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MIPS: BirE+EISiIES &5
791+A =Erewind/l#l

e Problem with R10K design? Precise state is more difficult
— Physical registers are written out-of-order (at C)
e That’s OK, there is no architectural register file
e We can “free” written registers and “restore” old ones
e Do this by manipulating the Map Table and Free List, not regfile

e Two ways of restoring Map Table and Free List
e Option I: serial rollback using T, T_,; ROB fields
+ Slow, but simple
e Option ll: single-cycle restoration from some checkpoint
+ Fast, but checkpoints are expensive
e Modern processor compromise: make common case fast

e Checkpoint only (low-confidence) branches (frequent rollbacks)

e Serial recovery for page-faults and interrupts (rare rollbacks)

CH

BEH FREHE
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MIPS: BiRE+ES

. MIPSZBISHR

Replace with a
taken branch

MIPS:
Cycle 5
Precise

State

BIEEH REHE

“a

jee%ks Derry

ROB Map Table CDB
ht |# |Insn T Tod | S| X | C Reg | T+ T

1 |1df X(rl),f1 |PR#5/PR#2| c2 | c3 | c4 fO |PR#1+
h |2 | EEEZE PR#6|PR#3| c4 | c5 f1 |PR#8

3 (stf f2,Z(r1) £2 |PR#6

4 laddi r1.,4,r1 |PR#7|PR#4| c5 r1 |PR#7
t |5 |1df X(r1l),f1 |PR#8/PR#5 Free List

6 l[mulf fO,f1,1f2 PR#8 . PR#2

7 |stf £2,Z(r1) —
Reservation Stations
# |FU busy [op T T1 T2 ] .
1 |ALU |yes |addi |PR#7 |PR#4+ Undo insns 3-5 using
2 |LD |yes [1df |PR#S SR roll back if insn 2 is a

taken branch

3 ST |yes |stf PR#6 |PR#4+
4 |FP1 Ino
5 |FP2 |no

<5>
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. MIPSZBISHR

MIPS:

Cycle 6

BIEBEH FEHE

ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
1 |1df X(r1),f1 |PR#5/PR#2| c2| c3| c4 fO |[PR#1+
h (2 imp fO f1 2 PR#6|PR#3| c4 | c5 1 |PR#5+
3 |stf f2,Z(r1) —T2 |PR#6
t (4 |addi rl1.4,r1 |PR#7|PR#4 r1 |PR#7
5 [1df X(rl),fl PR'#S-BR-#é%\ Free List
6 ([mulf fO,f1,f2 JIPR#2 PR#8
7 |stf £2,Z(r1)
Reservation Stations undo Idf (ROB#5)
# [FU Jbusyfop [T 1 [12 1. free RS |
1 |ALU |yes |addi |PR#7 |PR#4+ 2. free T (PR#8), return to FreeList
3. restore MT[f1] to Told (PR#5)
2 |LD  Ino 4. free ROB#5
3 |ST |yes |stf PR#6 |PR#4+|
4 |FP1 |no i i
Insns may execute during rollback
5 |FP2 |no
(not shown)
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. MIPSZBISHR

MIPS:

Cycle 7

BIEEH REHE

ROB Map Table CDB
ht |# [Insn T Tod | S| X | C Reg | T+ T
1 |1df X(r1) ,f1 |PR#5/PR#2| c2| c3| c4 fO |[PR#1+
h |2 PR#6/ PR#3| c4 | c5 £1 |PR#5+
t |3 |stf £2,Z(r1) £2_ | PR#6
4 [addi rl1.,4,rl Pw cd r1 |PR#4+
5 |1df X(rl),f1 — ST
6 [mulf fO,f1,12 \"‘PR#Z,PR#S,
7 |stf £2,Z(rl) PRl
Reservation Stations undo addi (ROB#4)
# [FU JbusyJop [T 71 [12 1. free RS |
1 IALU lno 2. free T (PR#7), return to FreelList
3. restore MT[r1] to Told (PR#4)
2 LD |no 4. free ROB#4
3 |ST |yes |stf PR#6 |PR#4+
4 |FP1 |no
5 |FP2 |no

< ) »
N e 7 ) ¥
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MIPS:

Cycle 8

BIEEH REHE

ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
1 |1df X(r1l),f1 |PR#5/PR#2| c2| c3 | c4 fO |[PR#1+
ht|2 PR#6|PR#3| c4 | c5 f1 |PR#5+
3 |stf £2,Z(r1) 2 |PR#6
4 laddi r1.,4,r1 r1 |PR#4+
5 |1df X(rl),f1 =
6 (mulf fO,f1,£f2 PR#2 PR#8.
7 |stf £2,Z(r1) PR#7
Reservation Stations undo stf (ROB#3)
# [FU Jbusylop T 71 [12 1. free RS
1 IALU lno 2. free R(_)B#3
> D oo 3. no registers to restore/free
4. how is D$ write undone?
3 |ST no
4 |FP1 |no
5 |[FP2 |no

¢ \ »
N e 7 ) ¥
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$E1FCacheiRitELA NP TS
- HEoHERAEPNEEER

1 cycle access (early in pipeline)

1-4 cycle access

L2 Cache (%-32MB) 6-15 cycle access

Memory (128MB - fewGB) 100-500 cycle access

Disk (Many GB)

BIEEH FEFHE e



EfFCacheiZitHRIEERIE NEEES
- EEPERIE - HERSRES=EEEME

* Principle of Locality:
« Programs tend to reuse data and instructions near those
they have used recently.

« Jemporal locality: recently referenced items are likely to be
referenced in the near future.

« Spatial locality: items with nearby addresses tend to be
referenced close together in time.

sum = 0;
Locality in Example: for (i=0;i < n;i++)
sum += ali];
« Data *v = sum;

— Reference array elements in succession (spatial)
 Instructions

— Reference instructions in sequence (spatial)

— Cycle through loop repeatedly (temporal)

BIEBEH FEHE <11>



B1FCachefYEABES
- MRIBTEERE

« Main Memory

« Stores words
A—Z in example

« Cache

« Stores subset of the words
4 in example

« Organized in lines
« Multiple words
« To exploit spatial locality

 Access

« Word must be in cache for
processor to access

BIEEH REHE

Processor

Small,
Fast Cache

A

> »
C ) N
NIECE R

Big, Slow Memory

B
G
H

N[<| « ]o|m|>

PEKING UNIVERSITY
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BiFCachefJEAR BRI

 CachefJiiR1=8Y

Keep recently accessed block in “block frame”

- state (e.g., valid)
» address tag

» data

m

address state data
\ J
Y "
bookkeeping multiple bytes per block
overhead frame to amortize overhead

B ER REHE

C

CTNT »
5 )\ N
ez ¥

PEKING UNIVERSITY

On memory read
« if incoming address corresponds to on
e of the stored address tag then
 HIT
* return data
« else
 MISS
« Choose and
displace a current block in use
« fetch new (referenced) block from
memory into frame
* return data

<13 >
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PEKING UNIVERSITY

» CachefFARIF

BIEEH REHE

block (cache line) — minimum unit that may be present

hit — block is found in the cache

miss —Dblock is not found in the cache

miss ratio — fraction of references that miss

hit time —time to access the cache miss penalty

miss penalty

« time to replace block in the cache + deliver to upper level
« access time — time to get first word

 transfer time — time for remaining words

<14 >
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« Cache Block Placement

Where does block 12 (b’1100) go?

Block Set/Block Set

0 0

1 1

2 2

3 3

! . [

5 5

6 6

7 7

Fully-associative Set-associative Direct-mapped
block goes in any frame a block goes in any block goes in exactly

frame in exactly one set one frame

(think all frames in 1 ” (frames grouped into ” (think 1 frame per
set) sets) set)

m

,EEZF~\§EE %ﬁ#@ <15>
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Cache Block SizeBJtiE=:
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PEKING UNIVERSITY

« Each cache block frame or (cache line) has only one tag but can hold multiple “chunks” of data

 Reduce tag storage overhead

* In 32-bit addressing, an 1-MB direct-mapped cache has 12 bits of tags
* 4-byte cache block = 256K blocks = ~384KB of tag
« 128-byte cache block = 8K blocks = ~12KB of tag
* The entire cache block is transferred to and from memory all at once
« good for spatial locality because if you access address i you will
probably want i+1 as well (prefetching effect)

» Block size = 2”*b; Direct Mapped Cache Size = 2*(B+b)

MSB

LSB

tag

block index

block offset

BIEEH REHE

.

I\

J

Y
B-bits

Y.
b-bits

<16 >
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Address Cache
01101 Vd tag data
e 0

0
0
0

> Block Offset (1-bit)
Line Index (2-bit)

v

v

Tag (2-bit)

3.C’s Compulsory Miss: first reference to memory block

N | | |
R BRI ERER R R

Capacity Miss: Working set doesn'’t fit in cache

Conflict Miss: Working set maps to same cache line




Direct-Mapped Cacheigit e E %

PEKING UNIVERSITY

block index

Fla_ymg tag | 1dx | b.o.

decoder
decoder

.. 0
Ta s Multiplexo Ta
M Matgh N 2 matCh

(hit?) (hit?)
Don't forget to check the valid/state bits

m

,EE,*HEEE %Eﬂi@, <18 >
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Fully-Associative Cachei&Zit e 2 X ¥

PEKING UNIVERSITY

| tag |blk.offset|
|

Tag

Associative

A 4 Y
_\ Multiilemr // Search

iZ8block index

m

,EEZF~\§EE %ﬁ#@ <19 >

C



N-Way Set Associative Cacheigit O e S

s PEKING UNIVERSITY

a way (bank)

a set
| tag | 1dx | b.o.] A

v
decpder
decoder

)E_: Taqg NallE!
Y L Y match L2 v Zmatch

\\ i S Multiplexo,

< I

Cache Size = N x 2B+b

m

,EE,*HEEE %Eﬂi@, <20 >
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N-Way Set Associative Cacheiit

 Associative Block Replacement

NELF TP

598 PEKING UNIVERSITY

« Which block in a set to replace on a miss?
 |deally — replace the block that “will” be accessed the furthest in the future
 How do you implement it?

« Approximations:

* Least recently used — LRU
« optimized (assume) for temporal locality (expensive for more than 2-way)

 Not most recently used — NMRU
» track MRU, random select from others, good compromise

« Random
- nearly as good as LRU, simpler (usually pseudo-random)
« How much can block replacement policy matter?

BIEEH FAHE <21>



Cache Missfh3$ e E %
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« Miss Classification (3+1 C’' s)

« Compulsory Miss
« “cold miss” on first access to a block
« —defined as: miss in infinite cache
« Capacity Miss
* misses occur because cache not large enough —
defined as: miss in fully-associative cache
« Conflict Miss
* misses occur because of restrictive mapping strategy
* only in set-associative or direct-mapped cache
« —defined as: not attributable to compulsory or capacity
 Coherence Miss
* misses occur because of sharing among multiprocessors
FIEEH FEAE <22>
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« Cache Size (C)

FSSIGN »
NPT TS

PEKING UNIVERSITY

HX

« Cache size is the total data (not including tag) capacity
* bigger can exploit temporal locality better
* not ALWAYS better

 Too large a cache
« smaller is faster => bigger is slower
 access time may degrade critical path

' “worki gl
 Too small a cache hit rate i working set
« don’t exploit temporal locality well f
- useful data constantly replaced =

- -
holding b and a constant

BIEBEH FEHE <23>
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« Block Size (b)

HX

FSSIGN »
NPT TS

PEKING UNIVERSITY

* Block size is the data that is
« associated with an address tag
* not necessarily the unit of transfer between hierarchies (remem
ber sub-blocking)
 Too small blocks t
« don'’t exploit spatial locality well
* have inordinate tag overhead
 Too large blocks
» useless data transferred
 useful data permanently replaced
e —too few total # blocks holding C and a constant

hit rate

BIEBEH FEHE <24 >
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 Associativity (a)

FSSIGN »
NPT TS

PEKING UNIVERSITY

Partition cache frames into

* equivalence classes of frames called sets
Typical values for associativity

* 1, 2-, 4-, 8-way associative
Larger associativity

* lower miss rate less variation among

programs

- only important for small “C/b” hit rate
Smaller associativity

 |lower cost, faster hit time

_

-

holding C and b constant

BIEBEH FEHE <25>
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. CacheBA\#IMissiMEERS

FSSIGN »
NPT TS

PEKING UNIVERSITY

* Write Policy: How to deal with write misses?
» Write-through / no-allocate
« update memory on each write
« keeps memory up-to-date
- Write-back / write-allocate
« update memory only on block replacement
 Many cache lines are only read and never written to
 add “dirty” bit to status word
« originally cleared after replacement
» set when a block frame is written to

 only write back a dirty block, and “drop” clean blocks w/o memory update
BIEEH F#FEHAE <26 >
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Address Cache
Vd tag data

o101

=) [ (=) (=

> Block Offset (unchanged)

> 1-bit Set Index

> Larger (3-bit) Tag

Impact on the 3C’s?




2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

BIEEH REHE

Processor

Ld R1 <« M[
Ld R2 « M[
St R2 — M[
St R1— M[
Ld R3 « M[
Ld R2 « M[

0 O B o~ U =

[ Iy Ty w—

Cache

vVd tag data

0

0

0

RO

R1

R2

R3

Misses: 0

Hits: 0

Memory
0 78
1] 29
2] 120
31 123
a4 71
5| 150
6| 162
7\ 173
8 18
9 21
10 33
11 28
12 19
13] 200
14 210
15 225

10

AR »
NELE L]

s PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

BIEEH REHE

Processor

# Ld R1 <« M[
Ld

1

R2< M[ 5
St R2 > M[ 7
St R1—> M[ 4
ld R3« M[ 0
Lld R2« M[ 8

L N SR e gy —

Cache

Vd tag data

0

0

0

RO

R1

R2

R3

Misses: 0

Hits: 0

Memory
0p 78
1] 29
2| 120
3| 123
4 71
5| 150
6| 162
7\ 173
8] 18
9 21
10 33
11 28
12 19
13] 200
14 210
15 225

11

N ez XY

o PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
qLd RL«M[ 1 ] [1]0] O 78
Ld R2« M[ 5 ] 29
St R25>M[ 7 ] =|0|
st R1o-M[ 4] |-
Ld R3« M[ 0 ]
Ld R2M[ 8 ] 10]
10]
RO
R1 29 Misses: 1
R2
R3 Hits: 0

Memory
0 78
1] 29
2l 120
3] 123
4 71
5| 150
6] 162
Y 173
8 18
9 21
10 33
11 28
12 19
131 200
141 210
15 225

12

BIEEH REHE

N ez XY

o PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
ld RLeM[ 1 ] 11/0] O 78
Ld R2«< M[ 5 ] 29
St R2o>M[ 7 ] zlo I
St R1o>M[ 4] |-
Ld R3«< M[ 0 ]
ld R2« M[ 8 ] 10] |
o] |
RO
R1 29 Misses: 1
R2
R3 Hits: 0

Memory
0p 78
1] 29
2| 120
3| 123
4 71
5| 150
6] 162
7} 173
8| 18
9 21
10 33
11 28
12 19
131 200
141 210
15} 225

13

BIEEH REHE

N It 7 ) ¥

S PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor

ld R1< M[ 1

-Ld R2 « M[ 5

St R2—> M[ 7

Iru

St R1>M[ 4
Ld R3« M[ 0
Ld R2« M[ 8
RO
R1|__ 29
rR2| 150
R3

Cache
Vd tag data
1]0] O 78
29
1]0] 1 71
150
0
0
Misses: 2
Hits: 0

Memory
0 78
1] 29
2\ 120
31 123
4 71
5| 150
6l 162
7\ 173
8| 18
9 21
10 33
11 28
12 19
131 200
141 210
15} 225

14

BIEEH REHE

N ez XY

o PEKING UNIVERSITY
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 Write-back & Write-allocate

Processor Cache

Vd tag data
Rriem 1] [2[1]0] O 78
ld R2¢~M[ 5 ] 29
St R2o>M[ 7 ]

#St Ril>M[ 4 ] Il OI 1 71
Lld R3< M[ 0 ] 150
Lld R2« M[ 8 ] o] |

o] |
RO
R1 29 . .
0 [ 150 Misses: 2
R3 Hits: 0

Memory
0 78
1] 29
2l 120
3] 123
4 71
5| 150
6] 162
¢ 173
8 18
9 21
10 33
11 28
12 19
131 200
141 210
15 225

15

BIEEH REHE

N It 7 ) ¥

S PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
dRri<mM 1] [2[1]0] O 78
ld R2¢M[ 5 ] 29
St R2>M[ 7 ]
~St Rl1>M[ 4 ] Il OI 1 71
Lld R3< M[ 0 ] 150
ld R2« M[ 8 ] 1111] 1 162
150
Zlo] |
RO
R1 29 . i
0~ [ 150 Misses: 3
R3 Hits: 0

Memory
0L 78
1 29
2| 120
3] 123
a4 71
5| 150
6] 162
7t 173
8] 18
9 21
10 33
11 28
12 19
131 200
141 210
15 225

16

BIEEH REHE

N It 7 ) ¥

S PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
ld Ri<M[ 1] [|2]110] O 78
ld R2«M[ 5] | 29
St R2>M[ 7 ]
St RL>M[ 4 ] 110] 1 71
ld R3« M[ 0 ] 150
Lld R« M[ 8 ] 1/11] 1 162
150
=Zlo
RO
R1 29 ) _
> [ 150 Misses: 3
R3 Hits: 0

Memory
0] 78
11 29
2| 120
3] 123
4 71
5| 150
6| 162
71 173
8 18
9 21
10 33
11 28
12 19
13] 200
14] 210
15 225

17

BIEEH REHE

N ez XY

o PEKING UNIVERSITY

<35>



2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache

Vd tag data
dRri<Mm[ 1] [2[1]0] O 78
ld R2¢M[ 5 ] 29
St R2>M[ 7 ]

-St RL>M[ 4 ] 11 1 29
Lld R3< M[ 0 ] 150
Lld R2« M[ 8 ] 11]1] 1 162

150
=|o]
RO
R1 29 . .
~ [ 150 Misses: 3
R3 Hits: 1

Memory
0p 78
11 29
2] 120
31 123
4 71
5] 150
6| 162
7\ 173
8| 18
9 21
10 33
11 28
12 19
13] 200
141 210
15} 225

18

BIEEH REHE

N It 7 ) ¥

S PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
RrieMm 1] |2[1]0] O 78
Lld R2< M[ 5 ] 29
St R2>M[ 7 ]
St RLo>M[ 4 ] 111 1 29
-Ld R3¢ M[ 0 ] 150
ld R2« M[ 8 ] 1111] 1 162
150
2lo] |
RO
R1 29 . ]
0 [ 150 Misses: 3
R3 Hits: 1

Memory
0p 78
11 29
2] 120
3 123
4 71
5| 150
6] 162
71 173
8| 18
9 21
10 33
11 28
12 19
13] 200
141 210
15 225

19

BIEEH REHE

N ez XY

o PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
WrieMm 11 |2[1]0] O 78
Ld R2< M[ 5 ] 29
St R2o>M[ 7 ]
St R1>M[ 4 ] 1I1I 1 29
‘Ld R3¢« M[ 0 ] 150
Ld R2< M[ 8 ] 1]1] 1 162
150
Zlo] |
RO
R1 29 . .
0 [ 150 Misses: 3
R3 78 Hits: 2

Memory
0 78
11 29
2| 120
3| 123
4 71
5| 150
6] 162
7 173
8 18
9 21
10 33
11 28
12 19
131 200
14 210
15 225

20

BIEEH REHE

N It 7 ) ¥

S PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

BIEEH REHE

Processor

Ld R1 « M|
Ld R2 « M|
St R2 5> M|
St R1—-> M|
Ld R3 « M|

‘Ld R2 < M[

0O b ~ U =

L P Ty S gy —

RO

R1|_ 29

R2|__150

R3| 78

Cache
Vd tag data
11]0] O 78
29
2l1]1] 1 29
150
[1]1] 1 | 162
150
=|o]
Misses: 3
Hits: 2

Memory
0 78
1] 29
2| 120
3| 123
4 71
5| 150
6| 162
7} 173
8 18
9 21
10 33
11 28
12 19
13| 200
14F 210
15} 225

21

N It 7 ) ¥

S PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

BIEEH REHE

Processor

Ld R1 « M|
Ld R2 « M|
St R2 — M|
St R1— M|
Ld R3 « M|

-Ld R2 « M]

O O B~ 1 =

[ My Sy f—

RO
R1 29
rR2| 150
R3|__78

Cache Memory
0 78
1 29
2] 120
Vd tag data 3 123
1]0] O 78 4 29
29 5] 150
Zajal 1| 29 / 6| 162
150 71 173
(1]1] 1 | 262 8| 18
150 9 21
2lo] | 1033
11 28
. 12 19
Misses: 3 13 200
Hits: 2 14 210
15p 225

22

N It 7 ) ¥

S PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

BIEEH REHE

Processor

ld R1< M[ 1
Lld R2< M[ 5
St R2—>M[ 7
St R1—>M[ 4
Ld R3« M[ ©

8

‘Ld R2 « M[

[ T Sy f—

RO

R1 29
R2 18
R3 78

Cache
Vd tag data
11]o] O 78
29
11]o] 2 18
21
[1]1] 1 | 162
150
10
Misses: 4
Hits: 2

Memory
0p 78
1] 29
2] 120
3] 123
4 29
5| 150
6| 162
"\ 7\ 173
8 18
9 21
10 33
11 28
12 19
13| 200
141 210
15 225

23

N ez XY

o PEKING UNIVERSITY
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» CacheltBltAIELYS 93 X IR ST

For a 32-bit address and 16KB cache with 64-byte blocks, show the
breakdown of the address for the following cache configuration:

A) fully associative cache B) 4-way set associative cache

Block Offset = 6 bits

Tag = 32 - 6 = 26 bits Block Offset = 6 bits

#sets = #lines / ways = 64
Set Index = 6 bits

C) Direct-mapped cache _
Tag =32 -6 - 6 =20 bits

Block Offset = 6 bits
#lines = 256 Line Index = 8 bits
Tag =32 -6—-8 =18 bits

m

,EE,*HEEE %gﬂ:@ <42 >
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« Cache AccessBiEISH

« T avg =T _hit + miss_ratio x T_miss
« comparable DM and SA caches with same T _miss
* but, associativity that minimizes T_avg often smaller than associativity t

hat minimizes miss_ratio

d!:ff(tcache) cache(SA) cache(DM) =20
diff(miss) = miss(SA) - miss (DM) <0

e.g.,

assuming diff(t_....)= 0 => SA better

cache

assuming diff(miss) = -1%, t_.. = 20
= if diff(t.,che) > 0.2 cycle then SA loses
BIEEH REHE <43 >
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Caches exploit locality

3 (s cache miss model
e (old
* (apadity

e (Conflict

Shared I.3 Cache

(One banki per core)

Ring Interconnect

BEBEH REHE

L2 Cache L2 Cache L2 Cache L2 Cache
L1 Data Cache L1 Data Cache L1 Data Cache L1 Data Cache
Core Core Core Core

L3: (per chip)

8 MB, inclusive
16-way set associative
32B/ dock per bank
42 cyde latency

64 byte cache line size

L2: (private per core)
256 KB
4-way set associative, write back

64B / dock, 12 cydle latency

L1: (private per core)

32KB

8-way set associative, write back
2x32B load + 1 x 32B store per clock
4 cyde latency

Support for:
72 outstanding loads
56 outstanding stores

Source: Intel 64 and IA-32 Architectures Optimization Reference Manual (June 2016)

<46 >
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Modern processors replicate contents of memory in local caches

Problem: processors can observe different values for the same memory location

Processor Processor Processor Processor
Cache Cache Cache Cache
( Interconnect J
Memory

int foo; (stored ataddress X)

The chart at right shows the value of variable foo (stored at
address X) in main memory and in each processor's cache

Assume the initial value stored at address X is 0

Assume write-back cache behavior

BEBEH REHE

Action P1$ P2$ P3$ Pas mem[X]

0
P1 load X miss 2]
P2 load X o miss o
P1 store X 1 2] (%]
P3 load X 1 ) miss )
P3 store X 1 e 2 ]
P2 load X 1 [e]hit 2 )
P1 load Y 0 2 1

(assume this load causes eviction of X)

% PEKING UNIVERSITY

<47 >
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 The logic we are about to describe is performed by each
processor’ s cache controller in response to:
* - Loads and stores by the local processor
« - Messages from other caches on the bus
 If all cache controllers operate according to this described
protocol, then coherence will be maintained

« -The caches “cooperate” to ensure coherence is maintained

BIEBEH FEHE <48 >
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- Invalidation-based write-back protocol
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NPT TS
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* Key ideas:
« Aline inthe "modified” state can be modified without notifying the
other caches
* Processor can only write to lines in the modified state
* Need a way to tell other caches that processor wants exclusive
access to the line
« We accomplish this by sending all the other caches messages
 When cache controller sees a request for modified access to a line
it contains
* It must invalidate the line in its cache

BIEBEH FEHE <49 >
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« MSI write-back invalidation protocol

Key tasks of protocol
« Ensuring processor obtains exclusive access for a write
« Locating most recent copy of cache line’ s data on cache miss

Three cache line states
* Invalid (I): same as meaning of invalid in uniprocessor cache
» Shared (S): line valid in one or more caches, memory is up to date
« Modified (M): line valid in exactly one cache (a.k.a. “dirty” or “exclusive”
state)
Two processor operations (triggered by local CPU)
« PrRd(read)
*  PrWr(write)
Three coherence-related bus transactions (from remote caches)
« BusRd: obtain copy of line with no intent to modify
« BusRdX: obtain copy of line with intent to modify
« BusWB: write dirty line out to memory

EE'*EE EE %g#@ <50 >
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« Cache Coherence Protocol: MSI State Diagram

A/ B:if action A is observed by cache controller, action B is taken

/

PrRd /--| | PrWr/-- Processor initiated

—
\_/ - - - - Bus initiated

_-\-H." R
LY "‘\
N 5
b} %

PrRd Processor
PrerBuéfRdX \ f,:'Bué'.ﬁRdf BusWB Read
|I \ \ HI'L BusRdX / BusWB Privr PI’E?CESSDI'
Prwr/ | S g Write
BusRdX | | BusRd Bus Read
\ | BusRdX / --

\ | . .
PrRd / BusRd \ BusRdX Bus Read
" > PrRd/-- Exclusive
— | T BusRd /- BusWB Bus
k Writeback

BBEE A <51>
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« Cache Coherence Protocol: MSI State Diagram

BIEBEH FEHE

I

Proc Action
. P1read x

P3 read x
P3 write x
P1 read x
P2 read x
P2 write x

P1 State

P2 state

P3 state

Bus Act
BusRd
BusRd
BusRdX
BusRd
BusRd
BusRdX

NELF TS

s PEKING UNIVERSITY

Data from

Memory
Memory
Memory
P3’s cache
Memory
Memory

<h2>
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« Cache Coherence Protocol: MESI invalidation protocol

« MSI requires two interconnect transactions for the common case of
reading an address, then writing to it
* Transaction 1: BusRdto move from | to S state
« Transaction 2: BusRdXto move from S to M state
* This inefficiency exists even if application has no sharing at all
« Solution: add additional state E ( “exclusive clean” )
* Line has not been modified, but only this cache has a copy of the line
« Decouples exclusivity from line ownership (line not dirty, so copy in
memory is valid copy of data)
* Upgrade from E to M does not require an bustransaction

BIEBEH FEHE <53 >
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« Cache Coherence Protocol: MESI invalidation protocol

PrRd/--
Prr / --

PrWr / BusRdX +  BusRd/BusWB
PrWr / BusRdX BusRdX / BusWB
PrRd/BusRd PrRd /BusRd U BusRdX / - BusRdX/ -
(no other cache (another cache PrRd/-- . :
asserts shared) asserts shared) BusRd /-- '

m
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