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Preco hierarchia pamati?
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Hierarchia a parametre pamati

Most programs have a high degree of locality in their accesses
— spatial locality: accessing things nearby previous accesses
— temporal locality: reusing an item that was previously accessed

Memory hierarchy tries to exploit locality

processor
control
Second Main Secondary Tertiary
level memory storage storage
cache (Disk)
datapath _ (SRAM) (DRAM) (Disk/Tape)
registers on-chip
cache
Speed 1ns 10ns 100ns 10ms 10sec
Size 10 KB MB GB 100 GB | TB a viac
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Paralelizmus v ramci jedného procesoru

* Hidden from software (sort of)
* Pipelining
* SIMD units
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Prudoveé spracovanie — pipelining

Dave Patterson’s Laundry example: 4 people doing laundry (americka

Latency: wash (30 min) + dry (40 min) + fold (20 min) = 90 min
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In this example:

Sequential execution takes
4*90min = 6 hours

Pipelined execution takes
30+4*40+20 = 3.5 hours
Bandwidth BW= loads/hour
Period T = time between two
consecutive loads

BW = 4/6 |I/h without pipelining
BW = 4/3.5 |I/h with pipelining
Pipelining improves bandwidth
but not latency (90 min)
Bandwidth limited by slowest
pipeline stage

Potential speedup = Number
pipes
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Vylepsenie - ,,big laundry*
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Latency is still 90 min.
but the period is 10
min. Moreover 80 min.
after the start all the
devices are fully
utilized. The BW = 6.
This module is
somehow perfect.
Further speed-up can
be achieved by
replication of these
modules.

Latency: L = Time that one client spend in
Period: T = Time between two consecutive clients in/out.
Bandwith: BW = number of loads per hour. BW = 1hour/T
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Uplna utloha

« Fabrika alebo velka stavba
— permanentne umiestené stroje (zariadenia
pocitaca)
— miesto pre doCasne umiestené stroje
(podprogramy v instrukcnej cache)
— vnutorné sklady (cache)
» material (data)
» medzi produkty (medzi vysledky)
— externé sklady (vyssie Urovne pamate)
» material (data)
» medziprodukty (medzi vysledky)
» stroje (podprogramy)
« Ciel optimalizovat logistiku pre minimalnu periédu
alebo maximalny throughput.
— Optimalizacné ulohy linearne a nelinearne
programovanie obvykle celociselné.
—Je to NP-complete az undecidable. Heuristiky.
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SIMD - single instruction multiple data

zdroj Intel Corporation

« Scalar processing » SIMD processing
« traditional mode » with SSE / SSE2
« one operation produces « one operation produces
one result multiple results

X X5
+
Y Y3
X+Y | X3ty,

Vieobecnejsie riedenie je aritmetika s delenym prenosom (Greény, Sturc 1967,
Projekt RPP16, UTK SAV)
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SSE / SSE2 SIMD on Intel

e SSE2 data types: anything that fits into 16 bytes, e.g.,

4x floats

2x doubles

16x bytes

* Instructions perform add, multiply etc. on all the data in this
16-byte register in parallel

e Challenges:
* Need to be contiguous in memory and aligned

* Some instructions to move data around from one part of register to
another
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Basic Cache Optimizations

1.

o U ok

Reducing hit time

Giving Reads Priority over Writes
E.g., Read complete before earlier writes in write buffer

Avoiding Address Translation during Cache Indexing

Reducing Miss Penalty
Multilevel Caches

Reducing Miss Rate

Larger Block size (Compulsory misses)
Larger Cache size (Capacity misses)
Higher Associativity (Conflict misses)
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Advanced Cache Optimizations

e Reducing hit time  Reducing Miss Penalty
1. Small and simple caches 1. Critical word first
2. Way prediction 2. Merging write buffers
3. Trace caches
 Reducing Miss Rate
e Increasing cache 1. Compiler optimizations
bandwidth
1. Pipelined caches  Reducing miss penalty or
2. Multibanked caches miss rate via parallelism
3. Nonblocking caches 1. Hardware prefetching

2. Compiler prefetching
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Modely paralelizmu

e Shared memory (Theory PRAM)

— Jedna spolo¢na zdieland pamat
— Viac zdielanych pamati (distributed shared memory)

e Distributed computing. Nezavislé procesory s hierarchiou
pamati prepojené sietou
— Cellular architecture
— Message passing

e SIMD Paralelny vypocet s centralnym riadenim a
centralnou synchronizaciou.
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Shared memory

CPU | | CPU CPU CPU

< >

Memory

Processors all connected to a large shared memory.
— Typically called Symmetric Multiprocessors (SMPs)
— SGI, Sun, HP, Intel, IBM SMPs (nodes of Millennium, SP)

— Multicore chips, except that all caches are shared
Difficulty scaling to large numbers of processors

— <= 32 processors typical
Advantage: uniform memory access (UMA)
Cost: much cheaper to access data in cache than main memory.
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Distributed shared memory

CPU| |CPU| |CPU| |CPU Cache lines
(pages) must be
large to amortize

¢ BUS > overhead.

I I I Locality is critical
Memory Memory Memory to performance.

« Memory is logically shared, but physically distributed
— Any processor can access any address in memory
— Cache lines (or pages) are passed around machine

« SGI Origin is canonical example (+ research machines)
— Scales to 512 (SGI Altix (Columbia) at NASA/Ames)

« Limitation is cache coherency protocols - how to
keep cached copies of the same address consistent
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Cellular architecture

>

< Network/Crossbar switch
A A 1
Cl Cl Cl
Memory Memory Memory

Cl is a communication
Interface.

A distributed paralell
machine.

We did not want to
specify details of the
Interconnection and
the communication
Interface, now.

* Each processor has its own memory and cache but cannot
directly access another processor’s memory.

e Each cell has a network interface (Cl) for all communication and

synchronization.
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Globalne riadenie - SIMD

control unit

< ‘ Network/CrosEDar switch >
A y 1

Cl Cl Cl
Memory Memory Memory

* Procesory su obvykle jednoduche. Obvykle len aritmeticko
logické jednotky. VSetky vykonavaju tu istu operaciu na svojich
datach synchronne.

« Casto siet je mriezka (systolické systémy)
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Amdahlov zakon (Amdahl's law)

e |f f is the fraction of code parallelized, and if the parallelized
version run on a p processor machine with no
communication or paralellization overhead, the speedup is:

k=1
1-f+flp

* Videalnom pripade f=1 a k = p. Realne hodnoty su vsak

kvoli tomu, Ze sa da paralelizovat len ¢ast kodu, a ndkladom
na komunikaciu ovela mensie.

* Horsie je, ze ak f< 1, k konverguje k 1/(1—f) pre p — o°.
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Loop-level parallelism — an example

for(i=0;i<n;i++)
{Z[i] = X[i] = Y[i]; z[i] = Z[i]*Z[i]; }
 The loop is parallelizable because each iteration access a different
set of data.

* Assume, we execute the loop on a computer with M processors.
e A processor identifier p is an integer from <0, M — 1>.

b =[(n/M)];
for (i = b*p; i < min(b*(p+1), n); i++)

/* processor specific constants. */
{Z[i] = X[i] = Y[il; Z[i] = Z[i]*Z[i]; }
* Single program multiple data
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Data locality — example

for (i=0;i<n;i++) Z[i] = X[i] = Y[i];
for (i=0;i<n;i++) Z[i] = Z[i]*Z[i];

e Takato podoba programu je zrejme nevyhodna. Ked uz raz Z[i] je v
registri alebo cache, treba ho vyuzit.

 Navrat k povodnému programu
for (i=0;i<n;i++) {Z[i] = X[i] = YI[i]; Z[i] *=Z]i]; }

* Vlastne by sme mali urobit podrobné porovnanie zlozitosti
priamociareho prekladu oboch programov do ,,strojového kodu®.
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Aspon takto

1 =0;
Loop1:
*(z4i) = *(x+i) - *(y+i);
i++ ;
if i < n goto Loopl;
1 =0;
Loop2: *(z+i) *= *(z+i);
i++;
if i < n goto Loop2;
15 *n + 2
Zima 2010

i =0;
Loop:
t= *(x+) - *(y+);
*(z+i) = t*;
i++;

if i < n goto Loop;

11*n+ 1
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,Afinné transformacie‘ definicia

* Operate on arrays with affine acces (e.g. Fortran). No pointers
and pointer arithmetic. They exploit three spaces:

0. The iteration space is the set of combination of values taken
on by the loop indices.

1. The data space is the set of array element accessed.

2. The processor space is the set of processor in the system.
Normally they are enumerated by integers or vectors of
integers (to distnguish among them).

3. The data dependence (conflict) between two data access is, if:

i. At least one of them is a write.
ii. They access the same data element.
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Priklad

Program: float Z[100];
for (i = 0; i < 10; i++) Z[i+10] = Z][i];

0 i ... /9, 10 11 ... 19 ... data space

read and write
index function

lteration space 0 1 ... |9
partitioning
vy V Y Loop is parallelizable if there
Processor space 0 |1 9 is no datadependence across
iteration space.
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SOURCE CODE PARTITION TRANSFORMED CODE
for (i=1; i<=N; i++) £ e El
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Afinné transformacie

dragon book

TRANSFORMED CODE

SoURCE CODE PARTITION
for (i=0; i>=N; i++) for (p=0; p<=N; p++){
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Nasobenie matic

for (i =0; i < n; i++)
for (j =0; j < n; j++)
{Z]i,jl]=0.0 /*Z]i,j] sa uloZi do registra. */
for (k =0; k < n; k++) Z[i,j] = Z[i,j] + X[i,k] * Y[k,j]; }

* Cache misses for a serial algorithm.

— Assume capacity of the cache is c array elements (c|n). And caching
by rows.

— Pre prvu iterdciu (i = 0) potrebujeme priniest celld maticu X prinasa
sa sekvencne t.j. n?/c cahe misses a cell maticu Y prindsa sa na
preskacku t.j. n? cahe misses.

— Ak je cache dost velka prvky Y v nej preziju (vSetky alebo ¢ast), ak nie
budeme ich prindsat znovu pri kazdej iterdcii. To da pre cely vypocet
nZ/c + n3 cache misses.
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Paralelné nasobenie matic

* Pri paralelnej praci p procesorov kazdy procesor vypocita
n?/p orvkov matice Z vykonda n3/p operacii nasobeni a
s¢itani potrebuje nacitat n?/p prvkov X a n? prvkov Y.

* celkovy pocet cahe misses je tak (1+p)n?/c.

* Pre p — n konverguje pocet operacii na jednom procesore
(¢as spotrebovany na vypocet k n?),

* ale cena komunikacie k (1+n)n?/c. Stale O(n3).
» 7Zla lokalita. RieSenie rozdelenie na bloky (tiles) velkosti b.

* Matica nxn je videna ako (n/b)%(n/b) matica bxb matic.
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Idea nasobenia po blokoch

Consider A,B,C to be n-by-n matrix viewed as N-by-N matrices of b-by-b
subblocks where b=n/ N is called the block size

fori=1toN

forj=1to N
{read block C(i,j) into fast memory}
fork=1to N

{read block A(i,k) into fast memory}

{read block B(k,j) into fast memory}

C(i,j) = C(i,j) + A(i,k) * B(k,j) {do a matrix multiply on blocks}

{write block C(i,j) back to slow memory}

C(ij) C(ij) Alik)

] s 8 T . BE B (k)
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Program

for (ii = 0; ii < n; ii +=b)
for (jj = 0; ii < n; jj +=b)
for (kk = 0; ii < n; kk +=b)
for (i=ii,i<ii+b, i++)
for (j=jj,j<ji+ Db, j++)
for (k = kk, k < kk + b, k++)
Z[i,j] = Z[i,j] + X[i,k] * Y[k,j];

* Spracovanie matice bxb sp6sobi 2b?/c cache misses a
pozaduje b3 s¢itani a nasobeni.

* Vonkajsie cykly bezia (n/b)3 krat.
* To je celkove 2n3/bc cache misses.

* Prinos je, Ze tento postup mozeme znovu aplikovat pre
kazdu Uroven pamatovej hierachie.
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Iteration space for nested loops

for (i=0;i<=05; i++)
for(j=1i,j<=7;j++)

Z[j,i] = 0;

1 0 0 0
—1 O1\[l: + 5 S 0
-1 1[\j 0 0

0 —1 7 0

e Vo vSeobecnosti, iteracny priestor d vlozenych cyklov je d-rozmerny
mnohosten (polyhedron). Matematicky sa popisuje mnozinou
nerovnosti lepie maticovou nerovnostou: {i JZ9: Bi + b > 0}

* Adresaciu reprezentuje vyraz Fi + f, kde F je dxd matica.
Ak dveiteracieiai' pristupuju k tomu isténu prvku pola, potom F(i-i') =
0. Vo vSeobecnosti Fi + f =Fi' + f'.
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Formalizacia pristupu k poliam

e Pristup k prvku pola pre vlozené cykly hibky d je $tvorica
F =(F, f, B, b), kde Bi + b > 0 je systém nerovnosti pre
ohranicenia a Fi + f je adresa prvku.

* Dva pristupy k polu F =(F, f, B, b) a F'=(F', f', B', b') su
v konflikte (datova zavislost), ak plati:

1. Aspon jeden z nich je zapis.

2. Existuju il 29 ai'0d 79 také Ze:
a)Bi>0
b)B'i'>0
c)Fi+f =F'i' +f.
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Euklidov algoritmus (gcd)

* Pretoze, najvacsi spolocny delitel dvoch celych Cisiel, je najvacsi
spolocny delitel ich absolutnych hodnot. M6ézeme bez ujmy na
vSeobecnosti predpokladat, ze vsetky Cisla su kladné (nulu
mozZeme vynechat): gcd(0, 0) nedefinované, gcd(0, x) = x,
ged(x, y) = ged(y, x).

integer function gcd(integer x, integer y)
{if (x >y ) swap(x,y);
if (y == 0) {error; break}
return ((x ==0) ? y : gcd(y%x, x)) }
* Previac argumentov:
gcd(xy, X5, X, ... X_) = ged(ged(xy, X,), X5, ... X ).
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Fourier-Motzkinova eliminacia

* Projekcia n dimenzionalneho mnohostenu na n-1
dimenzionalny mnohosten.
e Dany je systém nerovnic S (polyhedron) s premennymi

Xswoo s X g0 Xy X dy o, X

 \/ytvorit systém nerovnic S' (polyhedron) s premnnymi

Xyp oo s X1y X0y e, X, KtOry neobsahuje premennd x _ a je
priemetom S do podpriestoru zvysnych premennych

* Nech C je mnozina vSetkych nerovnosti obsahujucich
premnnu x_.

« KaZda z nerovnostiv Csa da upravit natvar L<cx_ alebo

natvar dx < U, kde c a d su kladne konstanty.
 NechD=0.

Zima 2010 Jan Sturc:Kompiléatory, paralelizmus a lokalita

32



Fourier-Motzkinova eliminacia
algoritmus

Pre kazdu dvojicu podmienok:
L<cx

dmeU

priddme do D nerovnicu dL<cU | /gcd(c, d).
S$'=S-CUD.

Splnitelnost (prdzdnost): Pretoze plati, ze S' je priemet S.
Musia oba mnohosteny byt prazdne alebo neprazdne
sucasne.

Ak Co i len jedna nerovnica je nesplnitelna je S aj S'
prazdne.

Trivialne nerovnice (nerovnice neobsahujuce premenné).
Napr:u<x_<v(uavkonstanty) generuje u <v.
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Vypocet ohraniceni pre dané poradie premennych

Vstup: Kovexny mnohosten S s premennymi x,, X,, ..., X (S je mnoZina
nerovnic obsahujucich uvedené premenné).
Vystup: Dolné a horné ohranicenia L a U, take, Ze kazdé ohraniCenie
obsahuje nanajvys premenne X; prej<i.
Algoritmus:
S, =5,
for(i=n;i>1;i-)
{L =setof all lower bounds on x.in S;
U. = set of all upper bounds on x.in S;;

Compute S, , by elimination variable x. using Fourier-Motzkin;

}
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Odstranenie zbytocnych ohraniceni

S'=0@;
for(i=1;i<n;i++)
{ remove bounds in L, and U. implied by S;

add the remaining constraints of L. and U, on x. to S';

}
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GCD test

Veta: Linearna diofanticka rovnica a;x; + a,x, + ... +a x_=¢C
ma riesenie prave vtedy, ked'gcd(a,, a,, ..., a,) delic.

* Riesenie systému linearnych diofantickych rovnic:
,Gausova eliminacia” riadena GCD testom.

* Po kazdej eliminacii otestujeme, Ci vzniknuta rovnica
splnuje GCD test.

Priklad: X—2y+z=0
3x+2y+z=5

e Obe rovnice splnuju gcd test. Po eliminacii x z druhej
rovnice vznikne 8y —2z = 5. Nesplnuje gcd test, teda
riesenie neexistuje.
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Riesenie nerovnic —
celoCiselné linearne programovanie

Vstup: Konvexny mnohosten S_v premennych x, X, ..., X
Vystup: True, ak S _ je neprazdny (obsahuje aspor jeden bod s celoCiselnymi
suradnicami. Inak False.
Postup:
1) Postupne eliminuj premenné v poradi x , x
mnohosten po odstraneni i+1. premenne;j.
2) if (S, is empty) return(false); /* nesplnitelné ohranicenia No solution*/
3) for(i=1;i<n;ii++)
{if (S, is empty) break;
pick c, an integer in the middle of range for x, in S;
modify S, by replacing x. by c; }
4) if (i==n +1) return(true); if (i==1) return(false);
5) Nechl. au; st dolna a horna hranica pre x, v S..
6) Rekurzivne aplikuj algoritmus naS U {x. < [l]}aS U {x.2 [u.|}. Ak
niektora z tychto aplikacii vrati true, vrat true. Inak vrat false.

.1 - X- Nech S, je
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Farkasova lema

Veta: Nech A je mxn matica realnych Cisiel a ¢ je realny
nenulovy n rozmerny vektor. Potom zo systémov
Ax >0, c'x<0 (primal)aA'y=c, y>0 (dual), prave jeden
ma realne riesenie.

e Je to znama veta linearneho programovania.

e Dualny systém sa da riesit Fourier-Motzkinovou
eliminaciou vyeliminovanim premennych vy.

e Ak dualny systém ma rieSenie potom pre vsetky splnujuce
Ax >0, platic'x > 0.
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