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Bi“""! lems

An N-bi¥ binary number ranges {rom 0 do 2V-1.
The rightmost bit is the mos! sian‘-{-icaﬂ bit MsB.
The LSB is defined as Yhe opposit.

B'S Endian: grasstes Byle zverst  Litlle Endion: klemsles Byle zoeesh

2°= 4 =8 2°:¢4y 2510

2t 2 2= 46 2 = 28 2= 4024 = Kilo

Ty Ve 12156 2% qous'sie : Mego

Hex. Dez. Binary | Hex. Dez. Binur\[l Hex. Dez. Binary | Hex. Dez. Binary
0 0 o000 4 U o400 8 8& 4000 cC 1 4100

1 4 0001 5 § o404 g 8 4001 D 13 4404

2 2 o040 6 6 0110 A 10 10410 E 14 4140

3 0041 | ¥ 3 o444 | B ¢ Aq044 | F 45 114

2's complement: neqative numbers go by inverking
every bit then adding 4, MSB used“as sign F\o.a.

Boolean ngebro.

Roles:  X+X=X X+X=4 X- (¥+42) = (X-) +(x-2)
X X=X X-X=0  X+(Y-z)= (x+V)- (X+Z)

De Horgen: (X+Y42+.)= XVZ... , (K ¥Z..)=KeTaZe...
Product o{ Sum: Sum o{ Product:
ABIx ABIxX L

0 o) P /mx e\ 0 o o Cmm m
[1 0 [0]:A+8 [14 0o [4]A®

0 1 |4 _}X=(Z~s)-(i«_3) o 4 o }Xr(A.‘E)J& A-B)
A Tolas [ Tagasl 4
NAND Operakions

NoT: @A OR: AA-BB AND: AR -fAB

Kornovah Maps: used o minimize boolean equations, dhey work
well w'.k\\ vp 4o Y variables. Some rules:

« use fewest circles possible  <only size Z%2™

*all most only conlain 4's
A C X Grey Code
00 o0 |4 Y\A8 _
00 1| c\N00 04 14 40/A.C
041 0o ol4lo4 7’[
o1 1|0 => T
10 0| a[4]ofo[1]-
40 1|4 =l =
1 10|4 2 X=B+A.C
41 4alo
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Transistors

s s
MOS transistors work ke a swilch there are G—|q 5—4]{‘
two -Hpes o‘v MoS 4vansisdors. pMos conducls
when G is LOW, nMos is Jhe opposile. o o

. nMOS pMos
Verilog Foll-Adder ‘
D Flip-F(op assign sum = a*b”* c_in;
alwoys @ (posedge clk) assign .ovk= (a £b) | (ale.in)| (bke.in)
begqin
g & d H Cowr‘er .
e a\waqs @ bea'm

coubnext = count;
r.oun-‘_nex\ = 4,‘
end
always @ (posedao. clk)
counl € count_next;

L synchronous, if # should be
ltf:ip\chronws add st do sensilivily

d 'IF d and q are molkiple bids wide,
the code implements mulfiple {lip-flops.

Correct Code:
-wires: can't be on the ln.{-‘cj =[¢< in an always block, are
used 4o connect inpol and oulpt.
“regs: con't be connecled 4o output port of a module, can'h be used
in inpul port declarakion, only on dhe left in always blocks.
*1/0: check i} nomes malch and it all pods are assigned.
-nol molliple assiqnments 4o the some signal
“names can't start with nombers:  2goodt

-no modvle recursion

Combinalional vs. Sequential:
Comb: oll le}t hand signals get assigned, all inpuls ace in sensihivily lish,

all ovtputs are ossianec\
Bu'u\ding Blocks
Decoeleﬂ :|:E
n inpuls, 2" ovtpuls, ome oulpet is 4

o 33
dzpendinﬂ on they input pallem

select one inpu‘,
l°31(")' bil control siam\

PLA: arroy of AND aules, {‘o\lowec\ by an aroy a‘- OR sdes
Tri-Slole- Boffer —é— cenables sol'ma o{- signals ondo wire

Combinational /Sequential Losic
Comb: -no memory

-no cyclic poths

- combines inpu#s 4o

ae" O\r"pu*

Seq: - hos memory
Ldepends on grior inputs
ex. Flip-Flops (regisler)

ex. MUx

Finde Stale Machine

Goes 4hrough dfferent slole, where each stole depends on the prev.
shale and ~the input.

Moore:  Oulpul depends on\y on curren} stale

Healy: Outpul depends on the current stale ond the inpul
Stole Encodings: -Binary Encoding (minimizes {lip-flops),
*One-Hot (mox. Jlip-flops, min. next stole loau‘c),
* Outpot (min. oubpol leaic)

Designing a FSM

. iden-ﬁ'ﬁ inpwr\s/ ovtpuls

+ stale transition diagram

*write slofe dransition” 4 outpul dable

* wrile boolean equakions for next shale

Area of FSM
o # =#bi¥sfors¥u-‘ex2
s = count nextslale and ovkput loge

« # logic
Corceckness’ of stote diagram
« reset -line
- not multiple dransitions
for $he same input
* no missinj Yransihions
MIPS
J-Type: Jump / Branch Instruchions
R-Type: Register {or all operands (op-0)
I- Type: Insdruchions with an ‘ummecl?a‘e./ conslan! valve

“no unmarked Fransitions
“invhal stole (i} no reset)
*no mix of Moore /Heashl lo\m\inﬂ

The caller calls o funckon, while
called.
The caller needs fo lake care of the temporory reﬁisk’rs
$40- $19, while Jhe collce needs o save and restore +he
preserved registers $50-8s%.

the caliee sds

I1SA and Microarchiteclure

The ISA is the inderface behween
So[—kmc and hardware (,whot
the programmer sees").

The microarchiecture ~ specilies
+he underlying implementation
that achually execvies the

inshuclions.

@



Microarchilectore

1SA

~Instruckions: opcodes, adressing
modes, data dypes, instruckion
type and format, registers,
condition codes

= Memory: adress space, o\ianmen-l-,
odressabilily, virlval memory

vS.

- Pipelinia

= In-order “vs. Ovk-of-Order exec.
’Memcn, adress scheduha Pdic\,
- Specvlative execuhion
-Superscalar processing

management = Clock sa-“ns
- Coll, inferrupt and exception - Caching: levels, size, associativiby
handling replacement policies

- Error correchion

- Physical shruclure

- :;\s-huc-ﬁon la‘ency

= Physical me age size
- Instroction m \':vi h

- reservakion stage copacity
- # pipeline stages

-1fo: memory mapped vs.inshruchions

- Power £ Thermal mnnaﬂemen-\-

* Moliprocessing i ﬂv“i-l-hmdn'nj
support

~Access control, priority and privilege

- Mewory-magped Location of
exception vectors

- Funchon of- each bt in a program- | - ‘a‘enc\[ O{- brawch miss
mable branch ptedickon resiskr rediction

- Ocder of execulion of loads and -Ee&h width of superscalar
shoves in molki-core  CPU CPus

- Program counter width - # non-prosmmmo\le cPu

- Hardware FP-exeplicn support v‘eaisle.fs

=Veclor inshruction support
- CPU endianness

= Vlichvol pegye size

per{:ormav\ce Evalvation

*CPl: cycles per inshruckion  « MIPs: million instruckions A sec. = HHz/cP)
“IPC: instruckons per cyr.\e “Time = #jaslr. - CP| -~

- MHe: {:requency , 40°c~,cles [sec. - Speedup = old'l'ime/newTi_me

-higher MHz # higher MIPS, 1PS could be lower

‘hla‘\@f MHIPS # less ime, ceuld need more instructions

Single-Cycle Machines

Each inshruckion dakes a single clock cycle and all slate
vpdales are made at the” end of the cycle.

- slowest instruction delermines cycle time

easy 4o build

Mulki-Cycle  Machines
Instruclion processing is broken into multiple sta es/cyc‘es,

shale vpdales happen during execulion and acchitechiral updates
ot the end. Inslruction proc&ssivg Consisls iwo components:
* Dalapath - reloy and transform dola
* Condeol losic- FSM $hat determins condrol siqnals

slowest skae delermines cycle hime

Datatlow
In o data{low machine, a programm consisls of doh{low nodes.

A node fires (execvles) when all Hs inpols are ready.

'Piglin'mg
The idea is do process molliple inslruchions ol once by keeping
each slage occupied. In realily +here are a few problems:
- Resource conlention, canbe {ixd by duplication, increased 'l-hrmel\pul
or defeckion and s-l'qllins
- Long lalency operations
- Dala dependencies, Jhere are {low (reod aF-kr wrile), O\A'Ptl"
(write aflec wrile) and anki (wrile afer reqde dependencies.
The lost dwo exist dve 4o q limided amomt o resis-kvs.
Hmd\h\ﬁ {\ow t’i‘:ﬁndev\des
-stall ¥ *eliminale ot sopcwure level - predict valves
‘dala forwurdin * do something else {}mamined mul‘il—hreadu‘fa)
Ly W— D : infernal /register {»ué {orwmd(‘ﬂﬂ
L> M - E,: operand orwarding
Pipeline Stages
« Felch: CPU reads inshruchions from instruclion memory
+Decode: CPU reads source operands ]trom reairler .F!e and
decodes inshuclion +o conbrol siqnals
* Execvle: CPU per-rorms a comprlalion with the ALu
« Memory: CPU reads [wriles dala memor

e Wrileback: CPU wriles resull 4o rea'ns-ler e

Inderlocking & Scoreboardin
Delechion of date. dependencies 4o ensure carrect execvhion.

Out-of-Order Execulion

Idea 4o move dependent instruckions out o{- the way of
independent ownes. Reservolion slraae as rest are Yar
dependent inskruclions.

Reorder Buffer
Complele instruckons 000 but reorder them L@Fd@ makinj
resvlts visible {0 architechural stale.

Tomasulo's Al&oti-l—km

|mplemew‘auov\ o[- 000- Execolian . Uses reaiskr renomfnﬂ
elminale oulpul and awli- dependencies. = H fwllm uses
reservotion slalions faf individval  operalions.

{o

1. reservalion station is available :
- instr. + renamed operands inserded inlo reservalion stakon
L- rename  destination reaishr
Else shall
2. While in reservalion stahion:
- wolch common dada bus {ov -l»oj o{- Sovrces
-} taq seen grab valve
-if Lo& ofemri are volid inst. ready lor dispaleh
3. Dispakch insir. 4o {uwh'anal unid
Y. A{“Qr insir. ]tim'sl\eﬂ
- put taoged valve omdo common dake bus
- it reaisﬁ Y contoins dag, uvpate s valve and
se} valid bit
- recloim rename +aq —» no valid copy o l-eﬁ in fhe system

VLIW

The idea is +hot the compiler {inds independent instructions
and .s-‘w\-icully schedules $hem inlo sina\e VLIW instruchions.

Lock slep execulion: if one instruckion slalls, $he whole VLIW slalls

lex
- compile';/::xi'; o {»?nd N indepen-

dent instruchons per cycle
= lock slep cavses slalls

+ simple hardware

+ no dependency ckeckl‘nﬁ
+no nshruckion distribohion

Superscalar Execulion
ldea is 4o {e-lch/decode/... mulkiple inshrochions per cycle.
+ hl'shcr IPC - hiaher comp‘exi'\-y «'Of dependenc\,

check ing =2 more hardware

ic s

Instead of a single processing element (PE) we have
a array of PE Vand carefully” orchestrale the dataflow
befween +them. => Maximize mmr»k‘ion done on a sin&\e
element- dre l
Dilference from pipelining: Array struelure it non-linear and
mx!t?-dimefsional?PPE cgnnecln‘on:l can be molki- directional with
different speeds. PEs con have local memory and
execote kernels.

Fine Grained Mullifhreading

Hardware has moulhple Heod contesds (Pc+ res) and each
cycle the -Fekh e.naine felclnes from o d?{-’-erew‘- Yhread.
* no dependencies - extro. hardware
+ no branch prediction - reduced s:‘nale#l\rend Perfomance
* improved Hhroughpvt, lodency, - resource contention
dolerance, 04?!(10\11'“ L ;l:pend&nc, ckeckl'vg behween
reads

SIMD
Sinale instruction opera-‘es on mu“-(plo. dale..

Array Processor

Vector Processor

Same op @
L/Sa‘:v\e-l-;me_ @IEI
g Lbo LD1 LD2 LD3 ll:go Apo

E| ADO AD4 A2 D3 cnme pp@ ’ LD’Z S0t Mo
Mo lya fur fus some space < LD3 AD2 Mua STO
STo ST4 ST2 ST3 AD3 Muz ST4
Mu3 ST2
Space ? ST3
>

Space

®



Veclor Piocessin
Per{otms opm-‘ion on o whole amway. This is only possible if the
operations on each element are independent Jrom each olher.

The dota. gels stored in vector registers. Veclor chaining de vibes
Hhe vechor version of doda forwarding. I allows o operation 4o
short as Scon as an individval elemest is ready. The shride

is the diskance of the veclor elements in memory. If o vector
is 4o loma it can be split inko mulliple veclors (stip miv\ins).
+a |o+o{- work per tnstruckion
x var memory Qccess pas
“+no need ps

GPU
GPUs ace SIMD enaiv\es bel pro, rommed usina threads
(SPMD). A sel of Jheeads execulina gne sawme program are

grovped indo o warp.

- works only if parallelism
is re&ulur Qlse itis
very me”-idewl—

Dynamic Warp mec ing: Merge Jhreads execuknj the same inshr.
aHet branch Wergence. a’ﬁ\is forms new warps from 4he
warps wa“-in'j.

Delayed Branching

Means that some inghruckions Q«Hev o branch are execvled
regardless of, which way 4he bramch goes. A compiler can
insdruchions in such a de\m, slo} ifs 4hey dow' inflvence
the branch Hself, else +hey are {-’led wiﬁ\ NoPs.

BYQV\C"\ 'Pred\‘c}{m

A dechnique used Yo predicl the nex} adress afler a branch.
if dhe predickion is wrong e hove 4o flush Yhe pipeline
(misprediction Pcm“y ).

Prediction Diceclion Schemes

: C\\wa\{s (nol)-hlen (30-40%) 60-%0% accuracy

* BTFN: backwards 4aken #orword: not taken (good with
loops)

“ Last Hime predictor: siﬂa\z bit stored in BTB (branch tarel bul:[.er)

indicales last direckion. Loop accuracy = %2.

+2-bid counder based predichion: @@‘; Q
4

* Local: no inlcr{etence between
/ )
[

static

d\' namic

different branches
* Global: sh\a\c counter <Far all

branches

Global Branch Correlation

The idea is 4hot recenty executed branch ovkcomes are
correlated with the ovlcome of the mext branch.

+ Fiest level : Global branch history reaidet, keeps 4rack o,- Fhe
lost branch ovbcomes.
*Second level: Paltern his%ry Joble, keeps a 1-bit counter For

each palern. out 2-kit ler
GHR

88181 = 5@*"\; =]0)
\:4..:.40 /’@é@b

A4...41

Memory Hierarchy
v L)

Memory H«m,: slores dala, address selechon
logic selects row, readout circwity reads data.

P
[}
n
¢
*

L2 - Cache
Memory banking: Mulhiple memory units with
a common and ‘gdress b:!s, helps Yo
resolve lon\cl lo-"enCY. Units can be accessed RAM
iv\dividual1.

Locolity: temporal = access do same oddress in shotk Jime
spobial = access 4o nearby address

Blocks & Qddressivs cache:
* memory is divided ndo {ixed-size blocks
* each block maps Yo a locotion in Jhe cache (index bils)
‘{or a cache h;-'- -“\O. k&s ne!d “'0 mo.«l-r_h

Address ?qu;l = Byle im Block
[Tos | [of | Index - Zeile in Toq Slore
L index = T&s = Uel.d\u Bdk im Sed
Associahvily:
moliple blocks have dhe same index — conflict misses

*n-way associakive allows n-Blocks with same index
* 4-woy 7 direct mapped  no index 7 fully associative

Coche Pertormance:
* cache Size, dotal data C
*block size b
*associahvily n

« #blocks: B=c/b
~#sels: S=B/n

Replacement Policies:
- FIFO, firsl-in-f?:s-‘-ou-l- *LRU, least -recently-used Random

Hondling Wriles

Wrilebdck: write do lower levels when the block is evicted,
needs a diry bik

Wrilethrough: wrile 1o all levels immediadly, simpler but
bandwith infensive.

Classi{»icauon of Misses

Compulsory Miss: fiest refrence is olways o miss (pre{e’ockfns)

Copocily Miss: cache is too small

Con{ln'el» Miss:  oll odher misses (more os:ocia-liv“-y)

Improvement Ideas

« reduce miss rale - redvce miss la"-cncy or cost

‘reduce hit lokency or cost

Prefelching
The idea is o improve cache performance by prc.loac\inj
dodo do ovoid misses. There are diffecent dechniques “do

prelelching, some are software based while ofhers
haidwar:_s ’dn.pendw:l-. OH

Shide prefelcher: prefelches cache black in o pallern
with o cerlain shide (l{- siride = 0, nex block Pn{d-ckn'ns)

Runahead execuhon: allows dhe processor Jo pre-process inshr.
vring cach misses inslead °'I' sla"fns. Theve{-ave. H can

delecg po-l»eul-ial cache misses earlier:

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

- coverage = #ace. predicted £ 110} gec

Virtual Hemory

Huch larger than  physicol memory. Virtval adress space is

dided W pages, w de physical adress space is divided

into Lrames. ~ Poge Toble Jotes magping: Vidval —> Physical

loaelher with a valid bt (cd more meta dXNa).

# Viedval &des = % glac::c Vp'u-\vd Hemory
ol Advess oc ace
# Physicol H\des = m':;SA—:: Block Size Paae Size
Vicke! toder Coshe offsat | Block Offset Pasc. Offset
VA: [Nidvo Poge Number | Pone Offset | Miss Puae Faold
Po:- Toble Index /Toj Viekool ﬂnde Number
PA: P-Pane Number Offset

ome o physicel dog
Physieol Adress Space =
Mulki-level poge fables: keeps PTsize small
Me Prokc-ﬁon: different PT for each programm
ﬂamon Lookasid Buffer TL8: cache PTewtries to speed up

adress transladion



Ex. Find Jhe simplest sum-of- products {:orm for dnis
equakion: F= B+ (A+C)-(AB+0)
F= B+ AR+ AB+AC+ CA+CB+C
= B+A+C
Ex. Simplify +he Fouwnnﬂ min-4erms: 2[3.5.1,44.45,45).
{3.5,3,4,43, 453 = {0014, 0404, 0444, 1041, 04,4441}
F= ABCD + ABCD + ABCD + ABCD + ABCD + ABCOD
= CD-(AB+AB+AB+AB) + BO-(AC +ACT)
=D+ BDC
= D(B+C)
Ex. Converd dhe following equation do only condaim AANDs.
F= (AB+C)+AC = (RB+C)- AC = (AB-T)- AC
= AB-AC = AB-AB: AC
Ex Convecd the fallowing equation 4o only condaim AAKDs.
F=(A+BC) +C = (A+BO)+C = (A+8C)- C = (a+eC)-C
= (A-8O)-C = (A-A)(BO-C
Ex. Drow 0. XOR-Gole with 4ransistors.

V uad Oul

ovt

Out und Drain

]
w

Ex. Seqve-\lia‘ or Combinalional circuit ?
module one (inpok cllk, inpot o, input b, outpud req [4:0) q)i

OIWEG{“'(SB)@C') This code resulbs ina sequential
q « 2'b04; circit becavse a lolch is required o
else if (o) store old valves of q i} bolh
q ¢ 2L'bA0; condilions ave not salistied.
endmoduvle

Ex. s dhis code a correct mulkiplexer?
modvle {-ow (input sel, inpot [4:0] dota, ovtput reg z);

o\ways @ (sel)
it (seV) No, the inpst dato is missing in the
o1 9920 senikiviby lsk. A updole wosld nok be
z=data[0];  reflected do the outpot z.
endmodvule

pMos immer zwischen

nMos immer zwischen

Ex. Does this result in a D-FlipFlop with a synchronous aclive-low resel?

module mem (input clk, input reset, input [4:0]d, ovtpul req G q)i
always @( posedge clk or negedge reset
if (Yresel) qe=0;
else qe&d;
endmodule

Ex. ls s code syntachcally correct®
ddle {olladd (inpet a, b, ¢, output reg s, c-ovk);
e oss‘ign s= a’b; P we use o.)ssc'an Hhere-
st;sn c.ovk= (adb)| (ol c)z (Bzc);jm Hhese hove
end modulé o be wires
module +op (input wire [5:0] inshr, input wie op, ovkpol 2);
reqf:0] r4, r2; shouvld wires
wire [3:0] w1, wi;
‘-u“qdd FA4 (.o(instelc]), blinste[41), .c(inske[2]),
.Covt(r1l4]), .z!M[o:l”;

The code mplements 2 D- FligFlops,
each works with a asynchronous ackive low rese.

‘u“qd«l FAZ (.o(insh[s]), blinste[43), .c(insde7), no .z pork
covk(26), .z2(r2l0d));

assiqn z=r|op;

assign wi=z r1+4;

assiqn wl= r2 «A;

assign op = r1*rZ; mulliple drivers

endmodu]ﬂe , f
Ex. List all the mistakes in dhis diasram.

A=1 There are {-our mistakes:

A2 A
C/O\’ /\)/'2 - most slales have Moore
@ labtll‘tﬁ bot some Mealy
A0
At

/ - There are 2 R<4 }ransitions
Az1

241 fom $4
A=0 2:s40 @ - Tnere 2 unlabled dransilions
r\_/ I!om Y]

~There is no resel-

. w caph ibonacci Lunclion.
Ex. Dra o.dn)f:{low arop {-or i\\e {bo: { !

Out

Ex. Which designs are compalible with each olther?

superscalar — in-order precise exceplions - Ovt-of-order relirement
mersm‘ar— OUI“O{"WJQ" branch pfediol-l'ov\- ‘:ne- cained mu“i-“weadio\a
s‘nsle t.\lc\e ~branch predickion ";M;afnimd mu“iaureae\ii\q— pipelini

reservokion stalion — microprogramming  Tomasulo's d%:ﬁ““: — in-order

{ine-grained mulli¥hreading- sigg“ le e’ diceck mapped cache~ LRU replacement

Ex. Drow the do-‘o{\ow arnph {.‘or o low 41-bit

Oddi“on, yov can use Full Adder nodes.
b
a

Viyo©
\Jd/@
Egj/

Sumlz] SomEd sum(0)

Ex. Any n»3 4-bit addikion con be implemenied
only using Full Adders. Fill oot the +able.

n | #requiced Fhs n | #requiced FAs
3 4 6 u
Y 3 7 Y
5 3 & 1

Ex. Two programms A.B run on the same wachine, both have
the same # memory requests, but A needs 4o shall way
more. Why could dhis be?

A cold have a lo} of row BoH-er coﬂ.pl'el-s , while B has a lot

o{r fow buH—u hits.

Ex. | a processor execoles more IPS, does a program
always  {inish fas‘ev’:

No, the number of “inshuckions for o program covld be

A.!‘H-(ﬂ?ﬂ‘ for d«{fe(ewi processors.

Ex. If a program runs on @ processor with a higher {vequemy,
does Hhis” imply 4hal i execvles more IPS?

No, a processor witha lower {reqvenc, can have o much Hﬂher

number of IPC.

Ex. Wrile a MiPS 6Y4-bit subsirackon (2s-complement)
where {$4 353 - 36 331,

subu $3, §5, §%
shu %2, 85, §7
add 52( &64 $7.
s $2, 84, 82

Ex. A machine with 5 pipeline stages uses delay slods 4o
handle condrol dependences. Jump and branch are resolved
during execolion cloge. How many deloy slels are needed

2, since we can {ill dhem during felch aud decode of

Hhe jump [ bronch ~inslruction.

an we modify Jhe pipeline Jo reduce the number 0{-
deloy slots?

Yes, i} we move the resoltien o{-ll\g jump/branch tacgel

o the decode stage, we oaly need one delay slot.



Ex. How many delay slods are needed for-“\o. {ollwinﬁ implementations 2
In-order with branch resalving ducing Uth chage: 3°

0o0 with 64 feservotion stages, bran'S\ resolvin e\urina 2nd cycle of
branch evecvlion and 46 sl-o.aes befor Jhe execubion stoge: Don't kvow

Ex. Given +he {ollowing microbenchmark {or a pipe\ined machine.
Calcvlale  #dynamic inshruclions execoled, # pipelne slages
and #*cycles of slall caused by bromch insdruclion.

LooP4: Initial R4 #‘C\(clﬂ
SUR R4, R4, #4 u 54
BGT R4, Laap4 8 63
LooP2 : 46 83
R LooPz all runs execule +he same #dynam‘e_ tnsde.

C:P:T-1+8B-D
54= P+T-4+4D
63=P+I- 148D

&t =P+I-4+46D

= P+I=4yo, D=3

Le¥: C ’#c\{c'ﬂ
P = #slages
l= “dynonu'c insdr.
B= #branch inskr.

Da #C\,des stall / branch

Ex. Given a scalar processor with in-order felch, out-of-order
dispalch and in-order reliremend. W has U pipeline stages,
and 2 reservation shalions (ome for each +ype). If he
-‘-ollowina program ads execuvted, answer +he questions?

Ex. Given Tomasulos Aleo:'ulhm with: S{unc“onal onids with Yher
own hal dofa bus, 22x6Y bit reau‘shvs, 46 reservakion stalions
per {-und«'onal vad and 2 sovrce regisler per reservabon slalion,
caleolade:

#hs comparator [ reservabion skation endry = 2x8 =46

#hﬂ comparators = 46x46x8 +32x 8 = 2304

min."taq size = log (46x8) = #

min. size of regisler alias table = 32x (3 + 64+4)=2304

min. Jobal size of taq shore = 32x7+ Ex16x2x3 = 2046

Ex. Comparing a VLW and a in-order Superscalar processor with the
same machine width and J}requenc.y. For a. program A, +he
VLW machine is much {aster, why could dhis be?
The superscalor proc. is in-order, requiring bubbles in the pipeline,
while +he VLIW proc. can reorder inslr.
For some ol&er program 8, the VLIV is slower, Why could
s be?
VUW needs AOPs, while dhe superscalar proc. doesnt. These NoPs
can lead Yo lower T-cache hit rale and hiaher felch
band with.

Ex. Which o} the following are goals of VLIWZ
i Sim‘)\it\( code compilation
ii. Simplify application development
Reduce overall hardware complexily
() Simplify hordware dependence checking

v. Reduce procassor {ekln width

C:‘; 12::-[::;0 Fl‘:E‘; EZ E-?, E_'-l :‘ ) AN ES EEETEB Ex. {iivm a veclor proc. with Jhese {ull\; inler leaved | pipe‘n‘neJ
BL R4, 400, L84 FD- - == —- - E1E2E3 Eu W insir. VLD VST S0 cycles, VADD Ucycler, VMUL 46 eycles,
HUL\M'H!; 5 FD EM4 E2 E3 VD\V. ?2cyrl¢s and VR.SHFA 4 cycle. Assume: in-order pipeline,
TR~ R4' Fp - - // Killed chaining belwaen funclional unils, -le' elemanl bank 0, 2KB row
A0 RA< RA.R0 FDE4E2E3EUY IWH« [ baale, 64 bt veclor elemenls, each memory bank h‘as
o [lzo‘_\«—ﬁ'*\ £D - — — Bty 2 porls and fhere are 2 lood /slore units. What is the minimum

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

Cache hit lolenc\g?’ 1 cycle, dhe lost ST insh. is o hi

Coche miss lol-ev\c\,?- 8 cycles; tne fiest LD instr.  misses.

Cache line size? Unknown

#enkries in each reservalion shakion? ALY ab teast 2, MU unknown

*Alus ? i} pipelived ol least 4, else at least 2.

ls he ALU pipel{ned? I there is only 4 ALU yes, else  unknowm

Does the processer hove branch pted;cﬁon? Yes, becavse 4here
are inglr. thot get killed.

Al which staqe do ﬂormm;‘nes ael- tesolved 2 At {he eud of €4,
because in the nedt cycle the previcusly felched insle. ﬂo}
killed.

64 bawks, because access lolency is Boms and 64 {he ned

power ui- 2.
Exedvl-inq this progrom fokes M4 cycles, whal is Jhe
veclor leagth?
VLD 1 A [ L L A AA4 = 5444+ 4644 +L-4
VLD V2, B lapD—f 44 =7 L=Yo
VADD V3, w4, v2 Pty
VMUL w4, w4, 3 gy L2y
Ay L4

URSHFA V5, vy, 2
Redudnj +he banks Ly a

aclor 2, how long does
the program Hake? f of v

VLD [ 5
63 2 A+ 50 + F450 44+ 16 41= 129
G4) ey => 423 cycles
VD 6] Mty
[}f] l £0 I
;9] e .
3:35 '_||L| .S'anlﬁhj the
VRSHFA e las} Slement

Now e #banks qel redvced -qu\er and i} lakes
273 cycles. How many basks are there®
233 = A+ M6+ +4+F+| |- 50
= 5=["41 = x=8 memory banks
In @ new version U veclor proc. share the same mewory
with U Jimes the banks. However the exeeulion is slower
dhan if each program ran on a single proc. with 4 banks,
why codd -H\gsoEc.? e !
Row le—er conflicls as all cores inlerleave ther veclors
acvess all baules.
How can +his be fived?
Packkon the mewory mappings, or use belier memory scheduliy.

Ex. Consider +he -Fo"owins warps , how can dynamic warp
ormaton be used?
X:{10040414% X:{40040144%
Y- %« 0001004t =>Y" 144 001004%
z={o41000000¢ 2= {fo0000000%
There are several answers, bl nokice $hal X, Y can'} be
meraed.
Ex. How e-“ed—ivc 18 a 16 K8, Y-woy assocalive cache wilh 8B jnstruckions®
Not effeclive, since the block sice is UB, each instruckion needs dwo

accesses. Furlher it cand exploit spakial localidy.
fo o

Ex. Given he %ollowins access poblern and it rale
cache delermine “it's characteriskics.

Addresses Pccessed most wiss 4 pale
41 0 4 & 46 &M 128 4/2
2. 31 8132 63 46384 Uo3s 8132 64 4638y | 2%
3. (32368 0 4123 4024 3072 g4y2 1 14

hit+
Cache block size: 8, 46,32, 64 or 4288

From @ we can see thal only 32 or 64 are possible. From @
we can see thal 63 wmat be a hit awnd -u\erefo« W
can only be 64B.

Cache Associalivi-\-\p 42,4 or 8 woy

Combining tis with the possible cache sizes of U oc BKB
we can see +hal 4and 2 way would cavse 400 much
misses in @ and 8 way would cavse another wiss i Q.
dheefore i+ must be U way.

Cache size: Uor 8KB

In® Jhe access o 0 is a miss and -lkefe{am 8191
Should be a hit, bot with YKB, 1024 and 2032 wodd map
{0 the same set and therefore i coulda'd be o hit.
So cache size must be 8KB.

Replacement Policy: LRU or FIFO

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

®



Ex. Given a one level cache with 128 B and block size 32 B.

Using LRU, $he followiv\q blocks are accessed :

ABAHBGHH AEHDHGCCGCARH DECCBADEF
In o direct mapped cache which blocks are in
the same set?

A/B H/D Glc EJF
For o folly assacialive cache, wrile down the misses.

ABAHRGHH AEHDHGCCGC@!}I;! pggcg@pgf

Ex. Given a Z-wm, assoc. wrile back cache with LRU and a
23x45 bit 4aq slore. W is viddually indexed, physically -hzajeé.
The virtval aﬂfm space is 4MB, page size 2KB and
block size 8B. Whal is 4he size o{- e dola sloe %

Taq store = 2 (2445)= 45223 » i=3 =5

Dolo slore = 2Ix8xl- 8kB
How many bils oI-—-Ih_e victval index come {com e VPAZ

a4, A4 bil pageoff. |
[ ndex [oek | =7 4 Bi}
space 2

3 3
Whot is the ph\lsPicd address
Paqe { = 4 Rils e Tag= 8 Bids
qe Offse ™

= M.95: 246
Ex. Fill in the blanks?
ms
480 450
Aw
g0
60
2 0 Yo mox
10 s _Rddress
P AP o
L1 L2 L3 |orRAM
T
e [ NIA | X | < | ia
3|27 foz2u* . id
ﬁj: =/{402'4 =|{' X X max s«‘n e
cache | 5.3 [%502| > | X
suze
AS0-
lﬁs\: A0ms | H0ms | X [ 4g0ms

Ex. Gw o Yway assoc. wrile back cacke with a 2™'¢83 bi
toq store, a 3 bil replacement policy, €UB blocks. W
is virkually indexed, physically ‘oged and dala from
a gien adr. can be in vplo 8 seds. W vses a Z level
poge table with each 402y enbries. How many bils
o} " 4he virluol address are for the sed?

Taq Sloce = 2+83 pAM Biks
What is the size of e data slore?

2Y4.guB = Sz Ke

How many bits in the PPN overlap with +he index
bids in the vidval adress?
3, since dola con be preseat in vplo 238 sets.

Drow the virduo) address:  Drow +he ph\,sical address:

A6 6 S [*] 4 13 0
index \ o{.}sd»l frame nr. ‘ olfsel
— .. =
AAbib index =64 48 bit physical  virdvol addcest
fag bits

Wha! is the pege size? 2™ = 4gke

Who! is the virdval address space 2
2 Level s heom 402u .2

ZVPNJ. Zpuac OH-SQ" - 27-0 . 24‘1 = 41668
Whot is the physical address space 2 2%*= UGe

Ex. What is the prefelch accoracy and coverage A,B
bsing a siride prefelcher? 1 ge fo

A: ndf00] a; B: nf00] a;
Svm =0; Svm =0;
for (i=0; ic4000; i+=4) for (30 ic4000; i w:u)
Sum += afi] Swm += afi]
Accuracy: A: % B:0 Covemae: H:% R:0

Ex. Given s code exploin which branches covcelale locnﬂy[a‘obany.
j}“ (ind i:0; ieN; i) { 184

vol = array[); Locally: only 84, since {or B,

it (vel%2=:0) UB2 B3, By  the previovs valve
Sum += VOI es M" Mﬂ”ff.

it (vol %3:=0) /B3
som *+= val Globally: BY is correlated with B3

it (vl %6==0) IIBY and B2, If one BY is daken,
som += val B2 and B3 are also 4aken.

Ex. For lhe same code, calculale the expecled valve -For
dwe PHTE doken-taken a{-hv 420 itecations.
Wloa. we take a lock ot Pe numbers 41-6. Fora single

ilevalion we have U chanees do increment ke PHTE.

‘B3: Given Pr[BATLR2.T]=4%% Jhe pwl:o\si\'-h For B i be
foken is 41, resvmnj in 4%.34:9% probabilly b
increase and 1-%%-(4-%)% do deccease, -(keufm 23
CO'A'\‘Ihv"es J/‘-‘/;:-‘/‘_

cBY: Pr[e2TEBITYYH =% 1-2%

‘B4: Pe[BuTLB3TIH =% -41=%¢

‘B Pr[RU.TABATI:% =>%2-%-%%=0

Resuliins in a Jolal of %% pec Heration. Thm,rore
aHer 420 iteralions  the expected valve is 20.




