Kew meMmopuja
HanpeagHe teme




Capgpikaj

- HanpepHe TexHukKe onTumMmusauumje
— XapaBepcKe TeXHUKe
— CodTBEepCcKe TeXHUKe
— HameHcKke MHCTpyKUMje
« ANroputmMm 3ameHe
— Mpuonunxuu LRU anroputam
— Mo6osrbwaHn LRU anroputam
— OcTanu anroputmm




Advanced Optimizations

* Reduce hit time
— Small and simple first-level caches
— Way prediction
* Increase bandwidth
— Pipelined caches, multibanked caches, non-blocking caches
* Reduce miss penalty
— Ciritical word first, merging write buffers
* Reduce miss rate
— Compiler optimizations
« Reduce miss penalty or miss rate via parallelization
— Hardware or compiler prefetching

Copyright © 2019, Elsevier Inc. All riginsiREsEnEo I




L1 Size and Associativity

3.0 - I 1-way [ 2-way
B 4-way [ 8-way

2.5 -

2.0 -

Relative access time in microseconds
—
o
|

16 KB 32 KB 64 KB 128 KB 256 KB
Cache size

Access time vs. size and associativity
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L1 Size and Associativity

10.0 4

H -way [ 2-way
o0 Il 4way [ 8-way

8.0 1

7.0 A

6.0

5.0 -

4.0 ~

3.0~

Relative energy per read in nano joules

2.0 4

1.0+

o
16 KB 32 KB 64 KB 128 KB 256 KB
Cache size

Energy per read vs. size and associativity
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Way Prediction (block within the set)

« To improve hit time, predict the way to pre-set mux
— Mis-prediction gives longer hit time
— Prediction accuracy
* > 90% for two-way

* > 80% for four-way
 |-cache has better accuracy than D-cache

— First used on MIPS R10000 in mid-90s
— Used on ARM Cortex-A8
« Extend to predict block as well

— “Way selection”
— Increases mis-prediction penalty

Copyright © 2019, Elsevier Inc. All riginsReseE I



Pipelined Caches

* Pipeline cache access to improve bandwidth

— Examples:
* Pentium: 1 cycle
* Pentium Pro — Pentium IlI: 2 cycles
* Pentium 4 — Core i7: 4 cycles

* Increases branch mis-prediction penalty
« Makes it easier to increase associativity

Example of a 4-Stage Cache Pipeline

Address Decode Decodes the address and selects cache line
Tag Compare Checks if the address matches a cache entry
Data Access Reads or writes data

Copyright © 2019, Els Data Return The data is returned to the processor.



Multibanked Caches

* Organize cache as independent banks to

support simultaneous access

— ARM Cortex-A8 supports 1-4 banks for L2
— Intel I7 supports 4 banks for L1 and 8 banks for L2

 Interleave banks according to block address

Block
address
0
4
8
12

Bank O

Block

address Bank 1

1
5
9

13

Block

address Bank 2

2
6
10
14

Block
address
3
T
11
15

Bank 3
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Nonblocking Caches

« Allow hits before previous misses complete
— “Hit under miss”
— “Hit under multiple miss”

« L2 must support this

* |In general, processors can hide L1 miss penalty but not L2 miss
penalty

—=— Hit-under-1-miss #— Hit-under-2-misses -3¢ Hit-under-64-misses

100%
90% -
809% -
70% e < v o i
609% J4-—-.-.-
509% s e ey Shaer o
40%

Cache access latency

astar

h264ref

libquantum

SPECINT SPECFP
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Critical Word First, Early Restart

 Critical word first
— Request missed word from memory first
— Send it to the processor as soon as it arrives

« Early restart
— Request words in normal order
— Send missed work to the processor as soon as it arrives

« Effectiveness of these strategies depends on block
size and likelihood of another access to the portion
of the block that has not yet been fetched

Copyright © 2019, Elsevier Inc. All riginsiREsEnEo I
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Merging Write Buffer

 When storing to a block that is already pending in the
write buffer, update write buffer

* Reduces stalls due to full write buffer
* Do not apply to I/O addresses

Write address v v

Write-through only

100 Mem[100]

108

No write
buffering

116

3
1 | Mem[108]
1 | Mem[116]
s

o|lo|lo|o|<

0
0
0
0

ole|le|eo|<

124

Mem[124]

Write buffering

Copyright © 2019, Elsevier Inc. All riginsReseE I
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Reduce misses by compiler optimizations

* |nstructions

Reorder procedures in memory so as to reduce conflict misses
Profiling to look at conflicts(using tools they developed)

e Data

Merging Arrays: improve spatial locality by single array of compound
elements vs. 2 arrays

Loop Interchange: change nesting of loops to access data in order
stored in memory

Loop Fusion: Combine 2 independent loops that have same looping and
some variables overlap

Blocking: Improve temporal locality by accessing “blocks” of data
repeatedly vs. going down whole columns or rows

McFarling [1989] reduced caches misses by 75% on 8KB direct mapped cache, 4 byte blocks in software

Copyright © 2019, Elsevier Inc. All riginsReseE I
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Merging arrays example

[* Before: 2 sequential arrays */
Int val[SIZE];
Int key[SIZE];
[* After: 1 array of structures */
struct merge {
Int val;
Int key,
¥
struct merge merged_array[SIZE];

Reducing conflicts between val & key -> improve spatial
locality

Copyright © 2019, Elsevier Inc. All riginsiREsEnEo I
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Loop interchange example

[* Before */
for (k =0; k< 100; k = k+1)
for (j=0;j<100;j=j+1)
for (i=0;1<5000;i=i+1)
x[i0] = 2 * x[10];
[* After */
for (k =0; k < 100; k = k+1)
for (i=0;1<5000; i =i+1)
for (j=0;]<100;|=j+1)
x[i]0] = 2 * x[i]0];
« Sequential accesses instead of striding through memory every 100
words; improved spatial locality

Copyright © 2019, Elsevier Inc. All riginsReseE I
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Loop fusion example

[* Before */
for(i=0;1<N;i=i+l)
for(j=0;]<N;j=]j+1)
ali]i)] = 1/b[iji] * cijbl;
for(i=0;i<N;i=i+l)
for =0;] <N;j=j+l)
dijp] = afiji] + cfijbl;
[* After */
for(i=0;i<N;i=i+l)
for (j=0;)<N;j=j+1){
a[i]i] = 1/b{ip] * clilb];
diiji] = a(ijp] + cfilbl;
} 2 misses per access to a & c vs. one miss per
B | 2015, Elsevier o, Al access; imerove seatial localit =



Blocking example

[* Before */

for(1=0;1<N;i=i+1) >
for j=0; ) <N;j=J+1){
r=0;

for (k=0; k < N; k = k+1){
r=r+y[illk]*z[K]OL
X[l =r;

I3
 Two Inner Loops:
— Read all NxN elements of z][]
— Read N elements of 1 row of y[] repeatedly
— Write N elements of 1 row of X[]
— Capacity Misses a function of N & Cache Size:
— 2N3 + N2 => (assuming no conflict; otherwise ...)
— ldea: compute on BxB submatrix that fits

Copyright © 2019, Elsevier Inc. All riginuSIRESSEE M [ 0000
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Snapshot of arrays x,y,z for N=6 and i=1

% ¥ z
a 1 2 3 <4 5 4] 1 2 3 4 5 0 1 2 3 4 5

QO
1
2
3
4
5

o w N = O
L . L A =

4 2007 Elsavier, Inc. All rights reserved.

 The age of access to the array elements is indicated by shade.
— White -> not yet touched
— Light -> older access

— Dark -> new access

* Inthe “before” algorithm the elements of y and z are read repeatedly to
calculate x. Compare with the next slide which shows the “after” access
patterns. Indexes, |, j, and k are shown along the rows and columns.
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Blocking example

[* After */
for (jj = 0; ] < N; Jj = jj+B)
for (kk = 0; kk < N; kk = kk+B)
for(i=0;i<N;i=i+l)
for (j = jj; j < min(jj+B-1,N); j = j+1)
r=0;
for (k = kk; k < min(kk+B-1,N); k = k+1){
r=r+ y[illk*z[K][]:};
} x[i]0] = x[i0] + r;
« B called Blocking Factor
« Capacity Misses from 2N3 + N2 to 2N3/B +N?
« Conflict Misses Too?

Copyright © 2019, Elsevier Inc. All riginsReseE I
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Snapshot of arrays x,y,z for N=6 and i=1

n o W N = O
L R I 1 B =

2 2007 Elsavier, Inc. All rights reserved.

Copyright © 2019, Elsevier Inc. All riginuSIRESSEE M [ 0000
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Blocking example

[* Before */

for(inti =0; 1< N; i++){

for(intj = 0; j < N; j++){
afj]fi] = b[i[il;
} v

}

Two Loops:
— Read N elements of 1 row of bf]
— Write N elements of 1 column of b]
— Capacity Misses a function of N & Cache Size:
— ldea: compute on BxB submatrix that fits




Blocking example

\4

N AV

klejviviviviv

N

]

N transfers -> N/B+N misses



Blocking example
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Reducing conflict misses by blocking

0.1 T
0.05 + Direct Mapped Cache
Fully Associative Cache
0 ! T 1
0 50 100 150

Blocking Factor

« Conflict misses in caches not FA vs. Blocking size

— Lam et al [1991] a blocking factor of 24 had a fifth the misses vs.
48 despite both fit in cache

Copyright © 2019, Elsevier Inc. All riginsReseE I ] 23



Summary of compiler optimizations to reduce cache misses

(by hand)

vpenta (nasa7)
agamty (nasa7)
tomcatv

btrix (nasa?7)
mxm (nasa7)

spice
cholesky

(nasav?)
compress

1.5

Performance Improvement

2

2.5

B me rged
arrays

] loop

interchange

] loop fusion

] blocking

Copyright © 2019, Elsevier Inc. All riginSREseVe I
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Hardware Prefetching

* Fetch two blocks on miss (include next sequential block)

2.20
2.00 1.97
=
E 1.80
3
E
78 1.60
= 1.49
E 1.45
| = 1.40
® 1407 1.32
a 1.26 1.29
1.20 1.21
Nl ] I I I I
1.00 —J T I T T T T T T T T
gap moecf fam3d wupwise galgel facerec swim applu lucas mgrid equake
SPECiInt2000 SPEC{p2000

Pentium 4 Pre-fetching
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Compiler prefetching

 Insert prefetch instructions before data is needed
Non-faulting: prefetch doesn’t cause exceptions

Register prefetch

— Loads data into register
Cache prefetch

— Loads data into cache

Combine with loop unrolling and software pipelining

Copyright © 2019, Elsevier Inc. All riginsiREsEnEo I
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Reducing misses by software prefetching

« Data Prefetch
— Load data into register (HP PA-RISC loads)

— Cache Prefetch: load into cache
(MIPS IV, PowerPC, SPARC v. 9)

— Special prefetching instructions cannot cause faults;
a form of speculative execution

 Issuing Prefetch Instructions takes time
— |Is cost of prefetch issues < savings in reduced misses?
— Higher superscalar reduces difficulty of issue bandwidth

Copyright © 2019, Elsevier Inc. All riginsiREsEnEo I
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Reducing misses by software prefetching

for(iI=0;i1<3;i=i+l)
for (j=0;j<100;j=j+1)

a[i]i] = b{][O] * b[j+1][C];

e Let's assume we have an 8 KB direct-mapped data
cache with 16-byte blocks, and it is a write-back write
allocate cache. The elements of a and b are 8 bytes long
floating-point. There are 3 rows and 100 columns for a

and 101 rows and 3 columns for b. They are not in the
cache at the start of the program.

Copyright © 2019, Elsevier Inc. All riginsiREsEnEo I
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Reducing misses by software prefetching

Copyright © 2019, Elsevier Inc. All riginsiREsEnEo I

Elements of a are written in the order that they are stored in
memory, so a will benefit from spatial locality: The even values of |
will miss and the odd values will hit. Since a has 3 rows and 100
columns, its accesses will lead to 3 x (100/2), or 150 misses.

The array b does not benefit from spatial locality since the accesses
are not in the order it is stored. The array b does benefit twice from
temporal locality: The same elements are accessed for each
iteration of i, and each iteration of j uses the same value of b as the
last iteration. Ignoring potential conflict misses, the misses due to b
will be for b[j+1][0] accesses when i = 0, and also the first access to
b[j][0] when | = 0. Since j goes from 0 to 99 when | = 0, accesses to
b lead to 100 + 1, or 101 misses.

Thus, this loop will miss the data cache approximately 150 times for
a plus 101 times for b, or 251 misses.

29



Reducing misses by software prefetching

for(j =0;]<100; ] =j+11
prefetch(b[j+7][0]);
[* b(j,0)for 7 iterations later */
prefetch(a[O][j+7]);
[* a(0,))for 7 iterations later */
\ a[0]0] = bh]IA] * b+1]0];
for(i=1;i<3;i=i+l)
for j = 0;)<100; j = j+1){
prefetch(ali][j+7]);
[* a(i,j)for +7 iterations */

a[i]i] = bpl[o] * b{+1][O];

}

Copyright © 2019, Elsevier Inc. All riginsiREsEnEo I
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Reducing misses by software prefetching

* This revised code prefetches a[i][7] through a[i][99] and
b[7][0] through b[100][0], reducing the number of

nonprefetched misses to

— 7 misses for elements b[0][O], b[1][0], . . ., b[6][0] in the first loop

— 4 misses ([7/2])for elements a[0][0], a[0][1], . . ., a[0][6] in the first loop (spatial
locality reduces misses to 1 per 16-byte cache block)

— 4 misses ([7/2])for elements a[1][0], a[1][1], . . ., a[1][6] in the second loop
— 4 misses ([7/2])for elements a[2][0], a[2][1], . . ., a[2][6] in the second loop

« or atotal of 19 nonprefetched misses. The cost of
avoiding 232 cache misses is executing 400 prefetch
Instructions, likely a good trade-off.

31
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Use HBM tp Extend Hierarchy

« 128 MiBta 1 GIB
« Smaller blosks require substantial tag storage
« Larger blocks\are potentially inefficient

* One approach (IxH):
— Each SDRAM rowNs a block index
— Each row contains set of tags and 29 data segments
— 29-set associative

— Hit requires a CAS

High Bandwidth Memory - high-performance RAM interface for 3D-stacked DRAM
Copyright © 2019, Elsevier Inc. All riginsiREsEnEo I
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Use HBM to Extend Hierarchy

* Another approach (Alloy cache):
— Mold tag and data together
— Use direct mapped

* Both schemes require two DRAM accesses for
misses

— Two solutions:
« Use map to keep track of blocks
 Predict likely misses

Copyright © 2019, Elsevier Inc. All riginuSIRESSEE M [ 0000
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Use HBM to Extend Hierarchy

1.5

1 4 R S — [ — —

Spedup on SPECRate

512 MB 1GB

L4 cache size

71 B LH-Cache

1 M sSrRAM-Tags
1 & Alloy cache
1 & ideal

Copyright © 2019, Elsevier Inc. All riginusiRisei0i S [ 000
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Summary

Hit Band- Miss Miss Power Hardware cost/

Technique time width penalty rate consumption complexity Comment

Small and simple + - + 0 Tnvial; waidely used

caches

Way-predicting caches + . 1 Used in Pentium 4

Pipelined & banked - + 1 Widely used

caches

Nonblocking caches - - 3 Widely used

Critical word first and + 2 Widely used

early restart

Merging write buffer + 1 Widely used with write
through

Compiler techniques to - 0 Software is a challenge, but

reduce cache misses many compilers handle
common linear algebma
calculations

Hardware prefetching + + — 2 instr., Most provide prefetch

of insoructons and data 3 data nswructions; modem high-
end processors also
automatically prefetch in
hardware

Compiler-controlled + + 3 Needs nonblocking cache:

prefetching possible instruction
overhead: in many CPUSs

HBM as additional +- — + + 3 Depends on new packaging

level of cache

technology. Effects depend
heavily on hit rate
Improvements

Copyright © 2019, Elsevier Inc. All riginuSIRESSEE M [ 0000
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3ameHa 6n10KOBa Kell memopuje

* [pun n3dopy anroputma Tpeba BOAUTU padyHa:

— Anroputam Tpeba na 06e3bean MUHUMaNHy
BepoBaTHohy aa he 6nok koju je ogabpaH 3a 3aMeHy u
BpaheH 13 Kew y onepaTtueHy MeMopujy yop3o mopartu
NMOHOBO Aa Ce 4OBYyYe U3 OrnepaTtuBHE Yy Kell MeMOpPW)y.

— Opyru je oa ueHa xapAaBepa noTpebHor 3a Herosy
peanunisauunjy oyae wTo je moryhe Huxa.

* Kop Kell memopuje ca AUPEKTHUM NpecrnmkaBame ce He
KOPUTW.



3ameHa 6n10KOBa Kell memopuje

PasmaTtpajy aBe rpyne anroputmMa 3ameHe U 10
* [NpnonmwxHn LRU anropuntam
— 3ameHa Ha ocHoBy jegHor 6uTta 1b
— MRU nceygo LRU anroputam (NRU)
— MogudgomnkosaHu nceygo LRU anroputam — MPLRU
— SIDE anroputam
* [loborbwann LRU anroputam
— CermeHTtnpanm LRU
- 2Q
— LRU-K
— Adaptive Replacement Cache (ARC)




3ameHa Ha OCHOBY jeaHor 6buTta 1b

Vipeja: CeToBu cy nogerbeHn Ha ABe rpyne, a npunmnkom
n3baLmBaH€e ce 13 OHe rpyne Kojoj Huje nocrnenHe
npucTynaHo Ha crnyvajaH Ha4uvH bupa jeaaH ynas. Liurs je aa
ce 3allTUTK yna3s KOMe je HajcKkopuje NPUCTynaHo, U HEerosu
cyceau, oa nsbauuBama.

Moryha peanusalmja: KOpucTu ce jeaaH buT no ceTy Koju
namTy KOjoj Aa Nnv ce NpUCTynano NpBoj NOMOBMHM ynasa unu
OpYyroj nosioBMHU. 3a cny4vajaH n3bop ce KopucTtu rnobasnHu
FIFO 6pojau.

Jlowe CTpaHe: He BoAW Ce A0BOJbHO padyHa o Tome Aa he
BroK Koju je 3aMeHeH MoXada yop30 MopaTu NoHOBO Aa ce
OOBYyYe U3 OrnepaTuBHE Y KeL MeMopUjy.

« [lobpe cTpaHe: xapaBep 3a peanu3auunjy je jeaHOCTaBaH.

38




MRU nceyao LRU anroputam - NRU

* Wpeja: 3a ceaku Oriok ce namMTu ga nn je Hajckopwuje
NPUCTYyNaHu, CBe OOK Ce He NPUCTynn cBuMm BnokoBmma, kaga
Ce CBW MHOMKaTOpK (OCUM OBOTI KOMe Ce Nnocrneaxe npuctyna)

pecerTyjy.

« Moryha peanusauuja: 3a cBaku ynas ce namTu rno jegaH owur.
Kaga ce npuctynn Hekom ynasy Taj 6uT ce noctaBrba Ha
BpeaHocT 1. YKONUKO cy CBU ocTann OUTM NOCTaBIbEHU Ha
BpeaHocT 1 oHAa ce noctaBrbajy Ha BpegHocT 0. 3a 3aMeHy
ce Oupa ynas ca HajMawnM pegHUMm DpojeM y KOME je
BpeaHocrT 0.

« Jlowe cTpaHe: NnamTn orpaHNYeHy UCTOPW)y.
« [lobpe cTpaHe: xapaBep 3a peanusauunjy je jeaHOCTaBaH.
(Konuko?)

39




MoaudukosaHu nceygo LRU anroputam

 Wpeja: Kako bu ce cavyBana WITO AyXa UcTtopuja
kKopuctntn nceygo LRU anroputam anu ca npetxogHo
ogabpaHoM rpynom.

* Moryha peanusauuja: Anropntam 3amMeHe YecTo ce
KOPUCTU Kaga je bpoj ynasa no cety Hajuyewhe 4etnpu
nnn ocam. Y cny4ajy 4etmpu yrnasa rno cety notpebaH
perncrap gyxuHe 4yetupu ourta v npareha
KOMOWHaLUWOHa fnoruka (jegaH buT cagawHer npucTyna,
jenaH ouT 3a NpeTxo4Hu NMPUCTYM, K No jeda OUT 3a cBaky
rpyny)

40




Nceyao LRU anroputam - noaceTHUK

1

N4
ulaz O >
o
! ulaz 1
0
' utaz2 >

0]
| L=0.1=0 | | L=o.1=1 | | L=1.10 | | L=1,1~1 |
N4 N4 N

%
N4
[njarpam ToKa Npu axxypupamy

ulaz 3 ulaz 2 ulaz 1 ulaz 0
s 7]

[uvjarpam ToKa npu oapehnsarby ynasa 3a 3aMeHy

41



MoaudpunkosaHu nceyao LRU anroputam

Current
AB / CD bit

Previous
AB / CD bit

T

A/B
bit

C/D
bit

~N 74 ~N &
Block Block Block
A B D

[unjarpam ToKa npu oapehunBatby ynasa 3a 3aMeHy
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MoaudukosaHu nceygo LRU anroputam

« [obpe ctpaHe: OBaj anroputam je 3acHOBaH Ha UCTO]
npetnoctasuu kao U LRU mn nceyno LRU anroputam u
nMma 3a Unrb ga 3a 3ameHy bupa 6nok kome ce HajMahe
ckopo npuctynarsno. ima HewwTo 6orbe KapakTepPUCTUKE Y
ogHocy Ha nceyno LRU anroputam.

« Jlowe cTpaHe: XapaBep 3a erosy peanusauujy je
jeoHocTaBHUjM Y ogHocy Ha xapasep LRU anroputma, na
je oBaj anroputam Mmawe npeuunsaH y ogHocy Ha LRU
anroputam.




SIDE anroputam

* Wpeja: Kopnwhemne dpojaykor peructpa (kao FIFO) koju ce
axkypupa Tokom npuctyna (cnnyHo LRU). Ha osaj HauumH
Opojaykn peructap genv ynase Ha ase rpyne: moryhun
HajcKopuje NnpucTynaHn ca nese cTpaHe bpojada n HajaaBHUje
NpuUCTynaHn ca AecHe cTpaHe bpojaya.

* YKOMKWKO MMa carnacHocCT y ynaay |,

— OHAa YKONUKo je i =2 ¢ bpojad ce noctasrba Ha (i+1)mod N,
— WHa4ye Ce Ha Meh-a.
* YKONnKMKO ce He OTKpuje carnacHocCT

— Onok ce gosnayv y Heku ynas ca gecHe ctpaHe bpojaya
(cneunjanaH criyyaj goenaym ce y ynas c)

— ©Opojay ce nocTasrba Ha (c+1)mod N.




SIDE anroputam

« [Hobpe ctpaHe: KombuHauuja FIFO anropntma y
norneny xapgesepa u LRU anroputma y norneny sameHe.
Xapasep 3a peanusauujy je jeaHOCTaBHUU Y OQHOCY Ha
xapgBep LRU anropntma

« Jlowe cTtpaHe: Ha no4veTKy cBake dpase npeTrxogHe
nHdopmaumje ce rybe. lNpunukom nsbopa ynasa 3a
3amMeHy bmpa ce HeKM yras ca gecHe ctpaHe b6pojava.
Anroputam je Mmawe npeunsaH y ogHocy Ha LRU
anroputam.




Mpernen npnbanxkHux LRU anroputama

Policy Bits required 4-way What to do What to do Logic required (only estimations) Performanceto LRU
when hit on i? when miss?

Random log2(Nways) Update LFSR LFSRs and XORs to generate the random 22% worse [Z0U04]
FIFO Nsets.log2(Nwa 2. Nsets - Increment Incrementing logic and Nsets log2(Nways)-bit-counter 12-20% worse [ZOUO04,
ys) FIFO counter registers. Low overhead in principle. SMI83]
LRU Nsets.Nways.lo 8. Nsets Updatethe LRU  Update the Can be implementedin a matrix form. Seems too -
g2(Nways) stack LRU stack intricate and computation time consuming for

embedded systems

1-bit Nsets 1.Nsets Update the bit Update the LFSRs and XORs to generate the random in the LRU 10-20% worse for high
bit partition, Nsets. Nways OR/AND associativity; 5-10% worse for
low [SO88]
MRU Nsets. Nways 4. Nsets Update the Update the Around Nways. Nsets registers (for the MRU bits), 1% worse to 3% better
(NRU) MRU bits MRU bits Nways. Nsets muxes, 3.Nsets. log2(Nways)AND/OR [zOu04]
PLRUt Nsets.(Nways-1) 3. Nsets Update the tree  Update the Around Nsets.(Nways -1)registers, Nsets.(Nways - 1-5% worse [ZOU04]
bits tree bits 1)Muxes, Nsets.(Nways -1)inverters, Nsets.
log2(Nways)OR
MPLRU Nsets. Nways 4. Nsets Updatethe tree ~ Update the
bits tree bits
SIDE Nsets. 2. Nsets Update the Increment Nsets log2(Nways)-bit-registers for the counters. 0-20% worse. Strongly
log2(Nways) counter c to counter and Nways -bit comparator and incrementation. LFSRsand  dependent on associativity.
(i+1)modSifi > random XORs to generate the random during the discarding On low associativity (2-8), O-
c Nothingifi<c  selection selection. 5% [DEV90] 46

https://people.kth.se/~ingo/MasterThesis/ThesisDamienGille2007.pdf



Mceypo LRU random anroputam

* Wpeja: Kopuctntn nceyoo LRU anroputam kako ou ce
OoLWno Oo rpyne moryhux ynasa. YHyTap rpyne Ha
criyyajaH Ha4uH usabpaTtu jegaH ynasa.

. RND . RND . RND . RND - . RND " RND . RND " RND .
b, L iy . S, S S - A,

ED "31 52 33 'E4 55 ‘-'"6 E'? ‘-'"8 EQ 31[} é..11 312 513 314 £15
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Random nceyao LRU anroputam

* Wpeja: Kopuctehun cnyyajaH n3dop ogabpartu jeaHy oa
moryh rpyna ynasa (Ordered selection). YHyTap rpyne
kopuctehu nceygo LRU anroputam nzabpartu jegaH

yIasa. ~RND

| lp | I4 | la | I3 | ly | Is | lg | l7 | Is | lg |E10|311 |f12|f13|f14|515|516|f17|f18|f19|32|521 |322|323|

http://embedded.cs.uni-saar|a e DU C o O TS S DA S T ——
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LFU anropurtam (Least frequently used)

Npeja: 3a 3ameHy ce brupa 6510k Kome ce HajMawKu Bpoj nyTa
npucTynano.

Moryha peanusauuja: [loger-veaxe bpojada cBakoM Oroky koju ce
yunTaea y kel Memopujy. CBaku nyT kaga ce NpucTynu Oroky,
Opojay ce noeehaea 3a jegaH. Kaga ce kel MeMopuja HanyHu 1
NojaBu ce 3axTeB 3a HOBMM DIIOKOM TpaXu ce bSOk ca HajMaH0M
BpeaHohy 6pojava u Taj brnok ce yknakwa 13 Kewua.

[Tpobrniemu: NocmTpa ce BNOK y MEMOPUjN KOME Ce NYHO MnyTa
NPUTYNUSIO Y KpaTKOM BPEMEHCKOM Nepuoay U Kome ce BuULle He
npuctyna. 36or 6p3nHe KOjoM ce NpuUcTynuno, 6pojad ce ApacTUYHO
nosehao nako ce Hehe noHoBo KopuctuUT. OBO OCTaBIba Apyre
bnokoBe koju Cce 3anpaBo Mory Yewne KOpUCTUTK NMOOSIOKHNUM
nsbauymeary. OBO 3HaA4YM ga ce HOBU BITOKOBM KOjU CYy CKOPO YYUTaHU
y Kell NoasnoXHe 6p3oM yknakamy, jep Novmky ca HUCKUM
bpojayvem, nako 6m ce HakOH Tora Morrfe Bprio YECTO KOPUCTUTH.
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SLRU anropurtam (Segmented LRU)

* Wpeja: Kew ce genu Ha oBa cermMeHTa (ouMKCHe BernunymnHe
— 3alTUhEeHn CEerMeHTn n
— MOTyNU CEermMeHT.

e Y cny4ajy Ooa Hema carfnacHOCTU nogaTtak ce gogaje y aeo
moryher cermeHTta Koju je Hajckopuje kopuwwheH (MRU).

* Y cnydajy ga uma carnacHOCTu nogaTak ce ctaBriba Yy Oeo
3alutTnheHor cermeHTa Koju je Hajckopuje kopuwheH (MRU).

* [lowTo 3aWITUNEHN CErMEHT MMa KOHAYHYy BENTUYUNHY
aogaBan-€ HOBUX OriokoBa Yy 3awTuheHn cerMmeHT noctojehe
brnokoBe npema LRU ce npebauyjy y Hajckopuje kopuiheH
0eo Mmoryher cermeHTa.
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SLRU anropurtam (Segmented LRU)

An (LRU Al (LRU)
An (LW Al (LRU)
An (LRU Alﬁ?U)
An (LRU Al (LRU)




MojepHOCTaB/beHU 2Q anroputam

* Wpeja: Kew ce genu Ha aBa pefda NpoMeHIbMBe Benn4ynHe, Koa
KOjUX NPBU cafpXu camo ONokose Kojuma je npucTynaHo jegHoM Al
(FIFO) n gpyru koju cagpxm OnNokose Kojuma je NpucTynaHo BuLle
nyta An (LRU).

*  YKONMNKO MMma carfnacHOCTU:

— AKo je y An 6ok cTaBuUTK ra Ha nodetak An peaa.
— Ako je y A1 6nok nsbauutu ra n3 A1 n npedauntn ra Ha no4vetak An.

YKONMKO Hema carnacHocTu:

— AKo Hema mecTa 1 BennduHa A1 je nsHapg npara nsbauymtn 6rnok n3
Al.

— AKO Hema mecTa 1 BenuymHa A1 je ncnog npara nsbauntm 6rnok mn3
An.

Y cBakoMm criyyajy 6nok ctaButu Ha nodetak Al peaa.
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MojepHOCTaB/beHU 2Q anroputam

An (LRU

An (LRU)

An (LRU

An (LRU

An (LRU

Al (FIFO)

Al (FIFO)

Al (FIFO)

Al (FlFﬂ

Al (FIFO)

53



2Q anroputam — PUKCHe BeNINYUHE

* Wpeja: Kopuwhetbe aBa peda koA Kojux npeu cagpxu camo onokoBe
Kojuma je npuctynaHo jegHomM Al (FIFO) n gpyru koju cagpxu
bnokoBe kojuma je npucTtynaHo suwe nyta An (LRU). Peg Al je
nogeroeH y aea FIFO pega A1in (6nokosu) n Alout (camo
pedepeHLe).

*  YKONUKO MMa carnacHOCTH:

— Ako je y An axypupaTtu LRU.

— Ako je y Alout npebauutn ra y An, 6nok koja ce nsbauyje n3 An nge
y A1in, a pedepeHua Ha bnok koju ce nsbauyje n3 Alin nge y Alout,
axypupatn LRU n oba FIFO.

— Ako je y Alin He pagnTu HMLWITA.
* YKONUKO HEMA carnacHoOCTU:

— bnok ce goenaum y A1in, pedepeHua Ha 6nok Koju ce nsdauyje mn3
Alin uge y Alout, axypupatmn oba FIFO.




2Q anroputam — PUKCHe BENNYUNHE

An (LRU

Alin

(FIFO)

Alout (FIFO)

An (LW

Alin

(FIFO)

An (LRU

Alout (FIFO)

An (LRU

AliﬂFIFO)

Alout (FIFO)

Alin

(FIFO)

An (LRU

Alin

(FIFO)

Alout |FIFO!

Alout (FIFO)
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2Q anroputam

Wpeja: Kopywhere ABa pefa Ko KOjuX NpBU cagpku camo onokoBe
Kojuma je npuctynaHo jegHom Al (FIFO) n apyru Koju cagpxu bnokose
Kojuma je npuctynaHo suwe nyta An (LRU). Peg Al je nogerbeH y aBa
FIFO pena A1lin (6nokosu) n Alout (camo pedepeHug).
YKONMUKO MMa carnacHoCTu:

— Ako je y An Taj 610K cTaBUTK Ha No4veTak An peaa.

— Ako je y Alout, ocnoboantn mecto, 6nok cTaBuTM Ha noyeTak An peaa.

— Ako je y Alin He paanTn HUWTA.

YKONMUKO HEMa carfnacHOCTU:
— Ocnoboantn mecTo, cTaBuUTU Ha nodetak Alin.

Ocnobogntn mecTo:

— AKo Hema mecTa U ako je BenudnHa Alin n3Haz npara nsdauntu 6rnok n3
Alin u eerosy ctasutn pedepeHuy y Alout, a ako je sennynHe Alout
n3Hapg npara n3dauutmn ctapy pedeHuy ns Alout.

— AKO Hema mecTa nHade nsbauntm 6nok ns An.
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LRU-K

 Wpeja: Nogena kew memopuje Ha K aenosa Koju
oarosapajy bnokosuma kojuma je npuctynaHo namehy 1
n K nyta HegaBHO.

* [lpunukom cBakor NpucTyna noTpedHo je BoanNTU
eBunaeHumjy o bpojy npuctyna y uHteparny (noruka 3a
npemMeluTame). Y cryyajy ga Hema carnacHocCTu 3a
n3dbaumBare ce bMUTa OHaj yras KOMe je HajMmare
NPUCTYNaHo y NMHTepBasny n Koju Mehy kbuma nma
Hajmawy LRU.




ARC (Adaptive Replacement Cache)

* Wpeja: Kew ce genun Ha age rpyne: L1 n L2 cBaka gyxuHe c.
L1 cappxu briokoBe Kojuma je cCkopo NpucTynaHo jeaHom n L2
cagpxu b6riokoBe KojuMa je CKopo npuctynaHo bapem asa
nyta. OBe OBe rpyne ce oHAa AMHAMWYKK Oere Yy rno aBe
nogrpyne T(op)— koja cagpxun MRU geo — n B(ottom)— koju
cagpxu LRU geo — tako ga saxu ||T1 U T2||=c.

 T1wn T2 4yBajy brnokoBe, fok B1 u B2 yyBajy pedepeHue
CKOpO n3daveHmnx brnokosa.

« 3a BenunuuHy noarpyne T1 ce kopuctn napametap p. Y 6uno
KoM TpeHyTKy ARC anroputam ce noHalla Kao anroputam ca
doMKCHOM BENUYMHOM Mpu Yyemy je p onokosay T1uc-py T2.
[TapameTap p ce AMHaMU4YKN MeHa Kako bu ce YyBana
HajakTMBHWja NUCTa.
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ARC (Adaptive Replacement Cache)

p=0.

YKOnunKo uma carnacHocCTHU:
— AxojeyT1wunu T2, npebaun Ha noyetak T2
— Ako jeyB1, p=min(c, p + max(|B2|/|B1|,1)), ocnoboan npocTop, npebaun Ha novetak T2
— Axojey B2, p=max(0, p - max(|B1//|B2|,1)), ocnoboau npocTop, npebauun Ha noyetak T2
YKONnnKO Hema carnacHOCTMU:
— Akoje |L1|=cC
* AKo je |Tl|<c, usbaum ns B1l, ocnoboan npoctop
* AKoje |T1l|=c, usbaum ns T1
— AKo je |L1|<c and |L1]+|L2]| >=cC
* Ako je |L1]+|L2| = ¢, usbaum n3 B2, ocnoboan npoctop
y CBakoM cny4yajy npebaum Ha noyetak T1
Ocnobahare npocTopa:
— Axoje |T1]>1 and ((carmacHocT y B2 and |T1|=p) or (|T1|>p)) n3baum n3 T1y B1
—  vHaye n3baun n3 T2y B2
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ARC (Adaptive Replacement Cache)
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ARC (Adaptive Replacement Cache)

82 (LRU 72 (LRU| T1 (LRU BI (LRU
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Mpernepn nobosswannx LRU anropurama

User What to do when hit on i? What to do when miss? Complexity per | Performanceto
defined request ({V)
parame
ters
SLRU 2 LRU lists of PbS size Move i to the MRU position of the PtSd. Move the line to the MRU part of the Constant Around 5% better
fixed size Move the LRU line of the PtS to the MRU PbS. Discard the LRU line of the PbS if [KAR94]
cl+c2=c position of the PbSe if necessary. Discard necessary.

the LRU line of the PbS if necessary.

2Q 1LRU listand 1 Kin and Move it the MRU side of the LRU list Am. Move the line to the back-end of the Constant 5-10% better
FIFO list split Kout Ifit was in Al, remove it from Al. FIFO Alin. Move the discarded line to [JOH94]
into two sub the FIFO Alout. Discard line from this
lists FIFO.
LRU-K K history lists CIP Update the CRP of the data and its K Select a victim by exploring the list of Logarithmic Around 50% better
history lists. 1st and K access. Initialize the CRP and time (because for very large
the K history lists of the data. of its priority database buffers
queue) [ONE93]
ARC 2 LRU lists of - Move i to the MRU position of T2 Hit on B1/B2: Update p (addition and Constant 50-200% better
sizec min/max operations) and move i to the [MEGO03]
MRU position of T2.

Miss on T1/B1/T2/B2: Delete the LRU
pageinB1if | |T1]|| <c,inT1
otherwise. Move i to the MRU in T1.

https://people.kth.se/~ingo/MasterThesis/ThesisDamienGille2007.pdf

;g 62



NMurawma?

EnekTpotexHnykn dakynrer
YHuBep3uteT y beorpany




