


Number Representation

BigIdea. Bits can represent anything
N bits → 2

N

representations

Number Bases : Decimal
,
Octal

,

Hexadecimal
.
etc
…

Converting other bases from base lo :
"

(eftover algorithn"

eXl 733 → baseK 로

1] 45 = 1024 → fits O → leffover 73

2) 44 = 256 → ftsOleffover73
3) 43 = 64 → fits fs leftover 9

4] 4
=

16 → ftsos lefforer 9

- → O× 45 + 0 ×44 + | × 43 +O×42+2×4
'

+ 1×40

→ 73
..
= OO 10214

Common bases : Decimal
, Binary , Hexadecimal

Notation :Noprefix , ①b " , ①×…

Binary → Hexadecimal Conversion : Ose the table !



why it works. each 4 brnarydigits correspond tt hexdigit.

Units . Byte ( 8 b4s, 2
nex).

(
Nibble( 4bTts, Ihex )

Integer Representation . Signed & Unsigned
Unsigned . N bTts→ [ o , 20 - 1 ]
s Overflow / Negattve Overflow ( not enough digits ! )

signed : Sign - Magnitude leftmostbitisthesign .
G [2←1 ,

2
-
1
. 1 )

,
counting in bits is weird .

Signed . One 's Complement → negative , then flip the bits .
s always increasing , but overflow on the edges .

Signed : Two 's Complement→ shTft all negatives toleftf .
s fixes double representation of zero
s Another definition . MSBis now negative

Signed . Bias ofation → shifteverythingtopreventoverflow

sstandardbias"centersatzero,mathishard.



Pointers
, Arrays ,

& Strings

In* C,falseisOor nullpointers (allelse istrue )

"

Memory is just a huge array
"

→ each value has address

Pointero the valuesan adof anothervarrabl-
b : f pholds X

'
s address

,

"

p is a pointer tox
"

ex) int *P ; intx = 3 ;

P = IX ;← C&) is the
"

address of
"

operator
print(*p)← (* ) is the dereference (prits 3 )
*P=5 ; c able to write on the address

Cpasses by values , but pointers can give references !
exl void addone ( int AP) E

AP = APtlse changes the contentthat

국 P pointst notp
The NULLpointero pointer toall ①s , no r /w
s guard pointers with if ( 6P ) E… 3
Pointer to Structs : (*ptr)

.
λ ←) Ptr→X



Arrays . int arr [2] s arrEnum] is actually pointer
a[ : ]* (at:) ? ? ( Tantomatically scales with type)
s pointer tn == pointer tnx (sizeOf ( pointery)

Apointer to apointer is a
" handle" ( int ** h )

s this allowsmanipulationofpointervan out of scope !

Arrays lose its size information when passed

Strings . array of chars that ends wien 1①
'

Memory Management
"

wordsize
'

"

. # of bytes in an address
Endiannesso Iittle endian =LBis stored first

big endian= isstored first
'

"wordalignment ". 4-byte boundaries for multiple-byte data
ouses padding for structs/small types to enforce alignment
sTzeof( ) 8 = gives sizein byteslof type or variable)



CProgram Address Space . 4 regions
1) Stack . local variable

, grows down

2) Heap
.

requesteduTamalloc (1 , grows up
3) (static] Data : Variablesdedared outside main

4] Text (code) . program executable loaded , does not change

Global vars→Data, lLocal vars → Stack , auto freed

Stack . a new frame is allocated every time afunction iscalled

s frame stores : returnaddress
, arguments , local variable space

The stackpotracksthelast frame relvant

slocallydeclaredvariablearetowhenfunctioncloses
o Pon' treturn apointertosomethingonthestak ~ ?

Heap . " bynamic
"

memory thatcan be alloced , resized , and freed

bHuge poolofmemory ,butnotcontiguousllocated
r

mallocl ) :allocates raw memory ,
uninitialized from heap

freel ) . frees memory from heap
realloc () . resizes previously allocated heap block tonew size



o void * malloc (sTze-t unsigned int for byte countingmiw

sreturns ageneral point√→mightreturn NIL Ifoutofmemory
=

f Always cheforNUL∠malloc returns ?
Toallocate a struct ?

→ ifCptr == NUL] 도 …국

SomeStruct * sP = (Somestruct
* ) malloc( sizeof(SSJ] ,

Toallocate an array of 20 ints ? Athis depends on thearchitectured
Tnt *ptr = (int* ) malloc ( sizeof( inJ→ *20] s

. free (Void * ptstheexactpointerreturnedbycrelallocc)

salways should be manually called for each allocation

orealloclvoid Aptr , size-t sTzelmr new sIzewanted
breturns a newaddresm of the memory block

( the data might have been copled to a new memory space ! )

Memory Leak . farlure to freel ) allocated memory
Use after free : referencing apointer after freel )
Pouble -free : trying to free( ) amemory already freed
( realloc( ) can produce dangling references if multiple
pointers point to the same memory )



FunctTon Pointers

in+ (*fn ) (void * , Void*) = & foo ;
s (*fnJ (X , y ) calls the function

Generics

General - purpose code that updates blocks regardless of types
ex) malloc returns a void pointer to be casted

Invalid to dereference a void pointer ?

GenerTc memory copying . memcopy ( ) , memmove ( ]
s
copy

does not checkoverlap , move always makes a femp array .

a char is always t byte → use to store ageneral lengtharray

ex) swap -ends ( void * arr ,
size

-
tnelems

,
size

- tnbytes ) 는
swapCarr , (char *c)arr t(nelems-1 )* ,

nbytes )

3
L
→ pointer arTth met?cs

in I incrementals !



Floating Points

Binary Point : boundary between Tnteger and fractional part

솔솔 ..Y aFeger bnarypoint"hasopredeterminedandfractiondbrt.#
of

FloatingPoint : some of the bits carry the binary point location !
ScientifcNotation:noleadingzeroes- → chang to base 2

mantissa

e×N 1
.
0× 2 -

1

s-point
GadOexponent-→ when normalized

, firstdig?tis I !

∞ Normalized format .L.XXX
…X2

YYIEEE
3 I 30 232Z

TTponemesignifrcand
sbit yyy. y →8bitsxxX - * → 23 bits

s Over /underflow if the exponentis too big /small

How to store the exponent → bias notation ! [exp - 1277
⇒ (- 1)

s
× ( 1 + Significand] ×2

(Exponent -127 )

& zero signifisand
Special Numbers .± ⑧ →mostpositiveexponentreservedfor @

Os all zeroes in exponente signifrcand
Max exponent , nonzerosignificand→NaN representation
exponent O ,

nonzero significand→ DeNormed numbers



RISC-U

Assembly : setof instructions , operators & operands
Instruction Set Architecture [ISA ] e×)RISC-U , ×86 , …

Reduced Instruction Set Computer(RISC) : small , simple , fast

One ine of assembly code⇒ One instruction

Notype , bits in registers get interpreted by operators

Regist are inside the processor, interaction is very fast
RISCt has 32 registers that are 32 bits wide
→ 32 bits Ts I word

,
32 = word size (4 bytes )

×isspecial andisalwaysO. ( editingisimpossible)
RISC Syntax : opname rd , rst , rs2
ex )add× I× 2×3 a= btc (inC )

Using temporary registers is possible, but might want to minimTze
Immediates . numerical constants . ex) addT ×3 ×4 10

s the last operand must be a number instead of a register



RISC -V Data Transfer

How do we load from and store to memory?

s Tnteracting wI memory isslow… ( later on improvement )

Fdataflow spointer to array
Iw CLoad word "from

"

] rd , [byteoffset](rs )
sw (Store word "to

"

] rd , cbyte offset, rs)
* rst byteoffset)mustbeamultiple of 4 for integers !

→ LSB

Ibisboload and store byte in to the low byte pos,
and extends the leftmost bit to the rest of the word

s endianness matters in this case ! ( 1 bu forunsigned , noextend )

Ibu extends all zeroes forunsigned byte
"

RISC-U Procedures

When calling a function …
① Putarguments ②Transfer control to function ③ Acquire storage
④Dothefunction⑤ Storethereturnvalue⑥ Transfercontrol tocallee

Calling Conventronso what registers do whatjob



a0 - a7 . argument registers (a①- alarereturnregistersas well )
ra . return address to return to point of origin
s0 -s1

,
s2-s 11 : saved registers

Instruction Support for Functions :

Every line of code alsolives in memory /Tke data
.

When a function iscalled ,thenextline' saddressisstoredtor

PCjumpsto the addressstored in the ismalsuniorogiater
Afferthe function terminates

,

freturnsViajJl
( jumpandinkyremoves hardcodingknenumbe :

sJal rd ,
FuncttonLabel saves next ine'saddresstordand Jumpsto

the address associated withtheFunctionLabel

3 jr ra is also aliased as
" ret "

( jalr rdirs ,
imm can manually set PCto imm(rs) )

when a function is called
,
old register values are stored and

then restored justbefore returning⇒ use stack 6 !

pus the sp for space , pthesptofreestack space



Nested Calls
? ? → clobbers values in ao - anera

≥

s the nested function will overwrite the old return address !

→ save ra to the stack
,
too

Register Convention : rules for what registers may be altered
() Preserved across function calls . sP , gP , tp , s0-반

b the callee is responsible2) Nofpreserved . 9①- a7 , ra , t① -tf forpreserving these

RISC-V Instruction Format

PC (Program Counter ) is a poinfer for instruction count

Assembly code⇒ Machine Code ( binary )

Most data are in words (32 - bt) , RISCVuses32-bit
.

FTelds프 an instruction fells something meaningful
6 Key Instruction Formats : R ,

I
,
S

,
B

,
U

,
5

R- Formato opname rd , rst , rs2 ( add ,
sll

,
… )

」AXll1nrssrzttunctn" "

n45192433. 0 δ

7 5535 7 X3O11001

opcode
"

partially
"

specifies the instruction , and func+3& 7

describes specifics of which version of the instruction to run



exl addX4 X3 X2
fn r2 ri f 3 ra P

II|1000000000 0001100000100 O 이 00□
wwrwwwww

00 2 18 2 33 ) 16

I-Formato opname rd ,
rss

,
imm Cadd:

,
sIl;

,
…
)

20 19 1514 12 1 , 36 0

~X1luns"imma ..o.
↳ 2 5 35 7 2OO 100 l

[-2048 . . , 2047 . .1 , CPlu sign extends before operating

shiftoperations use only 5b?ts for shamt (shiff amount)

sthe leftover bits tells logicallarithmetic

I- Format ( Load) . loadop rd ,
imm ( rst )

.poffset 2019 15 14 12 | , 76

N*I1
|3 5

"

imman . o.

2 7 3ooo이에

funct3 specifies how much to load in what format ( Iwilb , … >

S- Format . storeop r82 , imm (rsI ) → no change in register!
2524 광 (9 [ 5 14 12 1 6

」AX"1sIrs2immn. 5 sTnm[4:07

5 5 3 5이 7 →O 1⑥ 에

the immediate is spl?t into fwo parts ( RISC-VprioritTzes keeping

register fields in place more than immediates )



Program Counter (PC ) . pointer to place in code
t 4a ftermostlines,updatedtoalabel for jumps

PC-RelativeAddressing:PC =PCtbyte offset)
s this enables Position Independ tCoe (nohardcoding )

srelative bytroffset
B-Format : branchop rst , rs2 ,

Label to the Laabel

slabel only gets 12bits⇒ Inunits of 2bytes ( half-words)
⇒ PC relative offsets support [- 4096 , 4095 ]

25 24 201서 15 )4 12 11 6
~

TX's"Iszimminm. (11005]11 ⒔

임 5 5 3⑤ 751100 에

* always a zero ,

sthiskeeps( Oo l inthesameplace!sodon'
tstore⑧

ZXXXXXX
:

WWWWYJZYXXX*XXWWWYL
12 미 1065 4: 1 11 513 -bit byte offset

J- Format : Jal rd ,
label

IFXoprssim(z0110 .5) inmc4:lli) inmela : 23

5 RB 101 ll 에
~

b20 immediate bits→ ±218 32-bit instructions

UFormat. opname rd ,
immed

Lo "
upper immediate"



Atopoerdmme30만
bimm = TMm << 42

lur rd
,
immedo load immed to upper20 bits , clear rest

s then use add: to load the lower12bts !

( li pseudoinstruction handles lui tadd: Tmprcitly )

Edge Case . addisignextends and decrements next bit
sif 12- bitimmediate is negative , adds to upperimmediate !

auipc rd ,
imm → rd = PC+ ( immed << (2 )

Cauipe rd ,
O stores the currentaddress to rd ! )

jalr rd ,
rst

,
imm → PC = rsItimm

,
rd = PC+4

s this is just an I-Format instruction Cimm not ×2 )
⇒ Iu: tjalr can accessall 32- bitaddress

CALL

How to translate high- level code to machine code?

CompTler . High level Language→ Assembly Code
s outpat may include pseudoinstructions (MV ,

I:
, 최… >



Assembler : Assembly Code→ Machine Language Module
G object code Iinformatnfor linkingedebugging
replaces pseudoinstructions with real instructTons !

DTrectives inform how to build objectf~ !
G

.
text

,
.
data

, .globl , . string , .word

Object FTle Format :
I) Header : sTzeIposition of other parts o fthe file
2) Text Segment . machine code
3) Data Segment : staticdata in machine code
4) symbolable . store undetermined absolute addresses
5) RelocattionInformationstore labelsforotherfiles

to reference for the knker to resolve (To-dolis←)

6) pebugging Information

Linker. Objectfiles→ executable machine code
senablesseparatecompilation of files !

Patches fext and data segments , then resolve references
othroughrelocationtaable



P-relativeaddressingdon'tneedrelocat←~ :

External function reference Istatic data needs relocation

static us Dynamic Linking
.self-contained us only references

DLhs saves space but sacrifices runtime overhead

upgrading lTbraries is much more reasonablein DLL

Loader : executable code→ running program

Synchronous Digital Systems

Synchronous : All operations coordinated by a central clock

DTgital . All values are discretizedto① s or Is .

switches : open when ① ,
closed when I casserted )

ANDgate : z≡ A and B (Zis on onlywhenA= IandB =I

ORgate : z≡ AorB (Zison when A=LorB=I )

Transistor : MOS transistors act as volfage - controlled switches
1
o

n- channel : open when Gis low , closed when Gis nigh
s」LDS→ Dflowswhen Gishenough



⑲ P -channel . closed whenGis low
,
closed whenGishigh

sohD S→p flows when G 「s은 enough

eNn Out

Relationship between in and out로

o.
u 2- |3 u Ov

Signds & Waveforms (clock)"
v는

aAssume transmission iseffectively instant

aImplies that a wire has only one value at a time

Circuit Delay
.

Transistorstaketimetocalculate outputs !

bonly look at the value after the propagation delay
CCL]

Types of Circuits . ①combinatTonal Logic Circut② stateElements
sstate elements can store information for future calulatTons !



States

Accumulator :X→Jum→ S

adoesn 't work because

*정.이다이다다
:nn

register is used to hold up transfer of data

G n - instances of flip- flops

Register : ⇌
In

a edge - triggered fp~-flopsamples

많
때

the inputd and outputs to g on a rising edge
* there is a

"

clk - to -g delay
"

and a
"

hold time
"

If input Xis notsynced with lk ,
the register may capture

a wrong value temporarily ,
but it is fixed eventually

.

⇒ Max delay = CLK toQdelay thogicelay + Setuptime

Finite State Machine . states and transition function

s each transifion has an input and an output



* FSMcan be mapped to hardware with a CL and register !

Combinatorial Logic Block

Mutiplexor . signal chooses which input gets outputted
Arithmetic Log?c Unit . ADD .

SUB
,
AND

,viveB

.때PAND되..."
. 3고P}없
o~s

함

Adder/subtractorDesign :Truthable or Cascade hayer?
o Fruth table needs 265 rows

.

scarrybit
do bo S

.
C

, For LSBCwithout carryinput )
ㅇ ㆀ So= doXORbo

,

C
,
= d
.
ANDbo

이 O

1 olO

IIO 1



Every other row will have a carry bit as an input
bST = XOR (ar , b+ , C: ) ,C

= MAJ (ar
,
b,C: ) = d.b: + a. C. tb: C.

The L- bit Adder → N - bit Adder

↓
"

r
때없이 .이

마장… 밥 .한많…: Sny So

→ Is Cnt necessarily an overflow? Yes , for unsigned .

swhat about signed numbers? OnlywhenCnXORC ?

Subtractor . RealizethatA -B
=

A + C-B)
r→ conditTonal invertor

s All bits in BareXORwithI , thenCo= I ⇒-B)
⇒ The SUBsignalisconnectedtoXORsto BandCO ?

RISC-V Datapath

Processor Datapatontrol ?
: thelogc ofthhechocemakingdecisionshardware

One - Instruction- Per- Cyde RISC-V Machine
s composed of combinational logic blocks & state elements



□몸목G
current output of state elements are

input toCl , and Tπs outputs affect

the state elements on the next clock cyle

sInstruction →Pata

States reqaired by RISC-V ISA : PC , Reg( ] .

IMEM
,
PMEM

AEvery RISCV instruction changes some state element !

PC:*없
"더

다.기값서
더다다디..PE

registers are accessed ura their 5-bit

register numbers . RErs±3 ,RCrs2] ,RErd?

write operatrons put dataw into RErd□ !

Memorg w닮ifmemRW=1,wrTfeocdurs.memRW=O, readtodatu.IMEM removes lataw ,
lk

,
ImemRW for read only !

5 stages of Instruction EXecution:
PC

,
IMEM

, Rey(7 ,. ALU.
DM
따나

없다피amrstins않!
] ↑ 0 . . ↑ σ

TFontrolLogic

Implementing add . R[ rd]= Rirs) +R[rs23
,
PC+=4

nextayale)⑫M태마대□

많수심닮"면됐,paerrdtktor
.



Implement subo only differ in one bit in func? , instE30] !

⑫
*메M때"대 □⑫많수림없없다"rotreeedsatres
∞ λ
RegWnse-7Tgiea

의

Implement add: . how to take the immediate?

미바데대□
많*다"닮닮다며는
다
그더다…구없~

는
… ."Immediate generatoraccesses inst[31 : 20]

ImmGen . copyto 12 bits , then smear the mostupper bit

Implement Load : actually similar to addi 6 with DMEMaccess now

3에*"역
:

inn

↑ I
ALustddMempe

wBSel
ㅇ



Implement Store : saves to R[rs2] in memory !

S"세)*
↑↑"없

.
다까다니다

"
없내

ALusetdd Mem
는

WBSel

O write Acany)

Implement Branches .newimm .format ,pcconditionchanges !

본
∴었①↓"↑

pesel ↑
taken/nottaken

Immse BrUn .BrEqB
combine to Sseleatimm)
argue blt , bequbge !

cePC)
S: instr[313Imm

.

Gen
.
for B -Types: MUXfor imm[ll] EB : inseren,

MUXfor immCo ] Esoinstr②cimpiit)



Implement jal : updatePC , andsaveratoRerda

⑲ ∞*기없
채…
*①↑ 1

pesel
Ictakeni] WBS일

Implement jalr : almost same ,butstartsfromRErst ]( absolute )
s just use the I- format

,
but MUx selects RErssJ instead of pC

Implement I-Format
.

ChangetheImm.Genaccordingly
LUIs RErd3 = imm

,
so AllujustselectstheBlined

AUIPC→ RErd=PCtimm, soALUjustdoesit.

Datapath Control

「IB

Somehow
,
we needtoextractcontrol logc

fronrlTclPath:t-yt[tautnttagttmuxttauttiunt와 - n

," ,

instrobtua]
ttse

Two ways to realize controt .Ro or Comb -Log
In RISCV 32 , weonly need [30

,
Ibits

,

inst 14: 12
,
60.2] +BrEg , LT!



ROM Controller. One- hotencoding for all instructions
AND OR
、 At∞→
"학쪽 '□

Itt
pCset Immsel -

PTpelining
'

"fHowdoweTmproveourdatapathperformance
? "

o whatdoes [t mean to improve performance ?

① Program Execution Time→ Time/program
② Throughput
③Energy per Task→ Energy/program

rogram
:Instrrg .ustruct「→ EXecutiondependonall 3 !
Ph, compiler, ISA& critical

algor?thm,
etc
. Patapath Path

Tasecond =Jouseon . Tasoule↑

Enerogram
=Instr

.
Energ법
Instruction>Program~ reducing supply voltage is hardaCV,hardurare

capac?tance Ls supplywoltage



ipelining.makeanassembly( Tne- like structure

blatency [singletask spead) is anchanged ,
but throughput increases !

s max speedup=# ofstages, ITmitedbythesloweststage
⇒We can apply this to our RISC

-」 datapath with registers !
sclocknowtellsstagetime,notinstruction time

However
,
there are some things to be carefulabout…

* the register is actually accessed twice ( decoding &write back)
b the nisnotwhatweoriginally meant → sendTtduring ωB !
* the control logic needs tobe pipelinedCeithertheinstrucftion orcontrol )

Pipelining: Hazards
Structural Hazards . fwo instructions need the same resource

① Instructions take turns Cincurs "stall time
"

)

②Addmorehardware③ Design ISAtoavoidconflict( RIS(-V ! )

Data Hazards:registervalueson getupdated instantly !
s Three solutions ① Stalling② Forwarding③CodeScheduling
①Stalling . inserf noop(noinstruction) intenfionally fo delay instructions
s the compiler needs to know about the pipleline !



②Forwarding : communicate thecomputedvalueearlierthanWB
s needs extra hardware foimplement instantaneous

"

shouting
"

sextrawireI extralogictofindwhetherforwardingisneeded
ex) wire the output of ALU to Ainput of ALll for immediateusage

Iftheforwarding isstill too slow ,
we needstalling . (Aselnowhas p

ex) value from lwiswiredtothe Anput of ALU←
morechoces)

③ Scheduling . use a no-op slot to execute an unrelated instruction

Control Hazardsobranchesaren'f faken instantaneously !

bIf we take a branch
, cancmn some future instructions as no-

s To cancel
,
force all Write controls to ① (nothing is apdated )

Branch prediction can increase performance on average

More pTpekne depth⇒Fasten, but more potentials for hazards !

Superscalar : Multiple execution anifs inparallel⇒ CPI <I !
GCPI = 「rogram응( InstruProgram . yle)



Caching

Binary Prefix . kTlobyte = 1024 bytes , in SIUnits , looobytes .
bHard Disk& Telecommunicationsuse SI

,
allelse

"

binary prefixes
"

KTb: →20
,
meb:→220

,
gibi→ 230

, …
⇒ 2

×*
= 2

×
. 20

×

[DRAM]

Cache : Middle memory between processor and main memory
, Secondarymemory (disk /flash ) iseven farther away
* closer to processor s smaller , faster, expensive, and subset

* Cache stores instructionsa datamot relevantto program

Locality : Temporal & spatial locality gives directTon on what to save
s recently accessed data canbestored dose to processor !

⇒ Move blocks nearby the referenced data together !

Direct Mapped Cacheso memoryaddressmappedtooneblo cache

sEach block can holdan
2

↑numberofbytes →shiffarithmetc!
So3

⇒ In address : ttaexwhere I:tag offset

(think of theindex & offset like rowe column coordinates

where # of bytes ofindex&offset are log( h ) , log (w ) ! )
⇒ tag length = addr length - offset - indexA



Memory Access with Cache: If hit , send . If miss , fetch block .
s Cache never writes to memory , onlycopies :

Cache miss
,
block replacemento wrong data, so fetch and overwrte

Cache Temperature. Cold Warming WarmHsfor performance
Miss penalty . trme lost by missing a cache and replacing it
Valid Bit. ①→ cache miss /garbage f→ cache hit if addr .= tag
swhen initTalizing a program ,

setall valid bits to ⑩

How to handle writing?

sWrte-thro apdates both cache and memory
( being " stale" )

sWrite-bakallows inconsistencyandupdateswhenrepla
Calso need to add a

"

dirty
"

bit to remind inconsistency )
⇒Trade- off between performance and complexity

Is large block size good. There is also a trade-off .
s spatTallocallyblocksTze,butalso largermisspenaly
sanextremely large block sTze will need fodiscard data too
often ( ping-pong effect )



miss n
penalty

7

^
blocckare block

size

yTpes of Misses :
, ) Compulsory Miss : FTrsttime ,

so it must be empty
2) Non- compulsory Miss:Allother misses

Fully Associative Cache : pat data on any row ,
but need to compare

against all rows when reading from cache⇒ infeasible hardware

Set- Associative Cache: A middle-ground for associativity
s Eachsetacts Iike a fully assotive cache , but the set itself

is directly mapped to the index value s much more lenient !

Block Replacement Polcy: IFall valid bits are on in the same
set

,
which to replace with?

ex) LeastRecently Used (LRU ) , FIFO ,
Random

,
etc

.



Average Memory Access Time = HtTTme+MissPenaltyxMiss~~~∞
o How do we improve the miss penalty. Second LevelCac= :
_

...그-Y←- DRAM않났다.났다.
:~ :

없다까

"
Lioyiss Paneabty

AMAT다.
HFTime th

,MissRate× L.Miss Penalty
L ,MissPenalty =LHFTTe tLMissRateXLMs Penalty
⇒ AMAT= L. HπTrme + L .MTssRatex(2HitTTme thaMissRatexhaMTss Penalty)

Thardware Iimit for clock speed

How to improve miss rate . Larger cache , or increase associatiuity

Parallelism

Single Instraction/ single Data Stream. Whatwedidupto new

Single Instructton / Multiple Data stream (SIMD) : parallel operations !

ltTple Instruction /Mulfiplebatastream(MIMD) . muticore/WsC
MISD is not relevantanymore (Why would you do this … )

software

Hardwarennglemutl-



SIMD Architectures. DatarLevel Parallelism ( DLP )

ex) vector element-wise multiplication in a single cycle
Aduanced bigital Media Boost . Mult?Media eXtension (MMX)
s developed to wider registers for more parallelism ( 512 b)
XMM registerso eight 128 -bit data registers (packed ! )
ballows four single- precision operations in parallel
( Inteluses bbitsforaword, 32 for float , and 64 for double )

SIMD Array Processing . for every 4 membersinarray…

Intrinsics : Cfunctions& procedures that can choose SSEinstructions

tHow todo this inRISC- V sadd SIMD instructions !

Thread - level Parallelism

ex) CPlUwithtwo cores : fwo processors executing their own instructions

bSeparate : Datapath(PC,Reg ,ALU )
,<I&L 2cache

aNot separate : Memory (PRAM ) , L3 cache(notrequired)

Thread . A single stream of instruction , a program can fork intomultiple
threads

. Single core can execute each thread uia timesharing



Each thread has: a dedicated PC
, registers , and access to shared memory

Hard ware thread : ones running on cores , ofwares thread : all else

sMultiplex sw thread onto hw threads for efficiency !

Removing a sw thread from hw. Interrupt , save registers&PC

Load a sw thread tohw : Initialize acore with loaded registers IPC

Mulfithreading: is swapping threads while stalled worthit?
sTwo copies of PC&registers → executes like two threads !

s MoreogicalCp than PhysicalC. (Hyperthreading )

OpenMp
Parallel Loops : # pragma omp parallel for
s code must be resiient to indeterminism in order !

Fork - Join Model .forksandexecutessimultaneously , then joins
Race Condition . resultdependson the parallelized operation order

Synchronization : LTmit access toshared resource to I actor atatime
s use atock

"

tosignify possesion of a varrable by athread

lowever, there can be a race conditionfor lock possesion !



Hardware Syncronzation → atomic read lwrite ! no interruption in btwn

Atomic Memory Operation : performs operation Tn, old value to rd
sThis enables abstraction to decdare a critical block of code

Deadlock : d systemstateinwhich no progress is possible

OpenuP timing . double omp-get -trme(void) → wallclocktime

shared MemoryMultiprocessor : Single memory space shared by all
s eachprocessor has their own private cache s incoherent values ?

Cache Coberency: notify other processors when a write or miss happens
s a sharedbl is consistent with memory
s a moblockis changed,no othercachehasacopy,memoryout-date
h an exclusivebis sameas modifTedexceptmemoryisup -to-date

san owblock, othercachescanhaveacopy[ sharedstate),
the owner must respond to a snoop reqaest with datd .

False sharing . two caches claim that they have the valid block
s Introduces a Coherence!



Distributed Computing
"

Many different programs working together to achieve commongoal
"

→ Concurrency is hard . no shared memory /state , locks are hand .
→ Failure handlingis hard .

"

zombie processes
"

keeps running in one crash

→ Communicationishard .transmissiondelay ,message expectation?

⇒Splitinto independent subtasks, minimize communication !

Manager -Worker Framework. One manager only assigns work toothers
opeedsagreement on whatinstructions are supposed to mean

smanager doesnt do work to prevent stalling giving out instructions

MapReduce
.

AbstractionforJobsinvolvingmappingandreduction

stransform Via mapping , then group elements by keys for reduction

Virtaal Memory
"

GTve each process the illusion of using their own memory
"

s Physical us Virtual Addresses ,
OS translating between

Naive approachoy- to- tmapping table for each address

Pages. Map ranofcontiguous memory ssaves table columns!



s store only the top bits necessary to tell pages → page numbers

ex) vrrtual page ①X 12345 nas address ①× 123450001 ~0× 12345FFF

sIn real life
, only physical page numbersarestored,andUPNsareindices .

☆ ☆

Page tables alsolives in memory⇒veryload/store is twomemess
① FetchPPNfrompagetable② Accessactual data in memory

Parameterso .Pageize, UMsize , PM size s affects Fof bits

UPNbits =VMbits - offsetbits
,
and so forth .

sTze of Page Table : # of entrres λ size of each entry

Whatifphysical memory < Virtual memory
3
.
→ use disk memory !

baccessingdatanotinmemorycauses apagef ,evicting another

data Tn memory and updating the page table
"
pPN isgarbage

How to allocate pages?
→ Demand paging: only load upon request

Writing Data : ① write through ② write back Clikecache )
, ALL VMs uses write- back Cdisk is too slow)

,
use dirty bit

⇒ Gives illusion of larger memory and demands isolatlon bfwn programs



…

somtimes
,
multipleprogrammight need the same memory

→ just direct both programs to the same physical page .

ARead-Only brt can be used to protect certain pages !
sonly one TLB per core

Translation Lookaside Buffer(TLB) . caches
"

for page tables .

s Fully associative , just remembers the last few pages accessed

TLB Reach = # of TLB entries × Page sTze [ immediate resolve ! )

sWhen the OScontext-switches
,
Tt must invalidate the ThB (flush ! )

(Best) ENot worst3 (worst)

⇒Three cases : ④TLB hit ② PageTable hit ③ piskaccess

bif TLB or PageTable faults , apdate 「t on the way back !

VMtCaches:Physkallyfndexed ,

PhysiaalyTageD
→ uBA

.…

-

?
"다

그서때
IP에


