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B innrv Numbers

An N-bit binary number ranges from 0 4o 2¥-4.
The rightmos} bit is the most significant bit MsB,
The LSB is delined as Yhe opposit.

'Big Endian: grasstes Byle zverst  Lidlle Endion: kleinsles Byle zoerst

2°= 4 P8 2=y 225

2 Maae D =ms 24024 = Kilo

2y V= 28 = 156 2'% 1'ous'ste =M¢3a

Hex. Dez. B&m:m,l Hex. Dez. Bincmgl Hex. Dez. Binary | Hex. Dez. Binary
0 O o000 Y U o400 8 8 4000 cC 1 4400
14 41 0004 | 8§ 5 o404 | 9 § 4004 | D 45 4404

2 2 o040 6 6 0410 A 10 “1o40 E M 4110

3 3 o004 ¥ 3 04144 B 1M1 4044 F 415 4111

2s complement: negative numbers go by inverting
every bit duen adding 4, MSB used“as sign flag-

Boolean ﬂlgebro.

Roles:  X+X=X X+X=4 X (y+2) = (X-¥) +(x-2)
X- X=X X-X=0  X+(v.2)=(x+Y)- (x+2)

De Horgon: (X+Y+Z+.)= XV-Zo... , (K-¥-2)= KeToZs..

Produet o{- Sum: Sum o{ Product :

A lx BX

0 0 |4  moxderm ) ) Cmm m
[1 0 [0]A8 [ o [4]A®

0O 14 |1 })(: 8)-(a8) O 4 (o) }X: B)+(A-B
Ca o) EVED G U
NAND Operahians

NoT: AR  OR: AR-B86 AND: AB-AB

Korn%h Maps: used 4o minimize boolean equalions, dhey wark
well with vp da Y variables. Some roles:

* use fewest circles possible +only size YA
o all must on\\l conlain 4's

AB C L Grey Code

000 | Y 18— N -
60 1| E\OO0 04 a4 40 AL
041 0o ol41llo [ [

o1 1|0 => £
10 0] 1| 4 O O 1 I'g
10 1|4 — —

1 10| 2 X=B+AC

141 1|0
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Transistors

s [
MOS ‘ransistors work lke a switch there are G—|q 6—4'{‘
) °

dwo ypes o‘- MoS transislors. pMOS conducls
when G is LOW, nMos is Jhe opposile.

Yerilog Full-Adder
D Flig-Flop assign sum = a*b*cin;
alwoys @ ( poseelae clk) assign c.ovk= (o 2b) | (alc.in)| (bc.in)
Ved; Comber
e always @" begin

L synchronous, if # shoold be count-next = coond;

o:‘\,nchrom add st o sensitivily ;ounl.nexl = A4;

lish. en
>if d and q ove mollgle bits wide, | always @(posedge clk)

the code implements melkigle Jip-flops.|  Ccovmt & count_next;

Correct Code:
~wires: can't be on dhe lefl of =/ in an always block, are
used 40 connect ingot and ovlput.
“regs: con't be connecled 4o ovtput port of a module, can't be used
in inpol pork declarakion, only on fhe left in always
*1/0: check i} nomes match and if afl pods are assigned.
-nol molliple assiqaments 4o the some signal
“names can't start wilh nombers: 2gooc

-no module recursion

Combinabional vs. Sequew\%ul:
Comb: oll le}t hand signals get assigned, oll inpuls are in sensitivily lis},

all ovtpuls are ossisned
uilding Blocks
e I}
n inpuls, 2" ovlpuls, ome oolput is 4

o 3

select one input,

l°5:(")'w' c:njnol s;am\ dtpendins on '““"l input paltem
PLA: aeroy of AND ﬂa’ces, -Yo“owed bY on arroy o«‘- OR 8"4“
Tri-Slole - Boffer : —é— enables aa-\-ins o{- siam\s onto wire

Combinational /Sequenkial Logi&

Comlﬁ ~no memory
-no cyclic paths

- combines inpuls 4o

Seq: - has memory

Ldepends on geior inpots
ex. Fhip-Flops (regisler)

3& ovtpot

ex. MUx

Finile Stale Machine

Goes hrough d';“eren-l- slole, where each stole depends on the prev.

stole and “the input.

Moore:  Oubput depends on\y on current shale

Mealy:  Oulpul depends on the current stale ond the inpul

Stole Encodings : -Binary Encoding (minimizes Jlip-flops),
-One-Hot (mox. Jtip-flops, min. next stole loaie),

* Ovtpol (min. ovtpot loaic)

Desianing a FSM

. iden-\-iFy inpols/ oukpuls

s stale fransition diagram

“write stade dransition” 4 ovtpul dable

* wrile boolean equations for next shale

Area of FSM_
HFF= #bn#sforsh-‘cxz
- # logic qales = count netslale and ovk pot loaic.
Correckness o{- slole diaﬂmm
« reset - line
- not moltiple transitions
{or $he same input
‘ no missinJ Yransibions

HIpS

J-Type: Jump | Branch  Inshruetions

R-Type: Regisler {or all operands (oP=0)

I- Type: Insdruchions with an ]mmedfa‘e/ conslan! valve

*no unmarked dransitions
“invkal stole (i} no reset)
*no mix of Moore [Measly lobeling

The caller calls @ funclion, while
called.
The caller needs fo lake care of the temporary reﬁis'lets
$40- $19, while Jhe collee needs 4o save and restore +he
preserved registers 350-3$s%.

the callee Sd-s

I1SA and Microarchiteclure

The ISA is the inferface belween
sofhware and hardware (,whot
Yhe programmer sees").

The microarchitecture ~ specilies
+he underlying implementation
that aclually execvles the

mshuclions.

@



ISA

VS.

Microarchiectore

-Instruckions: opcodes, adressin

modes, dala dypes, instruction
e and formal, reais-krs,

condikion ° el

= Memory: adress space, alignment,
odresysobilil\,, viclval mm\ly
monagement

- Call, inderropt and exception
hﬂ’\dl;ﬂs

~1/0: memory mapped us.inshruckions

- Power § Thermal management

- Ho“iproussing IHv““hmdina
support

~Access control, prioriby and privilege

- Memory-mapped location of
exceplion vectors

- Fonchon of each bit in a progrom-
mable branch predickion regster

- Ocder of execution of loads and
stores in mulli-core CPU

- Progrom counter width

- Hardware FP-exephicn suppord-

=Veclor inshruchion suppork

- (PU endianness

~Vichuol poge size

Pecformance Evalvation

*CPI+ cycles per inshruckion - MIPS: million inshruckons A see. = HHz/cP)
“Time = #iastr. - CP| - iz
A0cycles [sec. - Speedup = oldTime /new Time
er MIPS, 1PS could be lower
-|m3her MIPS % Vless ime, could need more instruchions

"l:’(* {i{\s-huchms per cyc\e
*MHz: fre '
-higher Ht:‘v:ng hi

inale-Cycle Machines

Each instruckion takes a sinsle clock cyce and all slate

vpdales are made ot the” end

- slowest instruction delermines cycle time

easy 4o build

Mulki- Cycle  Machines

Instruclion processing is broken into  mulliple Sl-ades/qdes .

es hoppen during execuhion and architechral updates

at the end. Inslruchion processing  consists o{-

* Dalapath - reloy and 4ransjorm dola

* Cendeol logic - FSM Jnat determins condrol s‘l\z]mls
slowes} sl-aoc delermines cycle Hime

shale vpdol

Datatlow

In o data{low machine, o programm consisls of dotaflow  nodes.

A node fires (execvles) when all

- Pipelinia

= In-order vs. Oul-c{—-Ore\er exec.

- Memcry adress scheduking palicy

- Speculative execution

-Superscalar processing

= Clock a-“ns

- Caclﬁng levels, size, associabivily
teplacement policies

= Error correchion

- Physical shructvre

- Instruction lahm:y

- Physical me oqe size

- Instroction ism‘.sgl Ei h

- reservolion staqe capacily

- # pipeline ska es P

- Henc\l o[- branch miss
redichion

-Ee-‘»ch widhn of superscalar
CPus

- # non-programmable  CPU
v‘eais\-ets

of +he cycle.

dwo components:

tls inpols are ready.

Pipelinin

The idea is o process molkiple inshuclions o} once by keeping

each sjcoae occupied. In realily there are o few problems:

- Resource conlendion, canbe {ixed by duplication, increased Hhroughpot
or deleckion and stalling

- Long lalency operations

- Dala dependencies, Jhere are {low (veod aﬂcr wrile), Ov"pu-‘
(write afec wile) and anki (weile afer read) dependencies.
The lost huo exist dve 4o a limided amount registers.

Hondlin {\ow dencies

-shall Y ‘eliminale o} so.H\me level + preclict values

‘dala {otwnr ing *+ do something else .['mramimd mulliu\readu‘va)
Ly W— D : infernal /register {.é {orwwdu‘r\ﬂ
L> M > E,* operand rwarding

Pipeline es

« Felch: CPU reads instruclions rrom wstruchon memory

e Decode: CPU reads source opcraan from reqisler {i\e and
decodes inshuclion +o  combrol si ngls

o Execute: CPU .rorms a compv-lu-lbn wih Jhe Alu

« Memory: CPU reads fwrles dalo memo

o Wrileback: CPU wrilec result o rea'.s-ler ¥le

Inteclocking & Scoteboardins
Dalection of dale dependencies 4o ensure correct execubion.

Oul-of -Order Execuvlion

ldea 4o move dependent instruckons out of the
indegendent owes. Resecvolion s’coae as rest are
dcpendenl- ins“'rvcl-l'ons.

Reorder Buffer
Complele instruckons 000 but reorder them before making
resvlts visible {0 acchitectural stale.

“pr o

Tomasvlos Alaorithm

Implementalion of- 000~ Execolion . Uses reaisl-er renaming
eliminate oulpu} ond awli- dependencies. = H fwll\w uses
reservalion slalions for individval operalions.

1. % resecvalion stotion is available :
- inghr. + renamed operands inserded indo reservation stalion
I_- renome  destination reais-hr
Else shall
2. While in reservalion stakion:

do

'wﬂ"d\ comwmon &h LV‘ '[a 403 0[ Sovrcés
-} Jag seen grab valve
-if apemti are valid inst. ready lor dispaleh

3. Dispalch insir. 4o

{um‘iaml und

Y. A(—\tv insie. -Fim'sl\et-'
- pot lagaed valve ondo common data bus
-t ream@ {-“’- contalns  tog), vpale s valve and

set valid bit
- recloim rename 4o~ no valid copy o{- l-cﬂ in fhe system

Vuiw

The idea is hat the compiler [inds independent instruckions
and statically schedules +hem inlo single  VLIW inshructions.
Lock slep execuhion: if one inshruchon slalls, $he whole VLIW stalls

- Compﬂe‘r’vc\:;:l;lex-l»o {-Fne\ N indepen-
dent inshructions per cycle

- lock slep cavses sdalls

+ simple hardware

+no dependency clwcla'ns
+no instruchon distribehion

Superscalar Execubion
ldea is {o felch/decods/... mulkigle inshruckions per cycle.
+ l\l'ahcr \PC - hial\er complex“-y -?or dependcnc\,

check ing = more hardware

ic s

[nstead o{- o single processing eleman} (PE) we have
a arcay of PE Vand corefully” orchestrale the data flow
between them. => Maximize camrvk‘a'an done on a sin%\e
element.
Difference from pipelining:  Array strucdure it non-linear and
mulli - dimensional. PE conneclions can be molki- directional with
differend speeds. PEs con have local memory and
execute kernels.

Fine Grawned Holli-lhreading

Hordware has mulkple thread conteds (PC+ re,a) and each
cycle 4he -Fekk ev\aine felclaes fmm o d?\q-erewi- Yhread.
* no dependencies - extro. hardware

+ no branch {redic-l'ion - reduced sfnale%rud Pe«fomance

+ improved Hhroughput, ladeney, - resource condention
dolerance, ohl::gng‘ “ 5 depcndencn' c.hecku‘u behween
Sl M D -\'hreo.ds

S;v\ale. instruchion opera-k_s an muthple date.

Array Processor ® Vector Processor
same o .
el (] [re] [re] 2 sfue dime [oo] [a0] [m] [sr]
9| Lo Lo1 LDz LDS LLgo 0o
1
| Ao A4 A2 BD3 (nme gp @ /g Tos Ab1 Muo
Moo Ima jan Nus sawme space F| LD3 AD2 M4 STO
STo ST4 ST2 ST3 AD3 Muz ST4
> Mu3 sT2
Space ST3
Y P
Space >

®



Veclor Processin
'Per{oms opm-lion on o whole aray. This is only possible if +he
operations on each element are independent from each olher.

The data gels slored in vechor registers. Veclor chaini escribes
Hhe vechor version of daoda Eovvuardina. W ollows a operation +o
start as soon as an individval element is ready. The shride

is the diskance of the vector elements in memory. It a vector
is Yo long it can be split indo mobiple veclors Ghip mining).
+ a lot of work per tnstruction

+ uletr mc.mm, oaccess Pa.-“cm
*no need

- works only if paralleliom
is reaulur Qlse it i
very me{-[-idenl—

GPU

GPUs are SIMD enaiv\es be} programmed using threads

(SPMD). A set of Iheads exeeuling gne same progfam are

grovped indo o warp.

Dynamic Warp mecqing: Merge Jhreads execuling the same iash.
qper branch Wergence, ~ This forms mew warps from +he
warps woil-in'j.

Delayed Branching

Means tho} some inshruckions oHev o branch are execuled
reqordless o?_ which way the branch goes. A compiler can
insdruchions in such o delay slok ifﬂo 4hey don't influence

the branch Hself, else +hey are {u'llecl with  AoPs.

Rranch Predickion

A dechnique used Yo predict the nex} adress afler a branch.
if dhe predichion is wrong, we have 4o flush the pipeline
(misprediction Po.m"y).

Predickion Dicection Schemes

. a‘wa\{s (m-l»)-hlmn (30-40%) 60-#0% accuracy

. BTFA;' backwards doken #orwowds not taken (3ood with
loops

* Last dime predictor: s'ma\z bit stored in BTB (bronch knacl- bv"-lf)

N-2

indicales last direckion. Loop accuraey = 42

+ 2-bit covnter based prediclion: -+
* Local: no iwler{uenoc between 6@?’
different branches / M
* Global: .sRna\e counter -For all ,—,,’

branches

static

d\lnam'c

Global Branch Correlation

The idea is Jhot recently executed branch ouvkcomes are
correlated with the ovlcome of the next branch.

*Fiesh level : Global branch history register, keeps drack of dhe
lost branch ovtcames.
+Second level: Pattern his"onl Joble, keeps a 2-bit counter ‘cor

eu.d\ PQ‘“‘Q"\. PHT 2-bit l
GH R 00...00

14....440 | \.oo";“ /’m7é Z._)

a44...40 [
a1...41

Memor\f Hierarch\!
Memory grm\lf slores daYa, address selechon
logje selecks fow, readout circwitey reads data.

Me banking: Mulkipl s with
ar:\::::(mm d::)l om; g&;ﬁ“ﬁs,"ﬁe\psﬂo

Regisler
LA -Cache

M |15
olls
¢le
elle

tesolve lon\cl lo-lcw,. Units can be oaccessed RAM
individunl,.

Locolity: Yemporal = access lo same oddress in shorl dime
spahial = access do nearby address

Blocks 4 Addressing cache:
* memory is divided nto {ixed—si:e blocks
*each block maps Yo a lacodion in the cache (index bils)
*for a cache hit the lags need 4o malch

Address Offse} = Byle im Block
Tog | Index |offset | Index = Zeile in Toq Slore
133 = Welcher Block im Se
ﬂssocia“v'ﬂ'\f

molkiple blocks have fhe same index — conflich misses
*n-woy associakive allows n-Blocks with same index
* 1-way =7 direct mapped o index ¥ fully associative

Coche Pecformance:
* cache Size, dotal data ¢
*block size b
'assor.’ml{v“y n
Replacement Policies:
* FIFO, firsk-in-fiest-out < LRU, least -recently-used -Random
Hondling Weiles
Wrilebdck: write do lower lovels when the block is evicted,
needs a didy bit.
Wrilethrovgh: write do all levels immediadly, simpler but
bandwith nfensive.
Clmi{-icaln'on of Misses (ol
Compulsory Miss: fiest refrence is olways o miss  (prefetchs
Copn‘c’i‘y )ziw caeflm is l-{: small ™ "8)
Conflich Miss: ol other wisses (more associakivily)
|mprovemen-l- Ideas
« reduce miss rale - redvce miss latency or cost
*reduce hit lol-ency or cost

- #blocks: B=c/b
-#sels: S =B/n

Prefelching

The idea. is 4o improve cache performance by preloadin

dale 1o ouoid misses. There are diffecent Jechniques “o

pn.“-e-‘-chins, some are software based while ofhers

hardware dependent.

Shride prefeicher : prefelches cache black in o pallern
with o cerdain slide (if siride = 0, ned block fn{el-clu'ua)

Runchead execuhon: ollows dhe processor o pre-process inskr.
during cach misses inslead o{- slall:'nﬂ. Tiaere{are. i con
dp)fecl';i potealial cache misses earlier:

* accurracy = #pref. wd/#pre[- dolal

- coverage = #ace. predicted £ 1101 oce

Virdual Hemory

Huch larger than  physical memory. Virtval adress space is
dwided W pages, w e physical adress space is divided
ido frames. ~ Page Toble sLtes mapping: Vidval —> Physical
Joae“\er wih a valid bit (ancl more mela ;gc\)

F# Vidval Bades = % Cache Virdval Hemory
. Block Page
# Physical H\des = m':;%f:f” Block Size Paae Size
Vit tndes Coshe offsat | Block Offset Paaa. Offset
VA: [Viduol Page Number | Poxe Offset | | Miss Pase Fault
k;aTohk Index /Taj Viekool fﬂhde Number
PA: 7 Page Nomber offs=t

®
some o physicl dag
Ph\'s'wo‘ Adress Space = [PPN_[Poge Offset |

Muli-level page fables: keeps PTsize small

Me protechion: different PT for each programm

Translotion Lookasid Buffer TL8: cache PTewiries 4o speed up
adress dramslodion




Ex. Find dhe simplest $um-o{--prodvc¥s m {of Jwis
equakion: F= B+ (A+T) (A8+0) {:o
F= B+ AR+ AB+AC+ CA+CB+C
= B+A+C
Ex. Simplify the Followivﬁ min-deems: Z (3,5,%,44,43,15).
{3.5,3,41,43, 453 = {0044, 0404, 0444, 4041, 404, 4441}

F= ABCD + ABCD + ABCO ~ ABCD + ABCD + ABCD
= CD-(AB+AB+AB+AB) + BD-(AC +AC)
= CD+B8DC
= D(B+Q)
Ex Conved dhe following equation o only condain AANDs.

F= (AB+C)+*AC = (AB+ <) AC = (AB-T)- AC
= AS-AC = @B-AB- AC
Ex Convect the following equation fo only contain AANDs.
F={A+BO) +T = (ABO)+C = (8O- C = (Ave)-C
= (ﬁs_c)-c- (TA)T)-L
Ex. Drow o XOR- Gole with dransistors.

pHos immer zwischen
V wud Oul

ovt

nMos immer zwischen
Out und Drain

]
®

Ex. Sequenlid ar Combinalional ciccuit 2
modsle one (input clle, input o, input b, outpe req [:a q),‘
olways @( This code resulbs ina sequenhial

l{ (c:,)<= 2'b04; circt becavse a lodch is required 1o
else i} (a) store old valves of q i} bolh
q ¢ 2'b10; condilions ave not su’.is{ied.
endmodvle

Ex. s dWis code a correct mulkiplexer?
modvle {oor (input sel, inpol [4:0] data, ovhput reg 2 )i

olways @ (sel)
i (sel No, ¥he inpst dato is missing in Jhe
o2 922 E0i  sensifivhy lsh. A updole would noh be
2=data(0];  reflected do the outpul z.
endmodvle

Ex. Does $his resvlt ina D-FlipFlop with a synchronous aclive-low resel?

module mem (input clk, input reset, inpod [1:0]d, opul reg G:al q)i
always @(posedge clk or negedge reset)
if (Ireset) qe=0;
else qe&d;
endmodule

The code mplemenls 2 D- FligFlops,
€ach works with a asynchronous ackve low resel.

Ex. Is Jhis code syntackically correct?
modle {uladd (inpet a, b, ¢, outpyt fegs, c-out);

ossign s= a”b; we use assiqn thece-
ass'xgn c-auk= (o.'tb)\ (ulc)ﬂ (!)Zc) ;fﬂ fnese have
end modolé o be wires
module dop (input wire [5:0] inshr inpot wie op ovtput 2);
r_E'-'POJ |r4‘,> r2; shold be wices onphe)
wire [3:01 w1, w;
‘ullqdc\ FA4 (.o(insh[o]), .b(inste[41), .c(inﬂr[ﬂ),
.c_ov!,(r‘l[-l]), .z!r'l[‘ﬂ));
{olladd FA2 (.ofins\elz]), blinsteB), c(inshB3),
.c_ovt(r2[4]), .z(r2[0] );

assian z2=rd|op;

assi\cln wi=z v+ 4;

assiqn wl= r2 ¢« A;

assign op = r1*r2; mliple drivers
endmodui]e

Ex. List all the mistakes in dhis diaamm.

e e
& E
W)

no .z pock

A=1 Thece are {-our mistakes:
- most sleles have Moore
lubcln‘vﬂ bel some Hco‘y

- There are 2 A:1 lransilions

2= A from S4 4
) A=0 2540 - There 2 unlabled dransiliens
@@ Lom S2

~There is no reset

. w a dala {l caph e {ibonacci Lunclion.
Ex. Draw a aN{owsap {ov"e{o:cc{

2

¢ v
-41- @
FY T
9 ,,
Ouv

Ex. Which designs are compalible with each other?

superscalor — in-order precise exceplions - Ovt-of-order relirement

superscalar — oul-of-order  branch predichion - ‘i-\e~ cained mullﬂhrenc\iva

s‘ns\e cycle —branch predickion e-grained mu“iaueae\i - pipelin
oMan stalion — microproarammi omasvlo's aE:fi“\m — in-order

reservakion stalion — microprogramming
{ine-grained mollﬂhreue\i%-sigg\e are direct mapped cache- LRU replacement

Ex. Drow $he dolaflow aroph For o tow 1-bi
addilion, you con use Full Adder nodes.
b
a

SV

g
jof

Sumlz] Somfd sum(d]

Ex. Any n»3 4-bit addikion con be implemented
only using Foll Adders. Fill oot dhe table.

n | #requiced FAs n | #requiced FAs
3 4 6 u
q 3 ? H
5 3 & ¥

Ex. Two programms A8 ron on the same wachine, both have
the same # memory requests, but A needs do shall way
more. Why cevld this be?

A cold have a lo} of row buffer con-fl-'el»s , while B has a lo}

oi— fow va-cr hits.

Ex. W a processor executes more IPS, does a program
always {inis‘w aster
No, Yhe nomber of ‘inshuckions {or a program covld be

J-H-eren* for di-"-eted processors.

Ex. If a program tuns on @ processor with a higher {fequem:y,
does this” imply Jhal i execles more IPS?

No, a processer witha lower {reqvcnc’ can have a much '\iﬂh"

number af 1PC.

Ex. Wrile a MPS 6Y4-bit subsirackon (2s-complement)
where {$4 353 - $46 831,

subu §3, 85, §%
slhu 82, 85, §F
odd  $2, 86, $2
sub $2, $q’ -$7..

Ex. A machine with § pipeline stages uses delay slods 4o
handle condrol dependences. Jump and branch are resolved
during execvhion sloge. How many deloy slols are needed ?

2, since we can fill dhem during felch oud decode of

Hhe juwp [bromch inslruction.

an we modify 4he pipeline Yo reduce Hhe number 0[-
deloy slots?

Yes, i} we move the resolubion o{-ll\g jump/bronch Jacgel
o the decode stage, we oaly need one delay slot. @



Ex. How many delay slols are needed {or Jhe lollowing implementations2
In-order wilh branch resn(vins duai FT\-“\ c’r{:l e:ﬁl F

000 with 64 reservahion stages, Brm“i teso\vins durins 2nd cycle of'
bronch execulion and 455#0.80.5 bcfar the execubion sk:ae: Don't know

Ex. Given }he {ollowing microbenchmark {or o. pipelined machine.

Colcolale  # dynamic” inslruclions @xecvled, # pieline shdes
and #cycles of slall caused by bronch insdruelion.

LooP4: Inilial R # Cycles
SUR R4, R4, #4 Y 54
BGT R4, LooP4 8 63
Loop2 : 46 £ 3
R LooPz all runs execole the same #dynamie inshr.

C:P:T1-41+8-D
54z P+I-4+4D
63=P+T- 448D

8t =P+I-4+46D

=> P«T=yo, D=3

Leh C ’#C\[c'es
P = #dlages
l= “d\{nem'c tnsdr.
B= #branch insir.

D ficydes shall / branch

Ex. Given a scalar processor with in-order felch, oul-of-order
dispalch and in-order relirement. ¥ has U pipeline shages,
and 2 reservation stalions (one for each +ype). §f Hhe
following program 3e4s execuhed, answer +he queshions?

v. Reduwce procassor {ekh width

g"‘;::_‘é:? FEE“ B2E3 E_”:l 2 E3EU ES EEFES Ex. Given a veclor proc. with Jhese [olly interlesved [pipelined
B 34 400, 84 FDw - o —- - EAEZE3 EU W insir. VLD VST Socycles, VADD U cycles, VH!IL 46 cycles,
HuLmlﬁ-no: s ED E1E2 E3 VDIV 32 cycles and VRSHFA 4 cycle. Assume: in-order pipeline,
ST e R4' Ep ~ - // Killed c‘\aining belween funclional umits, -Frsl elemaenl bank 0, 2KB row
00 e .20 FDEE2E3 By boffer /"baak, 64 bt veclor elemenls, each memory bank h_as
o nan]e'kl*\ £D = - — Bty 2 pocs and there are 2 lood [skore units. What s Hhe minimom

(power of 2) #banks So memory accesses never skall?

Cache hi+ lodency? 1 cycle, dhe lost ST insh. is o hik.
Coche miss lalrev\c\,?- & cycles; #he first LD insle. misses.
Cac\\e [ine size?— Uv\men
fenbries in each feservalion shation? ALY ab least 2, MU unknown
*ALlUs? i} pipelived ot least 4, else at least 2.
ls 4he ALY pipe({nedt’- | there is only 4 AU yes, else  unknown
Does  +he processer  have beanch predid-inn? Yes, because there
are inglr. thot
A'l' Wh;cb\ S"'a e ao
because in~the nedt cycle the previusly fedched

killed.

ot  killed.
ﬁzwumches qe tesolved® At dhe ewd of EY,
insle. 60}

Ex. Given Tomasulos Alﬂo:lﬂ-m wilh: 8 fonchional unids with Fheie
own +°3 [dala bus, 32x64 bt reaislers, 46 reservakion shadions
per {.unch'onal unil and 2 sovrce regisler per reservakion stalion,
Ca‘Culle:

#-haa comparater [ reservabion shakion endry = 2x8 =46

#hﬂ COMM"'OTS = A6xA6x8+32x 8 = 230U

min. l-na size = 105 (dex8)= %

min. size of n&ishr ahas foble = 32 x (3 +64+4)=2304

min. {obol size of taq shore = Rx7+ ExA6x2x? = 2046

Ex. Compacing . VLIW and a in-order soperscalaf processor wilth the
same machine width and -Frequency. For a program A, +he
VLW machie is much {aster, why could his be?

The superscalor proc. is in-order, requiring bubbles in the pipeline,

while 4he VLIW proc. can reorder inslr.
For some other program 8, the VLIV is slower, Why could
His be?

VUW needs NoPs, whie dhe superscalar proc. doesn'd. These NoPs

can lead Yo lower T-cacke hit rale and hisher felch

bandwith.

Ex. Which of Ihe ]tollowinﬂ are goals o{— VLiw 2
i Simp\it\( code compilation

ii. Simplify application development

(1) Reduce overall hardware complexidy

(v) Simplify hordware dependence checking

64 banks, becavse access la‘-ency is S0ms and &4 the nesdt

power '
Execluhing this program tokes M4 cycles, whal is Jhe
veclor lemath?
VLD 1, A =2 bt | 44 =54y 4644+ L
VLD v2, B ap—fe—p 24 =7 L=Yo
VADD V3, V4, v2 P2y
VMUL w4, w4, V3 Lty

L-4

VRSHFA VS, vy, 2
2, how long does

Rodvdns +he banks Ly a 'rdc‘or
the plogram lake?
wp % e

of

g ] 1+ 50 + #4 50 +Y4+ 4641= 129
G9) | => 423 cycles
VLD [6] 1=
Bq I £0 I
%)) e .
:;‘1?1:3 '_:L' .g'\voclﬁuj the
VRSHFA iy lost Slement

Now 4he #banks qel redvced -‘:wﬂ‘er and i} lokes
213 cycles. How many ba &0 4%¢ there®
233 A+ 46 +y+ 4+ F+| |- 50
= 5=["41 = x=8 memory banks
In & new version U yeclor proc. share the same memwory
with U Jimes the banks. However the exeeudon is slower
dhan i} each program ran on o siv\alc. proc. with 44, banks,
\qu codd s be?
Row - Co“{ifck as all cores inledeave ther veclor
acvoss all baules.
Hew can Hs be fived?
Parkidion the memory mappings, or use beller memory scheduliuy.

Ex. Consider +he following warps , how can dynamic warp
ormation be used?
x:foow«m} X:{40040114%
Y={100010041=>Y:={44001004%
z={041000000t 2 ioooowo}
There are several answers, bl nokice thal X, ¥ can'} be
merged.
Ex. How eﬂuhu 18 a 46K, U-woy assocalive cache wilh 8B instruchions®
Not effeclive, since dhe block sice is UB, each inshuckion needs dwo
accesses. Fuclher it cond exploit spakial (ocalidy.
for o

Ex. Given 4he *o\lowins access pollem and hit rale
cache delermine “i#'s charactenistics.

Addresses Accessed most wiss 4 ale
410 4 8 46 eu 128 A/2
2. 34 8132 63 463s4 Uo3s 8192 64 4638y | 2
3 |20368 0 423 4oy 2072 g442 I 14

Cache block size : 8, 16,32, 64 oc 4238 i

From @ we can see thal oaly 32 or 64 are possible. From @
we can see lhat 63 wmoust be a Wit and Jhere{o«. W
can only be 64B.

Cache Associulivi-l-\p 42,4 o 8 woy

Combining s with the posible cache sizes of U oc 8KB
we can see thal 4 and ¢ way would cavse doo much
misses in @ and 8 way  would cavse another wiss in @.
theefore i+ moust be Y way.

Cache size: Yor 8KB

In® the access b 0 is a miss and -llnere{om 8192
Should be a hit, bot with UKB, 1024 and 2032 woid map
do the same seb and therefore i couldn't be o hit.
So cache size musk be EKB.

Replacement Policy: LRU or FIFO

For 8492 4o hit in @ i must be LRU .

®



Ex. Given 0 one level cache with 428 B and block <ize 32 8.
Using LRU, +he {ollowinq blocks are accessed :

ABAHRGHH .QEH DHGCCGCARH DECCRADEF
In a direct mapped cache which blocks are in
the same set?

A/B H/D Glc EIF
For o fully associative cache, weile down dhe misses.

ABAHRBGHHAEH Dnscceceal:l pf:gcg 1)1_)1::[=

Ex. Given o Z-way assoc. wrile back cache with LRU and o
23x45 bid JH slore. W is virdually indexed, physically ~|raajeo\.
The virtval adress space is 448, page size 2KR and
block size 8B. Wha! s 4he sice o} The data store Z

Taq store = 2 (24+5)= 45223 = i=3 45

Dola sloe = 23x8xl=_8k8
How many bils of Fhe victval index come ftom Hne PAZ

4, A4 bt page off. \
[ index ook | =7 4 Bi}
3

3
What is the physical address space?

Paae = /A Rils e Tag= 8 Bits
3 -:“;Q‘J‘-‘zse 248 - GuK 3
Ex. Fill in the blanks?
ms
480 450
A
90
ot y” 4o
» 777, [t
2 0258 230 gt v
L1 L2 L3 |orAam
T
sme | NIA | X | < |wiA
% 241 3 1] .
% d fwzq z L{Imw >~ | x max siride
cache [ 75,3 [2%:50| > | X
ASO -
ha‘c;;s: AOms [U0ms | XX |. A00ms

Ex. Gve o Ywoy assac. wrile back cache with a 283 bl

toq store, a 3 bil replacement policy, 6UB blocks. W

is “yikually indexed, physicolly Yoged ‘and dola from

a gwen adr. can be in vplo 3 seds. I vses a 2 level

pose lable with each 4024 eatries. How many bils
Ine virdval address are for the sed?

Sloe = 21283 pM Biks

What is the size of e dala shore?

2Mey . 64B = SM2 KR

'Iaa

How many bits in the PPN overlop with the index
bils in the virdval adress?
3, since dola con be preseat in vplo 28 sebs.

Drow +he vitkval address:  Draw +he ph\'sical addcess:

46 6 S (] 4 ™43 0

\ .,H»u.l.l frame nr. ‘o“-sel
\_w—_—J\—*—' — - R —
AA biv index =64 48 Iﬁap\wcel vir;l;a\b _’addren
Wha! is dhe page sizet 2= 46kB

Whot is the virkval address space 2
2 level J{»Om A024 » 2

ZVPN"‘ z'pﬂa'. O'H'.ie“ = 27—0 . 2""" = 4 6 GB
Who! s the p‘\ysical address space 2= yee

Ex. Whal is the elch accoracy and coverage qA,8
bsing a siﬁdzpr#e-felcher.z 1 g fo

index

A: nl[00) a; B: nl[00] a;
sSvm =0; Svm =0;
for (i=0; ic4000; is=4) for (i 20 ic4000; iw=t)
Sum += afi] Suwm += afi]
Accuracy: A: % B:0 Covecaae: H=% R:0

Ex. Given his code exploin which branches correlale locally [ globally.
“.m(iw‘ i20; ieN; i) { 84
val = areay[];

Locally: only 84, siace for B2,
it (vl%2::0) #82

B2, B4 the previous volve

Sum += vol dOCS M" mn”er.
i‘ (vn) %3 == O) g3
sow ++ val Globally: BM is correlated wilh B3
it (vl %6=:0) IIBY and B2, f one BY is doken,
som += val B and B3 are also taken.

Ex. For the same code, calculale the expecled valve {-cp
twe PHTE taken-faken a‘-l« 420 ilecalions.
Wioq. we take a lock of the numbers 41-6. Fora single

iterakion we have U chances 4o incremen! ke PHTE

B3: Given PrRATER2.T]=442 e probo\:?\'-l‘ Fo( B i be
foken is 43, reslling in 4%4-35:% probability o
increase and 4‘4[43’;%5;40 deccease, -“-!vcf-od 83
conbriboles 2%-4%=-%.

cBY: Pr[R2.TLB3T)% =24 1:-2%

-BA: PreNTLBITI % =% 1%

‘Bl Pe[BU.TLBAT):% =>%-%-%% =0

Reso“ivﬂ n a okl of %% pec Heration. Thmfon

aHer 420 iteralions  fke expected valve is 20.




