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1. Issue—get instruction from FP Op Queue

- ERSHIROBEZ AL THRAIIES, MREFEmR0BT
bR, e e R

l_—|:|
2. Execution—operate on operands (EX)
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3. Write result—finish execution (WB)
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4. Commit—update register with reorder result
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» FifEShERYPSEERE
— ARV TV RYPSS HRE
* Total Ordering

 Partial Ordering

— Loadt5 < HIlIstorelig S EL TR S HBTE, BrIsEELF TR
fisgload il

* Load Ordering, Store Ordering

— LoadigESRINTRESSAIAIES Bk T BHHTE, loadBASLAY
loadi{FAR]gelEstoreig S ZBIMITIHTFRIE,

— ISR T
e Store Ordering
» [RixLoadiRFSZRIFRITEHARUEIRYstoreI IR,

- & [HPREIEAIZREHITIEREETIHER.
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Memory Disambiguation

TABLE 6.1: ?»-‘Iem(}r}' disambiguatimn schemes.

SPECULATIVE DESCRIPTION
Total Ordering No All memory accesses are processed in order.
Partial Ordering No All stores are processed in order, but loads execute out

of order as long as all previous stores have computed

their address.
Load Ordering No Execution between loads and stores 1s out of order, but
Store Ordering all loads execute in order among them, and all stores

execute in order among them.

Store Ordering Yes Stores execute in order, but loads execute completely

out of order.

{ all: S\ BSZ
 RERNAE SRR
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: Load Queus ] ] ] : ] =l
| 1
' Address : A
' l_’ — = Generation ) ' LA
: I — -
|
:-q Schedul | A A -——-é-l - A‘ A‘
cheduler Register
Fila CMP CMP Data Cache
[ ] [ 11 1 A A ]
1 L1 1 1
F i
Address
‘_‘ ¥ ™ Generation [ [ —
Store Queus | Store Buffer
& Store data & &
ADDRESS I l I
ISSUE I READ l GENERATION DISAMBIGUATION MEM ACCESS

FIGURE 6.7: Schematics of the AMD K6 pipeline to implement a Ioad—ordering store—ordering Mmem-

ory disambiguation policy.

Load queue: LR iFlEI0adiES, LRBFIFOARRH

Address generation: 4RI EEE G0 B RUtEIE

Store queue: LATEFEF{Fi#storeig<s, HBBFIFOARRE

Store buffer: LATEFF R REEstoref2E (BRI, 8) , —BRIER IREIstoret(E, 7 LIrEFTFEES
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Load Queus

i

I

i

i

Address L A
‘_‘ — — _’Generation . n -L

I -
1

|
|
|
|
1
|
|
:-h| Schedul | A A ————QJ - A‘ A
cheduler Register
Eile CMP Data Cache
] [ | [ 1 A A A A ]
L1 1 1
Fi il
Address
‘_‘ ™ (Generation ) )
Store Queus & | A Store Buffer &
Store data

I ADDRESS

GENERATION IDISAMB[GUATIDN' MEM ACCESS I

ISSUE I READ

FIGURE 6.7: Schematics of the AMD K6 pipeline to implement a load-ordering store-ordering mem-

ory disambiguation policy.

- AbFStorePAFURTL, FHitEMMURYIREENERYF, FRBIREN, £
Address GenerationffExit &ttt

- BEFHENSEIRESY, WiEZEE, SRESF, WiFEKESH
- Disambiguationfjifz: StoreBufferfRigiEFF, MiTEchIStorelR(E
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: Load Queus ] ] [ : 1
| 1
: Address : £l
: l_’ — " M Genamtion ; v -L
I | I
e
E— N Aty A
checuler Register
Fils CME CMP Data Cache
] | (111 F R 1
1 L1 1 1
— _r
Address
‘_’ ¥ ™ Generation[?| [ )
Store Queus r Store Buffer
& X Store dat & &
ADDRESS I | I
ISSUE I READ I GENERATION DISAMBIGUATION MEM ACCESS

FIGURE 6.7: Schematics of the AMD K6 pipeline to implement a load-ordering store-ordering mem-
ory disambiguation policy.

« FLoadPAFIRIk, HEITEHBUIEYMS(EENESYF, MEBIRD; £Address
GenerationffEzit &bt
 DisambiguationBfifz: LoadiR{ERILI44ERITTRERBHER=1"FG
— fE£StoreBufferfAttiZLoad i ERRIStore bt 5iZLoad ittt A[E]
— WNERIFEHI TN TERIStoret 2 ELL 1 ZLoadi M ER , TR0 HBLEELIRET, ERoHBLEAE
— TEStoreQueueFATFIEL I Z Load BAYStore s E,
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Store data

Deps.
matrix |

Load/Store Queue [ | ] [ 1 aiiEs ]

Register Address [T T | -LData Cache
= ™ Fie [ [ Generation [ =
Indeter. A
matrix /\ A A A
AddressQueue
ISSUE I READ Géﬁggfﬁgw | DISAMBiGUAT!DNI MEM ACCESS |

FIGURE 6.8: Schematics of the MIPS R10000 pipeline to implement the partial ordering memory

disambiguation policy.

Load/store queue: IKEA16RIEAT, Ffikload/storetfS, EEIEIFELERL.
Address generation: it S =S R(ERIB SUBLIL
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Store resets all entries
when it updates the

Set on allocation
Unset on @ computation

memory
Oldest
memory Oldest
operation memory
Loads set to 1 operation
Issue only if all the bits of the
entries unset entries
associated to
stores they
Renaming stage depend
Youngest
memo
operatign Yaunges]
memory
FIGURE 6.9: Example of a 6-entry indetermination matrix. operation

FIGURE 6.10: Example of a 6-entry dependency matrix.

Indetermination matrix: 16x16 %6f% (half), S{TEFNRTINMFERIRE. HBFMHEESIRMEH
ABAZURS, MRFUE(. HfEfEsissitEasititen, MEFISHL. tEERtitnSts—, %ig
{EXIRIfTHRIERS T = /90

Dependency matrix: 16x16 E6f%, {785 iRload/storePAFIRITFERSRIE. LoadiR{FUNR Ik
FhaiE#Istore, MiZiZloadiRERITTHRNIRIZstoreRI5IS (i, StorelR{EFEIRIFAEERY, 155IS ik
storefR{EXIRIAY%FI. RBEZHloadiR(EFXIMAIITRORT, BaIiTloadiR(E

Address queue:fRfFihlAcacheffloads/storetZ{ERYitiit. R RloadiR(E, T RFIILE, EFELL
BB EZlcadiZ{EZRiRIstorefditlilt, YNRITES, N¥Fdependency matrixIIRIfiiE .
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Store Queue

Load/Store Queue ] ] B |
N Reg.ister BN Address |y Data Cache
—~  File Generation | 7 b
/\ T A /N N /\
Load Queue
ISSUE I READ ' GQEERRE'ﬁgN | DiSAMBiGUAT!ONI MEM ACCESS I

Wait Table <

FETCH I

FIGURE 6.11: Schematics of the Alpha 21264 pipeline to implement a speculative memory disambigu-
ation policy.

Load/Store Queue: R FiERRIRIERIBATY, B2 AT AT E At

Load Queue: iZPAFILATEFF FF 7 tifload R ER i 254 EE M . 1ZBAFI A 3210

Store Queue: FrfiistoreiR(FRY Rt SR 1IIR A U R BFHERE. 1ZXT513210

Wait Table: £51024 T, BI1fIFIR, BEFEHERESELMIIERS]. SRMENE—MoadiREBE T 5 EH X MstoreR{ERT, %
loadXtEIE 1, BUEMHIRIZER, BASBRAAHEE. 2FRER16384FAMEN—IR, BUiZFTAIEMBIIIAL
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Queue ROB6
ROB5

F4 ID F4, 10(R3) |N

Reorder Buffer — ST 10(R3), F5 |N
FO LD FO0,32(R2) |N|nop>
——kval 1sT 0(R3), F4 | Y], .,

Registers To

Memory
Dest Dest
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gMafEECPI < 17 (1/2)

- BIEFMERNSHRAEE @D I EERERH
fEhIfEX, fBfSCPI = 1 (CPHEIR1)

- EraacisECPI < 1?7 S&FTIEER
- A EASFE: Superscalar ., VLIW

 Superscalar:
- BT ERTRSRIESEAE (1 - 85%)

— BA%miEEsak,

%@#mﬁﬁﬂa

— IBM PowerPC, Sun UltraSparc, DEC Alpha, HP 8000

BUE A

— 1275_ ,fﬂj

TR ERMAIIAYTA

* Instructions Per Clock (IPC) vs. CPI
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gfaffsE CPI < 17 (2/2)

 (Very) Long Instruction Words (V)LIW:

- B IEEARLRUE S (RFRIHE) EE

_I\

(4-106)
- BRIRERERE, SCOT EES MM EE SR
BiiEs

— BRICCEARIIRIN FIFDSP, ZHR{IRR R

« DSA (Domain Specific Architecture)
— 1999/2000 HPFOInte AR MY L EFHZIVLIW
— Intel Architecture-64 (Merced/A-64) 64-bit address

— Style: “Explicitly Parallel Instruction Computer (EPIC)”
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Machine Parallelism

i

' .

(a) No parallelism (b} Temporal paralielism

| ! ! l

e

-1 -
)
() Spanial Ilelis p
pial o R (R ] o
5
l 1 ~ 1
-‘h"“-.._\_

Figure 4.16
The Mecessity of Instruction Dispatching in a Superscalar Pipaline,

e
——

! !

{d) Parallcl pipeline

Figure 4.2

Machine Paralielisr: {20 Mo Parallelism (Monpipelined); (B} Termporal
Parallelisrn [Pipelined); <) Spatial Parallelisrm (Multiple Units);

[d) Comibined Temporal and Spatial Parallelisrm.
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(2) The Five-5tage 486 Scalar Pipeling;
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Figure 1.3 of Width 5= 2,

A Parallel Pipeline of Width s= 3.
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Execution Fipes.
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& Dynamic Pipeline with Reservation Station and Recrder Buffer.
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Figure 5.10

Branch Prediction in the PowerPl 604 Superscalar Microprocessor
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AT &R B ER LA

Common Issue Hazard Distinguishing

name structure  detection Scheduling characteristic Examples

Superscalar Dynamic  Hardware  Static In-order execution Mostly in the embedded

(static) space: MIPS and ARM,
including the Cortex-AS53

Superscalar Dynamic  Hardware  Dynamic Some out-of-order None at the present

(dynamic)

execution, but no
speculation

Superscalar  Dynamic  Hardware

Dynamic with

Out-of-order execution

Intel Core i3, i5,17; AMD

(speculatve) specu lation with speculation Phenom; IBM Power 7
VLIW/LIW Static Primarily Static All hazards determimed Most examples are in signal
software and indicated by compiler  processing, such as the TI1
(often implicitly) Cox
EPIC Prmarly  Prnmarily Mosdy static All hazards determined ltanium
static software and indicated explicitly

by the compiler

Figure 3.19 The five primary approaches in use for multiple-issue processors and the primary characteristics
that distinguish them. This chapter has focused on the hardware-intensive techniques, which are all some form of
superscalar. Appendix H focuses on compiler-based approaches. The EPIC approach, as embodied in the I1A-64
architecture, extends many of the concepts of the early VLIW approaches, providing a blend of static and dynamic

approaches,

2020-4-20
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Superscalar DLX

. EJ erscalar DLX: 8/ EEILSI25RIES, 1 RFPIESHI—%

BS
— B MIEEHAEN6AR; AL AInt , /IBAFP
- REF—FKIESANT, 748 Zi%]‘%_m

- REFZ EI’J ??a%malil Iﬁﬁﬂ% E /‘é/v\'z'5(]“FPEI’JIoad1C
it AT R A R EES  MEat S
m%%EIﬁHLW AR = o

- [&3¥k1 cycle load ZERJTE Superscalarl=|=l}[" BA3FIES

Pipe Stages

Int. instruction IF ID EX MEM WB

Fp. Instruction IF ID EX MEM WB

Int. instruction IF ID EX MEM WB

Fp. Instruction IF ID EX MEM WB

Int. Instruction IF ID EX MEM WB
Fp. Instruction IF ID EX MEM WB
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Review: B/ \stallsEXHIBEIAEFFILIC

LD F0,0(R1) LD to ADDD: 1 Cycle
.|_D F6,-8(R1) ' ADDD to SD: 2 Cycles

LD F10,-16(R1)
LD F14,-24(R1)
ADDD F4,FO,F2
ADDD F8,F6,F2
ADDD F12,F10,F2
ADDD F16,F14,F2
SD O(R1),F4
10 SD -8(R1),F8
11 SUBI R1,R1,#32
12 SD 16(R1),F12
13 BNEZ R1,LOOP
14 SD 8(R1),F16 ; 8-32 = -24

F
0
o
kX

OWCoONOUVTA WN=

14 clock cycles, or 3.5 per iteration
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SFHSuperscalarB NI B EFT

Integer instruction

Loop: LD
LD
LD

LD
LD

SD
SD
SD

FO,0(R1)
F6,-8(R1)
F10,-16(R1)
F14,-24(R1)
F18,-32(R1)
o(R1),F4
-8(R1),F8
-16(R1),F12

SUBI R1,R1,#40

SD

+16(R1),F16

BNEZ R1,LOOP

SD

+ 8(R1),F20

FP instruction

ADDD F4,F0,F2
ADDD F8,F6,F2
ADDD F12,F10,F2

ADDD F16,F14,F2
ADDD F20,F18,F2

TEIRRFFSIXLAHIRIERT (+1 due to SS)

« 12 clocks, or 2.4 clocks per iteration (1.5X)

2020-4-20
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Clock cycle

oy T WDN=

10
11
12
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2% RHTRY|AJRR

NRIntegerfIFPIFERBZXDHE, IBAYXIERRERFRE FIISFMEF

BENERTEECPI= 0.5:

— TERFH50% JIFP BIE

— RBEFEEX

MNRER—BZAZGAIESHES, 1FEF1L 5T EME

— BMFEER—ITZIAST25 =>FERE2MAEL, 6NN S FE=smAT , vE
BRET1FIAZ2FKIES

VLIW

— ISR AR NI S AR E

— RIEEN VUWHRFrER/ERRmFETZIEEGH, FEEERILXM,
BEEw: JAFITHRIT

— flan 2 DNEHURE, 2NFEREBRE, 2SR5 IR, 1MDSUES

o BH—ME{ER16 & 24 £ FTx => HE7*16 = 112 bits | 7*24 = 168 bits
wide

— FBERRFERANEERERD AR
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HETFVLUWRIBIANEFT

Memory Memory FP P

FP Int. op/ Clock
reference 1 reference 2 operation 1 op. 2 branch
LD FO.O(R1) LD F6,-8(R1) 1
LD F10,-16(R1) LD F14:- | 2,

—

LD F18.-32(R1) LD F22.-40(R1) ADDD F4,FO.F2 ADDD F8 F6.F2 3

LD F26,-48(R1) ADDD F12,F10,F2 ADDD F16,F14,F2 4

ADDD F20,F18,F2 ADDD F24,F22,F2 5

SD O(R1),F4 SD-8(R1).,F8 ADDD F28,F26,F2 6 C

SD -16(R1),F12 SD -24(R1),F16 SUBI R1,R1.#48 7
SD 16(R1),F20 SD 8(R1),F24 8
SD -O(R1),F28 BNEZ R1,LOOP 9

Unrolled 7 times to avoid delays
LD to ADDD: 1 Cycle

7 results in 9 clocks, or 1.3 clocks per iteration (1.8X) ADDD to SD: 2 Cycles

Average: 2.5 ops per clock, 50% efficiency

AW, —RBRESCHESMIRSHFRRE1S . 6inSS) .



Trace Scheduling

- BRI SZAY—FhERHE
- B
— Trace Selection

- HMRTRERIKNELERE (H—EHERRMEL)
(BT FFSTNE profilefiK) (trace)

— Trace Compaction
» FtracePRUIESHERNETRVLW 18
s FE—LRENERRE, LBFTTNEIR
- FA%miF=S RTINS IRIERRIGR (REF
FesY/R(E)
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@) HWIERTH{T(Tomasulo) vs. SW (VLIW)

HERTHET

« HW ffaEttiik iz

« HW o37FiillEksF, FmillHEiH=ses

» HW oI 3Zi5HatH P ERREY

- HW AT REIMEIRSERIEHIES
« SW HEETIITEL HWIEEBR I TR R A5 )0
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Superscalar vs. VLIW

« Superscalar
— RS ERVI
— T HHIFRES Y
- VLIW
- FE. ASUESHIE I TE S
- ﬁ%ﬁlﬂ?ﬁ%ﬁ’ﬂ%ﬁ%& —WR(ERZ I FiFes
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Superscalar BIEISEE (1/2)

+ BHSIREIERYERPA -
- BHEXEHUSIEAST

— EF[EKSuperscalarBUEE A R ST A HIA
TJE.’JE'J {:I:TEEI'JSUperscalarJ:ﬁ?‘_riﬁ?ixﬁ v
B 5superscalarfI458985 %

AN
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Superscalar BIEISEE (2/2)

« FHTomasulollifn Z9IAFIESHIRIFIESE
el sss Al

i T | @I E% xI ;_—:FII:;'T% Y Z h P 5-‘3 |i"_‘7,“\§|:
R R

- MRSIBELURETONES, HREBRISES

. II'IT' ] FPE’.‘lLoadS??EVE_JﬁE‘%g|#_§§=??E1’Eﬂiﬁﬁﬂl¥
RIS EASIRERK

- Fitizs glﬁilﬂjnﬂ

— BFloadARBULBLR TS, BIESWITUIRIES FsEEL
— Loadi#B{ERTtalIStorefAFI HrStoreAYHBIELARG LERAW, 1SS

— Storet2{ERTIENILoadAFIAUELE, LARGLEWARTE R

— Storet2{FIZIES FiH T, BHlEWAWFEX
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Example

Consider the execution of the following loop, which increments
each element of an integer array, on a two-issue processor, once
without speculation and once with speculation:

Loop: LD R2,0(R1) ; R2=array element
DADDIU R2,R2,#1 ; increment R2
SD R2,0(R1) ;store result

DADDIU R1,R1,#8 ;increment pointer
BNE R2,R3,LOOP ;branch if not last element

Assume that there are separate integer functional units for
effective address calculation, for ALU operations, and for branch
condition evaluation. Create a table for the first three iterations of
this loop for both processors. Assume that up to two instructions
of any type can commit per clock.
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Memory

Issuesat Executesat  accessat Write COB at
Iteration clock cycle  clockcycle  cdock cycle clock cyde
number Instructions number number number number Comment
1 LD RZ,0(R1] 1 pi ! 4 First izsne
1 DADDIU RZ,RZ.,#1 1 L f Wail for LW
1 =D RZ,0(R1] i 3 T Wait for DADDIL
1 DADDIU R1,R1.#8 7 3 4 Execute directly
1 EME RZ,R3,LO0P 3 ;7 Wait for DADD IU
2 LD RZ,0(R1) 4 g g 10 Wait for ENE
i DADDIU RZ,RZ.#1 4 11 17 Wait for LW
i a0 Rz,0(R1) 5 9 13 Wait for DADDIL
z DADDIU R1,E1.#8 7 3] 9 Wait for ENE
Z ENE RZ B3, L0OF B 13 Wait for DADDIL
3 LD RZ,0(R1] 7 14 = 13 1o Wait for ENE
3 DADDIU RZ,R2,4#1 7 17 13 Wait for LW
3 5D RZ,0(R1) g 5 19 Wait for DADD IU
3 DADDIU R1,R1.48 g 14 15 Wait for ENE
3 EME RZ B3, L0OP 9 19 Wait for DADDIL

Figure 2.20 The time of issue, execution, and writing result for a dual-issue version of our pipeline without
speculation, Mote that the LD following the ENE cannot start execution earlier because it must wait until the branch
outcome is determined. This type of program, with data-dependent branches that cannot be resolved earlier, shows
the strength of speculation, Separate functional units for address calculation, ALL operations, and branch-condition
evaluation allow multiple instructions to execute in the same crcle. Figure 2,21 shows this example with speculation,

HEIIARLGN
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Write
Issues Executes Readaccess COB at Commits

Iteration atclock  at clock at clock clock at clock

number Instructions number number number number  number Comment

1 LD RZ,0(R1) 1 2 3 4 5 Firat isane

1 DADDIU RZ,RZ,#1 1 5 & 7 Wait for LM

1 5D R2,0(R1) 2 3 7 Wait for DADDIL

1 DADDIU R1,R1,#8 2 3 4 8 Commit in order
1 ENE RZ2,R3,L00P 3 7 = 8 Wait for DADDIU

z LD RZ,0(R1) 4 5 A 7 9 No execute delay
2 DADDIU RZ,RZ,#1 4 8 4 10 Wait for LM

i a0 R2,0(R1) =, f 10 Wait for DADDIU

2 DADDIL R1,R1,#8 5 f 7 11 Commit in order
2 ENE R2,R3,L00P 6 10 - 11 Wait for DADDIU

3 LD R2,0(R1) 7 2 9 10 12 Earliast possible
3 DADDIL RZ,RZ,#1 i7 11 12 13 Wait for LW

3 5D RZ,0(R1) g 9 13 Wait for DADDIU

3 DADDIL R1,R1,+#8 7 9 10 14 Executes earlier

3 ENE RZ2,R3,L0O0P 9 12 14 Wait for DADDIU

Figure 2.21 The time of issue execution, and writing result for a dual-issue version of our pipeline with specula-
tion. Mote that the LD following the BME can start execution early because it is speculative,
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Z REINEERZRIRRS (1/2)
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For most apps, most execution units lie idle In

an OoO0 superscalar

For an 8-way superscalar.

E memory conflict

E long fp

short fp

long integer

E short integer

load delays

[ control hazards
branch misprediction
E deache muss

- .
gi AT Sources of all unused issue
TR

B it miss cycles in an 8-issue
superscalar processor.
Processor busy represents the
utilized issue slots; all others
represent wasted issue slots.
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From: Tullsen, Eggers, and Levy,
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