way set-associative cache wi pal‘atoré nd one 4-to-1 multiplexor:

size of cache is [LK blocks = 256 sets * 4-block set size
=l AMVE . 956 s 4
cu * —— \« -—

CamScanner = Ligo d>guaall


https://v3.camscanner.com/user/download

Performance with Set-
- Associative Caches

15%
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e, 4 st

Miss rate

3% — j
e " fewass
o On:z-way Twcl)-way Foulr-way ?IQ'“‘W"’ ﬂnwﬁ \q::)
m1KB o 16KB M'MJU&

Miss rates for each of eight cache sizes B daE e & -
with increasing associativity: PN SABIR € aets Sine
data generated from SPEC92 benchmarks st e S
with 32 byte block size for all caches i 5§ = sl s

‘ et
T Rssor dmis @ve | Ve B omeee o

B s Cocles § IS5 Zave 6 LCaPudy miss Glonflidimis
& ¥ wonys &\ CorPlla—v-tss

Decreasing Miss Penalty Wit

. Perivay
i Multilevel Caches /|| e\ 2%
- e
Add a second-fevel cache vy w o it~ =

: : T A — Y= =
= primary cache is on the same chip as the processor \-)vee sty oyey \

e TVin Ml naei— LS N Caa~~

= use SRAMs to add a second-level cache, som Hiviee off-chip, betWeen
main memory and the first-level cache

a if miss occurs in primary cache second-level cache is accessed

= if data is found in second-level cache miss penalty is access time of
second-level cache which is much less than main memory access time

m if miss occurs again at second-level then main memory access is
required and large miss penalty is incurred
'Design considerations using two levels of caches:
s try and optimize the Ait time on the 15t level cache to reduce clock cycle

a try and optimize the miss rate on the 2" Jevel cache to reduce memory
access penalties
In other words, 2 level allows 1% level to go for speed without

“worrving” about failure...
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Example Problem

F . . - TWwS
m Assume a 500 MHz machine with %= = .. —
s base CPI 1.0 ( s« ?L)\Lr\g}i“a‘:g —

= mf'aln memo EEQSS tlm/ 00 ns. ze: - TR Q“"“ P‘ﬂ;‘)
= Miss rate 5% —=p (W q5ite ¢ e~ )

Me— NV

m How much faster will the machine be if we add a & ):“*5 &

he miss rate to 2%7 > '° o

Solutlon
= MISS penalty to main —$200 ns / (12 ns |) clock cycle) = 100 clock cycles

s Effective CPI with/one level\of cache
= Base CPI + Memory-stall cycles per instruction
= 1.0+6Wx100=60  \"=L¥r )

S R g

s JWith two levels of cache, miss penalty to second-level cache

/30 20 ns/ (2 ns / clock cycle) = 10 clock cycles

L Effectlve CPI with fwo levels\of cache

= Base CPI + Primary stalls per instruction

i 2 Rt Sgc:\ondary stall per instruction
1 5% x 10+ 2% x 100 ¥ 3.5|
s Therefore, machine with secondary cache is faster by a factor of
6.0/3.5=171 SW w3 S
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Cache Misses

"am cache Misses |The Cause .
N Dependency
sp:t' On Capacity misses Occur dy t : : =
i % g ——— ¢ to the finite |Cache size »
the . S1ze o '
tugy O f'the cache.
)
-maly ; :
Conflict misses s
b g Occur because the Associatively
Memg U |cacheh ' NG
an{:,a,_mma;; Pl ad. evicted an P '
Yp'm “Blodas entry earlier.
YPICaly 5
S | Com LﬂSO% R Caused by the first Block size { 26
. misses £.. < s|reference to a location e o
oy isa page @ses}, in memory.
_ = LotS <) NNlN
Cache Design Trade offs
: ect on miss rate Negative
Design change el performance effect
EercaseGachersizor Wnapa_cl_tyl lt\idrig increase access
— — ImiSSeS T a
—— onflict misses &| May increase access
|/ Increase associativity| Decrease : time
X ok ca A
ompulsory & Increas s -
Increase block size ¥ Decrease CO™P enalty. For very large
: pemna
misses block size, may I
increase miss rate due \
t po!lutio &
'T/ o a2
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