


Loop:

L.D
ADD.D
S.D
L.D
ADD.D
S.D
L.D
ADD.D
S.D
L.D
ADD.D
S.D
DADDIU
BNE

% &

FO, O(R1)

F4, FO, F2
F4, O(R1)

F6, -8(R1)
F8, F6, F2
F8, -8(R1)
F10, -16(R1)
F12, F10, F2
F12, -16(R1)
F14, -24(R1)
F16, F14, F2
F16, -24(R1)
R1, R1, # -32
R1, R2, LOOP

%

Clock cycle issued
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22 23
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28



Loop:

L.D
L.D
L.D
L.D
ADD.D
ADD.D
ADD.D
ADD.D
S.D
S.D
DADDIU
S.D
BNE
S.D

&

FO, O(R1)

F6, -8(R1)
F10, -16(R1)
F14, -24(R1)
F4, FO, F2
F8, F6, F2
F12, F10, F2
F16, F14, F2
F4, O(R1)

F8, -8(R1)
R1, R1, # -32
F12, 16(R1)
R1, R2, LOOP
F16, 8(R1)

%

(

Clock cycle issued
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%
3 (

%

Iteration
0

Software- |
pipelined |
iteration

Iteration
1

Iteration
2

Iteration
3

Iteration
4




6
L.D  FO, O(R1) 1
# ADD.D F4, FO, F2 2
) S.D O(Rl),F 3
L.D F6,-8(Rl) 4
4 ADD.D F8, F6, F2 5
S.D -8(Rl),F8
L.D  F10, - 16( R1)
7 ADD.D F12, F10, F2
8 S.D -16(Rl),F12

9 DSUBU R1, R1, #24
BNEZ R1, LOOP

« Symbolic Loop Unrolling

— Maximize result-use distance

— Less code space than unrolling

— Fill & drain pipe only once per loop

, $ %) After: Software Pipelined

S.D O(RLl),F4 ; Stores Mi]
ADD. D F4,F0,F2 ; Adds to Mi -1]
L. D FO, -16(Rl1); Loads Mi - 2]
DSUBUI R1, R1, #8

BNEZ R1, LOOP

SW Pipeline

: |/ANEEEE

Time
Loop Unrolled

overlapped ops

N\

Time

vs. once per each unrolled iteration in loop unrolling



Memory Memory FP FP Int. op/ Clock
reference 1 reference 2  operation 1 op.2 Dbranch
L.D FQ,0(R1) L.D F6,-8(R1) 1
L.D F10,-16(R1) L.D FIZ=24(R1)— . 2
L.D F18,-32(R1) L.D F22,-40(R1) ADD.D F4,F0,F2 ADD.D F8,F6,F2 3
L.D F26,-48(R1) .D F12,F10,F2 ADD.D F16,F14,F2 4
ADD.D F20,F18,F2 ADD.D F24,F22,F2 5
S.D O(R1),F4 S.D -8(R1),F8 ADD.D F28,F26,F2 6
S.D -16(R1),F12 S.D -24(R1),F16 7
S.D -32(R1),F20 S.D -40(R1),F24 DSUBUI R1,R1,#48 8
S.D -0(R1),F28 BNEZ R1,LOOP 9

Unrolled 7 times to avoid delays

7/ results in 9 clocks, or 1.3 clocks per iteration (1.8X)

Average: 2.5 ops per clock, 50% efficiency

Note: Need more registers in VLIW (15 vs. 6in SS)



Memory Memory FP FP Int. op/ Clock
reference 1 reference 2 operation 1 op.2 branch

L.D FO,-48(R1) ST O(R1),F4 ADD.D F4,FO,F2 1
L.D F6,-56(R1) ST -8(R1),F8 ADD.D F8,F6,F2 DSUBUI R1,R1,#242
L.D F10,-40(R1) ST 8(R1),F12 ADD.D F12,F10,F2 BNEZ R1,LOOP 3

o Software pipelined across 9 iterations of original loop
— In each iteration of above loop, we:

» Store to m,m-8,m-16 (iterations 1-3,1-2,1-1)
» Compute for m-24,m-32,m-40 (iterations I,I+1,1+2)
» Load from m-48,m-56,m-64 (iterations [+3,1+4,1+5)

 9resultsin 9 cycles, or 1 clock per iteration
 Average: 3.3 ops per clock, 66% efficiency

Note: Need fewer registers for software pipelining
(only using 7 registers here, was using 15)
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if(A==0){S=T;}

ADDURZ2, R3, RO

CMOVZ R2, R3, R1

conditional move only if the

third operand is equal to zero R1=A, R2=S, R3=T
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A %! A o] ,

+ MemAcCcess,

CPUtime=1C~ CPI _
Execution | nst

MissRate” MissPenalty ~ CycleTime

N MemMisses,
Execution I nst

% ! $ %A

CPUtime=1C~ CPI

MissPenalty ~ CycleTime

A .
A2 E ! AL 2
e % %
cPutime=1c” AUOPS opy  MEMACCESS, \\iaT -~ cydleTime

| nst | nst

AMAT = HitTime + MissRate~ MissPenalty
= (HitTime, 4 + MissRate, . © MissPenalty, .o )+
(HitTime,,, + MissRate,,,, ~ MissPenalty,_..)
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AMAT = HitTime + MissRate” MissPenalty
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0.14

1-way
0.12

0.1

Conflict

2-way

0.08
8-way
0.06

Capacity
0.04

0.02

Cache Size (KB) Compulsory



25% -

20% - > 1K
- " 4K
. 0
e 16K
10% |
— % 64K
0 0 — —
> 0% : —= 1 \
© N < 0 ©

Block Size (bytes)
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Memory Address Memory

0 ~

4 Byte Direct Mapped Cache

1
5 Cache Index
0
3
1
4
2
5
6 3
; 9 4+ %+,
8 )
9 9- - 7-
A , . .
B # 6 %0 9
C 7 I 980 U ,9F EF %
D 3 %
B <
F




6 K A % - )#6 +
# W' +. ,
2 Q# ' (+ . 2
2 A + 6 & / 0 E# WA(
31 9 4 0
CacheTag Example: 0x50 Cache I ndex Byte Select
Ex: Ox01 Ex: 0x00
Stored as part
of the cache “ state”
Valid Bit CacheTag Cache Data
Byte 31 Bytel | Bytg0 | O
0x50 Byte 63 Byte 33| Byté 32| 1+—
2
3
Byte 1023 Byte 9921 31
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Valid CacheTag

%
2
% >
% + %
Cache Data

%

Cache I ndex

CacheBlock 0

<

Adr Ta ‘
Compar

'

Cache Data

Cache Tag

Valid

CacheBlock 0

] >.X5ell L Mux 9 Selo/

(AR)
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. Cache Block

A 4
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K % |

' ' K A % :
A$S % . %
K ;2 5@ A
% % - 6 / +
6 ;*5 @ A
+ % )
Cache Index
Valid CacheTag Cache Data Cache Data CacheTag Valid
CacheBlock 0 CacheBlock 0

v

Adr Ta ‘ Y y
Compar9— > XSelll M Ux OSeIO,/_C_ ompare)+————

(AR)

)
_ 1 CacheBlock
Hit )
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T), 3 + % + %

e Easy for Direct Mapped

« Set Associative or Fully Associative:
— Random

— LRU (Least Recently Used)

Assoc: 2-way 4-way 8-way

Size LRU Ran LRU Ran LRU Ran
16 KB 52% 57% 4.7% 53% 4.4% 5.0%
64KB 1.9% 20% 15% 1.7% 14% 1.5%
256 KB 1.15% 1.17% 1.13% 1.13% 1.12% 1.12%
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Processor

%

%

*| Cache |*
DRAM
Write Buffer
% % +
%
+
- %
= . & ( WU

( F GK5'A

GK5! A
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A % A . @

/ % ,
+
% % % +.
Processor
Control Tertiary
/ Ses(:ondary Storage
Second | | Main S ||Disk/Tape)
2 O Level Memory (Disk)
Datapath| & O 7
pah = 8 O Cache (DRAM)
21 |® = (SRAM)
I _ 
\
Speed (ns): 1s 10s 100s 10,000,000s 10,000,000,000s
(10s ms) (10s sec)

Size (bytes): 100s
Ks Ms Gs Ts



) 99

3130 + ¢+~ 171615 -+-+.543210
d 16 d 14 Byte
™ ~ offset
Hit Data
A A
) 16 bits 9 32 bits R
Valid Tag Data
A
> | ¢ 16K
entries
v
\\16 \\32




_k .. .. 3 %6 [/

31...16 15--43210

) 16 12 2 Byte
N N N
IjI:t Tag S N \offset Da‘ta
Index Block offset
‘16 bits‘ ) 128 bits -
v Tag A Data -
wk
? ? ? ? ] 4K
entries
!
\\16 \\32 \\32 \\32 \\32
I
Mux
(Cmux )
\\32
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