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B1E RIFENM

F1E F1FEHM

1.1 FEFNERER

&77 (Cache) BUHENAKPF—MHXENSREFERR, ATREGRELERESHNRENEF
fEER Z EMVEEEHE, MCPUFEFHRIMEETR, NREFRANEZFISHARATHATD KR
M4 (CDN), ZERATLARE,

EENZOBRETERLRNEEMERE:

EX 1.1: BEERE
BY{E) /B ER1% (Temporal Locality) : R —MEUBTIHKIAIE, BATERARK KRBT
R

FE/EEPY (Spatial Locality) : 1R —PMEUBEIKRIAE, IBASESHEBHHIBEBMEAIREE
ARABE R,

EEFRARBER=DXBHAER:
- ZEEHER. SEEREFNERERNSREFEXE
- BREJERES . AEHIBRMAKEZEETR (EEMRS. HEEK. 2488)
o BRER. YEEFRE, REBRPNBIER



B1E RTFENM

Cache Hierarchy and Replacement Policies

Hardware Caches Software Caches
L1/L2/L3 CPU Caches OS Page Cache, App Caches
Policies: LRU, RRIP, DRRIP, Policies: MGLRU, ARC, 2Q,
SHiP, Hawkeye, etc. S3-FIFO, SIEVE, etc.

Constraint Hardware Software
Decision Time Nanoseconds Microseconds/Milliseconds
Storage Overhead Very Limited (KBs) More Flexible (MBs)
Complexity Simple & Fast Can be Complex
Adaptability Limited High
Learning Online/Perceptron ML/RL Possible

[Trend: Hardware learning from software; Software becoming more sophisticated]

1-1 EERREMSERRIED K

1.2 BFE R

ZEBRNAREZFEEREZONARATE. SEFEHEFTZMAFTIER, Bl
REIQAITURTE BN IE BIBRMNIZ R IEZE (evict) o BB EMRBEN ZEAUEFHRE, BIR
AIRELL R EEF P EIFR B R,

Belady=fL&E (MIN)

Belady7E 1966 F IEFA 7 IR EF B MRS . SFEBME, EET—RIFREERZHN
HRRFITIE, XPNEIEHRIT I Belady's MINSLOPTE o,

PAM, BeladySx B ATERFFREARSIIN, EAERFERRMARKNILEFT. ALk, FrE
FYSSFRE R E TR AN, HEEMREE AT,

1.3 & IENR
LB R ERN T BT aE:
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R 1-1 EEERRBRITLIER

it EX WA

@ (Hit Ratio) BRHURER / SIRIRIRER B ERMEREIEIT
FREZE (Miss Ratio) 1- SRR BRI INSERFERILLA]
F1i518)Ada] AnFRATIE] x BRERER + BRRATIE] x FRIRER LZateeietn
SSUERE REEREMTEERE FMISPTERE
st TR EYEE B E—RIEIGIRNSREF
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P28 BAEMRR

AENBRBEMOEFERRE, XERBEURTEREEXFZANENM, RECIINILIE
B, BEWZYIR THARIARH.

2.1 FIFO (fci#scth)

FIFO (First-In-First-Out) EERERENEEFBIRKE, TREBHIERHENEEZNLEINFHTT
EIE, HFEESHME, EEFEREHFANEFNHIERHITIRE,

FIFO (First-In-First-Out) Algorithm

Head (Oldest)

Insert Evict

t=1 t=2 t=3 t=4

Tail (Newest)

FIFO Principle:

« Evict the oldest block in the cache

+ Simple implementation using a queue

*« Not scan-resistant; sequential access pollutes cache

2-1 FIFOB £ T {E/RIE
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B3k 2.1: FIFOSHREER

HipREIER X B

MR X EEET
e

EYUR
MREFCH:

IR AT SK BB R ERHEIR

B X HENFIESD
R [ElERR

flim:
o SLHIREEER, ZELP—PATY
- BEIEREN 00)
o THEESRIFINNEHTHE
B
o BEAREEIANIIRYRITIHIAIER
o WHAMEEYARIMRIL (sequential scan) ZHBEIKITSI
o ATREIRZ{ISASN E fsE F BURIE IR

2.2 LRU (REZR/VER)

LRU (Least Recently Used) & FBYE]FE4ERIE, INARIEHIFIEEBIERERABRERRE
AIEERRHIA I, HEEHBIREN, LRUAERKEBR#IHREIERH#ITIRZ.
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LRU (Least Recently Used) Algorithm

Most Recently Used

A < B < C <] D < Ee—if— Evict

t=5 t=4 t=3 t=2 t=1

Least Recently Used (Eviction Candidate)

LRU Principle:

+ Evict the block that has not been accessed for the longest time
* Maintains temporal locality

* High overhead: requires tracking access order

B 2-2 LRUBZTERIE

8% 2.2; LRUBHGREEER

HipPEiER X B
MR X EEES:
B X BopRgERkE

R[E]gEF
A0
WMREEFEH:

IXZ R E AR RIIHEIR
B X HENEERKH
R [ElER %K

LRUBE ERANAERMEARNASGHKEIN, RIE OQ1) WISEIERE, 7AT, LRUBEE

— L&At ;

- AMIKMME. INFRARSRRIERET, HIEREGHAMIERZER A
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23LFU (R/VERMZEK)

LFU (Least Frequently Used) EFiFRMERATEER, SHIPE M EIBRIIARITE, H5
EEREY, mEBEIRRIRS R DBEERIRFITIRZ,

LFU (Least Frequently Used) Algorithm

Highest Frequency

L - - L EC—-—-—-—- Evict

Gl @O || © || &© || D

Lowest Frequency (Eviction Candidate)

LFU Principle:
+ Evict the block with the lowest access freguency
* Good for stable popularity distributions

* Problem: "cache pollution" - old popular items stay
B 2-3 LFUB A T{ERIR

8% 2.3; LFUEHIERE

HipPEiER X BY:
MR X EEEF:

X.count += 1

R[ElgEAR
EUI
WMREEFEH:

KX TR/ SRR
¥ X EAERE, X.count = 1
IR [EFRS

10
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o WWEIEBARRLY . MIMANBIERFERKIEA MR E BT
- ENERER. FTELPEFEMRRERIIR/NITER, BHEH O(logn)

R T RRXLEES, 12T SFLFUNSGHIRAS, GILFU-Aging. LFUS, &Rt
RSB RIS 2 (Ko
2.4 CLOCKE %

CLOCKE 3% (H2#F#Second Chance®ii%) EFLRUBI—FENSIHL, M B BRI 5.
EREFRARHE— N TTEAR, SMRB—3IFL (reference bit)o

Bk 2.4: CLOCKERER

Mafk: FRBsIAIgRe, NEEHHERERMUE

HipmEIER X BY:
WR X FEEEFTF:
X.ref =1
RElaEH
EY K
T
WREIFHIEAAIIR . ref == 0
IXZIZIR, HEAX, X.ref = 0
NEEE St T
IR[E)ERS
EK
ZR.ref = 0
NEEE St T

CLOCKBEZRNMMBEETF:

. ERAMmIrRER, AEFAHEEN
- TEAESREPIBEHEIER

- LIMER, EEEAEN

FRRREA, CLOCKTEWZ TEHE T ANLLRUFHER, MAGHPERBER., XBLTE
L2V S ETF CLOCKIBUHE .

11
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B3E NG RFEH IR

RirEr RERRNET. NAREFET. BIEEEMLE) SHBAHEEFMEL, BEEARN
RiElE. MHREFAUURBEERNT L, ERESHTHE, EEFUAAINSFIKAR, &
ENBMREBRNRHREFEIRERE,

3.1ARC (BHEMNERERF)

ARC (Adaptive Replacement Cache) FHMegiddofIModhaF20035F1et, B@—MBEIBAMNEFE
WEE, ARCHZOBEERNEIFRIEMER (recency) FISAZEFEA (frequency) FANFIFK, FH
RIETEAHDSREEN] 2B FE,.

ARC (Adaptive Replacement Cache) Algorithm

Adaptive Parameter

T1 (Recency List) T2 (Frequency List)
p
D C B G F E
Bl (Ghost T1) B2 (Ghost T2)
------------------------------------------------------------------------------------------------------------
A

ARC Advantages:

v Self-tuning: adapts to workload
v Scan-resistant

v Constant time complexity

v No user-defined parameters

1. New block - T1 (if not in B1/B2)

2. Hit in T1 - move to T2 (frequency promotion)
3. Hit in Bl - increase p (favor recency)

4. Hit in B2 - decrease p (favor frequency)

5. Eviction: from T1l or T2 based on p

ARC Workflow:

3-1 ARCEEEMRER

3.1.1 ARCHYZHS

ARCHEIPIONTIFR

o T1. SREIFRI—ARBTIESIER (LRUIRR)

12
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3.1.2 T{ERTE

B% 3.1 ARCEIRER

LiERMmE X BY:
1BRL: X £ T1 8 72 & (dsHh)
¥ X B3 T2 MIMRUMLE

fB5R2: X 7 B1 1 (BR&HHTL)
// WEARELRMTTEE MME
0 p: p = min(p + max(B2.length/Bl.length, 1), cache_size)
M B1 #BR X, ¥ X BN\ T2 MIMRULIE
miTEm (WFx0)

BE53: X £ B2 A (MR aT2)
// RBESAEISRMN R EE N E
AL p: p = max(p - max(Bl.length/B2.length, 1), 0)
M B2 #B: X, ¥ X BN T2 HIMRUIE
HITE IR

B4 X REREETIRS (LERK)
YR T1.length + B1l.length == cache_size:
YR T1.length < cache_size:
M Bl IRZELRUDIE
MITER
EYU
M T1 IKZELRUTIE
FMINR T1.length + Bl.length < cache_size:
R T1.length + T2.length + B1.length + B2.length >= cache_size:
Y8 Ti.length + T2.length + Bi1.length + B2.length ==
2*cache_size:
M B2 IRZELRUDIE
MITEmR
¥ X BN T1 BIMRUMIE

Bge:
ME T1.length > 0@ B (T1i.length > p 8 (X 7£ B2 #H Ti.length == p)):
M T1 IKELRUDIEE] B1
E

M T2 IKZELRUTTEZEI B2

13
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3.1.3 ARCHY{LH:

ARCHIZSBI514

- BERY: BXEBLEN TERHENTK
BHIERY: —AMRARTRTRER
EHRESRE: S MERNLEREN 0(1)
EERAS. FEEAFPEETASH

MAERIE: AELEPRNEDSEREHILRU-2MEY

ARCE#H ZNATFEMARAPR, SIEZFSXH RS, PostgreSQLIIEESE, ARFKAE, &F
MI{EAHET, ARCHEFHERALULLERLRUIEE10%L o

3.2 2Q8E
2Q (Two Queue) B %HJohnsonFIShashaF1994F g, BEFARLRUMFAERTIAM, 2QfF
BRANBATIREX 725588 1A n] FI HA TG [n) FU 23R

3.2.1 2QMy&5Hy
0 BEDN=Z1ER:

« Am (Main LRU) : FLRUPRAFI, HEEZA/H 3/4
« Alin (Small FIFO) : /NBUFIFOPAT!, HETFA/IHI 1/4
« Alout (Ghost FIFO) : WARFIFOPAT!, RIFMETEIE, NNAREEFHN—F

14
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3.2.2 T{ERTE

B 3.2: 2QEHER

ZiplaEdER X B
MR X £ An
¥ x #%5h3 Am HIMRUGIE
RElaEH

MR X £ Alin H:
// YEAIRIE, RIFEALINAR
iR[E]&H

MR X £ Alout Hi:
// BEWFIKZFENKIAIN, AR
M Alout PR X
WM Am B
M Am IELRUTTEZE! Alout
¥ X BN Am HIMRUMIE
IRElERS

// X RIEFEPATIF (LEK)
WM Alin Bi:
M Alin IXEFIFOTIEZEI Alout
¥ X BN Alin BIEER
IRElERS

20891z BAEREAALNERTIEER: REBLEFEALnNPHIRZ G X EHIHRNEIERA
BEHNEEFAM, BN LE T HERIA RS RER,
3.2.3 2QHF PR
« BLRUFH: AmFEALRU, FELPHER, CPUNIREAHEES
o AlinidK: 25%MEEFEDECLEALn, EMRAAEFIFMETIRET K
. PEUBEIIMERES . AEURIRA TS ZRT ALinFIALoutA BEFH NAm, EREIMN— KR K

15
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3.3 S3-FIFO

S3-FIFO (Simple and Scalable FIFO-based Cache) HYangZ A F2023F1ed, @ —ME FFIFO
AFIRF B EEFEEME X, S3-FIFONIRItBirEEE. aff BREAFSwmHEX,

S3-FIFO Algorithm

Small FIFO (10%) Main Clock (90%)

R=1
A — H G F E D
R=1 R=1 R=0
\
\
\
\
S ‘\
a
< \
\\
\‘ Ghost FIFO (100%) - Stores only keys

S3-FIF0 Key Ideas:

« Small FIFO filters unpopular objects quickly

« Ref bit (R) tracks re-references in Small FIFO
¢+ R=1: promoted to Main Clock directly

¢+ R=0: goes to Ghost FIFO first

« Main Clock uses CLOCK algorithm

3-2 S3-FIFOEL A4 MR A E

3.3.1 S3-FIFORY4&E#

S3-FIFOfERR =1 FA5!:

« Small FIFO: HEEFA/NM10%, BFHRIEDERRITIEIRER
« Main Clock: HZETEA/NEI0%, FEACLOCKE EEIE
e Ghost FIFO: K/NEFEFEEFEKR/), REFEEHIKZIIIERNITIE

FN7ESmall FIFORRBIEIEIRE— S| BNAL (Refbit) , BFIREEEWEMIAIN,

16
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3.3.2 T{ERTE

B3£ 3.3 S3-FIFOEHAGEERR

LipasER x B
MR X £ Main Clock H:

X.ref =1
iR[E]&Hh

W X £ Small FIFO H:
X.ref =1
iR[E]&H

IR X £ Ghost FIFO Hi:
M Ghost FIFO #B& X
WS Main Clock Bi:
fEFCLOCKEAIRZE— 1 T1HE
¥ X BN Main Clock
REIERE

// X REEEUTIF (LERKR)

MR Small FIFO BEf:
Y = Small FIFO RYLZFTiE

M Small FIFO #P& Y

MR Y.ref == 1:
// WEIFRE, REE
R Main Clock BEi:

fEFCLOCKE JEIRZE— N1

¥ Y #EN Main Clock

0
// REIE, BIGhost FIFO
¥ Y N Ghost FIFO

¥ X #EN Small FIFO WIEZE, X.ref = 0
IR[ElERSE

3.3.3 S3-FIFOM{iL &
S3-FIFOf# /R 7 2QHY JL N K< R m) @ .

17
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. {ECPUFEY: {FFFIFOMCLOCK, ¥ % T LRUMISERIZME

o SEERIPAFIK/N: Small FIFOR 510%, Main Clock590%
o TEIMABIBERL : @ITRefil, PAEKIER]LAIEEMSmall FIFO3ZFE|Main Clock

RR&BA, S3-FIFOEZMITIERE TR ERMFARCHILRU, RBITABERKBCPUHIE,

3.4 SIEVE

SIEVER2024F R U —f ik EE BN EFEERE L, HiSiHEISE LLLRUEEE, tkLRU
EFeN"s SIEVEEFCLOCKE A, BXAT AR ZohRER,

SIEVE Algorithm

SIEVE: A Clock-like Algorithm with Different Hand Maovement
SIEVE Features

@ - Quick Demotion
Hand « Lazy Promotion
* O(1) per request

+ Simple implementation

« Better than LRU

E A
vs LRU

LRU: Move to head

on every access

SIEVE: Set visited bit

@ only, no movement
SIEVE Key Innovation: - Less overhead!

Hand moves independently of accesses,
enabling quick demotion of cold items
while keeping hot items with lazy promotion.

3-3 SIEVER A T {ERIZ

3.4.1 SIEVERIZIV B8
SIEVES| N7 ffhx A&

o Quick Demotion (HR¥EFELR) : BIFSFHIRIIFETN, AT LURIEIRBIHIRZ L HUE
« Lazy Promotion ((ER{EH) : RERZFWENEIFIHVRE, MIERRIHINEER

18
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38 MMHEFE IR

B3% 3.4; SIEVERS SRR

Nate: HEHEnEFENERUE

HipREIER X B
MR X EEET

X.visited = true

iR[E]grH
I
WMREEFEH:

B E R R IR Z ik
R YBIFEFAIBERIIR . visited == false:
IXIZFIZIR
EiZAIERHRAN X
X.visited = false
et RIS
Bk BIR
EK
LETk.visited = false
18ETREITS
EYK
EERTRAUEEN X
X.visited = false

R [ElER

3.4.2 SIEVERI L

19

SIEVER) X B

o REEM: RFEERLITHBENEHELRUBIR SISIEVE
« O)ERE: §MERNBIENENER

- EEPE: FBIF45%NIR races ERFRBEMBEE
o (EFFEH: BRERERE, RFRE MRS
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KAIRIFEZREE, SIEVER] LUKFIFORTRE R E(KiEBIT42%, HHELARCTEE(K1.5%, &REHA
F&163.2%0
3.5 MGLRU (Zf{LRU)

MGLRU (Multi-Generation LRU) EGoogle JLinuxZF RN E B RT L, SEMRRAESR
LRUTEEZ T EHEH TRIMEER) M, MGLRUBH & H FILinuxA1%6.1kR7S0

MGLRU (Multi-Generation LRU) - Linux Kernel

Multi-Generation Structure

Gen 1 (Youngest) Active
1 Access
v
Gen 2 Active
1
v
Gen 3 Active
1
A
l Reclaim
Traditional LRU MGLRU Advantage
Active List Multiple generations for finer aging
Inactive List Better cold page identification

MGLRU Benefits (Google's data):

* 40% reduction in kswapd CPU usage

* 85% drop in low-memory kills (75th percentile)
« 18% faster app launch times

3-4 MGLRUZREMREE

3.5.1 MGLRURi&it+z0#
B LinuxTTERERA T NLRUTIZR (active/inactive) , TZE1ELL AL :

o SCPUEAZE (kswapd#HiZHF¥EX=ZECPU)
« FHAENDIEFRHE

s ETREZMRIEELAZHIMOOM (Out of Memory) ZRIEFHIZ

3.5.2 MGLRURIZ#

MGLRUfER Z M1 (generation) REIRERIEAVEERRIS’

. Genl (BER): REHRINTAE

20
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NEEARHECZEENETFARIER. SNEKARR, EREAISFEENES, S5
ZEL|WAEFN, MRENHALFIREE,
3.5.3 MGLRURJ{L S

GoogleTE E.Chrome OSH] Androidi & BN ZREA :
« kswapd CPUfEFAZRPE(E40%

o BRERFTEEHEL8% (F758910)
. MARBEIAERA18% (508 931iL)

MGLRURZHILIHERF RS EB B ARG BIERTE, BOASENGTRE, MMRES
BiR%RE.

21
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PR BHRTFEH IR

EfrRF (WICPUMLI/L2/L3%&TF) SUMHEFEIEFARNARMkLE. BHEEFEEENTD L
HEBERRER, ALEZOIREERES TRAELI. AENB/IMRIAHNBHEEFERER

i

4.1 RRIP5DRRIP

RRIP (Re-Reference Interval Prediction) & HlJaleelZr A F2010F IR —LBEHEGFZRE

B%o RRIPIEE FUNEIEIRBIE 5| BB AR ML BiR R,

DRRIP (Dynamic Re-Reference Interval Prediction)

RRPV (Re-Reference Prediction Value)

(] 1 2

Near-Immediate Intermediate Intermediate

SRRIP (Static RRIP)

Distant

BRRIP (Bimodal RRIP)

Insert: RRPV = 2

Scan-Resistant

Insert: RRPV = 3 (mostly)
Thrash-Resistant

Set Dueling

Dedicated Sets — Test SRRIP

Dedicated Sets — Test BRRIP

Follower Sets —» Use winning policy

DRRIP combines SRRIP and BRRIP:

+ Uses Set Dueling to dynamically select

+ Adapts to workload characteristics

* Both scan-resistant and thrash-resistant

4-1 DRRIPEASRRPVIEIHA

4.1.1 RRPV (EHS|BEFNME)

RRIPAEPNEFIREI— N 2{IIRRPV (Re-Reference Prediction Value) , FRFUNBIEFS|H

18]pR

22
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#+& 4-1 RRPV{EE X

RRPV BaX 3%

0 Near-Immediate FHRIRE W ERIAIA)

1 Intermediate Fiit rp R (E) fE A1)

2 Intermediate a3 NN E =T AN

3 Distant FUHRAZ G A= KIAIP)

4.1.2 SRRIP (B74SRRIP)

B3k 4.1 SRRIPEAGEER

Ak FRBRRPVIENRAE (3)

LipREER X BY:
MR X EEEFF (f):
X.RRPV = 0 // FMRIRESWEE RIS
RElaEH
B (ERKR)
BB IR EE:
EHFIESHPEHRRPY == 3[R
R
IKFZIR
HEAX, X.RRPV = 2 // E&SiEANNIntermediate
IR[E]ERS
EY K
BEATFRERNRRPVINL ((EFIZI3)

SRRIPEEHEIETIE, AAFIENBIRRRPVA2, FELZK I AHAEASHWIKZE, BINRET
ERFHEABRAM (thrashing) , SRRIPRILA{E,

23
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4.1.3 BRRIP (JUEZARRIP)

BRRIP (Bimodal RRIP) #¥t¥tthrashing TEfAE#FHITT ke ©ARZ I EIRFFHIRAIRRPVIEH
3 (Distant) , fB/RiI&H2:

B5% 4.2; BRRIPE L

S8 e = 1/32 (IMEER)

HEAFR X BY:
LU= 1-¢: X.RRPV = 3 (Distant)
LR €: X.RRPV = 2 (Intermediate)

BRRIPHYthrash# 141l . Ethrashing!E/R T, KZHIIRSHWWE FRRPV=3, RELE"EEF
E"BEFRISRRPV=2, MMARIFXLZEFERHIRRIKZ,

4.1.4 DRRIP (ZhZ&SRRIP)

DRRIP (Dynamic RRIP) 13 Set Dueling#/l#|7E SRRIPHIBRRIPZ [E]hZi%E#E, Set Duelingf91%

o« BENEEESES (sets) EFIJAFMIXSRRIP
. BBDEEFESEI BT MIXBRRIP
o HRM"IRMEE"ES (follower sets) {HHARINEITFHIREE

24
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B% 4.3: DRRIPAYSet Dueling#f1 |

#iatk:
HAE2NEESENSRRIPERES
EER2NESIENBRRIPERES
HRARBEEES
policy_selector = 0 ({RESRRIP)

LR EEBTFEAKET:
MR HHIESESRRIPE A
fEFASRRIP
WRI thrash-resistant miss:
policy_selector -= 1 ({#ABRRIP)
BINR ERISESEBRRIPEH:
fEFBRRIP
WEZ scan-resistant miss:
policy_selector += 1 (fRMESRRIP)
EN (REEES) :
YR policy_selector >= 0:
fEEFISRRIP
EYK

{EFIBRRIP

DRRIP4 & 7 SRRIPHIFF B IE T FIBRRIPM thrash3f H114, BENSIEN AR T IER SN,

4.2 SHiP

SHiP (Signature-based Hit Predictor) HHWuFE A F2011FRY, B—HEFEZEZHHE PN
28, SHIPTERRIPRYESL EIEANT BTG LT ARIFUNALH

25
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SHIiP (Signature-based Hit Predictor)

Signature Generation SHCT (Signature Hit Counter Table)
Signature Sources: Signature - Counter
—
* PC (Program Counter) High counter = likely hit
s Memory Address ow counter = likely miss
nsertion Policy Prediction Flow
Based on SHCT counter: 1. Compute signature
High - Insert with RRPV=0 2. Lookup SHCT
Low - Insert with RRPV=3 3. Set RRPV accordingly
SHiP Enhancement over RRIP: SHiP Advantages:
« Associates signature with re-reference prediction v Signature-based learning
« Learns from historical behavior per signature v Adapts to per-access patterns
« More accurate than static RRPV assignment v Low hardware overhead
« Builds on top of SRRIP v Better than RRIP for varied workloads

B 4-2 SHiPE ZE MR EE

4.2.1 SHiPRY#ZIO B A8

SHIiPRZ VAR Z: AEARFHEEI (RIEFITRSEPCEAFMUITIR) BERRNERN
SR, SHiPEE T S X LR TR BRI R R

4.2.2 SHiPHYZEHS
SHIPEERm N EEHH:

- BEREMSE ETPCERFMUENTS

« SHCT (Signature Hit Counter Table) . IERENEBZWALGHHIE)

26
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Bk 4.4; SHiPEHLEERE

#Iafk: SHCTRRRIT#ER IR N0

LipREER X (BEE S ipn) BY:

MR X EEFF ()
X.RRPV = @
WM SHCT[S] < RmAMAE:

SHCT[S] += 1 // EIMZELZMsHitsk

RElsEH

T (EREK) :
{EFARRIPIR EIIKZ(RIEL Y
xZE Y

// 1RIBSHCTIREHHARRPV
WME SHCT[S] == 0:
X.RRPV = 3 // MK@Hd, &ADistant
El
X.RRPV = 2 // BE@HHE, & HIntermediate
IR SHCT[S] > o:
SHCT[S] -= 1 // TRitEkee

AN X
IR[EFRSK

4.2.3 SHiPHIESE

- EEEFS): BIEIFARAMIERDIRNITH, BB T Z2RE
« {EFF$H: SHCTIRE R FE64KBIFfE

. REMR: FTLUREEMETRRIPREE Y -

4.3 Hawkeye

HawkeyeHJainFLinF2016F e, B — M MBelady R BEZF INEFE LK. Hawkeye
FRBEFIRMNEFRES N IZWRE.
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Hawkeye: Learning from Belady's MIN

OPTGen Simulator
Classification

= Simulates Belady's MIN
Cache-Friendly

* Records occupancy ( he)
Keep in cache

« Classifies PCs

PC-based Predictor Table Runtime Decision

PC Counter Classification
1. Lookup PC in predictor

0x1000 + Friendly

2. Set RRPV based on classification
0x2000 -- Aversive
0x3000 ++ Friendly 3. Evict cache-aversive blocks first

L Eallt if all fri

Hardware Overhead:

+ OPTGen: ~15.2 KB

* Predictor: ~12 KB

+ RRPV bits: ~3 bits/line

+ Total: ~30KB (single-core)

Hawkeye Key Insight:

Learn from optimal (Belady's MIN) offline,
apply learned patterns online via PC-based
classification.

4-3 Hawkeye B/A T {EIRIE

4.3.1 HawkeyeB9#Z:10\ B 28

HawkeyeBViZOAERE . EABelady B ZBBETANARK, BRINATUMBLEIARFFS],
IRFBLE SRR MR F = EEFRIFHIR, WEFEZEFRRIFAIIR,

Hawkeyeld IN#15< (HPCIRIR) D RAME:
« Cache-Friendly ($BEFERYF): ZPCIMERIRNIZREEEEFH
o Cache-Aversive (SBEFRKIF) : ZPCHNEBYIRBIZAE I IRE

4.3.2 OPTGeni&ibl 22

HawkeyefEFJOPTGen (Optimal Generator) REZEIMBeladyixLEE, HERIIGFITE:

28



BT BRI

8% 45: OPTGenL{ERIE

OPTGentZiMBe lady R E A :
HFEMNFE, BREFEESHNSABER (occupancy)
MR L FIHIREBe lady R T E2MHH:
trigiZPCHcCache-Friendly
EYUK
tTigiZPCHCache-Aversive

GAERITE:
TR REE i, HEEERERA
REHZ DO RENMIRIGE (RREEH)
MREAEER >= FEFMEKE, NARK

4.3.3 HawkeyeA9FNI2E

HawkeyefE FIPCIEAMFIE, B —DT#E| DK, TEIREHF, A

RAKSEI

29
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B% 4.6: HawkeyelZ{THI 5RBE
FMEdZR: PC - 1T#ES (EE¥FERFriendly, fa¥iFk~Aversive)
HEHPC PIAAEFR X BY:
MR X EEET:
R[ElERAR
EUI
EFUNZZRAPPRYITEES
R > o
// Cache-Friendly
{HAX, RRPV = 0 (Near-Immediate)
U
// Cache-Aversive
#HAX, RRPV = 3 (Distant)
// EEEAIEKZECache -Aver siveJiR
WMRESHERRPY == 3fER:
KEEP—
EU
IKZFRERIR
4.3.4 Hawkeye B4 FF 54
R 4-2 HawkeyeFE 55
A L=2F 7 Ji%
OPTGen 15.2 KB ~45 KB
ST 12 KB ~36 KB
RRPVA1iI 3 bits/line 3 bits/line
2it ~30 KB ~90 KB

Hawkeye R TG ERFERRBN—NEELR: MEABEZEZHFES, HEFENAIREE
FRERTNER. FLETIFINGlider#t— I ERREF S RKOETTUN L.
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FE FERBRERSES

AENRENTANSMEFERRBAITERSILR, FREEZEENESEIN.

5.1 B SRHFEREFNXS
B EENREFET ORI LB LFEREER

Cache Replacement Algorithm Comparison

Algorithm Type Scan-Resistant Complexity Key Feature
FIFO Basic X 0(1) Simple queue
LRU Basic X 0(1) Temporal locality
LFU Basic X 0(log n) Frequency-based

CLOCK Basic X 0(1) LRU approximation
ARC Software v 0(1) Adaptive LRU/LFU
2Q Software v 0(1) Two-queue filter
S3-FIFO Software v 0(1) Small FIFO + Clock
SIEVE Software v 0(1) Quick demotion
MGLRU Software v 0(1) Multi-generation
RRIP Hardware v 0(1) Re-reference pred.
DRRIP Hardware v 0(1) Dynamic RRIP
SHiP Hardware v 0(1) Signature-based
Hawkeye Hardware v 0(1) Learn from MIN

Software: Red | Hardware: Blue | Basic: Gray

B 5-1 ZFERBEGSIER
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B8 BIALLRE 24

R 51 EHEFSRHERENLL

it E4EE (CPUL1/L2/L3) RHEF (0S/BA)
REFER V4R (<1ns) RIS T2
TF{EFFEH RBER (KBLK) X RIE (MBLR)
BrERE WAEE (0(1)) B LURE
ToHUE SUMRER B A A
FIRES TELRSF S/RRAA A UERAML/RL
HBEREM FEFEIRE, HELUERR RGBSR
5.2 BiRIERIEE

EREESENEFERRKEEZETEHENE. RALYRMNEEBF. UTEHMNAREF
=R

5.2.1 RHE1FEF

®5-2 R ERALEFER

= WERL EH

AN REE SIEVE &f, S3-FIFO BE. B mEphE
HUREER At ARC 5 2Q BIiER. i
IBRERR DR MGLRU KCPUFSH. & Bt
CDN/ Web%& 7% SIEVE BREE. HREF

NERGFETF ARC ZFSEBEIOIE
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5.2.2 B ETFIER

®5-3 BHEERALEER

B WERL EH

ERAMERLLC DRRIP 3¢ SHiP Bi&R. 1EFFEH

NEFEER A Hawkeye FIRMEE

rE AR SRRIP i

Thrashing 2 % BRRIP Thrashing#f£#71
5.3 KRR BHEH

EEFEMRBRNMREERUT/INARRE:

5.3.1 H28F R EHAV SR KB

HREZ R AR BF IRAN A TFREEFRR:

LeCaR: MR F SJELRUFMLFUZ [BIahASIEE
Cacheus: ¥ 3JSR-LRUMCR-LFUZ [a1HY -1
GL-Cache: fERNEFE I WM REFTHRF
3L-Cache: R $HEVIEHHF SR

5.3.2 M FARRHIZE

FANARFRIEXEERIESEFRE:
FREXHER (prefetch hints)

AR AR E

RARX S

5.3.3 RIITFEHEE R
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« NVM (FEZEKMRNTEF) E7F
. CXLKNEFY B

« ITH7Ef# (Computational Storage)

5.3.4 ERTEREHIMKL
A E R AT ALk

o VIZRFESJHIEERE (KV CacheEIE)
. BEUEESEE
. NEHIBEEEE

Evolution of Cache Replacement Algorithms

[Trend: From simple heuristics - Adaptive - Learning-based]

FIFO LEU 2 LIRS SHiP DRRIP SIEVE

1960s 1970s 1980s 1990s 2000s 2010s 2020s

I  Basic Algorithms I software Caches Il Hardware Caches

5-2 EIFEREARHTEL

5.3.5 B4h

ZEEMERMRVNEREAN (FIFO. LRU. LFU) XBRIIEXMNBENEE (ARC.
DRRIP) , BEIMNSHNEBRFIIRESE (Hawkeye. LeCaR), X—EERM T T BN ALK TIE
S FENRETNERN

REMBAREARS, E—EERRNIBERE:
R BRENFZEERZRI. AEMIIE
BERY: FHNEENIZEEN TERHEINEL
RFFsH: REEEASRNIZAA MR
AR BHLE—REIERISRERE
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REHNEFBRRB/LAEERBMEMER M Z B FHTE, EEAFLIRMMELEERZEE
HiRE, TERRHEFEREMHETF, ERXLEEARERFEPRIIKITE ML BIFaE

o

35



SEH

SE 38

36

10.

11.

12.

13.

14.

15.

. Belady, L. A. (1966). A study of replacement algorithms for a virtual-storage computer. IBM Systems Journal,

5(2), 78-101.

. Effelsberg, W., & Haerder, T. (1984). Principles of database buffer management. ACM Transactions on

Database Systems, 9(4), 560-595.

. Corbato, F. J. (1969). A paging experiment with the Multics system. MIT Project MAC Report.

. Johnson, T., & Shasha, D. (1994). 2Q: A low overhead high performance buffer management replacement

algorithm. Proceedings of the 20th VLDB Conference, 439-450.

. Megiddo, N., & Modha, D. S. (2003). ARC: A self-tuning, low overhead replacement cache. Proceedings of the

2nd USENIX Conference on File and Storage Technologies, 115-130.

.Jiang, S., & Zhang, X. (2002). LIRS: An efficient low inter-reference recency set replacement policy to

improve buffer cache performance. ACM SIGMETRICS Performance Evaluation Review, 30(1), 31-42.

. Jaleel, A., Theobald, K. B., Steely Jr, S. C., & Emer, J. (2010). High performance cache replacement using re-

reference interval prediction (RRIP). ACM SIGARCH Computer Architecture News, 38(3), 60-71.

. Qureshi, M. K., Jaleel, A., Patt, Y. N., Steely Jr, S. C., & Emer, J. (2007). Adaptive insertion policies for high

performance caching. ACM SIGARCH Computer Architecture News, 35(2), 381-391.

. Wu, C. J,, Jaleel, A., Hasenplaugh, W., Martonosi, M., Steely Jr, S. C., & Emer, J. (2011). SHiP: Signature-

based hit predictor for high performance caching. Proceedings of the 44th Annual IEEE/ACM International

Symposium on Microarchitecture, 430-441.

Jain, A., & Lin, C. (2016). Linearizing irregular memory accesses for improved correlated prefetching.

Proceedings of the 42nd Annual International Symposium on Computer Architecture, 247-259.

Yang, J., Yue, Y., & Rashmi, K. V. (2023). FIFO queues are all you need for cache eviction. Proceedings of the
29th Symposium on Operating Systems Principles, 130-149.

Zhang, Y., Yang, J., Yue, Y., Vigfusson, Y., & Rashmi, K. V. (2024). SIEVE is simpler than LRU: an efficient
turn-key eviction algorithm for web caches. 21st USENIX Symposium on Networked Systems Design and
Implementation, 1229-1246.

Zhao, Y. (2022). Multi-Generational LRU: The Background. Linux Kernel Mailing List.

Vietri, G., Lora, M., Salkhordeh, M., Ichkov, V., & Tozun, P. (2018). Driving cache replacement with ML-
based LeCaR. Proceedings of the 10th USENIX Workshop on Hot Topics in Storage and File Systems.

Rodriguez, A., & Kandemir, M. (2021). Cacheus: A cache replacement policy framework using online learning.
Proceedings of the 26th ACM International Conference on Architectural Support for Programming
Languages and Operating Systems.



SEH

16. Einziger, G., Friedman, R., & Manes, B. (2017). TinyLFU: A highly efficient cache admission policy. ACM
Transactions on Storage, 13(4), 1-31.

17. Beckmann, N., & Sanchez, D. (2018). LHD: Improving cache hit rate by maximizing hit density. Proceedings
of the 15th USENIX Symposium on Networked Systems Design and Implementation, 389-403.

18. Shi, X., Li, Q., Jiang, X., & Zhang, C. (2019). Glider: A GPU-based learned index for high-dimensional data.

Proceedings of the 2019 International Conference on Management of Data.

19. Song, J., Zhang, Y., Qian, Z., & Chen, M. (2020). LRB: Learning-based resource allocation and buffer
management. Proceedings of the 2020 ACM SIGCOMM Conference.

20. Blankstein, A., Sen, S., & Freedman, M. J. (2017). Hyperbolic caching: Flexible caching for web applications.
Proceedings of the 2017 USENIX Annual Technical Conference, 499-511.

37



