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MNOZINA INSTRUKCII - principy a priklady

i. Klasifikacia architektur mnozin instrukcii

Poziadavkami su: uplnost inStrukéného suboru, zdkladné instrukcie musia byt lahko pouzitelné
(efektivnost), dedi¢nost.

Podla typu vnutornej paméate CPU mézme architektury delit na:

Typ architektury Informacie Vypocet C=A*B
zasobnikova stack pointer, operandy na vrch a pred nim PUSH A
PUSH B
R r‘ B—. ADD
] AdD_ POP C
SP>| A | ~? AdBle—SP
akumulatorova ) L, ., | LOADA
akumulator - zdrojové a cielové operandy su
) ADD B
vnom STORE C
architektura s k registrom sa pristupuje fubovolne REG-MEM:
univerzalnymi registrami
(GPR - General Purpose pristupy: LOADRT, A
Registers) -REG-MEM (register-pamat) ADDRT1,B
*REG-REG (register-register) STORE C, R1
REG-REG:
LOADRT, A
LOADR2, B
ADD R3,R1,R2
STORE C, R3

Hustota kédu - ak prelozime rovnaky program dvoma r6znymi CPU, dostaneme dva rézne dlhé kédy,
pricom ten krat$i ma vacsiu hustotu ako ten, ktory je dlhsi a ma vacsi pocet instrukcii.

Koncepcie GPR:
Pocet pamat. Max. pocet Priklady
operandov operandov
0 SPARC, MIPS, PowerPC

1 i80x86, Motorola 680x0

2 .
VAX stroje

w IN N W



Aritmeticko-logické operacie typov GPR:

Typ (max. pocet pamatovych
operandov, pocet operandov)

(0,3) [REG-REG] = [LOAD-STORE]

(1,2) [REG-MEM]

(3,3) [MEM-MEM]

Vyhoda

+ jednoduché kédovanie instrukcii

+ jednoduché generovanie kédu
+ vyhodné pre pridové
spracovanie

« operand moze byt spristupneny
bez zavedenia do registru CPU

« format instrukcie méze
poskytovat lahké zakédovanie a
dobru hustotu kédu

+ najkompaktnejsia architektura
+ netreba interny pamat CPU pre
operandy

ii. Adresovanie pamati

Nevyhoda

« vacsi pocet instrukcii ako pri

pamatovych operandoch

« niektoré instrukcie su kratke a

nevyuzivaju cely format na kéd

« operandy nie su ekvivalentné z

hladiska doby pristupu k
operandu, kde byva i jeden
prepisany

- rozna doba realizacie instrukcii

« velké rozdiely vo velkosti

instrukcii, rozna doba realizacie
instrukcie

« Casty pristup do pamati

Poziadavky: ako adresu interpretovat, ako ju $pecifikovat, aka velkd je jedna pamatova adresa objektu.

8-bit = SLABIKA
16-bit = POLSLOVO LITTLE ENDIAN 312 |1 0 SLOVO
32-bit =SLOVO
64-bit = DVOJSLOVO BIGENDIAN (0 |1 |2 |3 | SLOVO
Zarovnanie adresy (address alignment):

Width of object 0 2 3 4 5 6 7

1 byte (byte)

Aligned | Aligned

Aligned | Aligned

Aligned | Aligned

Aligned | Aligned

2 bytes (half word)

2 bytes (half word)

4 bytes (word)

4 bytes (word)

4 bytes (word)

4 bytes (word)

8 bytes (double word)
8 bytes (double word)
8 bytes (double word)
8 bytes (double word)
8 bytes (double word)
8 bytes (double word)
8 bytes (double word)
8 bytes (double word)

Aligned

Aligned

Aligned

Aligned

Misaligned |

Misaligned

Misaligned |Misaligned

Aligned

Aligned

Misaligned

Misaligned

Misaligned

Misaligned

Misaligned

Misaligned

Aligned

Misaligned

Misaligned

Misaligned

Misaligned

Misaligned

Misaligned

Misaligned




iii. Adresovacie rezimy operandov

Adresovaci rezim Priklad instrukcie Vyznam Kedy sa pouziva

registrovy ADD R4,R3 R4 +R4+R3 ked'su operandy v
registroch

bezprostredny ADD R4,#3 R4 +R4+3 pri narabani s konstantou

(IMMEDIATE)

posunutie ADD R4,100(R1) R4 «—R4+[100+R1] pristup k lokdlnym
premennym

nepriamy registrovy ADD R4,(R1) R4 «—R4+MEMIR1] vyuzivanie ukazovatela
alebo vypocitanej adresy

priamy (absolutny) ADD R4,(1001) R4 «—R4+MEM[1001] pri globalnych

premennych

nepriamy pamatovy

ADD R1,@(R3)

R1 <R1+MEM[MEMI[R3]]

ukazovatel na ukazovatel

autoinkrementacny

ADD R1,(R2)+

R1 «<R1+MEMI[R2]

pristup k polozkam pola

R2 <R2+d
autodekrementacny ADD R1,(R2)- R2 «<R2-d pop
R1 «<R1+MEM[R2]
indexovany ADD R3,(R1+R2) R3 <R3+MEM[R1+R2] pristup k polozkam pola

Skéalovatelny

ADD R1,100(R2)[R3]

R1 <R1+MEM[100+R2+R3]

indexované polia

SPEC (System performance Evaluation Consortium) - balik Standardnych aplikacii pre referen¢né
hodnotenie vykonnosti. Mera sa pocet instrukcii za sekundu (IPS - Instrucions per second) na 5
referencnych uloh floating point a 25 referencnych uloh integer (dohodnuté v SPEC '89).

iv. Typy instrukénych sad

Typmi inStrukénych sad su:

. aritmeticko-logické

. presun udajov
. riadiace

. systémové

. dekadické

. v pohybovej rddovej Ciarke

. retazcové
. grafické.




Metody pre priznaky (ako sa definuje podmienka pri podmienenom vetveni):

Sposob Ako je podmienka Vyhody Nevyhody
testovana
kod podmienky Specialne bity su niekedy je stav CC CCje extra stav
CC (condition code) nastavené ALU nastaveny samostatne
operdaciami, pripadne
programovo
register podmienky inStrukcia testuje jednoduchd vyuziva register
Z-zero [ubovolny register a
C-carry zapisuje vysledok testu
P-parity
porovnaj a vetvi porovnanie je ¢astou jedna instrukcia vela prace na jednu
instrukcie vetvenia, ¢asto instrukciu

obmedzena na skupinu
registrov

v. Typy a velkost operandov

Typy operandov:

. retazce kédované pomocou ASCII

. integer
. floating-point

Floating-point mézu byt reprezentované jednoduchou presnostou 32b, dvojnasobnou presnostou 64b.
Ostatné metddy a operacie s floating-point definuje norma IEEE 754, kde su vnutorne reprezentované
80b a zaokruhlované.

vi. K6dovanie instrukcii

Kdédovanie instrukcii zavisi od poctu adresovacich rezimov, od stupria nezdvisosti OP-CODE (operacny
kod), od poctu instrukcii.

Ortogonalita OP-CODE - ak ma inStrukcia aspon jeden adresovaci rezim, tak méze pouzit vsetky sposoby
adresovacich rezimov.

V pripade, Ze je vacsi pocet adresovacich rezimov, pouziva sa rezim Specifikdtora adresy, ¢o je pole, ktoré
definuje akym spdsobom je adresa Specifikovana (CISC), alebo rezim, kedy je adresovaci rezim definovany

priamo v OP-CODE.

Sposoby kddovania instrukcii:

. s premenlivou dizkou ($etrenie pamiti)

OP-CODE - operacia
a pocet operandov

Specifikator 1. adresy

pole 1. adresy

Specifikator N.

= adresy pole N. adresy



. s pevnou dizkou (vysoky vykon)

OP-CODE pole 1. adresy pole 2. adresy pole 3. adresy

strojové slovo 32/64 bit

« hybridny spésob (kombinacia)

OP-CODE Specifikator adresy pole adresy

OP-CODE pole 1. adresy pole 2. adresy pole 3. adresy

OP-CODE Specifikator adresy pole 1. adresy pole 2. adresy

vii. Postavenie a uloha prekladaca

Vykondvané programy su vysledkom prekladacov (vyssich jazykov), ktoré umozniuju korektne generovat
optimalny kéd.

Struktura suéasnych prekladacov:

FUNKCIA ZAvisLOST

zakladné analyzy vo vyssom jazyku,
transformadcia jazyka do prechodnej Front-end pre jazyk
reprezentécie

jazykovo zavisla,
strojovo nezavisla

prechodna (vnuitornd) reprezentacia

'

rozvinutie pri Or . . ey . . nie¢o moz ' jazykovo zavislé,
0 ute’p‘ocedu Optimalizacia na vyssej Urovni ec.f)w.o ebyt!a yko °, ? :<>e
a transofrmécia cyklov vacsinou strojovo nezavislé

lobélna a lokaln imalizacia, . . mala jazykova zavislost,
globa aa{ ,° prt allzacla Globalna optimalizacia Iana y,o a .a ,SO,St. )
alokécia registrov CPU relativne mala strojova zavislot

podrobny vyber instrukcii, strojovo o
zavisla optimalizacia, méze zahtnat Generovanie kodu
alebo nasleduje assembler

jazykovo nezavisla,
vysoka strojové zavislot




Dobré vlastnosti inStrukéného suboru pre jeho pisatela:

. pravidelnost - typicka inStrukcia obsahuje OP-CODE, DAT_TYP, ADRES_REZIM, ortogonalita

« poskytnutie primitiv a nie rieSeni - ¢o najjednoduchsie instrukcie

. jednoduché porovnavanie medzi alternativami - rychlost # pocet instrukcif

. zabezpecit v max. miere instrukcie v etape programu - snaha obmedzit ziskavania parametrov v ¢ase

vykondvania
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ARCHITEKTURA DLX (DeLuXe)

i. Charakteristika DLX, format instrukcii a insStrukény subor

DLX optimalizuje vykondavanie najcastejsich instrukcii, prddové spracovanie instrukcii a je optimalny pre
vykonavanie SPEC benchmarkov. Je tu pouzitd koncepcia REG-REG architektury GPR, pricom
implementuje adresné rezimy: bezprostredny operand, posunutie (priama adresa, nepriama registrova).
Adresa ukazuje na slabiku (16b) vo forme Big Endian s 32b PC(program counter).

[RO=0] register 0 vzdy obsahuje nulu

32x32bit GPR (R0...R31) - General Purpose Registers
32x32bit FPR (FO0...F31) - Floating Point Registers

Datové typy:

. 8b,16b,32b pre integer udaje

« 32b,64b pre floating point udaje.

Oblubené viak byva pouzitie 16b pre integer a 32b pre floating point skrz ich popularitu v jazyku C.

DLX implementuje pevny format instrukcii:
. |-typ:

6b 5b 5b 16b

OP-CODE REG_SRC1 REG_DEST IMMEDIATE

- DEST + SRC1 op IMMEDIATE
- skoky s linkovym registrom, DEST=0, SRC1=destination, IMM=0
- podmienené skoky

« R-typ:

6b 5b 5b 5b 11b

OP-CODE REG_SRC1 REG_SRC2 REG_DEST FUNKCIA

- DEST « SRC1 funkcia SRC2

. J-typ:

6b 26b

OP-CODE OFFSET

- jump, jump on link, trap, return from exception




Format Bits

31 26 25 21 20 16 15 1 10 6 5 0
R-type 0x0 Rsl Rs2 Rd unused opcode
I-type opcode Rsl Rd immediate
J-type opcode value

InStrukény subor DLX:
. load-store (REG-MEM)

LW R1,30(R2) //R1 « [R2+30], load word
LB R1,40(R3) //R1 < [R3+40], load byte a znamienkové rozsSirenie
(doplnkovy kéd)

. aritmeticko logické operacie (REG-REG)

ADD R1,R2,R3 //R1 + R2+R3
ADDI R1,R2,#3 //R1 < R2+3

. vetvenie a skoky

JALR R2 //jump and link register
//vykona sa:
//R31 « PC+4

//PC + R2
JR R3 //PC + R3
JR ADR //R31 « PC+4

//PC + ADR

. floating point operacie

ii. Jednoducha implementacia DLX

Neobsahuje floating point operacie, nazyvana tiez ako itera¢ny model. Instrukcie su vykonavané v 5
taktoch:

. INSTRUCTION FETCH - vyber instrukcie

IR + MEM[PC]
NPC + PC+4 //mame 4byte slovo

. INSTRUCTION DECODE - dekédovanie, vyber zdrojového registra

A < TIR6-IR10
B + IR11-IR15
IMM < IR16-IR31 //znamienkove rozsirenie

« EXECUTION - vykonanie (zalezi od instrukcie)

ALUout < A+IMM //load/store - pamatova referencia
ALUout < A Op B //aritmeticko-logicka REG-REG
ALUout < A op IMM //load/store - pamatova referencia

12



ALUout ¢« NPC + IMM //vetvenie
condition < A op O //nulovost

« MEMORY - pristup do pamati/cyklus dokonéenia vetvenia

LMD « MEM[ALUout ] //pamatova
MEM[ALUouwt] < B //pamatova
PC « ALUout //vetvenie
PC <« NPC //vetvenie

« WRITE BACK - zapis spat

REG[IR16...IR20] ¢« ALUocut
REG[IR11l...IR15] ¢« ALUcut

//aritmeticko-logicka REG-REG
//aritmeticko-logicka REG-IMM

referencia
referencia

IF(condition)
ELSE

REG[IR11l...IR15] « LMD //instrukcne =zavedenie, LMD Jje pomocny zachytny
register
| on decode/ Execute/ Wri
Instruction fetch nstruction decode : address Memory rite
register fetch : calculation access back
M
u
X
Add NPC :
|_, : Zero? Branch| c d
4 - ] 280? Iiger| Condf:
L-|Pc § M
- [a] | _
Instruction _>p Registers L X :
memory : ALU |
: M ™| output [
@ - u : Data | .| |mp
™ x memory
w Imm
faza
t Ts=nk
wB
MEM +
i: T iNst INS_2 INS_3

13



lii. Prudova implementacia DLX (pipelling)

Uloha sa rozdeli na seba nadvézujuce podulohy, ktoré su realizované na réznych prostriedkoch, ktoré su
nezavislé. Obsahuje registre prddového spracovania IF|ID, ID|EX, EX|MEM, MEM|WB. Obsahuje hodiny,
ktoré ich spustaju, ktoré musia byt vhodne nacasované. V jednom momente je teda v CPU viacero
instrukcii, no kazda v inej faze vykonavania.

IF/ID ID/EX EX/MEM MEMWB
Branch
Zero? taken
"Re..10 L
M
_ IRi1.15 u
Instruction .
memory — vEmweIR |Redisters X ALU
M Data
] u memory | | | —»|M
|—> X u

A
we -
112
MEM - T3
EX + =1 Tp=k+ (n-1)
D —+ ayenienie)= 15/ Tp = K
11234 S(isenenc)= Ts/Tp
IF -
1l2(3(4[5]6 -
1 2 3 4 5 6 ta;t

Stage | Any Instruction

IF IF/Id.IR <- Mem[PC];
IF/ID.NPC, PC <- (if EX/MEM.cond {EX/MEM.NPC} else {PC+4});

D ID/EX.A <- Regs[IF/ID.IR. i];
ID/EX.B <- Regs[IF/ID.IR. .s];
ID/EX.NPC <- IF/ID.NPC;
ID/EX.IR <- IF/ID.IR;
ID/EX.Imm <- (IR.)*##IR;c s

ALU instruction Load or Store instruction Branch instruction
EX EX/MEM. IR <- ID/EX.IR; EX/MEM.IR <- ID/EX.IR; EX/MEM.ALUoutput

EX/MEM.ALUoutput <- EX/MEM.ALUoutput <- <-

ID/EX.A op ID/EX.B; ID/EX.A + ID/EX.Imm; ID/EX.NPC + ID/

or EX.Imm;

EX/MEM.ALUoutput <- EX/MEM.cond <- 0;

ID/EX.A op ID/EX.Imm; EX/MEM.B <- ID/EX.B

EX/MEM.cond <-0; EX/MEM.cond <-

(ID/EX.A op O;
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MEM/WB.IR <- EX/MEM.IR;

MEM MEM/WB.IR <- EX/MEM.IR;
MEM/WB.ALUoutput <- MEM/WB.LMD <-
EX/MEM.ALUoutput; Mem[EX/MEM.ALUoutput] ;

or
Mem[EX/MEM.ALUoutput] <-
EX/MEM.B;

WB Regs [MEM/WB. IR, 2] <- Regs [MEM/WB. IR ;5] <-

MEM/WB.ALUoutput;

or

Regs [MEM/WB. IRy 1s] <-
MEM/WB.ALUoutput;

MEM/WB.LMD;

iv. Hazardy v praidovom spracovani

Hazardy su situacie, ktoré brania vyuzitiu idealneho vykonu prudového spracovania. Hazard
vysporiadame tak, Ze zastavime prud vykondvania instrukcii, az kym sa hazard nevyriesi. Prudové
spracovanie prinasa problémy:

. existencia skokov naburava sled prudu - riadiaci hazard

. sUperenie o zdroje v stupfoch vykonavania, ¢itanie a zapisovanie naraz do pamati - Strukturalny hazard
. datova zavislost v dosledku ¢asového prekryvania - datovy hazard.

v. Strukturalny hazard

Example: a machine has shared a single-memory pipeline for data and instructions. As a result, when an
instruction contains a data-memory reference(load), it will conflict with the instruction reference for a
later instruction (instr 3). To resolve this, we stall the pipeline for one clock cycle when a data-memory
access occurs. The effect of the stall is actually to occupy the resources for that instruction slot. The
following table shows how the stalls are actually implemented.

Clock cycle number

Instr 1 2 3 4 5 6 7 8 9
Load IF ID EX MEM WB
Instr 1 IF ID EX MEM WB
Instr 2 IF ID EX MEM WB
Instr 3 stall IF ID EX MEM WB

vi. Datovy hazard

Consider the pipelined execution of these instructions:

12 |3 4 5 6 7 8 9
ADD  |R1,R2,R3 IF |ID |EX MEM |WB
SUB  |R4,R5,RI IF | s EX MEM |WB
AND  |R6,R1,R7 IF Dand EX MEM |WB
OR R8,R1,R9 IF ID.. EX MEM |WB
XOR  |RIOR1RII IF Deor | EX MEM |WB

15



All the instructions after the ADD use the result of the ADD instruction (in R1). The ADD instruction writes
the value of R1 in the WB stage (shown black), and the SUB instruction reads the value during ID stage
(IDsub). The SUB instruction will read the wrong value and try to use it.

The AND instruction is also affected by this data hazard. The write of R1 does not complete until the end
of cycle 5 (shown black). Thus, the AND instruction that reads the registers during cycle 4 (IDang) will
receive the wrong result.

The OR instruction can be made to operate without incurring a hazard by a simple implementation
technique. The technique is to perform register file reads in the second half of the cycle, and writes in the
first half. Because both WB for ADD and ID,, for OR are performed in one cycle 5, the write to register file
by ADD will perform in the first half of the cycle, and the read of registers by OR will perform in the
second half of the cycle.

The XOR instruction operates properly, because its register read occur in cycle 6 after the register write by
ADD.

A technique to eliminate the stalls for the hazard involving the SUB and AND instructions is called data
forwarding.

Data forwarding:

The key insight in forwarding is that the result is not really needed by SUB until after the ADD actually
produces it. The only problem is to make it available for SUB when it needs it.

If the result can be moved from where the ADD produces it (EX/MEM register), to where the SUB needs it
(ALU input latch), then the need for a stall can be avoided.

Using this observation , forwarding works as follows:

« The ALU result from the EX/MEM register is always fed back to the ALU input latches.

. If the forwarding hardware detects that the previous ALU operation has written the register
corresponding to the source for the current ALU operation, control logic selects the forwarded result as
the ALU input rather than the value read from the register file.

ID/EX EX/MEM MEM/WB

aE ‘ » Forwarding of results to the ALU requires

mik the additional of three extra inputs on

¥ L each ALU multiplexer and the addtion of
: . three paths to the new inputs.

; . The paths correspond to a forwarding of:
- (a) the ALU output at the end of EX,

- (b) the ALU output at the end of MEM,
memory =1 e and
(c) the memory output at the end of
MEM.
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Without forwarding our example will execute correctly with stalls:

1 2 3 4 5 6 7 8 9
ADD R1,R2,R3 IF |ID |EX MEM WB
SUB R4,R5,R1 IF |stall |stall IDsub EX MEM WB
AND R6,R1,R7 stall |stall IF Dand EX MEM WB

As our example shows, we need to forward results not only from the immediately previous instruction,
but possibly from an instruction that started three cycles earlier. Forwarding can be arranged from MEM/
WB latch to ALU input also. Using those forwarding paths the code sequence can be executed without
stalls:

1 2 3 4 5 6 7
ADD R1,R2,R3 IF |ID |EXadd MEM.u WB
SUB R4,R5,R1 IF |ID EXsub MEM WB
AND R6,R1,R7 IF ID EXand MEM WB

The first forwarding is for value of R1 from EXadd to EXsub .

The second forwarding is also for value of R1 from MEMadd to EXand.
This code now can be executed without stalls.

Forwarding can be generalized to include passing the result directly to the functional unit that requires it:
a result is forwarded from the output of one unit to the input of another, rather than just from the result
of a unit to the input of the same unit.

Consider two instructions i and j, with i occurring before j. The possible data hazards are:

. RAW (read after write) - j tries to read a source before i writes it, so j incorrectly gets the old value. This
is the most common type of hazard and the kind that we use forwarding to overcome.

. WAW (write after write) - j tries to write an operand before it is written by i. The writes end up being
performed in the wrong order, leaving the value written by i rather than the value written by j in the
destination.

. WAR (write after read) - j tries to write a destination before it is read by i, so i incorrectly gets the new
value.

Unfortunately, not all potential hazards can be handled by forwarding.
Consider the following sequence of instructions:

1 2 3 4 5 6 7 8
LW R1,0(R1) IF ID EX MEM WB
SUB R4,R1,R5 IF ID EXsub MEM WB
AND R6,R1R7 IF ID EXana MEM WB
OR R8,R1,R9 IF ID EX MEM WB

The LW instruction does not have the data until the end of clock cycle 4 (MEM) , while the SUB
instruction needs to have the data by the beginning of that clock cycle (EXsub). For AND instruction we
can forward the result immediately to the ALU (EXand) from the MEM/WB register(MEM). OR instruction
has no problem, since it receives the value through the register file (ID). In clock cycle no. 5, the WB of the

LW instruction occurs "early" in first half of the cycle and the register read of the OR instruction occurs
"late" in the second half of the cycle.
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For SUB instruction, the forwarded result would arrive too late - at the end of a clock cycle, when needed
at the beginning. The load instruction has a delay or latency that cannot be eliminated by forwarding
alone. Instead, we need to add hardware, called a pipeline interlock, to preserve the correct execution
pattern. In general, a pipeline interlock detects a hazard and stalls the pipeline until the hazard is cleared.
The pipeline with a stall and the legal forwarding is:

1 2 3 4 5 6 7 8 9
LW R1,0(R1) IF |ID |EX MEM WB
SUB R4,R1,R5 IF ID stall EXsub MEM WB
AND R6,R1R7 IF stall ID EX MEM WB
OR R8,R1,R9 stall IF ID EX MEM WB

The only necessary forwarding is done for R1 from MEM to EXsub. Notice that there is no need to forward
R1 for AND instruction because now it is getting the value through the register file in ID (as OR above).

vii. Riadiaci hazard

Control hazards can cause a greater performance loss for DLX pipeline than data hazards. When a branch
is executed, it may or may not change the PC (program counter) to something other than its current value
plus 4. If a branch changes the PC to its target address, it is a taken branch; if it falls through, it is not
taken. If instruction i is a taken branch, then the PC is normally not changed until the end of MEM stage,
after the completion of the address calculation and comparison. The simplest method of dealing with
branches is to stall the pipeline as soon as the branch is detected until we reach the MEM stage, which
determines the new PC. The pipeline behavior looks like :

Branch IF |[ID EX MEM WB

Branch stall |stall IF ID EX |MEM WB
successor

Branch IF |ID |EX MEM WB
successor+1

The stall does not occur until after ID stage (where we know that the instruction is a branch). This control
hazards stall must be implemented differently from a data hazard, since the IF cycle of the instruction
following the branch must be repeated as soon as we know the branch outcome. Thus, the first IF cycle
is essentially a stall (because it never performs useful work), which comes to total 3 stalls. Three clock
cycles wasted for every branch is a significant loss. With a 30% branch frequency and an ideal CPI of 1, the
machine with branch stalls achieves only half the ideal speedup from pipelining!

The number of clock cycles can be reduced by two steps:

. Find out whether the branch is taken or not taken earlier in the pipeline;
. Compute the taken PC (i.e., the address of the branch target) earlier.
Both steps should be taken as early in the pipeline as possible.

By moving the zero test into the ID stage, it is possible to know if the branch is taken at the end of the ID

cycle. Computing the branch target address during ID requires an additional adder, because the main
ALU, which has been used for this function so far, is not usable until EX.

18



The revised datapath:

J ID/EX

ADD
/ EX/MEM MEM/WB

™ Zero?
IRs.10
IR
11..15
Instruction .
memory MEM/MWB.IR| Registers
M Data
u memory |— M
X u
X

16@32 J
@

With this datapath we will need only one-clock-cycle stall on branches.
Branch IF |ID EX MEM WB
Branch successor IF ID EX MEM WB

In some machines, branch hazards are even more expensive in clock cycles. For example, a machine with
separate decode and register fetch stages will probably have a branch delay - the length of the control
hazard - that is at least one clock cycle longer. The branch delay, unless it is dealt with, turns into a branch
penalty. Many older machines that implement more complex instruction sets have branch delays of four
clock cycles or more. In general, the deeper the pipeline, the worse the branch penalty in clock cycles.

The simplest scheme to handle branches is to freeze or flush the pipeline, holding or deleting any
instructions after the branch until the branch destination is known. A higher performance, and only
slightly more complex, scheme is to predict the branch as not taken, simply allowing the hardware to
continue as if the branch were not executed. Care must be taken not to change the machine state until
the branch outcome is definitely known.

The complexity arises from:
. we have to know when the state might be changed by an instruction;

. we have to know how to "back out" a change.

The pipeline with this scheme implemented behaves as shown below:

Untaken IF ID EX MEM WB

Branch Instr

Instr i+1 IF ID EX MEM WB

Instr i+2 IF ID EX MEM WB
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Taken Branch |IF |ID EX MEM WB

Instr

Instr i+1 IF idle idle idle idle

Branch target IF ID EX MEM WB

Branch target+1 IF ID EX MEM WB

When branch is not taken, determined during ID, we have fetched the fall-through and just continue. If
the branch is taken during ID, we restart the fetch at the branch target. This causes all instructions
following the branch to stall one clock cycle.

An alternative scheme is to predict the branch as taken. As soon as the branch is decoded and the target
address is computed, we assume the branch to be taken and begin fetching and executing at the target
address.

Because in DLX pipeline the target address is not known any earlier than the branch outcome, there is no
advantage in this approach. In some machines where the target address is known before the branch
outcome a predict-taken scheme might make sense.

In a delayed branch, the execution cycle with a branch delay of length niis:

Branch instr
sequential successor 1
sequential successor 2

sequential successor n
Branch target if taken

Sequential successors are in the branch-delay slots. These instructions are executed whether or not the

branch is taken. The pipeline behavior of the DLX pipeline, which has one branch delay slot is shown
below:

Untaken branch instr |IF |ID |EX |MEM WB

Branch delay instr(i IF |ID EX MEM WB

+1)

Instr i+2 IF ID EX MEM WB

Instr i+3 IF ID EX MEM WB

Instr i+4 IF ID EX MEM WB

Taken branch instr IF |[ID | EX |MEM WB

Branch delay instr(i IF |ID |EX MEM WB

+1)

Branch target IF |ID EX MEM WB

Branch target+1 IF ID EX MEM WB

Branch target+2 IF ID EX MEM WB

The job of the compiler is to make the successor instructions valid and useful.
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We will show three branch-scheduling schemes:

. From before branch

. From target
« From fall through

Scheduling the branch-delay slot:

In (a) the delay slot is scheduled with an independent instruction from before the branch. This is the best

choice.

Strategies (b) and (c) are used when (a) is not possible. In the code sequences for (b) and (c), the use of R1
in the branch condition prevents the ADD instruction (whose destination is R1) from being moved after

the branch.

In (b) the branch-delay slot is scheduled from the target of the branch; usually the target instruction will

need to be copied because it can be reached by another path.

In (c) the branch-delay slot is scheduled from the not-taken fall through. To make this optimazation legal
for (b) and (c), it must be OK to execute the SUB instruction when the branch goes in the unexpected
direction. OK means that the work might be wasted but the program will still execute correctly.

(a) From before

(b) From target

(c) From fall-through

DADD R1, R2, R3

DSUB R4, R5, R6

if R2 = 0 then
Delay slot | DADD R1, R2, R3
if R1 =0 then
Delay slot |

DADD R1, R2, R3

if R1 =0 then

| Delay slot

OR R7, R8, R9

DSUB R4, R5, R6

becomes becomes becomes
DSUB R4, R5, R6 DADD R1, R2, R3
-
if R2 = 0 then if R1 =0 then
DADD R1, R2, R3 | DADD R1, R2, R3 | OR R7, R8, R9

Scheduling strategy
From before branch

From target

From fall though

The limitations on delayed-branch scheduling arise from the restrictions on the instructions that are
scheduled into the delay slots and our ability to predict at compile time whether a branch is likely to be

taken or not.

if R1 = 0 then

DSUB R4, R5, R6

Requirements

Branch must not depend on the
rescheduled instructions

Must be OK to execute rescheduled
instructions if branch is not taken

Always

DSUB R4, R5, R6 <——

When Improves Performance

When branch is taken. May enlarge program if
instructions are duplicated

Must be OK to execute instructions if |When branch is not taken

branch is taken
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viii. RozSirenie prudového prostriedku o viaccyklové
operacie

It is impractical to require that all DLX floating-point operations complete in one clock cycle, or even two.
Doing it would mean accepting a slow clock, or using enormous amounts of logic in the floating-point
units, or both. Instead, the floating-point pipeline will allow for a longer latency for operations. This is
easier to grasp if we imagine the floating-point instructions as having the same pipeline as the integer
instructions, with two important differences:

. The EX cycle may be repeated as many times as needed to complete the operation

. There may be multiple floating-point functional units.

Let's assume that there are four separate functional units :
« The main integer unit

« FP and integer multiplier

. FP adder (handles FP add, subtract, and conversion)

. FP and integer divider

If we also assume that the execution stages of these functional units are not pipelined, then the resulting
pipeline looks like:

FP/integer
multiply

EX

FP/integer

Because only one instruction issues on every clock cycle, all instructions go through the standard pipeline
for integer operations. The floating-point operations simply loop when they reach the EX stage. In reality,
the intermediate results are probably not cycled around the EX unit, but the EX pipeline stage has some
number of clock delays larger then 1. We can generalize the structure of the FP pipeline to allow
pipelining of some stages and multiple ongoing operations.

To describe such a pipeline we must define the latency of the functional units and the initiation interval.
Latency is defined as the number of intervening cycles between an instruction that produces a result and
an instruction that uses the result. The initiation interval is the number of cycles that must elapse
between issuing two operations of a given type.

Pipeline latency is essentially equal to one cycle less than the depth of the execution pipeline, which is

the number of stages from the EX stage to the stage that produces the result. Thus, for the example
pipeline above, the number of stages in an FP add is 4, while the number of stages in FP multiply is 7.
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Extended pipeline is show below:

Integer unit

EX

FP/integer multiply

M5

The example pipeline structure allows up to 4 outstanding FP adds, 7 outstanding FP/integer multiplies,
and 1 FP divide. The FP multiplier and adder are fully pipelined and have a depth of 7 and 4 stages,
respectively. The FP divider is not pipelined, but has 24 stages.

The pipeline timing of a set of independent FP operations:

MULTD IF |ID MI |M2 M3 M4 M5 M6 M7 MEM WB
ADDD IF |ID Al A2 A3 A4 MEM WB

LD IF ID EX |MEM WB

SD IF ID EX MEM WB

The stages in italic show where data is needed, while the stages in bold show where a result is available.
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INE ARCHITEKTURY A MECHANIZMY

i. Prudové a superskalarne techniky - Nonlinear pipelling

Zadefinujeme si vieobecny prudovy prostriedok, ktory okrem pradov umoziuje i spatnu i doprednu
vazbu.

vystup X

Reservation tables are two- dimensional charts used to show how successive pipeline stages are utilized
(or reserved) for a specific function evaluation in successive pipeline cycles. Let X & Y be two functions
evaluating in the above pipeline.

Rezervacna tabulka pre funkcie X:

Funkcia X:
1 2 3 4 5 6 7 8 *
S1 X X X 572 |
52 X X 2 |
$3 X X X 4,2 |

* - vSetky mozné latencie medzi vsetkymi inicializaciami (kolko poli¢ok je medzi nimi vratane druhej
inicializacie)

Inicializaciou nazyvame spustenie operacie. Latencia je pocet cyklov medzi dvoma inicializaciami.
Latencia k znameng, Ze dve inicializacie su od seba vzdialené k cyklami. Pozname dva druhy latencii:

. dovolené - nevznikne kolizia

. zakdzané - vznikne kolizia.

Consider the same pipeline, lets see initiations in the pipeline for function X, with latency=2:

"X s x| % (60 |6 |«
AR CESHEC oy
k] & @ @ <~

O «— Indicates collisions

o
><_

Pomocou zakdzanych latencii vieme vypocitat minimalnu uzavreti cestu MAL (Minimal Average
Latency), ktord da pradovému prostriedku najvacsiu efektivitu bez kolizii, ¢o sa anglicky nazyva Collision-
free scheduling.



Kolizny vektor definuje zakézané a povolené kolizie, kde kazdy bit vektora definuje jednotkou zakdzané
latencie alebo nulou povolené.V kazdom cykle sa tieto bity posuvaju do prava.V nasom pripade pre XaY
su inicializacné kolizne vektory, bity su ¢islované od 1:

pre X: 1011010 (7654321)
preY: 1010 (4321).

Let us first look at some basic terms:

Latency sequence: a latency sequence is a sequence of permissible latencies between successive tasks
initiations.

Latency cycle: is a latency sequence which repeats itself.

Constant cycle: which contains a single latency value.

State diagram: will be used here to specify the permissible state transitions among successive tasks
initiations.

Collision vector: (collision array) is a combined set of permissible and forbidden latencies. Collision
vector: C=(Cm Cm-1 ..n.e. G Gi), m: maximum forbidden latency, Ci: 0 permissible, Ci: 1 forbidden.

Construction of the state diagram:

Collision vector is the initial position vector or the starting state of the sate diagram.
Next state is obtained by right shifting the zeros of current state and then OR-ing the result with
collision vector.

Latency Analysis Latency Analysis
1011010° | 1011010

Starting state
3
1

- 1011011
1111111 1111111

—_

Current state. Remember: always do ORing with the start state.
Latency Analy51s Latency Analysis
1011010 1011010
1011011 1111111 | > 1011011 i |
Now, right shift the sixth bit and see what you get after Since there are no more zeros left in this

ORing it with the start state. _ state to be right, lets move on to the next
The next state comes out tobe 1011011 again. state.

Never redraw an old state. Now this state is our current state.
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Latency Analysis
1011010
6
we get, 3 L
[ oo | | wmnnn |

In this state we don’t have any zeros, so we
move on to the next state. As our current

state.
Right shifting and ORing of the third and sixth

bit gives the same state again.

Latency Analysis [
Our state diagram is |: }OIIOIO:I
complete now. s/ / o
This state diagram is VAV4- RF I RN
used to characterize [ oTom [ T |
successive initiations o o)
k% 6 /

of tasks in the 3N

pipeline in

order to find the shortest latency sequence to
optimize the control strategy.

A state on the diagram is representing the contents
of shift register after proper no. of shifts is made,
which is equal to the latency between the current and
next task initiations.

Latency Analysis =i
1011010

Greedy Cycles: are —
those ones whose edges 6/ / 1
are all made with / /3 e | \

ini i / 8 8

minimum latencies from L N
their respective states [ touonn [ |

r
(

\6/)

(ones with *) . L 3)
so for this state diagram we have:
(3) & (1,8) as our greedy cycles
The greedy cycle (1,8) has an average latency of
(1+8)/2=45
The greedy cycle (3) has a constant latency which
equals the MAL.

) busy stages
efficiency: = total stages X 100
=8 x100
n 9
=88.89%

Efektivnost je inymi slovami stupen vyuzitia.

Priepustnost je: 1/MAL * frekvencia hodin.

-5
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+

means any integer
(latency) equal to
8 or greater than 8

Latency Analysis ¢
1011010

6 1
3 8+ 8+ \
[ 1011011 | |

One last thing, when the number of shifts is m+1 (m:
maximum forbidden latency), all the transitions are
redirected back to initial state.

And mark the minimual latencies from each state with *.

= e
Latency Analysis ‘10181010
The next step is to write J _
the simple latency 5/ N
cycles. / V& IF PN
. . Y N
Simple Cycles: [ 1owronn [
are those in which each )0
3/ \\64

state appears only 2
once.

so for this state diagram we have:
(3), 6), (8),(1,8), (3,8), (6,8)
as our simple cycles.

Some of these are called greedy cycles

\
S

12 13 14 15

s | X x x
s x x
5 x x x
matched
setup time

Mark every 3 x 3,array of squares as a frame.

(since greedy cycle ime have 3 stages)

Keep on initializing new tasks until consecutive frames
begin to match.

The time until there appears no match is called the Setup
Time.

Calculating the efficiency: With in a frame we have,

Total stages=9
Stages busy=8

(take from the matched frames)



ii. Optimalizacia planovania prudového prostriedku

Pravidla pre MAL:

« MAL = maximalny pocet obsadeni jedného stupna
« MAL < strednej latencii minimélneho jedného cyklu < pocet 1tiek v koliznom vektore+1.

Majme funkciu Z:

1 4 6 *
S1 Z y4 5
S2 Z 2
S3
S4 Y4 1

Kolizny vektor: 10011.

Y+

20

MAL=3

Vkladanim cakacich stavov zmensime pocet Ttiek v koliznom vektore, vznikne ndm i modifikovany

prudovy prostriedok:
1 3 4 5 6 7 *
S1 y4 y4
S2 y4
S3 y4
S4 Z; Z
D1 I il 4
p2_ ) T -z
Kolizny vektor: 100010.
(100012) S
N
\ vstup L
o —» S1 —p» S2 » S3 —» S4
240001y | & S
Q@ 1/ t
__Cdon'r»fo) —>
T T vystup Z

MAL = (143)/2=2
P =1/MAL * 10¢* f[MHZ]
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lii. Superskalarne a superprudové spracovanie

Zékladnu koncepciu DLX (zakladny skalarny stroj) mézme vylepsit na tzv. superskaldrny stroj alebo
superprudovy stroj.

Superskalarny stroj typu n=3:
Ma viacero zakladnych skalarnych strojov, ktoré pracuju paralelne.

1 2 3 4 5 time

Superprudovy stroj typu n=3:
Ma superprudové spracovanie, 3x rychlejSie zadavanie instrukcii, skrz rozdelenie hodin, kde je kazdy
stupen rozdeleny na 3 podstupne.

1 2 3 4 5 6 7 takt procesora

Superprudovy stroj na dalsom obrazku obsahuje 2 prudy, 4 funkéné jednotky a llokahead window, ktoré
umoznuje zadavat instrukcie mimo poradia.

| Hove 1 Temat
< t\:‘nﬁ:« Fl ot wpen” | ;:Et’h? ) | J\Na‘\?? ’
Y ! o".l. rv”l& Hin I — )
2 uthv, Lot ' '

e

InStrukcie méZme zadavat:
. v poradi - nie je problém s datovou zavislostou, ale je slabsia priepustnost
. mimo poradia.
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Priklady:

Il
I2
I3
I4
I5
I6

LOAD R1,A
ADD R2,R1
ADD R3,R4
MUL R4,R5
CMPL R6

MUL R6,R7

R1
R2
R3
R4
R6
R6

LI I N ¥

MEM (A)
R2+R1
R3+R4
R4xR5

R6 negovane

R6XR7

Zadavanie a dokon¢enie v poradi:

1 2 3 4 5 6 7 8 9
11 F1 D1 E2 S1
12 F2 D2 Al A2 S2
13 F1 D1 Al A2 S1
14 F2 D2 M1 M2 M3 S2
15 F1 D1 E1 S1
16 F2 D2 M1 M2 M3 S2
Fi-fetch, Di-decode, E-execute, Ai-add, Mi-multiply, Si-store
Zadavanie v poradi dokoncenie mimo poradia:
1 2 3 4 5 6 7 8 9
I F1 D1 E2 S1
12 F2 D2 Al A2 S2
13 F1 D1 Al A2 S1
14 F2 D2 M1 M2 M3 S2
15 F1 D1 E1 S1
16 F2 D2 M1 M2 M3 S2
Zadavanie aj dokoncenie mimo poradia:
1 2 3 4 5 6 7
11 F2 D2 E2 S2 PIPE2
12 F2 D2 Al A2 S2 PIPE2
13 F1 D1 Al A2 S1 PIPE1
14 F2 D2 M1 M2 M3 S2 PIPE2
15 F3 D3 E1 S1 LOOK AHEAD W.
16 F1 D1 M1 M2 M3 S1 PIPE1

29




Vykonnost:

Typ stroja Zakladny Superskalarny Superpradovy Superskalarny
skalarny stroj stupna m stroj stupnan superprudovy
k-stupnovy stroj T(m,1) T(1,n) stroj stupna T
T(1,1) (m,n)
Cyklus pradového 1 1 1/n 1/n
spracovania
Frekvencia zadavania 1 m 1 m
instrukcii
Latencia zakladnych 1 1 n*1/n n*1/n
instrukcii
Paralelizmus plne 1 m n m*n
vyuzivajuci prudovy
prostriedok
Odvodenia vykonnosti:
Al vypadme pok takkods
i potom vidy vypadma
i T(w'_h)_ E— _‘\ FJ , dafaia 1T, hi‘;l?'-{-gJ,__L
K-stupasy A T) =(kpN-1) Y e T0) _wlirk-t)
N oStk JTln=eadzm O p T el
— 7
A —Si-ufef...‘:’ supeys kolay, .s#[aa'o-» T(’!Ln_) = k+ %fN-—ﬂ évl('-ubmi..,_- N o0
ACATE SN b dadiinhs! i A iatnck SNLALL | RSN LI Y B40 A o S—
FLLO ' . H’—-—J
pn = —li- swperpridavébe st ctrn TUA) Ean-1 e
Stm -_—I_'—TM..\ T ——n () =
T{1,0) ke —— —_— 2L =
f /n-
T () = Ko AT ) R .
T ken=t NP0 L e men
AN (M.V‘) - Fmpn)— k*%(N‘;:‘«\),,,_ e

Priklad vykonnosti:

Porovnanie pre superskalarny ( 1 < m < 4) a superpriddovy ( 1< n < 6) stroj. Superpridové spracovanie ma
pomalsi nabeh (vacsie straty vo vykonnosti pri vetveni). Superskaldarne ma obmedzenie pri paralelnom
spracovani instrukcii. Superpriadové stroje maju obmedzenie predstihom hodin a obvodmi na Cipe.

[ < Superskaldrny stroj  # Superpridovy stroj |

2.00 . . . . —_—
1 A < ) 1 1

1.75 e p——T - - - - e e e ' ]
1 1 ] 1 1

1.50 ==-- - - = S I CICICIE Le---d IR
. : : : : :

1.25 - —a----- - - - - 1----- - - - - - r-----a-----
1 1 1 1 1 1
1.00 i t 1 1 i 1

1 2 3 4 5 6 7 8
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iv. Klasifikacia prostriedkov podla arovne spracovania

Inymi slovami i Handlerova klasifikacia:

. Uroven funkénych blokov

. Uroven instrukcii

. Uroven procesov (proces sa rozdeli na nadvazujuce podprocesy a tie realizujeme réznymi
prostriedkami)

Stupne pri spracovavani procesov:

............................................................

vstup | o i ; vystup
—'~>M1M2 P2 bl M3 P3 b= M4 P

MACROPIPE

Zostrojenie prudovej scitacky:

Klasickd 4x1bit scitacka je nevyhodnd, musime cakat 4x2 taktov skrz prenos carry bitov ak
predpokladame, Ze kazda scitacka potrebuje 2 takty na presnos. Naopak v prudovej s¢itacke mézme v do
nej tlacit v kazdom takte nové operandy, prvy suc¢et madme po 4 taktoch, nasledovné sucty kazdy dalsi
takt.

klasicka

prudovd

Scitavanie v pohyblivej radovej ciarke:

priamy kéd predpéaty kéd Napr. 8 bit exponent:

127 1111 1111
mantisa exponent -128 0000 0000
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1. stupen:

1) zarovnanie exponentov

2) denormalizacia mantisy s mensim exponentom
2. stupen:

3) sucet mantis

4) oSetrenie pretecenia mantisy multiplexom
3. stupen:

5) normalizcia mantisy

v. Klasifikacia prostriedkov podla konfiguracie a riadenia

Podla konfigurdcie a riadenia mézme prostriedky klasifikovat na:

. jednofunkéné (vacsinou statické) a viacfunkéné (viaceré funkcie sucasne, alebo v réznych ¢asoch)
. statické a dynamické (ide o schopnost menenia konfiguracie, poradia vstupného spracovania)

. skalarne a vektorové (skalary - operandy, ktoré nemaju medzi sebou suvis)

vi. Architektara VLIW (Very Long Instruction Word)

Mikroprogramovanie mézme realizovat dvoma sp6sobmi:
. vertikdlne mikroprogramovanie - v jednom takte jedna mikro operacia, viacej taktov
« horizontalne mikroprogramovanie - v jednom takte viacero mikro operacii, menej taktov.

Hlavna paméat

Vektorova
load-store unit

FP add/subtract
-
FP multiply
FP divide '—>
S

—
>

Vektor.

registre Integer ALU

—
—
—

Branch unit (logical)

Skalarne
registre

Format inStrukcie obsahuje informdcie pre riadenie pre kazdu UNIT procesora : LS UNIT | FP ADD | ... | INT
ALU | BRANCH UNIT. VLIW je zovseobecnend koncepcia horizontdlneho mikroprogramovania a
superskaldrneho spracovania. Synchronizaciu naplanovanie a platnost Udajov v jednotkach procesora
riesi prekladac.
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1 AE b B8

EX

Mikroinstrukcie:

Register Pamat
adresy indtrukii
. Register
—deid ingtrukcii
riadiaca
— logika l
TECHNIKY
VETVENIA POVELY (Y)
Yi Yf IS
:
STROJOVA 0.C 1 kratky Register inStrukcii
INSTRUKCIA ' ! VERTIKALNE
\j
-------- >
dihy Register instrukcii
HORIZONTALNE

Odlisnosti VLIW od superskalarneho prevedenia:

. dekédovanie VLIW instrukcii je jednoduchsie

. hustota kdédu superskalarneho stroja je vyssia

. superskalarny stroj méze byt kompatibilny s velkym po¢tom neparalelnych strojov

« VLIW moze byt chapany ako extrémny pripad superskaldarneho stroja, v ktorom su vietky nezavislé
inStrukcie synchrénne zopakované.

vii. Vektorové procesory
Operandy instrukcii mézu byt vektory, instrukcie teda podporuju vektorové operacie:

. vektor-vektor:
. vektor-skalar:

JSQRT /| 8lz) & Yarp)

N
JsIv | 8lz) & sin Alz) L3 L .// S:-,Z,-‘A/;)
Veom [/ 8(1) é— Afz) iMAx || S=wmax A(D)
”,'=4';u '

. vektor x vektor -> vektor:
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. vektor x skalar -> vektor:
VRYY [/ clT)=4lr)+ 8r)
VMPY [/ c(1)= Alz)x 8z sADd  //Blz) e Alz)+s

VAVD / (1) = Al1) amd Blz) SN 8l) < 4l r/s

Format vektorovych instrukcii:
. pole operaé¢ného kédu - pocet zloZiek vektora a velkost zlozky

. operandy (adresujuce vektor/register v procesore, v pamati - bazova adresa, pocet zloziek vektora,
velkost zlozky vektora).

Vektorové prenosy:

« zpamati do pamati (TI-ASC, CDC CYBER) - pristup pomocou superslov (128b, 256b)
. z vektorovych registrov do vektorovych registrov (CRAY, FUJITSU VP200).

»0 Avo T=4 N
AlD) = 8(D+ e(D)
00 BIT) = 2% Alz+1)

i ot sa ale

ICALARNY STROT VEKTOROVY §TROT

INMT I=1 Al4:n) = B/4:N) + cﬁr:u__'-'
Ao READ B(7) TEMP(IIN) = .‘4:/11'\’-"‘1

READ ((r) B(A:N) = L+ TEMP(1:in)

A Bl1)) els)
<ToRE Alr)
READ A (IM]
MPLY 2% Alr4)
(troec Bl1)
IMCREMENT T

|F T4N oto 1D
gTOP
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Architektura typického vektorového procesora:

- >
sk.inS. | gyalarne

registre

InStrukéna

jednotka

vek. ins.

Riadenie
vektorovych

F inStrukcii j

Riadenie
pristupu k
vektoru

\/

Vektorové | 5
registre

SKALARNY
PROCESOR

Pradova
jednotka
1

Pradova
jednotka

Pradova
jednotka
1

Pradova
jednotka
N

VEKTOROVY

PROCESOR

viii. Predpovedna logika a historia vetvenia

adresa

& ADRESA INS.
A\E,’Ef\?a:gs' VYKONANEJ PRIZNAKY
PO VETVENI
najdena cielova
PC |= J
adresa
D IF
5
inStrukcie

T - branch taken - vetvenie realizované
N - branch not taken - vetvenie nerealizované
NN, TN, NT, TT - last two branches not taken / taken

Priznaky mézu uchovdévat histériu, indtrukcia sa bude vykondavat viackrat.
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HODNOTENIE VYKONNOSTI POCITACOV

Hodnotenie vykonnosti pocitacov je miera schopnosti vykondvat funkciu, na ktoru je uréeny. Nevyjadruje
iba jednu hodnotu, vo vSeobecnosti je to mnozstvo za jednotku casu. Vac¢sinou hovorime o vektorovej
vykonnosti - za akd dobu pri zmene vstupov dostaneme zmenu vystupu (priepustnost systému, doba
odozvy, stupen vyuZitia...).

i. Gibsonov (instrukény) mix

Test, aby sa zabranilo subjektivnym hodnoteniam, prvé hodnotenie vykonnosti HW systémov.

Pre dve zdkladné oblasti vypoctov si zvolime sStatistiku vykonanych instrukcii programom: |; (instrukcia), pi
(pravdepodobnost vyskytu), ti (doba realizacie). T je stredna doba realizacie danej instrukcie.

_1
Po T

Zpiti

T: i=l

Zpi
i=1

ii. Sposob posudzovania vykonnosti

Dnes posudzujeme vykonnost pomocou programoy, ich Urovne su:

. realne programy - odskusanie v praxi (Ccad, Is)

. jadrd - vybrané casti programov, ktoré su kritické pre danu aplikaciu (Livermoore loop, Limpack)

« benchmarky - hry

. syntetické benchmarky - podobne ako jadra, snazia sa simulovat ulohy réznych aplika¢nych oblasti -
vedecko technické vypocty, oblast prekladacov (Dhystone, Whetstone)

. systém SPEC

CPI = pocet cyklov CPU / pocet instrukcii programu
CPUtime = pocet instrukcii programu * CPI * periéda hodin CPU
CPUiime = pocet cyklov CPU * periéda hodin CPU (ako dlho je uloha realizovana procesorom)

Pocet instrukcii programu zavisi od architekrdry mnoziny instrukcii a technolégie prekladaca. Peridéda
hodin CPU zavisi od technoldgie pouzitej na vyrobu ¢ipu a organizacie procesora.

RISC CPI=1, CISCCPI > 1, Superskalarne stroje < 1.



iii. Monitorovanie vykonnosti

Monitor je softvérové riesenie:

. programovy monitor - skresluje redlny beh programu, je lacnejsi, neda sa ist na nizsiu Uroven ako
instrukcie

. technicky monitor - paralelné pripojenie do monitorovaného pocitaCového systému, presné merania
nezavislé od OS, da sa monitorovat zbernica, komunikacny kanal, nutnostou je vsak Specidlne
zariadenie a chudobnd funkcionalita

« hybridny monitor - kombindcia, vidime ho ako 10 zariadenie, monitoruje vstupy a vystupy

Ulohy riesené monitorovanim:
. meranie na konfiguracii

« meranie ¢innosti OS

. meranie ¢innosti pouzivatela.
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PAMATOVY PODSYSTEM POCITACA

Pamatova hierarchia:
. internad pamat (elektronicka)
. Oregistre - ti= 1ns, sprava preklada¢om
« 1cache (L1, L2) - ti=10-50 ns, sprava technickymi prostriedkami
. 2 hlavna pamat - ti= 50-70 ns, sprava OS
. externa pamat (elektro-mechanicka)
« 3 pevny disk - ti= 5 ms, sprava OS/pouzivatel
. 4 CD, flash, USB - t;

Zakladné parametre:

« ti- doba pristupu

. si- kapacita

« Ci-cena za bit

« bi- priepustnost

« Xi- mnozstvo dat na jeden pristup

Hierarchia:
o >t
o Si< Sit1
o Ci> Cit1
« bi> bis

o Xi> Xit+1

i. Sprava pamati

Treba zabezpecit:

. aby v cache bola vzdy pritomnd poZadovana informacia

. ako uvolnovat miesto v pamadti niz3ej irovne

. ako zabezpecit zhodu réznych instancii tej istej premennej (koherenciu dat)

Hit ratio h; /Miss ratio m; - pravdepodobnost, Ze na i-tej Urovni su pozadované informacie najdené/
nendjdené.

mi=1-h;
OShoShiShi+1Sh4=1

ii. Klasifikacia pamati podla pristupovej metody

Klasifikujeme:

« RAM (Random access Memory) - [ub. pristup

« SAM (Sequentially Access Memory) - paska

« DASD (Direct access storage devices) - disk

. CAS (Content access memory) - tabulky - asociativna pamat



Asociativna pamat:

Register argumentu

Register masky

Riadenie

Pamatoveé pole Register

zhody

Register dat

iii. Adresovacie schémy hlavnej pamati

DO-D7

Pamat A0-A17
amé

WRITE CHIP SELECT

OUTPUT ENABLED

Prepletenie hornych bitov adresy:

Modul Adresa v module
m bit n-m bit
A
#1 #0
CSs CS

Doba pristupu ako do modulu, je Skéalovatelny.
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Prepletenie dolnych bitov adresy:

n

Adresa v module Modul
n-m bit m bit
A

Y ¥ v Y
#0 #1 oMy Dekodér

m
cs @ [es @ cs O 0 1 oM
L L T T T

D vy \ 4 v

@ prva, $tvrta adresa ...
@ druha, piata adresa ...
(3) tretia, Siesta adresa ...

Doba pristupu je znizend pri linedrnom pristupe k udajom (¢im viac modulov, tym rychlejsie), ak viak
vypadne jeden modul, tak prestane fungovat. Cita sa paralelne. Doba pristupu je doba pristupu do
modulu / pocet modulov.

Hybridné koncepcie:
n
r n-m-n m
v
De‘;;’dé’ #0 # d Dekodér
10 cs cs 10

[ T [ ]

Prva (vyssia) Uroven predstavuje prepletenie hornych bitov, druha (nizsia) Uroven prepletenie dolnych
bitov. Je tu realizované dvojurovihové dekédovanie. Doba pristupu je znizena pri linedrnom pristupe k
udajom. Pamat je skalovatelna.

iv. Virtualne pamatové systémy - strankovanie, segmentacia

Koncepciu virtualnej paméate ma na starosti Memory management unit. Koncepcie mapovania virtudlnej
pamati na fyzicku su strankovanie (Casti pamati - stranky su rovnako velké) a segmentacia (¢asti kodu - do
fyzickej pamati zavadzame naraz cely segment rozdielnych dlZzok).
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Strankovanie: Segmentacia:

DATOVA ZBERNICA DATOVA ZBERNICA

CPU [« CPU  [w
A, A,
virtual page virtual segment
numt’J)erg offset number offset
4 4
i 4 Tabufk:
PFA - page frame address Tabulka BASE - baza sa:r;noi
R - read stranok L - dizka segmentu
W - write \?V reaf
X - execute PFA. R, W. X - write BASE, L, R, W,
M - modified MP X - execute X, M, P
P - present . M - modified
P - present
A\ Y
PFA BASE + OFFSET | fyz. adresa
, hlavna R disk (| Davna >
disk | pamat > pamat =

Page fault - bit present urcuje, ¢i je stranka v pamati alebo nie, ak nie je nastava page fault a PFA adresa
stranky ukazuje na disk, z ktorého je potrebné strdnku nacitat a vlozit do hlavnej pamati.

Segment fault - podobne ako page fault.

Strankovany segment:
Je kombinaciou predoslych dvoch: preklad virtudlnej adresy -> segment -> stranka.

¢islo segmentu Cislo stranky offset

Cislo segmentu  Cislo stranky Ochranné prava PFA

Spravy pamati:

Intuitivna koncepcia programovej lokality - procesor generuje nendhodné adresy, zlozky:
. Casova - generované adresy maju ¢asovu tendenciu

. priestorova - generované adresy maju naslednu tendenciu

. sekvencna.

Vieme volit velkost jednotky, pocet jednotiek.

Tabulka strdnok/segmentov sa moéze nachddzat v hlavnej pamadti, disku, ciastocne v Memory
Management Unit procesora.
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Vo fyzickej pamati vznika fragmentacia:
. interna fragmentacia - ¢iastocné zaplnenie stranok
. zavadzanie tabulky do pamati.

Sprava strankovanej pamiti:

Predpokladajme, Ze pozname postupnost stranok, v akej sa bude program vykonavat, mame obmedzenu
kapacitu stranok v hlavnej pamati, nastavaju PAGE FAULTy.

Beladyho optimalny algoritmus:

. nutny predpoklad vedomosti o vykonavani programu

« neprakticky

. sluzi viak na porovnanie s ostatnymi algoritmami.

Pouzivané algoritmy:

« LRU (Least Recently Used) - vyhodime stranku, ku ktorej sme pristupovali najdalej v minulosti

« LFU (Least Grequently Used) - vyhodime tu, do ktorej sme najmenej pristupovali od posledného Page
Faultu

. FIFO, LIFO

. Random

Zavislost page fault od pouzitého algoritmu a poctu stranok f(A,s):

;(Als\
/
S
. = RAvDOM
NN -~ R . ..
’i‘-r\z o S— powt sta'nrle a hiay.pasmad,
S N
VNN ’ i M/MJA Al
e P ANIINO L 0STATME AuboRITHY P (& pregmmy
I \ 7
BELADYHO 1/ NEARRNGS A - a,f.?oa"\tmw: spmqfdﬁ%'-r’,'
AN
7
AN £~ pALE FRULT
— - NN
NS
I ; \\
>-8

Technikou redukujicu page fault je predvyber stranky - ak vyberame stranky z disku, nevyberdame po
jednej, ale vo viacerom pocte.

Sprava segmentovanej pamati:

segment 1 Algoritmy zavadzania segmentov do pamati:

.best fit - segment vlozime do diery najblizsie podobnou velkostou
-worst fit - segment uloZime do najvacsej diery

segment 2 .first fit - vioZzime do diery, ktora je prva vacsia ako segment
.buddy algoritmus - snazime sa najst dieru 2x velkd ako segment

diera 1

segment 3
diera 2 Kompakcia hlavnej pamati - dame diery za seba a vytvorime tak velku
suvislu dieru a ak stale ani tam nemozno ulozit zavddzany segment, tak
segment 4 najdeme segment, ktory z pamati vyhodime.
diera 3
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v. Rychla vykonavacia pamat (cache)

SIUzi na vyrovnavanie rychlosti pristupu réznych pamati, napr. medzi CPU a hlavnhou pamatou.

hlavna
pamat

—

Blok cache je elementarna jednotka pamati v cache, obsahuje niekolko slov, teda je velky n-ndsobkom

slova. Pozndme rézne mapovania:

. plne asociativnhe mapovanie - fyz.adresa = tag (5b) + offset, blok hlavnej pamati méze byt na lubovolnej
pozicii vidmci cache, vyhodou je maximalna priepustnost, nevyhodou viak nutnost asociativnej pamati

. CiastoCne asociativne mapovanie - fyz adresa = tag (3b) + index (2b) + offset, vrdmci jedného SETU
aplikujeme plne asociativhe mapovanie ale medzi setmi aplikujeme priame mapovanie

. priame mapovanie - fyz adresa = tag (2b) + index (3b) + offset, blok hlavnej pamati moze byt v len v
prave jednom bloku v cache, niZsia priepustnost, ale jednoducha sprava

. sektorové mapovanie - fyz adresa = tag (3b) + blok (2b) + offset, suvisly pocet blokov vytvara sektor,
sektor moze byt v cache fubovolne umiestneny, ale pozicie blokov v rdmci sektora su fixné.

CPU > cache <>

A
Y

Fully associative: Direct mapped: Set associative:

block 12 can go
only into block 4

block 12 can go
anywhere

block 12 can go
anywhere in set 0

(12 mod 8) (12 mod 4)
Block 01234567 Block 01234567 Block 01234567
no. no. no.
Cache
Set Set Set Set
0o 1 2 3
Block frame address
Block 1111111111222222222233
no. 01234567890123456789012345678901
Memory

Block fault - na vyber bloku pri nedostupnom bloku mézme pouzit algoritmy:

« RANDOM - ndhodny vyber bloku
« LRU (Least Recently Used) - HW realizicia je pomocou matice prekldpacich obvodov n*n, ak mame

pristup do i-tého bloku, tak nastavime preklapaci obvod v i-tom riadku na 1 a v i-tom stlpci
preklapacieho obvodu vynulujeme, vyhadzovany blok tak ma najmenej jednotiek v riadku
. FIFO
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Miss ratio cache pri pouzitych algoritmoch:

Associativity

Two-way Four-way Eight-way
Size LRU Random FIFO LRU Random FIFO LRU Random FIFO
16 KB 114.1 117.3 1155 111.7 115.1 1133 109.0 111.8 1104
64 KB 1034 104.3 103.9 1024 102.3 103.1 99.7 100.5 100.3
256 KB 922 92.1 92.5 92.1 92.1 92.5 92.1 92.1 92.5

Zapis do cache (blok je v cache):

. WRITE THROUGH (zéapis cez cache) - zaroven sa zapisuje aj do hlavnej pamdti a ta je pomalsia - write
buffer (sluzi na bufferovanie poziadaviek do zapisov do hlavnej pamati)

. WRITE BACK (zapis spat) - ak zmenime blok v cache nastavi sa mu dirty bit a pri jeho obetovani pri block
fault sa zapise spat do hlavnej pamati - efektivita.

Zapis do cache (blok nie je v cache):

« WRITE ALLOCATE - ak ndm blok chyba, zavedieme ho do cachce, vazba s WRITE BACK

« NON-WRITE ALLOCATE (zapis okolo) - ak nam blok chyba tak ho neddvame do cache, ale rovno do
hlavnej pamate, vdzba s WRITE THROUGH.

Priklad cache na procesore Alpha AXP21064:

Block (1)
Block address  offset CPU
<21> <8> <5> address
Tag | Index | | Data Data
]in  out
Valid Tag Data
<1> <21> <32> l
(512 ® N
blocks) | H
@ @ r—
(512 @ |5
blocks) [ |
@ 4:1 mux
;_9) Ij'J
Write
buffer

| Main memory |

Opatrenia zvysujuce priepustnost cache:

. redukcia Miss ratio - pomocou architektury cache

. redukcia Miss penalty - pomocou spravy pamati

. redukcia ¢asu v pripade najdenia informacii v cachce - pripad hitu.

Multi-level caches generally operate by checking the smallest Level 1 (L1) cache first; if it hits, the

processor proceeds at high speed. If the smaller cache misses, the next larger cache (L2) is checked, and
so on, before external memory is checked. L1 je cache priamo na Cipe, L2 mimo ¢ipu.
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MODELY PARALELNYCH POCITACOV

Typy paralelného spracovania:
« sumiltannost

. prudovost

. subeznost.

Prvky modernych PC:

Hodnotenie vykonnosti

@ oS SwW

A

Mapovanie Preklada¢, zavadzaé

A\ 4

Vypoctové problémy Algoritmus, Struktura dat High Level Languages

A\
A\ 4

Programovanie

Vypoctové problémy paralelného spracovania:
. numerické extenzivne vypocty

« spracovanie tranzakcii

. rozsiahle databazy

. logické odvodzovanie.

Algoritmy a datové struktury:
. numerické aplikacie - determinanty alg., pravidelné Struktury dat
. spracovanie symbolov.

Paralelizmus aplikacie:

« navrh algoritmu

. v ase programovania
. v Case prekladu

. v &ase behu.

Podporné nastroje:
« programovacie jazyky - nové jazyky (OCCAM), paralelné rozsirenie klasickych programovacich jazykov
(Paralel C).

Podpora prekladaca:

. preprocesor

. prekompildtor

. paralelizujuci prekladac.



Vrstvy vyvoja paralelnych aplikacii:

=
1

‘ Sekvencéne ‘ ’ Predvidanie ‘

‘ Fetch/Execute prekryvanie ‘ ‘ Funkény paralelizmus ‘ Postupnost koncepcii v ramei

vyvoja vypoctovych prostriedkov

‘ Viacnasobné funkéné jednotky ‘ ‘ Prudové spracovanie ‘
’ Implicitné vektorové spracovanie ‘ ‘ Explicitné vektorové spracovanie ‘ \/

g

‘ Pamat - pamat’ ’ Register - register ‘

SIMD MIMD

/o N\

\_

‘ Asociativny procesor ‘

aplikacia

programovacie prostredie

jazykova podpora

komunikaény model

strojovo adresovaci priestor

zavislé

architektura HW

strojovo
nezavislé

Implicitny a explicitny paralelizmus pri programovani paralelnych systémov:

IMPLICITNY EXPLICITNY
PARALELIZMUS PARALELIZMUS
Programator Programator

Y

zdrojovy kod
napisany v
sekvenénom jazyku
C, Fortran, Lisp,
Pascal

!

paralelizujaci

Y

zdrojovy kod
napisany v
paralelnom dialekte
C, Fortran, Lisp,
Pascal

!

preklada¢ ponechéa

prekladaé paralelizmy
paralelny cielovy kod paralelny cielovy kod
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i. Multiprocesory a multipocitace - MIMD

Multiprocesory komunikuju cez spoloéné premenné, viaceré procesory su ovladané jednym OS.
Multipocitace komunikuji pomocou sprav.

FLYNN: procesor, riadiaca jednotka, pamat, tok dat, tok instrukcii.

Kategorizacia strojov MIMD (Multiple Instruction stream, Multiple Data stream):
. multiprocesory (jednotny adresovy priestor, spolo¢na pamat):

. s distribuovatelnou pamatou (Skalovatelné)

. s centralnou pamatou (neskalovatelné)
. multipocitace (viacnasobny adresovy priestor, posielanie sprav)

. distribuovatelné (Skalovatelné)

. centralne (Skalovatelné)

Multiprocesor so spolo¢nou pamatou:

Ak maju vietky procesory rovnaky pristup k 1/O zariadeniam, tak je to symetricky multiprocesor,
nesymetrické delime na Master a Attached.

Rozdelujeme modely:

« UMA - uniform memory access

« NUMA - non uniform memory access
« COMA - cache only memory access.

Model UMA:
Procesor pristupuje k pamati rovnakym a rovnocennym spésobom.

P1 P2 Pn

\4 Y Y
Prepinaci prostriedok (zbernica, krizovy prepinac,
viacstupriova siet)

1/01 1102 SM1 SM2

SM - shared memory

Priklad: Odhadnite vykonnost multiprocesora, ktory vykonava sekvenény program na UMA. L2, L4, L6
trvaju 1 strojovy cyklus + k strojovych cyklov na kazdd medziprocesorovd komunikaciu na spolo¢nu
pamat, L1, L3, L5, L7 su pre jednoduchost zanedbané. Kéd sa nachadza v cache a data v hlavnej pamati a
cache.

L1 DO 10 I=1,N
L2 A(I)=B(I)+C
L3 CONTINUE

L4 SUM=0

(I)
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L5 DO 20 J=1,N
L6 SUM=SUM+ (A (J) )
L7 CONTINUE

Na jednoprocesorovom systéme sa L2 vykond N-krdt, zaberie teda N taktov. Vynulovanie sumy L4 sa
vykond iba raz, zaberie 1 takt. Nakoniec pripoc¢itavanie polozky L6 pola k sume sa vykona N krat, zaberie
teda N taktov. Cely program teda na jednoprocesorovom systéme pri uvazovani uvedenych zjednoduseni
trva 2N+1 taktov ~ 2N. Na multiprocesorov systéme UMA s M procesormi rozdelime cykli realizacie do M
sekcii s dizkou L=N/M:

DO  ALL k=1,M
DO 10 I=L*(K-1)+1, K*L
A(I)=B(I)+C(I)
10 CONTINUE
SUM (k) =0
DO 20 J=1,N
SUM (k) =SUM (k) + (A (L* (K-1) +J) )
20 CONTINUE
END ALL

Jednotlivé parcidlne sucty sa nakoniec nascitavaju do vysledku (systémom binarneho stromu) — pokial z
je pocet urovni binarneho stromu (hlbka), k je doba pristupu do spolo¢nej pamadte, potom sucet
parcidlnych sum zaberie z.(k+1).V nasom pripade je hlbka stromu log:M.

Program vykoname ako 2L+ z*(k+1) = 2N/M + (k+1)log:M.

Pre N=220:
. sekvencné vykonanie = 221
. paralelné vykonanie pri k 200 cyklova M 256 = 2.2020/28 + (201) * 8 = 273 + 1608 = 9800 cyklov.

Zrychlenie mame 221/9800 = 214, G¢innost 214/256 = 84%.

Model NUMA:

Kazdy procesor vidi vietky data, ale do jednej pamati ma rychlejsi pristup ako do druhej. Kazdy procesor
pristupuje k lokdlnym pamatiam cez prepinaciu siet. Jednotlivé lokalne pamadte vytvaraju globalnu pamat
(zdielanu). Dany procesor vidi globdlnu pamat ako suhrn vietkych lokdlnych pamati.

LMA1 P1
LMm2 P2 Prepinacia siet
r LMn Pn

LM - local memory, vytvdraju spolo¢nd pamat.
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S SR R ol lesf O
CSM
P2 |<ep o [ > P2 | o e CgM
g o
= =
e T
Pn |e» T | CiM Pn len| & len Cfi""
.g %
g g
@ CSM - cluster @ CSM - cluster
a shared memory a shared memory

Globalna prepajacia siet

v

Global shared memory

Dal3im spdsobom realizacie NUMA su klusterové architektury. Vietky procesory vidia GSM (Global Shared
Memory). Jeden procesor teda vidi global shared memory a svoj cluster shared memory, nevidi teda
lokalne pamati ostatnych procesorov, z toho vyplyva, Ze medzi klastrami je zakazany pristup do LM.

Model COMA:

Prepinaci prostriedok

v \ A
D1 D2 Dn directories
A
Lo
C1 c2 Cn cache
A A A
\ 4 \ \/
P1 P2 Pn procesory

Spoloc¢na pamat je distribuovana do cache, vsetka cache vytvara adresovatelny priestor, ktory sa adresuje
pomocou distribuovaného adresara.
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Multipo¢itac s distribuovanou pamatou:

M M M memory
P P P procesor
| | | interface

e S S

\ 4 A4 \ 4

Prepinacia siet na posielanie sprav

Kazdy uzol je autonémny pocita¢, procesor vie pristupit iba k vlastnej pamati - model NORMA (No

Remote Memory Access). Dobra skéalovatelnost, ale tazsia praca programatorov, vyzaduju sa efektivne
prekladace a distribuované OS.

ii. Maticové procesory - SIMD

Po skonceni vykonavania sa data vyzbieraju z lokadlnej pamati, su vhodné na rychle, Specializované
vypocty.

déata A

>

\4

Riadiaca pamat

Riadiaca jednotka

A

' ' '

PE 1 < PE 2

PEn

PEM 1

PEM 2 PEM n

\ 4 \ 4

Prepajécia siet

PE - procesorovy element
PEM - lokalna pamat
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iii. Charakteristika prepinacich sieti

ReZim cinnosti:

. synchrénny - typicky pre SIMD

. asynchréonny - pozidavky na komunikaciu prichaddzaju asynchrénne, typicky pre MIMD
. kombinovany.

Riadiace stratégie:
. centralizovana - Speciélny prvok riadi riadenie, typicky pre SIMD
. distribuovana - kazdy prvok si na zédklade zistenej infrastruktiry rozhodne sam, typicky pre MIMD.

Prepinacia metdda:

. obvodové prepinanie - medzi vysielacom a prijimacom sa vytvori spojenie, typicky pre SIMD
. prepinanie paketov - vysielanie paketov a ¢akanie na odpoved, typicky pre MIMD

. integritné prepinanie - kombinacia.

Topoldgia siete:
. statické - prvky su fixné
. dynamické - rekonfigurovatelné prvky, typické pre SIMD.

Prepinacie prostriedky pre SIMD:
. zbernica - mala priepustnost, preto existuju viaczbernicové systémy, protokol pre pridelovanie, porucha
znamena zlyhanie systému - single point of failure
. viacportové moduly - prepinanie riesené v moduloch, nutné vela prepojeni
. krizovy prepinac - podporuje vietky permutacie prepojeni, drahé, ale rychle
. viacstupnové siete - zakladny stavebny element, ma charakter krizového prepinaca, viacero stupriov:
. blokujuce (Baseline) - neda sa prepojit volny vstup s volnym vystupom, prestavenim sa da odstranit
blokovanie
. prestavitelné (BeneSove, Crossbar switch) - da sa prepojit fub. vstup s fub. vystupom
. neblokujuce (Closet) - najdokonalejsie.

Zbernica: Viacportové moduly:

F@

? 1
[MEMORY |, E-_ : —

\g‘—'l'" o J

OtV LA

A\l
' 4- _.,-_%-; e
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Krizovy prepinac (NxM): Viacstupnové siete:

= B e
Skl

v danom case zabezpedi jednu z permutdcii kompromis medzi krizovym prepina¢om a
(1,2,3), (3,2,1),(2,3,1),(1,3,2), (2,1,3), 3,1,2). zbernicovym systémom, prvky st elementarne
krizové prepinace

Blokujtica siet a BeneSova siet:

/

( BASSL.NE = BLOKUTUCR S IET
\J/ (v :lw"¢ /.a‘rr.Pyé?JE'eAv\z/ 090)

]

— L~ e
e BENBSIA = PRECTAVTEDM SIET (o praticked prth Shady simed.ofi)
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Closova neblokujtca siet:
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N O~ WON =0

Two Bene’s networks. (a) A 16-port Clos topology, where the middle-stage switches shown in the
darker shading are implemented with another Clos network whose middle-stage switches shown in the lighter shad-
ing are implemented with yet another Clos network, and so on, until a Bene$ network is produced that uses only
2 x 2 switches everywhere. (b) A folded Bene$ network (bidirectional) in which 4 x 4 switches are used; end nodes
attach to the innermost set of the Bene$ network (unidirectional) switches. This topology is equivalent to a fat tree,
where tree vertices are shown in shades.

Premosteny kruh:

iv. Modely PRAM

PRAM (Parallel random access machine), je to teoreticky model nezavisly od fyzickej architektury. Je to
idealizovany paralelny PC, ktory ma 0 pristupovu dobu a aj oneskorenie (SIMD).

Casova zlozitost algoritmu:

. velkost problému S
Casova zavislost g(s) je radu o (f(s)) ak existuju kladné konstanty c a s, také, Ze g(s) <c * f(s) pre vsetky s

> S0
. f(s) moze byt polyném (alg. zloZitosti triedy P), alebo konstanta alebo exponenciala.
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Priestorova zlozitost algoritmu:
. odhad vyZzadovanej pamati pre algoritmus
. odvodenie analogicky ako ¢asova.

Triedy algoritmov:

. P polynomialna zlozitost

« NP nepolynomialna zlozitost - neexistuje algoritmus na vypocitanie vysledku, ale ak ho pozname,
dokéazeme ho v ¢ase P overit.

P <NP
NP-P nie je vypoctovo zvladdnutelnd
NP-P=NPC je alebo nerovné nule ?

Zdiefana
pamat

CLK

Rezimy cinnosti:

. READ MEMORY
« EXECUTE

« WRITE MEMORY

Modely suvislych ¢&itani z pamati:

. EXCLUSIVE READ (ER) - najviac 1 CPU ¢ita

« EXCLUSIVE WRITE (EW)

. CUNCURENT READ (CR)- subezné ¢itanie

. CONCURENT WRITE (CW) - subezny zapis, ak sa zapisuju na to isté miesto dve hodnoty zostane v pamati
rovnaka hodnota, lubovolného z nich alebo hodnota zapisana CPU s vy$sou prioritou

Modely PRAM:

. EREW

. CREW

. ERCW

« CRCW - algoritmy na CRCW mézu byt simulované algoritmami EREW.

Najlepsi EREW algoritmus na n procesoroch bude nie menej ako o(logn) krat pomalsi ako algoritmus
CRCW, teda EREW=CRCW*logn.
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Pouzijme PRAM model s
procesormi.

Predpokladajme méd CREW.
Sledujme ako klesne zlozitost.

Najprv uvazujme o n3
procesnych elementov,
PE(i,j,k) definuje jednoznacne
konkrétny PE

Al(i,k) x B(k,j) [i-ty riadok matice
A nasobeny j-tym stipcom
matice B] = C(i,j,k)

Za log n taktov sa nascitava C
(i,j,0) = C(i,j,0) + C(i,j,1) + ... + C
(ijn-1)

PouZijeme teda n3/2*PE v
prvom cykle nascitavania,
dokopy n2*(n - 1) suctov.

PE(i,j,k) ..n*n*n/logn,logn
sucinov a scitani.



v. Programové a sietové vlastnosti paralelnych PC

Podmienky (ovplyvnenie) paralelizmu:

. vypoctovy model pre paralelné pocitanie

. medziprocesorova komunikacia v paralelnej architekture

. systémova integracia pre zahrnutie paralelného systému do vseobecného vypocltového prostredia.

Datova zavislost, zavislost prostriedkov - ak preskimame zdavislost medzi prikazmi (grafickej zavislosti),
tak analyzou grafu vieme zistit moznosti paralelizacie alebo vektorizacie:
. tokova zavislost - prikaz S2 ke tokovo zavisly na prikaze S1, ak existuje vykonatelnd postupnost prikazov

zS1 na S2 a aspon jeden vystup z S1 vstupuje do prikazu S2, S1 —S2
. antizavislost - S2 je antizavisly na S1 ak S2 nasleduje S1 v postupnosti vykondvanych prikazov a ak

vystup S2 prekryva vstup S1.51 » S2
- vystupna zavislost - ST a S2 su vystupne zavislé, ak produkuju do tej istej premennej, S10— S2
. 1/0 zavislost - ak S1 a S2 pristupuju do toho istého suboru
« nezname zavislosti - ostatné zavislosti

Majme prikazy S1 .. Sa. A, B su lokacie v pamati, R su registre.

Sl ... Load Rl,A,‘ 52 ... Add Rz,Rl,'
S3 ... Move Ri,R3; Ss ... Store B,Ri;

Q%D\

Riadiaca zavislost - prejavi sa pocas behu programu runtime, méze sa vyskytovat v cykle, medzi
premennymi cyklu:

Majme program vo FORTRANe:
. nezavisla - iteracie nie su zavislé z pohladu riadenia

DO 10 I =1, N
A(I) = C(I)
IF (A(I) .LT. 0) A(I) =1

10 CONTINUE

. z4avisla - iterdcie su z pohladu riadenia zavislé, nevieme to zorganizovat tak, aby vypocet bezal paralelne

DO 10 I =1, N
IF (A(I-1) .EQ. 0) A(I) =0
10 CONTINUE

vi. Bersteinove podmienky

Udavaju ¢o musi platit, aby sa vypocty mohli sparalelnit, teda bezat paralelne. Proces je programova
entita koreSpondujica programového fragmentu. Proces P:

. vstupna mnozina | - vSetky premenné potrebné na realizaciu P

. vystupna mnozina O - vietky premenné generované po vykonani P.
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P1: |1, 01
Pz: |2, 02

P1 mozno vykonat paralelne, ak si nezavislé a nevytvaraju nejednoznacny vysledok. Nesmu byt tokovo
zavislé a nesmu zapisovat do tych istych premennych (vystupna zavislost). (1 n 02=3, 1, n 01 =3,01n 02

= @) - berstainove podmienky.

Nech mame n procesov P4, Py, P, vieme ich vykonat paralelne ak kazdé dve z nich m6zu bezat paralelne,

teda ak pre kazdé dve z nich platia berstainove podmienky.

Priklad:
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HW versus softvérovy paralelizmus:
« SW - definovany zavislostou dat a zavislostou riadenia
. HW - definovany architektirou stroja a naslednostou technickych prostriedkov.

Najdolezitejsie:
. riadiaci paralelizmus - 2 a viac operacii mozno vykonat sucasne

. datovy paralelizmus - aspor isté operacie mozno vykonat nad datami a CPU sucasne, vyssi potencial na

subeznost, kod sa lahsie ladi

Medzi HW a SW paralelizmom potrebujeme sulad. Riesenie:
. podpora prekladaca
. redesign.
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Skdsme uvazovat graf jednoduchého programu pre realizaciu L1*L2 +- L3*L4. Zakladny paralelizmus je
naznaceny na obrazku. V prvom takte sa naditaju operandy L1 .. L4 (4 inStrukcie). V druhom takte sa
vzajomne operandy vyndsobia (2 instrukcie), nakoniec sa v trefom takte vysledky nasobeni scitaju a
odcitaju (2 instrukcie). V tomto pripade teda bola rychlost vykonania 8 / 3 = 2.67 instrukcie/takt.

L1

L2

L3

La

Teraz uvazujme rovnaky problém, ale pri pouziti CPU, ktory dokaze v jednom takte vykonat jednu load a
jednu store operaciu. Z obrazku vidime, Ze v tomto pripade potrebujeme na realizaciu 8 instrukcii 7
taktov. Vznikd tu nesulad medzi moznym SW paralelizmom a HW prostriedkami, rychlost klesne na 1.14
instr/takt.

L4 : L2 : L3 : L4

A este pre ilustraciu uvazujme pocita¢ s dvomi CPU, na kazdom sa da vykonat 1 instrukcia na jeden takt.
Vidime, ze v tomto pripade je este stale nesulad SW paralelizmu a HW, ale rychlost je vyssia ako v
predchadzajucom pripade: 2.0 inStrukcie/takt.

L1 L | x H [s i P+

Ls & K x H S (i Le =

y
Medziprocesorova komunikacia

vii. Delenie programu a planovanie

Treba stanovovat nezdvislé casti kodu - granule a alokovat ich na procesoroch - pldnovanie granuli.
Latencia je doba, ktorda uplynie od vyziadania Udaju az po jeho ziskanie, miera ¢asu potrebnd ako
komunika¢ny overhead pri komunikacii dvoch procesov/granuli.

Problémy:

. granule

. planovanie granuli

. latencia komunikacie.
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Granularita je miera mnozstva vypoctu, ktora je zahrnuta v procese napr. pocet inStrukcii v granule.

Urovne paralelizmu (granularity):

3 vykonavanie prakticky nezavislych
5 Ulohy, programy tloh paralelne
vyssi , typicky pocet niekolko 1000 instrukci,
stuperi 4 podprogramy, kroky dloh mozu sa prekryvat na viacerych CPU
paralelizmu,
vysSie , typicky pocet niekolko 1000 instrukcii,
poziadavky 3 procedry detekcia paralelizmu tazka
na
komunikéaciu 2 nerekurzivne cykly, typicky pocet niekolko 1000 instrukcii,
a planovaci nezloZené iteracie operacie cyklu mdzu byt vektorizované
overload
1 indtrukcie, prikazy vyzaduje prekladac
\

5,4 hruba granularita
4,3,2 stredné granularita
2,1 jemné granularita

Majme program, prikazy priradenia (1-6) nech trvaju 1 takt, ostatné nech trvaju 2 takty, ostatné
oneskorenia su dané komunikaciou:

1. a:=1 6. f:=6 11. k:=d.f 16: p:=0.h
2. b:= 7. g:=a.b 12. 1:=7.k 17. g:=p.g
3. c:=3 8. h:=c.d 13. m:=4.1

4. d:= 9. 1i:=d.e 14. n:=3.m

5. e:= 10. j:=e.f 15. p:=

Zavedme oznacovanie vrcholov v grafe nasledovne:
n ... uzol

s ... oneskorenie (trvanie vypoctu v uzle) X, i

X ... vstup

i ... doba latencie

Teraz skisme vytvorit model vyssie uvedeného programu pomocou takychto uzlov:

Ogeeeee

..... 6
1" kom
b -
..... 11
9" "kom
TE
15 KOM
18].....
20f..... 13
KOM
Bl
3 KOM
L 30f++er
..... 15
321"""kom
35].....
k7 16
KoM
40}.....
17
[ k24 B
A
KoM
14 ]eeeee
c
18)eeeee
KoM
2|eeeee
D
28feeee
KoM
32feeeee
E
3gfeeee
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viii. Pocitace riadené tokom dat (data flow stroje)

Control flow koncepcia (Von Neumann):

. jeriadeny tok instrukcii v poradi, v akom su zapisané v pamati
. skokové instrukcie menia hodnotu registra PC

. inStrukcie ukladaju vysledky do pamati, resp. registra

. pamat je dostupna vsetkym instrukciam.

Data flow koncepcia:

. princip, Ze inStrukcia sa vykona vtedy, ak ma platné operandy

. namiesto registrov zabezpecuje mechanizmus prenos vysledkov medzi instrukciami

. kazda instrukcia ma preto polia pre operandy

. operandy vstupujuce do instrukcii su ich sicastami spolu s Udajom, do ktorej instrukcie sa zapise
vysledok

. ndhradou registra je TOKEN, chodi po operandoch v rdmci instrukcii a kontroluje ich platnost,
zabezpecuje presun hodndét medzi nimi.

Architektura data flow:
. staticka - jeden token vramci hran grafu
. dynamicka - viacero tokenov existuje i v grafe, su série medzi operandmi.

Graf:
O B (e}
——>
v v l
Y + (op1) 1 BN a | - (op1)(op2) B2
Qy vO
B ™ (opt)(op2)  w/
lA
— TOKEN
STATICKA ARCHITEKTURA:
Pamétova
jednotka instrukcii
hronizaci
Aktualizovana synchronizacia o b vk
jednotka » Jednotka vyberu
1/0
?:ktgx; operacny| paket
datovy token Procesné
elementy
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DYNAMICKA ARCHITEKTURA:

Pamatova
jednotka
Zarovnavacia L Aktualizacna
jednotka d jednotka

operacny| paket

datovy token Procesné

elementy ¢
Priklad:
input d,e, f
c0=0
for i from 1 to 8 begin
ai = di / el
bi = ai * fi

ci = bi + ci-1
end

Nech s¢itanie trva 1 takt, ndsobenie 2 takty a delenie 3 takty. Tok programu potom mézeme znazornit
nasledovnou schémou:

AVEVEVEVEVIEVIVERY.

f1 f2 fa fa fs fe fz fs

Co C1 C2 C3 C4 Cs Ce C7 Cs

Trvanie na sekvené¢nom stroji: 8.1 + 8.2 + 8.3 = 48 taktov.

Na data flow so 4 CPU:

1 2 3 4 5 6_7_8_9 10 11 12 13 14
ai as C1:iC2:C3:iC4:C5:iCp C7§C8
ar b; by ba b6 b8 V
as as bs bs by
ayg ar as

Celkovo trva vypocet v tomto pripade 14 taktov.
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Na 4 procesorovom systéme so spolo¢nou pamatou:

Zavedme nasledovné:

s1 = by + b1 t1 = b3 + s1 c1 = b1 + co Cs = bs + Cu
S, = bs + bs ty, = s1 + s Co = S1 + Co Ce = S3 *+ C4
s3 = beg + bs ts = by + s3 c3 = ti1 + Co c7 = t3 + C4
Sss = bg + by ts = s4 + 33 cqg = tz2 + Co cg = tg + Ca

Potom tok programu mozeme vyjadrit:

1 2 3.4 5 6.7 8.9 10 11 12 13 14

ai as b1 bs isiitiiciics
a as b2 b iszitaicaics
as az bs oy [SgicgiEaiCy
as as ba bg issitsicaics

Aj v tomto pripade teda trva vypocet 14 taktov.

Koncepcie v skratke:

. tok riadenia (control flow)- instrukcie implicitne vykonavané v poradi ako su ulozené v pamati, data su

volne dostupné v pamati

. tok dat (data flow)- intrukcia sa vykond, ak ma platné operandy, jemny paralelizmus, data nie st volne
dostupné, ale te¢l medzi patri¢nymi instrukciami programu
. tok poziadaviek (demand driven) - vypocet je spustany poziadavkami na vysledok operacie, napr.
vypocet a=((b+1)*c) by prebehol ak je poziadavka na premennu a, pripade data flow by prebehol, ak

by sme mali stanovené hodnoty premennych b,c.

Model stroja Tok riadenia

Tok dat

Tok poziadaviek

zakladna definicia tok riadenia (PC) urcuje,
ktord instrukcia sa vykon4,

klasické pocitanie

vyhody plné riadenie -
programator ma kontrolu
nad riadenim a

vykonavanim programu

zlozité riadiace a datové
Struktury su fahko
implementovatelné

komercne najuspesnejsi
princip
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instrukcie sa vykonaju
vtedy, ak maju patné
operandy

vysoky potencial pre
paralelizmus instrukcif

vysoka priepustnost
systému

operandy su chranené
pred boc¢nymi efektami

intrukcie sa vykonaju iba
vtedy, ked'su ich vysledky
potrebné

vykondvaju sa iba
pozadované instrukcie

vysoky stuper
paralelizmu

[ahka manipulacia s
datovymi Struktarami



Model stroja

Tok riadenia

Tok dat

Tok poziadaviek

nevyhody

mala efektivita

tazkosti pri programovani

tazkosti pri zamedzeni
runtime chyb

ix. Systolické siete

nutny vysoky riadiaci
overhead

tazkosti pri manipuldcii s
datovymi Struktdrami

Casové straty na ¢akanie
pre nepotrebné
argumenty

nepodporuje zdielanie
objektov s meniacimi sa
lokalnymi stavmi

je potrebny ¢as na Sirenie
poziadavkovych tokenov

Algoritmus priamo realizuji svojou Struktirou. Mézu byt linearne alebo dvoj dimenziondlne pole

identickych procesorovych jednotiek. Kazdd z nich komunikuje iba so susednymi jednotkami,

I/0

komunikaciu zabezpecuju iba hrani¢né jednotky. Takéto sa nazyvaju Cisté systolické siete. Nevyhnutnymi
su¢astami nadich Zivotov sa vsak stali modifikované systolické siete, ktoré obsahuju globalnu
komunikaciu medzi jednotkami/bunkami a programovatelné bunky.

Priklad:

C“"\ P-a,oanm vaor W

__E "“'-‘“'f"’_z'éiﬁ-‘ ﬁtmcmﬂ. (5152_
B Maders” morke, (Papr.,

I
PRoccivA TEDNOTEA

Sufi$y S

‘Tt

‘PISh\l.»tr

IJ

a0 v;éu'ap. wWxAYwxBy "

Pw\) -

= Se) } (-‘}4 '?L ?M m+4) ’}k '4(")(& Sem. - &m—.q)
T =lhapaj

» POV ot ArEiHRmY pIEmEiy viom = P

> ‘?J‘mté}}% /\(f =

—

iy

vskeppiim. | Fpa | na s \ R
i W A : o o } 0
X o 1 0 l o
A 2} o A ‘ o
Y 0 o} ) | A
w 4 0 . o ‘l O//
X o 4 \ 0 |
B 5 0 \ 1 | o
______ Y B o \ 0 \ o k 4//
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Priklad:
5] el e ]

5 proces, Tebvonas

) Qug &g Ay by bz bas
e VS é}—; dela-b)+e A4 4y ayy w bz by by | = C
Sleyie ’H 9 Lix Gha o A3y 43, a4y byy bz bza
- S \ / N

- © e Caq ZQgpba1# Ay bgg+ qus-bga

X. Architektura prepojovacich systémov (sieti)

Pojmy:

. velkost siete - pocet uzlov v sieti,

. stupen siete - pocet buniek vstupujucich/vystupujucich do/z uzla,

. priemer siete - maximum z najkratSich ciest medzi fub. uzlami (¢im vacsi, tym lepsie komunikacné
schopnosti siete)

. Sirka rezu - ak rozdelime siet na dve polovice, tak Sirka rezu je pocet hran na polovici, je to i indikator
maximalnej priepustnosti siete.

Pocet réznych smerovani dat je n!. Takito vlastnost ma vsak len krizovy prepinac.

Smerovacie funkcie:

. perfektné premiesanie: a perfect shuffle is used between groups of elements. To visualize this, picture a
deck of only 8 cards. Cut exactly in two, one stack will have cards 1-4, the other 5-8. If then shuffled to
perfection and counting from 0, the new order will be 0-4-1-5-2-6-3-7. Mathematically, this places the
nth card as follows: PS(n) =2*n forn<N/2,PS(n)=2*n-N+1 forn>=N/2

= PERFECTME PREMIEZIE N

———

m

-~ —- ~
WSS eans PERF. PREMIZ fE -

(005) o35 (200 ,
b c— I el fose) o—————0 /503

- fo04) losa;

[poa)

bin W0 febk o facpn
—oAOT et oty
Irdp
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. kubické smerovacie funkcie:

ﬁ“)_,_,__ —gltn) _ p-Mestwerie

S(x.. x . '
(K.“’L.-f,"_“_‘) - ’41_?1.?’?'"‘4 ‘_‘.'z_x'-. .) A (,xf,‘_:.x"."; ‘7 ".t} t.‘.'f'.‘h.' X

n=3

> (000) ©3(00s) - (010) 5 (o11) | [sm)€3 [a),

f104) & (1)

Siete so statickym prepojenim:
Prepojenia sa nedaju menit, alebo prepinat, vhodné pre stroje kde st zname komunikac¢né vzory.

Linearne pole:

Kruh: ziskame z linedrneho pola prepojenim zaciato¢ného a koncového uzla, kruh je jednosmerny alebo
obojsmerny.

Premosteny kruh: ma lepsie vlastnosti ako kruh (vy3si stupen uzlov, ale nizsi priemer siete).

Strom: Uplny vyvéazeny binarny strom, max. stupen uzla = 3, priemer siete je 2(k-1), kde k je hibka stromu,
pocet uzlov N=2k-1.

Hviezda:
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Tuény strom:

Mriezka:

- TORYS:

by Ao Mmeim! o vr{:u.'

Hyperkocka:

> HYPER KOCKA:

L Lindvma obul-uf__ _Z.Muﬂw .(M-P::z*'; da.'mz,r';’)

> shpa baiddho uda fo v

m?_ ___:‘Ek‘_éf& P it ugrl MLH&’M ,kr.«!:ww a

. v A Cm 4
P popilins it pre 34 Joclod bl pmertosniier
' ' '&fghkx.vwﬂ. Ldi:lly Slﬂpﬁ; 2 (}LJWM}
Lothsr # Aimenti’)

5 miAdr neld M’Mn?&ﬂg ari.-.i:"i/'-c:i-ﬂ'“"“{j
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K-narna N-kocka:

e Bwtrain

]

7
> k - nAENA N-EotiA

Y N‘A‘\-Mll };i._)«l‘bo‘l:l:h
ravisky vaic utlyr pve
k wdlor ) .

J oty =3 (pre et dimtnsic mape % uilyr Jdintnie) s

-4 o e
s e - 31 N A ——— T - : e”
o f{ N . ’ ’
-— 0 ° e - 0« . ? ______w%m%" k- naraa m—k_«_:c.i:q = Tor/
; f : -.,_.._?_.VJ’.‘.’.'{""_’EW*@WM bindyna Mm-kocka = HyreRFocia
18 iy
| — —
L7
17 e—
\d
U" A4 ———— —
Typ siete Stupen uzla | Priemer Pocet Sirka rezu Symetria Velkost
siete prepojeni siete
linedrne pole 2 (konc. 1) n-1 n-1 1 nie n-uzlov
kruh 2 n/2 n 2 ano n-uzlov
Uplne prepojenie n-1 1 n(n-1)/2 (n/2)2 ano n-uzlov
binarny strom h=logon
3,2,1 listy 2(h-1) n-1 1 nie e
stromu
hyperkocka n n n*n/2 n/2 ano n=logzn
k-narna n-kocka 2n n*k/2 n*N 2kn-1 ano n=k"

Pri aplikacii HW prepinania je parameter stupna uzla nepodstatny, maly stupen uzlov je vyhodny pre
Skalovatelné aplikacie.
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Siete s dynamickym prepinanim:
Vhodné pre stroje, kde nie su dopredu dohodnuté komunika¢né vzory. Elementami su krizové prepinace:

' '
/, yuulzifhpu"w; prepinan’wor
-] * o
_j axh 1504]: axh _I.SC,“ :] axb ot
=g - -
. L — b
= _axb [T axb C— azl 2p=d
- 2-.'1’! o — L
L : i X—L—1___
E4 A% AX # E
" s I, '.—k
LR
s ;' axb | axk — j axb "‘_‘—_—__k"*
H_u“'-ﬂ —
Médy prepinacov:
STRAIGHT THROUGH CROSSOVER
UPPER BROADCAST LOWER BROADCAST
Siet Omega:

——— 000

A1l

C1
— 001

. N/
\ A2 \f
011 — ?& p= .

—— 010
Cc2
— 011

£

—— 100
c3
101

100 - ~|
/ \ A3
101 -~ \—

SN

l“//

A4

— 110
Cc4

— 111

Blolojslalolala

. prepinace 2x2

« ISC - perfektné premiesanie vstupov aj vystupov

. pocet stupnov je logan, n je pocet vstupov a vystupov
. postup: postupne hned rotujeme bity destinacie
zlava, pricom ak tam je 0 tak prepneme hore, ak tam je
1 tak prepneme dole (Worm-hole routing)
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Siet baseline:

. zakladné prepojitelné prvky - 2x2

H H

:C}:\ s s . pocet stupnov je logzn, n je pocet vstupov
)gf A@z I a vystupov

L

H H
G:ZSX - ] .rekurzivne delime prvky po dvoch
AN _
posterne Atliaa wely po me’,\/
Charakteristika siete Zbernice Viacstupnova siet Krizovy prepinac
minimalna latencia na 7 konst. 7 o(logkn) 7 konst.

presun jednotky dat

priepustnost pre
procesor

zlozitost dratovania

konektivita a smerovacie
schopnosti

pocet stupnov

o(w/n)
w -velkost prendsanych
. o(w)— o(nw) o(w)
dat
n - pocet procesorov
a(w) a(nw*logkn) a(n2w)
one-to-one niektord permutacia niektora permutacia

xi. Metrika a meranie vykonnosti paralelnych pocitacov

Profil paralelizmu v programoch na grafe. Stupen paralelizmu - kolko procesorov v . momente vyuziva
program, diskrétne nezdporné cislo, ak ho rozvinieme v ¢ase, dostaneme profil paralelizmu v programe.
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Skutocny paralelizmus:
. optimisticky odhad - 500-3500 aritmetickych operacii si¢asne pre vedecko technické vypocty, faktor 90

pre VLIW architekturu, teda aplikdcie vyuzivaju az 90 procesnych jednotiek
. pesimisticky odhad - S-7 instrukcii vykonavanych sucasne ak su k dispozicii vietky procesné jednotky,
ktoré program potrebuje, dobre vyvazenym HW sa da dosiahnut trvalo 2,0-5,8 instrukcii sucasne

(superskalarny stroj).

Priklad:

[_Q'] e pwmorwf Sygl:c.w\ mn'd Sawhnavu PW‘}W\W\ szua& e PR A.. aiv_ 54 n-uu. vyt«um )
~ Pwmow}-{-e}.q abqw:g.:{-urmw ra;w/'dq,wu P,NJ R A.z. r-fdJnSE VYf"h" — o

. ) fﬁ__} 5 "_F,,,L%ere 2
B E— K vyroothf-\"“U“"J
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T ’*QZR— P XL TP /,,,
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Mkldq“'mlam m={%~i~r“1”
‘TJ_ Esl o R } ) f_:__;“

V T ”" M- 4 ‘_4—
?"3 =is) 7 1y “}

(spdup) S
RS 4" N—

fory Foarr--m i

Priklad: analyzujme pripad, ked m1={q,0,0,..,0,1-a}, teda program ma neparalelizovatelnu cast, ktorad sa
bude vykonavat s pravdepodobnostou a:
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Amdahlovo pravidlo: akondhle méame v programe neparalelizovatelnu cast, tak vykonnost je vyrazne
obmedzend a nezalezi na pocte procesorov.

Uéinnost poéitaéového systému:

. 07/-') = L.‘Jﬁ’t-f?&f ?:,&Mi'f/);dx opzm'dy’ yykona-.«);(/&\ M-fa'rou,oofmy"&
Sy g

¢ Tim)= Ada. rybordmmia 10 (ednathrjih ot /{Erofiooi.f'
v ; —

ﬂfﬂ} < Jrﬁf\j

T{J"J = O’fn{) e e e - é]x}m.q;pmd;:om‘u; Syfﬁeim

a/L-J-or 2 j}m S': ._.E_Q__

LA(.H"V-"J'S }M..P,,( :'(r'l"'M'A E(fd) = .—S/_’i)__ = T/’f)

- = M M'T(M)/

) 4i S/ﬂﬂ) = S er‘“'s:UL Ry, Y Py f,f,."
L ¢ el et g gpecte
A

xii. Symbolické procesory

Atribut | Charakteristika
reprezentdcia znalosti zoznamy, tabulky, objekty
beZné operacie prehladavanie, triedenie, porovnavanie obrazcoy, filtrovanie,

rozdelovanie, tranzitivne uzavery, unifikacia, vyber textu, mnozinové
operdacie, vyvodzovanie

poziadavky na pamat rozsiahla pamat s réznymi pristupovymi vzormi, adresovanie ¢asto
asociativne, lokalita referencii nemusi platit

typy komunikacii prenos sprav sa meni vo velkosti aj v cieloch, granularita aj format sprav
sa meni s aplikaciou

vlastnosti pouzivanych algoritmov nedeterministické algoritmy, mozné paralelné a distribuované
spracovanie, datové zavisloti mézu byt globalne a nepravidelné v
typovej granularite

architektonické ¢rty paralend aktualizacia rozsiahlych baz znalosti, dynamicky
loadbalancing, HW podpora Cistenia pamati, architektura
zasobnikového stroja
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xiii.Koherencia dat v multiprocesore so spolocnou pamatou

Vseobecna schéma:
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Inter Processor Communication Network k
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