Advanced Computer Architecture
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Amdahl’s Law

: : : Fraction
ExTime,,., = ExTime,q x {(1 — Fraction, panced )+ enhanced

speed‘"penhanced

ExTime 1
speedupovemll = old _

ExTime,., Fraction, hanced

(1- Fraction  pnced ) +
speedupenhanced

Best you could ever hope to do:

1
B (1 - FraCﬁonenhanced)

Speedupmaximum

. = Bl
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Bk (1)

> EZETHEIMER (X, YM2Z) , HE—EEEDHR (16A) L&, &
BEAAN KRN R REE A AR F iR K. £ Lid3MhAb#E IRz
TREF, ZINMEFBITRLGIRS, T (1-8) AREFIHTH, 5
EAF HZF —ANIMEFEAZ IR BT RN T .

Processor X Processor Y Processor Z
1 large core of area 16A 4 medium cores of area 4A 16 small cores of area A

> AT B3 A HE 8% 52 L RE R KT B ]
(1) X: HRRZ/PZK164E, NEFPATH E]AN1/4;

(2) Y: BNMZHERERZMZEAGE, WEITHD>FTES T2, 4AMEFHITH
SPATE RN ((1-S)*T/2)/4, EBFEH3S*T/8+T/8

(3) Z: S*T+(1-S)*T/16=15S*T/16+T/16
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wlEHE (2)

> FAFEIREE I FIDVFSEAKIFK AL E IS I BEFE, R B KR K15%
%@E%?%%&T%H% 5 B fEFHDVFSZ JG, X Tah&SEEFREMT)
ILA\I X H Zun H

f# Energy 4n.mic = Capacitive load x Voltage?
Power ;4 ..mic = 1/2xcapacitive loadxVoltage*xFrequency switched

> WEBHHEEREAT, NSHERFEZ A
Energynew  (Voltage x 0.85)°

——=0.85"=0.72
Energyola Voltage
> BIAINHEN:
Powernew _072% Frequency switched x0.85 _0.61
Powerou Frequency switched

> BB NIERNT2%, ShEINENIFERKII61%
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(3)

Component
type Product Performance Power
Processor Sun Niagara 8-core 1.2GHz 72-79 W peak
Intel Pentium 4 2GHz 48.9-66 W
DRAM Kingston X64C3AD2 1 GB  184-pin 3.7W
Kingston D2N3 1 GB 240-pin 23 W
Hard driver DiamondMax 16 5400rpm 7.0 W read/seek. 2.9 W idle

DiamondMax 9

7200rpm

7.9 W read/seek. 4.0 W idle

> BRBENTEATRAAE, HIEIERMEAN80%, 2GB 2404 N1,
7200RPMAEZL . i1 ElIntel PAIRE R LRI RE L /D ?

> 5 ZIRE S F7200RPM (DM9) TE#L, TEFL60%MIBTES N, His
FISEPRIN R R Z /D ?
> TR DMOFEEUEIE FIE 8] ADM16f175%, WM ERIResEAEE, N
DMO ) 7= PR i 8] A5 & 25 2 2
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i

> (1) 0.8x=66+2*2.3+7.9 Mix=0.99W
> (2) 0.6*4+0.4*7.9=5.56W
> (3) W_DM9=0.75*W_DM16
W_DM9=1 —|_DM9
W _DM16=1—|_DM16
>W_DM9*7.9+]_DM9*4=
W_DM16*7+_DM16*2.9
> So: |_DM9=29.8%
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CPURIMEEE AT

> CPIRHECPUBRATIE S RN EE I R, LIASEH B —MniElE
R P &R AT I B Te R A BTG SR iF 18 2 B R THES TR Ti, 55 40
Te=ICxCPIxCYCLE, Ti=I1CixCPlix CYCLE

> e CYCLE =%, IC=) IC

i=1

> %—7‘5@ ﬂaﬂ]l‘fu 5
Te= Z Ti= Z (ICix CPIix CYCLE) = {Z ICix CPL} x CYCLE

> Hﬁ%&ﬁ% ﬁ'ﬁ%&): X, A LIBRICPIECPI, K% &
ICxCPI = Z(IC,XCPL)

i=1
> MEEH CPl= Z(’C’

x CPl), B2 CPLAATH CPI N F31ME

, Seconds Instructions Cycles Seconds
CPU time = = X X
Program Program  Instruction  Cycle
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wlEH (4)

> ATFENIES ARG HFEF —F RN 2 ERAEE S, MRAMMEHIX%
1<, ATEHLE MIPS 5400, EHATZIESR, HHATH E 2 HAh
]840 4 £%; BiFEANL MIPS 5600, ¥ AEX%iE4, HAETLLHIEAR10
RO TEFRREBX LIS . F10000/7EEREFEATENL B
JRFFHATHS, XS EATES B E20%. B&FSTHEIERID
FBPARIESS, FIAHSHIE AT AR, HW. WEIHE
NI RFEARKTEAESL? (BEEETITESERLE) .

> B ATFENIIES 45051000 0%, 800 0%LIMIPS N4 0 0KiE
EHAT, » 200 0% LIMIPS N1 0 OFIEEAT. BIFENLKTES KT
8000+2000*10=2800 0%, PIMIPS 46 0 OFTEEHAT

B ALK
AT [ = O
MIPS *1076
> ATFENLIATHTER]=8000 / (400*10/6) + 2000 / (100*10°6)
=20us+20us=40us
> BitE NP ATHTa]=28000 / (600*1076) =280 / 6=46.6us
> Frbl, ATHELGTER
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BELEHE (5)

> CPUM:RE ] & o)
> CPUIIEIAIHE N, den ~ ZlelV Af

IEUNIts

> F8IZMCPUxAERZhE B SIS TARRIR, BB —FEF80%H 5 AT
PLATIAT, AFEL1, L2 CacheXf T-1H LI FEMINFEIE M, CPI
PTG T ERAR: FERZIBITH, BFHITRINEINTO, POJyia
g?i%?ﬁﬁﬂﬁ/rﬁrﬁﬁ%, B AT AR AT E BB L T
S THEE .
(1) RERA—A, REeEZKE, CPUBRKEARE, HEEM10%, *
A 125%;

(2) [FH2%8 %, CPUBERM10%, FHMAZ.
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RE

> TORNFEFR B RPATHIFN ], PONBEEPITAKZBER KIThZR, H
BATIEF K S BEFEIWO= TO*PO

> (1) T1=T0/(1+0.25) = 0.8*T0

P1 = (1+10%)?*(1+25%)*P0

=1.5125*P0

W1=T1*P1=1.21 W0
> (2) T2 =(20%+80% / 8)*T0=30%T0

P2=(1+10%)%*8*P0

=9.68*P0
W2=T2*P2=2.904 W0

10
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BIATEEEE (6)

F; mirror

> S: uhiSA] % e.g., 99%
> L. #EZEFHM e.g., 95%

A=SL+(1-SL)SL

Primary site Mirror site
can be reached | can be reached

Primary site
inaccessible

Duplicated availability = 2SL — (SL)?
Unavailability = 1 — 2SL + (SL)? F;home
= (1=SL)?= 0.35%

Data unavailability reduced from 5.95% to 0.35%

Availability improved from ~ 94% to 99.65%

11
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Bk (7)

> 7E FH TomasuloZ5#) L ATHE S, At ES%E
;}i%%ﬁ"&‘ﬁ’lﬁlﬂ (R EEABD , FHEBAENE
(E: EATFTTEETI)

Latency
LD F6 34+ R2 1
LD F2 45+ R3 1
MULTD FO F2 F4 10
SUBD F8 F6 F2 2
DIVD F10 FO F6 40

ADDD F6 F8 F2 2
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Tomasulo Organization

From Mem FP Op FP Registers

Queue
1 Load Buffers

Load1

Load?2

Load3

Load4

Loadb

Load6

Add1
Add2 Mult1
Add3 Mult2

Reservation
Stations

Common Data Bus (CDB)

Store
Buffers

To Mem

13
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Tomasulo Example

Instruction status: Exec Write
Instruction i k  Issue Comp Result Busy Address
LD Fo6 34+ R2 Loadl No
LD F2 45+ R3 Load2 | No
MULTD FO F2 F4 Load3 | No

SUBD F8& F6 F2

ADDD F6 F8& F2

Reservation Stations: \Yi S2 RS RS
Time Name Busy Op Vi Vi Qj Ok

Addl | No

Add2 | No

Add3 | No

Multl | No

Mult2 | No

Register result status:
Clock FOo F2 F4 F6 FS FIO FI2 ... F30

0 FU

14
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Tomasulo Example Cycle 1

Instruction status: Exec Write
Instruction i k ey Comp Result
LD F6 34+ R2
LD F2 45+ R3
MULTD FO F2 F4

SUBD F8& F6 F2
DIVD F10 FO Fo6
ADDD F6 F8 F2

Reservation Stations: \Yi S2 RS RS
Time Name Busy Op Vj Vi Qj Ok

Addl | No

Add2 | No

Add3 | No

Multl | No

Mult2 | No

Register result status:

Clock FO F2 F4 bl S8 FI0 FI2 ... F30

15
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Tomasulo Example Cycle 2

Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 Fo
DIVD F10 FO
ADDD Fo F8

Reservation Stations:

k
R2
R3
F4
F2
F6
F2

Issue Comp Result

Exec Write

Time Name Busy Op

Addl1l
Add2
Add3
Multl
Mult2

S/ S2
Vi Vi

Busy Address

Loadl -
Load2 | Yes 45+R3 l
Load3 e

RS RS
Qj Ok

Register result status:

Clock
2

ru

FO

F4

re F8 FIO FI12 ... F30

Loadl

Note: Unlike 6600, can have multiple loads outstanding

16
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Tomasulo Example Cycle 3

Exec Write

Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8& F6
DIVD F10 FO
ADDD F6 F8

Reservation Stations:

k  Issue Comp Result Busy Address
R2 1 3 Loadl | Yes 34+R2
R3 2 Load2 | Yes 45+R3
F4 3 Load3 | No
F2
F6
F2

S/

Time Name Busy Op Vi

S2 RS RS
Vk Qj Ok

Addl
Add2

No
No

Add3 -
Multl§| Yes MULTD R(F4) Load2
Mult A

Clock
3

Register result status:

= 2 F4 F6 FS§8 FIO FI2

F30

Loadl

* Note: registers names are removed ("renamed") in
Reservation Stations; MULT issued vs. scoreboard

* Loadl completing; what is waiting for Load1?

17
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Tomasulo Example Cycle 4

Instruction status:

Instruction

LD F6
LD F2
MULTD FO
SUBD F8

DIVD F10

ADDD F6

Reservation Stations:

J
34+
45+

F2

F6

FO

F8

Exec Write
k  Issue Comp Result

Time Name Busy Op Vi

Addl
Add2
Add3
Multl
Mult2

Busy Address

No
Yes
No

45+R3

R2 1 3 4 Loadl
R3 2 4 Load2
F4 3 Load3
F2 4
F6
F2
S/ S2 RS RS
Vk Oj Ok
Yes SUBD M(A1) Load2

No
No
Yes MULTD
No

R(F4) Load2

Register result status:

Clock
4

* Load2 completing; what is waiting for Load2?

FO F2 F4 F6 FS8 FIO FI2

F30

FU | Multl Load2

M(A1) Addl

18




By x| %5 i

Tomasulo Example Cycle 5

Instruction status: Exec Write
Instruction i k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 Load3 | No
SUBD F8 Fo6 F2 4
DIVD F10 FO F6 5
ADDD F6 F& F2
Reservation Stations: S7 S2 RS RS
Time Name Busy Op Vj Vi Qj Ok
2 Addl | Yes SUBD M(A1) M(A2)
Add2 | No
Add3 | No
10 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl

Register result status:
Clock FOo F2 F4 F6 FS FIO FI2

F30

5 FU | Multl M(A2) M(A1) Addl Muli?

19
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Tomasulo Example Cycle 6

Instruction status: Exec Write
Instruction J k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 LLoad2 | No
MULTD FO F2 F4 3 Load3 No
SUBD F8 Fo6 F2 4
DIVD F10 FO F6 5
ADDD F6 F& F2 6
Reservation Stations: \Yi S2 RS RS

Time Name Busy Op Vi Vi Qj Ok
1 Addl [ Yes SUBD M(A1) M(A2)
Add2 | Yes ADDD M(A2) Addl
Add3 | No
9 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl

Register result status:
Clock FOo F2 F4 F6 FS FIO FI2

F30

6 FU | Multl M(A2) Add2 Addl Muli?

« Tssue ADDD here vs. scoreboard?

20
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Tomasulo Example Cycle 7

Instruction status: Exec Write
Instruction J k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 LLoad2 | No
MULTD FO F2 F4 3 Load3 No
SUBD F8 F6  F2 4 7
DIVD F10 FO F6 5
ADDD F6 F& F2 6
Reservation Stations: \Yi S2 RS RS

Time Name Busy Op Vi Vi Qj Ok
0 Add1 [ Yes SUBD M(Al) M(A2)
Add2 | Yes ADDD M(A2) Addl
Add3 | No
8 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl

Register result status:
Clock FOo F2 F4 F6 FS FIO FI2

F30

7 FU | Multl M(A2) Add2 Addl Muli?

» Addl completing; what is waiting for i1?

21
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Tomasulo Example Cycle 8

Instruction status: Exec Write
Instruction i k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 Load3 | No
SUBD F8 Fo6 F2 4 7 8
DIVD F10 FO F6 5
ADDD F6 F& F2 6
Reservation Stations: S7 S2 RS RS
Time Name Busy Op Vi Vk QOj Ok
Addl | No
2 Add2 | Yes ADDD (M-M) M(A2)
Add3 | No
7 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl
Register result status:
Clock rFo F2 F4 F6 FS FI0O FlI2 F30
8 FU | Multl M(A2) Add2 (M-M) Muli2

22
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Tomasulo Example Cycle 9

Instruction status: Exec Write
Instruction i k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 Load3 | No
SUBD F8 Fo6 F2 4 7 8
DIVD F10 FO F6 5
ADDD F6 F& F2 6
Reservation Stations: S7 S2 RS RS
Time Name Busy Op Vi Vk QOj Ok
Addl | No
1 Add2 | Yes ADDD (M-M) M(A2)
Add3 | No
6 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl
Register result status:
Clock rFo F2 F4 F6 FS FI0O FlI2 F30
9 FU | Multl M(A2) Add2 (M-M) Muli2

23
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Tomasulo Example Cycle 10

Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 Fo
DIVD F10 FO
ADDD F6 F8

Reservation Stations:

Exec Write
k  Issue Comp Result

R2 1 3 4
R3 2 4 5
F4 3

F2 4 7 8
F6 5

F2 6 10

S/ S2 RS

Time Name Busy Op Vi Vk QOj

Busy Address

Loadl No
Load2 No
Load3 No
RS
Ok

Add1l
0 Add2
Add3
5 Multl
Mult2

No

Yes ADDD (M-M) M(A2)

No

Yes MULTD M(A2) R(F4)

Yes DIVD M(A1) Multl

Clock
10

Register result status.

FO F2 F4 F6

FS8 FI0 FI2

F30

FU | Multl M(A2) Add2

(M-M) Mult2

+ Add2 completing; what is waiting for i1?

24
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Tomasulo Example Cycle 11

Instruction status: Exec Write
Instruction J k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 Load3 | No
SUBD F8 F6 F2 4 7 8
DIVD F1I0 FO F6 5
ADDD Fo6 F8 F2 6 10 11
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj Vi Qj Ok
Addl | No
Add2 | No
Add3 | No
4 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl
Register result status:
Clock FO F2 F4 F6 F8 FIO FlI2 ... F30
11 FU | Multl M((A2) (M-M+N (M-M) Mult2

« Write result of ADDD here vs. scoreboard?

» All quick instructions complete in this cyclel s
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Tomasulo Example Cycle 12

Instruction status:

Exec Write

Instruction i k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 Load3 | No
SUBD F8 F6 F2 4 7 8
DIVD F10 FO F6 5
ADDD F6 F8 F2 6 10 11
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vi Vk QOj Ok
Addl | No
Add2 | No
Add3 | No
3 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl
Register result status:
Clock FO F2 F4 F6 FS8 FIO FI2 F30
12 FU | Multl M((A2) (M-M+N (M-M) Mult2

26
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Tomasulo Example Cycle 13

Instruction status:

Exec Write

Instruction i k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 Load3 | No
SUBD F8 F6 F2 4 7 8
DIVD F10 FO F6 5
ADDD F6 F8 F2 6 10 11
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj Vi Qj Ok
Addl | No
Add2 | No
Add3 | No
2 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl
Register result status:
Clock FO F2 F4 F6 FS8 FIO FI2 F30
13 FU | Multl M(A2) (M-M+N (M-M) Mult2

27
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Tomasulo Example Cycle 14

Instruction status:

Instruction
LD F6
LD F2
MULTD FO
SUBD F8
DIVD F10
ADDD F6

Reservation Stations:

J
34+
45+

F2

F6

FO

F8

Addl
Add2
Add3
1 Multl
Mult2

Exec Write
k  Issue Comp Result

Busy Address

Register result status:

Clock

R2 1 3 4 Loadl | No
R3 2 4 5 Load2 | No
F4 3 Load3 | No
F2 4 7 8
F6 5
F2 6 10 11
S/ S2 RS RS
Time Name Busy Op Vj Vi Qj Ok
No
No
No
Yes MULTD M(A2) R(F4)
Yes DIVD M(A1) Multl
FO F2 F4 F6 F8 FIO Fli2 F30
FU | Multl M((A2) (M-M+N (M-M) Mult2

14

28
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Tomasulo Example Cycle 15

Instruction status:

Exec Write

Instruction i k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 15 Load3 | No
SUBD F8 F6 F2 4 7 8
DIVD F10 FO F6 5
ADDD F6 F8 F2 6 10 11
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vi Vk QOj Ok
Addl | No
Add2 | No
Add3 | No
0 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl
Register result status:
Clock FO F2 F4 F6 FS8 FIO FI2 F30
15 FU | Multl M(A2) (M-M+N (M-M) Mult2

29
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Tomasulo Example Cycle 16

Instruction status: Exec Write
Instruction i k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 15 16 Load3 | No
SUBD F8 Fo6 F2 4 7 8
DIVD F10 FO F6 5
ADDD Fo6 F8& F2 6 10 11
Reservation Stations: S7 S2 RS RS
Time Name Busy Op Vj Vi Qj Ok
Addl | No
Add2 | No
Add3 | No
Multl | No
40 Mult2 | Yes DIVD M*F4 M(A1)

Register result status:
Clock FOo F2 F4 F6 FS FIO FI2 ... F30

16 FU | M*F4 M(A2) (M-M+N (M-M) Mult2

30
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Tomasulo Example Cycle 55

Instruction status: Exec Write
Instruction i k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 15 16 Load3 | No
SUBD F8 Fo6 F2 4 7 8
DIVD F10 FO F6 5
ADDD Fo6 F8& F2 6 10 11
Reservation Stations: S7 S2 RS RS
Time Name Busy Op Vj Vi Qj Ok
Addl | No
Add2 | No
Add3 | No
Multl | No
1 Mult2 | Yes DIVD M*F4 M(A1)

Register result status:
Clock FOo F2 F4 F6 FS FIO FI2 ... F30

55 FU | M*F4 M(A2) (M-M+N (M-M) Mult2

32
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Tomasulo Example Cycle 56

Instruction status: Exec Write
Instruction J k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 15 16 Load3 | No
SUBD F8 Fo6 F2 4 7 8
DIVD F10 FO F6 5 56
ADDD Fo6 F8& F2 6 10 11
Reservation Stations: S7 S2 RS RS
Time Name Busy Op Vi Vi Qj Ok
Addl | No
Add2 | No
Add3 | No
Multl | No
0 Mult2 | Yes DIVD M*F4 M(A1)

Register result status:
Clock FOo F2 F4 F6 FS FIO FI2 ... F30

56 FU | M*F4 M(A2) (M-M+N (M-M) Mult2

* Mult2 is completing; what is waiting for it?

33
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Tomasulo Example Cycle 57

Instruction status: Exec Write
Instruction J k Busy Address
LD F6 34+ R2 Loadl No
LD F2 45+ R3 Load2 | No
MULTD FO F2 F4 Load3 No
SUBD F8 Fo6 F2
DIVD F10 FO F6
ADDD Fo6 F& F2
Reservation Stations: RS

Time Name Busy Op Vi Vi Oj Ok
Addl | No
Add2 | No
Add3 | No
Multl | No
Mult2 | Yes DIVD M*F4 M(A1)

Register result status:
Clock FOo F2 F4 F6 FS FIO FI2 ... F30

56 FU | M*F4 M(A2) (M-M+N (M-M) Result

* Once again: In-order issue, out-of-order execution and
completion. y
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wlE i (8)

Loop: 1D FO,0(Rl) ;FO=vector element
ADDD F4,F0,F2 ;add scalar from F2
SD O(R1l) ,F4 ;store result

SUBI R1,R1,8 ;decrement pointer 8B (DW)

BNEZ R1, Loop ;branch Rl!=zero

NOP ;delayed branch slot
Instruction Instruction  Execution Latency in  Use Latency in

proaucing result using result clock cycles clock cycles

FP ALU op Another FP ALU op 4 3
FP ALU op Store double 4 2
Load double FP ALU op 2 1
Load double Store double 2 0)
Integer op Integer op 1 0

- Where are the stalls?
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FP Loop Showing Stalls

1 Loop: LD ,0(R1) ;FO=vector element

2 stall

3 ADDD F4,:0,F2 ;add scalar in F2

4 stall

5 stall

6 SD O(R1),F4 ;store result

7 SUBI RI1,R1,S8 ;decrement pointer 8B (DW)

8 BNEZ R1,Loop ;branch Rl!=zero

9 stall ;delayed branch slot
Instruction Instruction Use Latency in

producing result using result clock cycles

FP ALU op Another FP ALU op 3
FP ALU op Store double 2
Load double FP ALU op 1

* 9 clocks: Rewrite code to minimize stalls?
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Revised FP Loop Minimizing Stalls

1 Loop: LD , 0 (R1)

2 stall

3 ADDD F4,F0,F2

4 SUBI R1,R1,S8

5 BNEzZ R1, Loop ;delayed branch

o SD 8 (R1),F4 ;yaltered when move past SUBI

Swap BNEZ and SD by changing address of SD

Instruction Instruction Use Latency in
proaucing result using result clock cycles

FP ALU op Another FP ALU op 3

FP ALU op Store double 2

Load double FP ALU op 1

6 clocks: Unroll loop 4 times code to make faster?



By Xi/4

wlE i (8)

> ERINTIEAERF
for (i=0; i<100; i=i+1) {
Ali] = A[i] + BIil: /*S1 %

B[i+1] =C[i] + D[i+1]; /* S2*/
Y

> S15827 [AFEMFMIHRRKR? XMEAIEF2EH T LT,
LA, 4T ?

> . S1HERHKER EIRTEHAS2ITERE R, IS2fS12 8)F
TEPEIMAKE]FE S ; (HS2FF AR T S1. R BEMHFRK AN BIMR
, TEAFEFHT PAFHAT .

1. gﬁ@s@ﬂsz%*ﬁéé&%& IRl BT DA S A S 2% 1A A B2 S 2

JPAT

2. EFE—XMEAF, SI1H{ERVIGMEB[M], —REBSIIGIZ T

Mg iHE sk
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By x| %5 i

> A[1]=A[1]+B[1]

> for (i=1; i<=100; i=i+1) {
B[i+1] = C[i] + D[i+1];
A[i+1] = A[i+1] + B[i+1];

>}

> B[101] = C[100] + D[100];

>mﬁﬁﬁ%ﬁﬁZ®TEﬁEﬁH%®mw%%§,

M AT PLAEAS

= PR M S ) E

BT
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By Xi/4

wlEH (9)

1$ 1$ D$ D$ Write-
N SN Decod SN Execut SN SN s
Begin Finish e e Begin Finish back

> IR AR LB AK &R TBUNF R 5Kk, 38 inie <& MEdE
cachefFBUf B 2240 o0 B H, 40 EEIFrR. FFHRIKEAR
FAEM DS, HEH2SOHE R R #, 7EDecodeBist
RESER. 8

(1) FERRTAKL F 7 B i FAERNBIRRF ?

(2) X F=EL DI BRIIER?

(3) |’R&1 1 6HIBL RS X184, FHE3 ISR, B2
@fﬁiggffﬁ‘“’ 8 FH 23 2 R TECTRI SRR, 1 1] B 7K 28 SE B
e /D!

Z. (1) Decode
(2) 2
(3) 1+1/6*3/5*2=1.2
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By x| %5 i

HlEH (10)

> AL 8% R R IR ) SO R 51 59 — AL P SE TR 45PR
, EEB[PIT TREFER, RIKAVIIAERNS, REE
Project1 P ASBERIKIME, TIFPREJVIGHIE S
00, RA-TM>IRM. HE TR:

» Project1: {

SUBI R1, 1+, R1
BNEQ Project1
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By x| %5 i

PATIRES TMZSPRE | T SEFR TR 2 & BTl
Project1:R1= |00 73 3R NULL NULL

5

X1: R1=4 00 DRI ] 5

X1:R1=3 01 DRI ] 5

X1:R1=2 10 >R IS s

X1:R1=1 11 7 T R s

X1:R1=0 11 AR IR 5




By x| %5 i

> RBEENADX (B1, B2, B3NB4) , WIRDSIRTD, WX RAHE 5 H BAREIT .

A>T (11)

> for (inti=0;i<N; i++){ [*B1*/

V VYV YV VYVYY

val = i+2; I*TAKEN PATH for B1*/
if (val % 2 == 0){ *B2*

sum +=val; [*TAKEN PATH for B2*/
}
if (val % 5 == 0){ *B3*l

sum +=val; [*TAKEN PATH for B3*/
}
if (val % 10 == 0){ 1*B4*|

sum +=val; [*TAKEN PATH for B4*/
}

}

RREPITE—NEEERS ISR TS . £RTNEEESR LT ReE:
1) ZF/HNZE (GHR) 2fL

2) iR (PHT) 430

3) X PIERI (PHTE) MMM E/FSHMITEEE (-1024~1023)

4) fERISE1TZ R, FrBPHTEWIEG{E A0

5) MRILEAT, WMRMMAZHII, PHTEANRMT, RSk, NPHTERR
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By x| %5 i

> (1) BFEs4»37 AR
> BIRAHAR, B2, B3, BARRAHARE
> B4&FREk5B2, B3kE, MMEB2EEAB3IN KA, B4 AR

o
> (2) HN=2F}, 24 HGHRIZR{LITHRE
HIGHE 00
B1i=0 00
B2 i=0 01
B3 i=0 10
B4 i=0 00
B1i=1 00
B2 i=1 00
B3 i=1 00
B4 i=1 00




By Xi/4

BTB >]/&i12

> B MNRERKSGAR A RS, Oy Ea & —
N B ARG AS,  IOEE TN AE R B4R 25 N4 i) B
B, ZmRsiHmie3 Mot A, HREkmPhR
N90%, KEEHN0%, SISORMFEN1S%. HBZALHE

A

7€ 27 B R B 0 S48 2R O A B A% B IR

. R TC o S AZBRICPIN .

> .

> Il tk=CPI (noBTB) / CPI (BTB)
=[CPI (base) + Stall (nhoBTB) ]/ [CPI (base) + Stall

(BTB) ]
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By x| %5 i

BTB >]/&i12

» Stall (noBTB) = 15%%2=0.3
> %7 Stall (BTB) :

BTB4 3 BTBHM | M T4 (BHeh i)
A . 15%*10%=1.5% 3
A 1EHf 15%*90%=12.1% 0
A N 15%*90%*10%=1.3% |4

» Stall (BTB) = (1.5%*3) + (12.1%%0) + (1.3%*4) =

0.097

>1+0.3 / (1 + 0.097) = 1.2
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By Xi/4

HlEH (13)

> IBMAFF 5. s 2K R ?
> WA 5

& Fetch 1 instr / cycle from I-cache
€9 40% of instructions are load / store (D-cache)

» Code characteristics (dynamic)
> Loads — 25% M AR 240 I S IO SE R
> Stores 15% Al LB CPUN AT, RRGRZEIR
> ALU / RR - 40%
> Branches — 20% 7> BF 2089 B H 1 3ER
* 1/ 3 unconditional (always taken).
* 1/ 3 conditional taken.
* 1/ 3 conditional not taken.
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By |4 fH

(585

»Cache Performance
— Assume 100% hit ratio (upper bound)
— Cache latency: | = D = 1 cycle default

»Load and branch scheduling

— Loads
» 25% cannot be scheduled (delay slot empty)
» 65% can be moved back 1 or 2 instructions
» 10% can be moved back 1 instruction

— Branches

» Unconditional — 100% schedulable (fill one delay
slot)

» Conditional — 50% schedulable (fill one delay slot)

7Elec04-Pipeline P48
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By x| %5 i

CPIfii it

»Goal and impediments
— CPI =1, prevented by pipeline stalls

»No cache bypass of RF, no load/branch
scheduling

— Load penalty: 2 cycles: 0.25 x 2 = 0.5 CPI

— Branch penalty: 2 cycles: 0.2 x 2/3 x 2 = 0.27
CPI

—Total CPI: 1+ 0.5+ 0.27 =1.77 CPI
»Bypass, no load/branch scheduling

— Load penalty: 1 cycle: 0.25 x 1 =0.25 CPI

—Total CPI: 1 + 0.25 + 0.27 = 1.52 CPI
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By Xi/4

FZCPIfitk
»Bypass, scheduling of loads/branches

— Load penalty:
» 65% + 10% = 75% moved back, no penalty
» 25% => 1 cycle penalty
» 0.25x0.25 x 1 =0.0625 CPI

— Branch Penalty

» 1/3 unconditional 100% schedulable => 1 cycle

» 1/3 cond. not-taken, => no penalty (predict not-taken)
» 1/3 cond. Taken, 50% schedulable => 1 cycle

» 1/3 cond. Taken, 50% unschedulable => 2 cycles

» 0.20x [1/3x1+1/3x0.5x1+1/3x0.5x2]=0.167

»Total CPIl: 1 + 0.063 + 0.167 = 1.23 CPI
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By x| %5 i

wlEEH (14)

> —/~ VU g fHEkcache,

CPUZEK ANAETT, WHEM

cache# 2 LLFEFigwtl, cachefl NIEAZ AL R
, BN/ R512FF, cachefeiB A 4410244t

o WRWIENF 321

N

> (1) {EH Hcachefl

N RIIER 2, FRBHER A RS

bt HES RN E
> (2) BB NFHAEFAB12389 (1613E4]) fEcache

R BE AL B RS .
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By Xi/4

2-Way Assoc
(12mod 4)=0

01234567

Cache

1111111111222222222233
01234567890123456789012345678901

Memory
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By Xi/4

>R (1

e

) | Taghr%s (1541)

Ayl (867)

B sl (967)

> (2) i Huhk
1111 1010 1011 0001 0010 0011 1000 1001

» CacheH

b 40,4 140 91024/4 = 2564,

» CacheNAHHihk: 1 m 0010 m 001

> Rt &S

51454,

> ] fefEcache J HFHIHL54580,581,582F1583
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By x| %5 i

Cache performance

» Miss-oriented Approach to Memory Access:

. MemA .
CPUtime = IC x (CP]Execution + e MissRate x MiSSPenally) X CyCleTlme

Inst

» Separating out Memory component entirely
€ AMAT=Average Memory Access Time

CPUtime = IC x (CPLiuops + 22 . nar) x CycleTime

Inst

AMAT=HitTime + MissRate x MissPenalty

=(HitTime,, ., +MissRate,, ., x MissPenalty,, ) +
(HitTimep, ., *MissRate,_., x MissPenalty,_,.)
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By x| %5 i

wlEEHE (15)

> AEUTREK, WIitEBEEMmR Cache K4 HECache ) F
17 Al B 18] BA & CPU R BE

> R

> 1. HAHCachefE M FICPIER2.0, Bf8hE R A2ns, P64 TE
SUIF1.2IK;

> 2. ifCache R E¥ AN64KB, B K/NAN32NFET,

> 3. ZHHEXCache ™ ) £ BiE B35 CPUR I &0 B HAE I T10%

> 4. X FCachef) 8 2 80ns;

> 5.45 5 B T8 A 1A B 80 R 3

> 6. 64KBE L% Cache R FE N1.4%, 64KBH B HAHEL
Cachel) K3 FE N1.0%.
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By x| %5 i

e

> . A F VR R = a5 R+ R AR xR T8
SRV AR B =y P B R+ R B xR E
=1x2+1.4% %80=3.12ns
SPE35) 5 A7 i TR] PR B =i A e TB) P B+ 5 R 3R P B ¢ O RA T4 A %
=1%2(1+10%)+1.0% x80=3.00ns
> 2. CPURIERE

A
e o B

o

1 X [(CPleseeuton I ) + (2 s s s s P Bl 100

RS

CPUI [A] = IC % (CPlLexecution + X IR > I 4 ]

> CPUTH 4=I1C x((2 x2)+1.2 x1.4% x80)=IC x5.344
>  KCPURE]54=1C %((2 x2.2)+1.2 x1.0% %80)=IC x2.36
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By x| %5 i

L H (16)

> Suppose a processor executes at

» Clock Rate=200MHz(5ns per cycle), Ideal (no misses)
CPI=1.1

> 50% arith/logic,30% ld/st, 20% control

» Miss Brhavior:
> 10% of memory opearations get 50 cycle miss penalty
> 1% of instructions get same miss penalty

» CPI = ideal CPI + average stalls per instruction
1.1(cycles/ins) + [0.30(DataMops/ins) x 0.10(miss/DataMop)
x 50(cycle/miss)] + [1(instMop/ins) x 0.01(miss/instMop x
50(cycle/miss)]

=(1.1+1.5+ 0.5) cycle/ins = 3.1
> AMAT=(1/1.3) x [1+0.01 x50]+(0.3/1.3) x[1+0.1 x50] = 2.54
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By x| %5 i

(A ving

- (17)

PO P1 P3
Coherency | Address | Data Coherency | Address | Data Coherency | Address | Data
state tag state tag state tag
BO I 100 0010 BO I 100 0010 BO S 120 00 20
B1 S 108 0008 B1 M 128 00 68 B1 S 108 0008
B2 M 110 0030 B2 I 110 0010 B2 I 110 0010
B3 I 118 0010 B3 S 118 00 18 B3 I 118 0010
On-chip interconnect (with coherency manager)
Memory
> ZISEIT%iZB—/I\ﬂﬂﬂE@SMP Address Data > —%&'f{%wi}(%?&??’\jm SiF[lI
£ ACTBLEH, (L RE.
i:?ﬁ&'%%@%ﬁ' o 100 0 10 > BH&IRAH TR,
VYN /@/\ﬁ%@/’\ 108 00 08 > P#:<op><addr>[<value>]
F4ER, B 2] N o ;
N, RT R4, cache 110 00 10 P#{FECPUS; <op>RE
— ‘_::I:, . ~ f@‘
oM AR LA 4t e 00 18 BEH; <addr>flRPI%
AN RABA1673EH] . 120 00 20 bb; <value>REREHRIFH
i
128 00 28
130 00 30
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By Xi/4

e

> YIRS (EEPR) AT PHEgE, EIIHAFN
cache I RRE (FlU—BHERE, WEMHIE) . UHR
REKZERE. FH0P0.BO: (1, 120, 00 01) F AL HE 22 PO B
BOE &GRS, 71 8120, FHEA2005101,

> a. P0O: read 120

> b. PO: write 120 < 80
> c. P3: write 120 < 80
> d. P1: read 110

> e. PO: write 108 < 48
> f. PO: write 130 < 78
> g. P3: write 130 < 78
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By x| %5 i

e

> a. P0: read 120 -> P0.BO: (S, 120, 0020)
returns 0020
> b. PO: write 120<-80 -> P0.B0: (M, 120, 0080)
P3.B0: (I, 120, 0020)
> ¢. P3: write 120<-80 -> P3.B0: (M, 120, 0080)
> d. P1 read 110->P1.B2: (S, 110, 0010)
returns 0010
> e. P0O: write 108<-48 ->P0.B1: (M, 108, 0048)
P3.B1: (I, 108, 0008)
> f. PO: write 130<-78 ->P0.B2: (M, 130, 0078)
M: 110<-0030
(write back to memory)
> ¢. P3: write 130<-78 ->P3.B2:(M, 130, 0078)
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By x| %5 i

L (18)

> B13: WFHAI—BHWEETNS, BRE — /15127 B X RF
IR 1A 2 /0 7 RN R TN, XA HEREIR, A6
5 FIERT A 29ms, FRIERE Z4M/s, FiEZ£7200rpm,
il 28 I 45 22 1ms.,
> fif: SPINRERLTT A B E] =33 08 B 18]+ 35 i % S IR + A& Ja ) (1]
+325 | 2 T4
0.5 0.5KB
ms + +
7200RPM 4.0MB/s

> R EFRRMNERFER B2 AMER33%, 5 KRR/ ANIKB,
SRR E R I R40MB/s, NZEZRE:

3Ims+4.2ms+0.1ms+1ms=8.3ms

+1ms =9+4.2+0.125+1=14.3ms
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HlEH (19)

> RIS K1£40 110E R, EREIFEWE N8 oAm, W
ﬁﬁiﬁiﬂ/\IIOP{JHﬂﬁJﬁZOms, V‘EIFﬂ

> 1. AR =R
> 2. TEKHIHEB B (8]
> 3. 75 K LA (8]

> u  (server ,uization)=N XT ¢or =40/s x 0.02s = 0.8

» T, (avgtime/customerin queue)=T ., xu/(1-u)
=20 x0.8/(1-0.8) = 20 x 4 = 80ms (0.08s)

» T (avg time/customer in system) =T  +T . ,=100ms



By x| %5 i

HlEH (20)

> WA W TR E T RS

> 10MERE, #FR~ AMTTF=1,000,000/)N0 ;
> 1/7SCSIE 2%, MTTF=500,000/);

> 1 IEMTTF=200,000/)NF

> — AN XEMTTF=200,000/)NE

> —NSCSIZLMTTF=1,000,000/)NE;

> BN R A Ay B B2 S B AL, iSRRI, HEEBEADNR
ZHIMTTF.




By i {4
HE

> R Z AN :

> REGHEZ=10 x 1/1,000,000 + 1 /500,000 + 1/
200,000 + 1 /200,000 + 1/ 1,000,000 = 23 /
1,000,000/)Nf

> ZRGIMTTF e 2= 1125

> MTTF 2= 1,000,000 / 23=43500/)N i =54F
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