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3.7 Reducing Branch Costs with Dynamic

[
~ 4da ald

1-bit Branch-Prediction Buffer
2-bit Branch-Prediction Buffer
Correlating Branch Prediction Buffer

Branch Target Buffer
Return Address Predictors
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3.7.1 Basic Branch predication
and Branch-Predication Buffers

5% o] B B B A Fe 18 T % it A2 5K FH 5 A2 T
Jeihr, ZiMasPRAERIGESE, XARN
%%Ff% XA, BHES

8- Ak FRALRE 5 .

AWM EBINEPERTR: — NS
(one-bit) MIPFALTAN A (two bits)
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—. “fuEBmHmiE (two-bit predictor)
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IF (aa == 2)
aa = 0;

IF (bb == 2)
bb = 0O;

IF (aa !'==Dbb ) {

2014/11/9

DSUBI R3, R1, #2
BNEZ R3,L1  :brb1(aal=2)
DADD R1,R0,R0 ;aa==

: DSUBI F3, R2, #2

BNEZ R3,L2 ;br.b2 (bb!=2)
DADD R2, R0, RO ; bb==0

: DSUB R3, R1, R2; R3=aa-bb

BEQZ R3,L3 :brb3 (aa==bb)
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If (d==0) | o #Reg[R1] =d
o=l BNEZ  R1, L1 : brbi, (dI=0)
It (d==1)1 DADDIU R1, RO, #1 : d==0, so d=1

L1: DADDIU  R3,R1,#1 ;
BNEZ R3, L2 , brb2, (d!=1)
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Not taken 1

Not taken

Taken 1

Not taken

Taken 2
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FiTbL, &A
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(0,2)4K entries: 2°x2 x4K = 8K
(2,2)1K entries: 2% x2 x1K = 8K
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3.7.2 B HirZ W23 (Branch Target Buffer)
-3 — 2D P D ) E 4 T SR I AR IR

o W HARZE M 7n
WR—NEBMNE S0 T SRS REIE S
— & EPATHRI TN e S L, MFRZ AR H RS
Mhas, Bl¥% 1% HirCache.
o Ty BAEIFL RIS JE T 25382 WIHa%Er, RUAEPRADHT FI1E 2 &
TR M AT N
o FENTZEMPER FRAT UG #2458 2 bk FiZFs S AT N
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et Hinkimas gt

e Branch Target Buffer (Branch Target Cache):

Address of branch index to get prediction AND branch
address (if taken)

Note: must check for branch match now, since can't use
wrong branch address

Branch PC Predicted PC

2
J

HO134
uolLoNULsUl Jo

N

Extra
tion state
bits

=? No: branch not di
predicted, proceed predic
normally

Yes: instruction is branch and
use predicted PC as next PC
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3.8 Hardware-Based Speculation (2.6)
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HLXPAT U THRITIEE (1)

1. Issue——
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HLSPAT AT HBIZIEE (2)

2. Execute——
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F6, 34(R2)
F2, 45(R3)
FO, F2, F4

F8, F6, F2
F10, FO, F6
F6, F8, F2

HFACommit™
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PRBEVEFR (Ep110, Fig 2.15; Cp231, #4-42)

Reservation stations
Vj Vk Qj
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B P EERES

Instruction

Entry | Busy State | Dest Value

1 | No |[LDF6,34(R2) | Commit | F6 | Mem[34+Regs[R2]]

2 | NO |L.DF2, 45(R3) Commit | F2 | Mem[45+Regs[R3]]

3 | Yes [IMULDFO,F2,F4| Wirte FO #2 * Regs[F4]
Result
4 | Yes |SUB.DF8, F6, F4 | Write F8 #1-#2
Result
5 | Yes |DIV.D F10, FO, F6 | Execute | F10

6 | Yes |[ADD.D F6, F8, F2 | Write F6 H4+#2
Result
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Register Status

Field F4 |[F6 |F8

Reorder#

Busy
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o EHIFEL S I SRQIFIQK, X
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tag;

e Fig3.30%, SEfRE&FERWrite resultl)
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MUL.D¥R5EHKCommit, #HSUB.DM
ADD.DAIERFMUL.DAZAT JG A BB IR
Commit. XELRZ SO VFAEHE Wi R

(EAT KRR
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o FNSREAT N: SUB.DFIADD.DEJ - FMUL.D5E
EeWrite result;

o HWIAbEE: RIEMUL.DIELT=4—FWiEE,
it R A EAMUL. DEX EHZ TR, ﬁTu&Lf_ﬂa

XS, IR, RS AE AR TR @R RR
XA ﬁ!ﬁlﬁﬁmﬁﬁﬁiﬁ REREHHH o

EETomasuloﬁFg‘E FSUB.DFIADD.DR] B.F
MUL.DZ: 3, P54 EMUL . DR IR, BT
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o WHZHLoop: L.D FO, O(R1)
MUL.D F4, FO, F2
SD  O(R1), F4
DADDIU R1, R1, #8

BNE R1, R2,Loop
FH E2K M IGEARIE < # Cissue I IR B vl M A 7
é%@ﬁz; ' RHMIERRE DRERTHRIL, MoRik
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R B 3L R (Ep111, Fig 2.16; Cp231, #4-43)

Reservation stations
Vj Vk Q]

Mem[0+Regs[R1]] | Regs[F2]
Mem[0+Regs[R1]] | Regs[F2]

2014/11/9 61



V3]s 27 ZER A

Instruction Dest. Value
1 No |[L.D FO,0(R1) C. FO Mem|[0+Regs[R1]]
2 | NO |[MUL.D F4,FO,F2 C. F4 #1"Regs[F2]
3 | Yes |S.D O(R1), F4 W. R. | 0+Regs[R1] #2
4 | Yes |DADDIUR1,R1,#8 W.R R1 Regs[R1]-8
5 | Yes |[BNER1,R2, Loop |W.R
6 | Yes |[LD FO, 0(R1) W. R FO Mem([#4]
7 | Yes |MUL.D F4,FO,F2 W. R F4 #6*Regs[F2]
8 | Yes |SD O(R1),F4 |WR 0+ #4 #i
9 | Yes DADDIUR1,R1, #8 W.R R1 #4-8
10 | Yes | BNER1,R2,Loop |W.R
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Register Status

Field

F4

F6

F8

F10

Reorder#

Busy
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BRI AR, RENFHEE
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T TomasuloFH =B BRI A4 fiid

e W.p113, Fig2.17/ Cp233, ¥4-44.
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3.9 Taking Advantage of More ILP with
Multiple Issue(2.7

3.9.1 8% 2 I HIR B AW

—. AR
o %é;ﬁaﬂ:ﬁ% P& RIRE R AR R FESMECPI=11X— Hix
it
g: KL HEBREEAR. BHHER. B5AE. IR HE
o HEARCPULime=ICxCPI xcycle time, #FH—HiRE LK B
REAMFCPI <1

CPI=1= Multiple-Issue ®CPI<1
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o ERGR—AMAN —FBLHARGH BRILIELN
CPI<1Hy. tHBiR ¥, EEB|CPI<1 BAERELINAE—
MR B R 2% TES, BIIESRIB KFHR.

o ZRHTHE AP E(Two basic flavors):

Superscalar(Bir &) HiE
VLIWGEKIESF) Fik
o SLIMIBL B KFTHARRIAIIE:

AR, IS, AR, RS
HERE . BB 355
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. SuperscalarpZE AN

o E—MRABER KN T HERNTES, &
#H1-8%+8 4 Icycle;

o [f] Hﬁiﬁ]‘ﬁ'ﬁaéi EMEER, A —
MR, ANEEHE BB,

o HEsSHE (compiler58ilt) M/EshAR
% %gﬁmﬁﬁ) 5 V27 )E A] [RI B % 5 I 3E

o Statically scheduled—in-order execution
o Dynamically scheduled—out-of-order execution
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=. VLIWHKEARER

o E—IPRBERNECHENES, LN —%FKKiE
IR

2 B

o VLIWH R

i

i

FE R AL

o VLIWRHCompilerd K, CHEREZHT)

Issue a fixed number of instruction formatted as one large instruction

A fixed instruction packet with a parallelism among instructions
explicitly indicated by the instruction (EPIC—explicitly parallel
Instruction computer)
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3.9.2 Statically-Scheduled Superscalar
Processors

Typical issue 0~8 instructions in a clock cycle with the
hardware

In a statically-scheduled superscalar
e instructions issue in order

o all pipeline hazards are checked for at issue

The issue checks are sufficiently complex

o performing the works/1CLK could mean that the issue logic
determined the minimum clock cycle length

o the issue stage is split and pipelined, so that it can issue
Instructions every clock cycle(2 stage)

e to be higher branch penalties
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—. A Statically Scheduled Superscalar
MIPS Processor

Girt]

iﬁ: 2-1ssue %ﬁ(i&bé\ Load/store,Branch,ALU
FRiE4:

BoRFMH: %R
THE S
T HF
McacheBl 2454

REF JLKTER T R
BOR 3 IEFR R TR B T
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2. SRS Ab B A% T 7K B P

Fa A Pipe stages

wEie4s  IF ID EX MEM WB

i IF ID EX MEM WB

PR =

T 4 IF ID EX MEM WB

o IF ID EX MEM WB

EE =Ry

R Fe 4 IF ID EX MEM WB

7 IF ID EX MEM WB
RTE S

B e 4 IF ID EX MEM WB
o IF ID EX MEM WB
B RTE S

2014/11/9 72



ARSI PIK R G 7 B

FA1 | FA2

FA3

- IR A

MD1 [ MD2

MD3

FeRIEHEAF

B ALU

E RS ARZ AT

> LS

BB HGH
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i Tﬁuiﬁﬁﬁ
FEFP register file&b B %5 7285 [ 50 5
5T —%&FPEIEIR S W 8 A RAWE 5 76 5+

AR TT I
S EREON, EEEAGEHES
A fo 4 HH B R FE

B+FP register fileffigtRead/WriteX{ 0 & &
2%, AFFERVFRIAEFP registers.
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2. Load#F BBWGERA R E— R A —%E L
NH, SEhr WA T —ABKRETESITN
- R ALDJEERFPEIEZ AF —/-Stall A#H. BT
JZE"Q_/I\ RSP IES, FWLDRIE R AR

WRER =FKI8 LR

3. [F¥#, HTFBr. ?‘ﬂé\)‘ﬁﬁ:*/l\fﬁﬁﬁﬂ‘mr Delay,

FRrUA B =282, BIERH=%AHKIBSRK
FRIX—IERFE, MARESEMEERP HFE—%
84,

JIT LA 5 2 B 5 1) 2 1R R AR AR A 1 5 S s
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arger set of bypass paths wi

5. =Xt A ek B A FIRcachesk
o BRI HEIR B IT
6. PIT: KGR F I IR
A floating point instruction can finish execution after an
Integer instruction that is later in program order
The floating point instruction exception could be detected
after the integer instruction completed
Solutions
o Early detection of FP exceptions
e The use of software mechanisms to restore a precise
exception state
e Delaying instruction completion until we know an
exception is impossible (the speculation approach)
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3.9.3 Multiple Instruction Issue
with Dynamic Scheduling

2 R BRI R] K A 201745 1 B 5V
(Scoreboard. Tomasulo)RRKA] &
B RS IFE % o

Rt Tomasulosh &R BEHEET BRIX

PR A FI B A S PR 2 18 2 B 25 5
B .

2014/11/9 77



o PIZR Rl RS IR < FEEC:

fE, —%&AFPEIE;
o P RHS, MARRLAF RET

— R NBRR

o RAMI KB FFHRHENMFPEF4%

HE, 1
I AR B
RHE,

EEARE I S el IE

iy —fﬁ’%ﬂl_ﬂ"fﬂilﬁ,lf‘

] e AR

JA

WA=



b RIBR% 188

o FEAEBIB A E RIS K ST AL FEES54,
compiler{fEBESRE, ®EMKIEHERTE
2 [FIi & 5 BB AT

o FEFXHTomasulozhA B EER, B DA

1R, SicAE B KA P&TES
BEE (PREEVESE) H 3R AE S A /R,
HIELF$AT, BLFE R




Loop: L.D FO, O(R1)
ADD.D F4, FO, F2
S.D O(R1), F4
DADDIU R1, R1, #-8

BNE R1,R2, Loop
¥ 2-issue, branchesHL— &4, T E#f
“latency”:ALU—1,load—2,Fp.ADD—3
CDB: 24
ALUAIE &t iz 550 R 7] — S B4 oo

L
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XK 5 Tomasuloffii 7K 2%

Memory Write
# Instructions Issues at Executes  accessat CDB at | Comment
I L.D FO,0(R1) | 2 3 4 First issue
| ADD.D F4,F0,F2 | (3 : Wait for L.D
| £.D F4,0(Rl) 2 3 (9) Wait for ADD.D
| pDADDTIT RE1,E1,#-8 2 4 3 Wait for AL
I ENE R1,R2,Loop 3 ¥ Wait for DADDIU
2 L.D FO,0(R1) 4 7 H i Wait for BNE complete
2 ADD.D F4,F0,F2 4 | () | 3 Wait for L.D
2 5.0 F4,0(R1l) 5 8 14 Wait for ADD.D
2 pDADDTIT RE1,E1,#-8 3 0 | () Wait for AL
2 ENE R1,R2,Loop i | 1 Wait for DADDIU
A L.D FO,0(R1) 7 12 3 |4 Wait for BNE complete
3 ADD.D F4,F0,F2 7 | 5 |5 Wait for L.D
3 5.0 F4,0(R1l) H | 3 19 Wait for ADD.D
3 DAADIT R1,R1,#-8 H |4 | 5 Wait for AL
3 ENE E1,R2,Loop 9 | & Wait for DADDIT
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X RIEFRATH, HBBEFHITAS, HEBLER
ﬁﬁ%kﬁ
E?W%ﬁﬁé¢,%U§k%ﬁﬁ&
R—ARIRFHAT, AT EER.

9 cycles/3 iteration = 3 cycles/iteration

one iteration every three cycles would lead to an
IPC=5/3=1.67

Instruction completion rate is 15/16 = 0.94.

%%%M%ﬁ%#,wﬂ%%%ﬁﬁﬂ%,$QMﬁ
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Clock # Integer ALU FP ALLU Data Cache CDB ‘
2 N
3 | /5.0 |- L.
4 | S DADDIL 171D
S |~ AT | 7 DA DL
6
7 200
8 205100 20000 | 7~ ADDID
0 20 DADDIU | /S 20
10 2 0ADD D 20 DA DD
11
12 30D
13 ER LI B 20 ADDID
14 J 0 DADDIU 205D RN
15 3 0ADDD 3 DADDIU
16
17
18 3 0ADDID
19 205D
20
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Iter. Issues Memory Write
= Instructions at Executes  access at CDB at Comment
I L.D FO,0(R1} | 2 j_ 3 ﬁ First 1ssne
I ADD.D F4,F0,F2 I 3 5 ) Wait for L.D
I £.0 F4,0(R1} 2 3|3 g Wait for ADD.D
I DADDIT R1,R1,#-8 2 3 4 @ Executes earlier
I BME Rl1,RZ,Loocp 3 5 & Wait for DADDIL
2 L.0O F0O,0(R1) 4 6| 7 7 A Wait for BNE complete
2 ADD.D F4,F0,F2 4 oo |2 Wait for L.D
2 .00 F4,0(R1} 3 7 | 8 3 Wait for ADD.D
2 DADDIT R1,R1,#-8 ] i 9 I Executes earlier
2 BNE ERl,Loocp & 2 11 Wait for DADDIL
3 L.O  FO,0(El)} 7 9 |12 | O |1 Wait for BNE complete
3 ADD.D F4,F0,F2 7 12 |15 15 Wait for L.D
3 .0 F4,0(R1} - 1o |13 | & Wait for ADD.D
3 DADDIU R1,R1,#-8 5 o |14 1 Executes earlier
3 BENE Rl,Loop Q 11 |16 Wait for DADDIL

FIGURE: The clock cycle of issue, execution, and writing result for a dual-issue
version of our Tomasulo pipeline with separate functional units for integer ALU
operations and effective address calculation, which also uses a wider CDB. The
extra integer ALU allows the DADDIU to execute earlier, in turn allowing
the BNE to execute earlier, and, thereby, starting the next iteration earlier.



e Three factors limit the performance of the two-issue dynamically

scheduled pipeline:

There is an imbalance between the functional unit structure of the
pipeline and the example loop. This imbalance means that it is
Impossible to fully use the FP units. To remedy this, we would need
fewer dependent integer operations per loop.

The amount of overhead per loop iteration is very high: two of out of
five instructions (the DADDIU and the BNE) are overhead. In the
next chapter we look at how this overhead can be reduced.

The control hazard, which prevents us from starting the next L..D

before we know whether the branch was correctly predicted, causes
a one-cycle penalty on every loop iteration. The next section
introduces a technique that addresses this limitation. (7 1/1)
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3.9.4 Multiple Issue with Speculation

Memory Write
[ssues at  Executes access at CDE at
Iter. clock at clock clock clock
# Instructions cycle # cvcle # cycle # cycle # Comment
I LW E2,0(R1} I 2 3 4 First issue
I CAODIT B2, B2, #1 I 3 &) Wait tor LW
I SW  0O(Rl),R2 2 3 7 Wait for DADDIU
I DADDIU R1,R1, #4 2 3 4 Execute directly
I ENE R2,R3,LOCP 3 T Wait for DADDIU
> LW R2,0(Rl) 4 8 ) 9 10 Wait for BNE
> DADDIU R2,R2,#1 4 (11 12 Wait for LW
2 SW 0(Rl),RZ 3 & | 3 Wait for DADDIU
2 CACDIU R1,E1,#4 5 8 0 Wait for BNE
2 ENE R2,R3, LOOF 6 3 Wait for DADDIU
3 IWw R2,0(F1) 7 | 4 3 | & Wait for BNE
3 CADDIU R2,R2,#1 7 |7 | 5 Wait for LW
3 5w 0(Rl),RZ 8 |9 20 Wait for DADDIU
3 CATDIU R1,E1,#4 8 g |5 Wait for BNE
3  BNZ R2,R3,LOCP 9 (9) Wait for DADDIU
V4

OFIGURE: Thetime of issue, execution, and writing result for a
dual-issue version of our pipeline without speculation.



FIGURE: The time of issue, execution, and writing result for a dual-

Issue version of our pipeline with speculation.

Note that the L.D following the BNE can start execution early,

because it is speculative.
Issues Executes Read Write Com-
[ter. at at clock #  accessat CDE at mits at
7 Instructions clock # clock # clock # clock# | Comment
I L RZ,0(R1) | 2 3 4 5 First issue
| DADDIT R2,RZ, #1 | 3 6 7 Wait for LW
I &W  0(Rl),RZ 2 3 7 Wail for DADDIU
I DLDDIT R1,R1, #4 2 3 H Commit in order
I ENE R2,R3,LOOP 3 7 B Wait for ADDDI
> LW BZ,0(R1) 4 (5)« 6 7 9 No execute delay
2 DADDIU R2,R2,#1 4 B 9 10 Wait for LW
2 SW  0(Rl),RZ 5 6 | 1) Wait for DADDIU
2 DADDITT R1,R1, #4 5 6 7 | | Commit in order
2 ENE R2,R3,LOOP s 1) |1 Wait for DADDIU
3 LW Rz,0(R1) 7 B 9 | () |2 Earliest possible
3 DADDIUT RZ,R2, #1 7 | | 2 | 3 Wait for LW
3 EW  0(Rl),R2 8 0 | 3 Wait for DADDIU
3 DLDDIT R1,R1, #4 s 0 |1} | 4 Executes earlier
3 ENE RZ2,R3,LOOP 9 @ |4 Wait for DADDIU




