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« SIEVE is Simpler than LRU: an Efficient Turn-Key Eviction Algorithm for Web Caches (NSDI’24)

« FIFO queues are all you need for cache eviction (SOSP’23)
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Cache warming: Leveraging EBS for
moving petabytes of data

‘ Netflix Technology Blog - Follow
16 minread - Nov 27, 2021
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Bélady’s Anomaly (1960s)

Okl HF=E7t FIFO ZHA|= SO EICELT & &0l AL
SIZE = 3, X=7HA| S|E, PF = H[O|X| ZE

Cache <«—Req— 1 2 3 4

1 1 1 2 3 -
7| 2 2 3 < 1
3 < 1 2




Bélady’s Anomaly (1960s)
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1 1 1 1 1 1 2 3 E 5 . .
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Bélady’s Anomaly (1960s)
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Bélady’s Anomaly (1960s)
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Reducing Lock Contention in RocksDB

Posted May 14, 2014



2-5|E-2IH (One-hit-wonder)

h
O AJHACM T 3t 0 SXBH= HISS o|0fs

—

[0t

time 1 10 11 12 13 14 15 16 17
requestuau Bn ............... BBI

start end sequencelength , .. 0 4er ©One-hit-wonder

time time (# objects) ratio
1 17 5 1 (E) 20%
1 7 4 2 (C, D) 50%
1 4 3 2 (B, C) 67%

Figure 1. A shorter sequence has a higher one-hit-wonder ratio.



€l-5|E-¥H (One-hit-wonder)

DE OHE2IAIOIM YIEEE= power law distributionS [HELHD 22X JUAS
Of2H &2 Zipf's distributiondt Twitter / MSR OlA] 3743t LIO|E{ Q| ¥I-5|E-|/IHE HOE

1.0
2 S —= Zipf-0.6 ©1.00 21.00 — Twitter - MSR
®o.8] L-3ad -~~~ Zipf-0.8 © ©
= \ \\\\ R I P Z|pf.1 i -» 0.75 P 0'75 '._.-.._,.,.-‘...'.'._.“._.._‘““
§0_5 B — Zipf-1.2 § § §
o o o o -k
04 Z0.4 —- zipr06 % e o i L
= z -~~~ Zipf-0.8 = =
90.2 80'2 ...... Zipf-1 ¢ 0.25 80.25
(@) (@) — Zipf-1.2 S (e)

00650 025 050 075 1oo 20 10 10-3 10T 000050 025 050 075 100 %0763 167 10T 10

Fraction of total objects Fraction of total objects Fraction of objects in the trace Fraction of objects in the trace
(a) Zipf trace, linear-scale (b) Zipf trace, log-scale (c) Production traces, linear-scale (d) Production traces, log-scale

Figure 2. Left two: the one-hit-wonder ratio decreases with sequence length (as a fraction of the unique objects in the full sequence) for
synthetic Zipf traces. Different curves show different skewness a. We plot both linear and log-scale X-axis for ease of reading. Right two:
production traces show similar observations. Note that the X-axis shows the fraction of objects in the trace, much smaller than the number
of possible objects in the backend. Therefore, the production curves capture the left region of the Zipf curves.
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Quick Demotion
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S3-FIFO 7 7+¢

Quick Demotions PI&EoH= AAIE BHE0{E X}
main queue, small queue 2 ghostZ F4E

main queue = 90% of cache size / small queue = 10% of cache size / ghost = bucket hash table

main FIFO queue

5@ (30,

main FIFO queue (M)

small FIFO queue

small
FIFO ()

= --------ﬁ

Insert: if not in ghost, insert to small @, else insert to main @
Evict (small): if not visited, insert to ghost@, else insert to main@
Evict (main): if visited, insert back (), else evict ()



S3-FIFO 7 ¢

9|7 It
WAl SIE7 LHSHH freq 242 Z|CH 3771K] Aplet
= MO} 2 BIED 95@&.

1: function READ(x)

2 if x in S or x in M then > Cache Hit
3 x.freq « min(x.freq + 1, 3) > Frequency is capped to 3
4: else > Cache Miss
5 insert(x)

6 x.freq <0



S3-FIFO 7 ¢

V) R

ZENRI FHAl IS 2 S L0 FHAIZE F KU

evict() E HA| SZtS 2H ot
o) |:|

7:
8:
9.
10:
11:
12:
13:

, GOl S5 7|71 AL

=, 6o gg= MO 21 7| =1E

s
i
1=

function INSERT(x)
while cache is full do
evict()
if x in G then
insert x to head of M

else
insert x to head of S

OM ey
I_MOE 0'||:_|-ES I' |

~ —
T A,

iction = =Lt

rOI-

1T
CLOCK 5511 HAIQL QAL



S3-FIFO 7 718

small cache7t7<17<1| 37|19 10%E YUYICHH smallQ] 272 St st
A OtL2H main O|A 372 &tESt
14: function EVICT
15: if S.size > 0.1 - cache size then
16: evictS()
17: else

18: evictM()
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EVICT_S
freqZf0] 20|A10|3 Main©Z O[S AJZICt
OfL|2}H AMK[SHLD GO 7|2t X&ret

17190 SV 9L =
HLj= A2 = H|Rolx L.

19: function EvVICTS

20:
21:
22
23:
24:
25:
26:

275
28:
29:
30:

evicted « false
while not evicted and S.size > 0 do
t « tail of S
if ¢t.freq > 1 then
insert ¢t to M
if M is full then
evictM()
else
insert t to G
evicted « true
remove ¢t from S



S3-FIFO 7 ¢

EVICT_M
A2 freq @0l 1 050
72l dl== w10t

OrEILE 0= THLH MO XIAHRHT.

31: function EvicTM

32: evicted « false

33: while not evicted and M.size > 0 do
34: t « tail of M

35: if ¢.freq > 0 then

36: Insert ¢ to head of M

37: t.freq « t.freq-1

38: else

39: remove ¢t from M

40: evicted « true
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S3-FIFO &5 Bt

Otz Ml 7tX| Z2=22| E= &= AO|Ct.

1. S3-FIFOQ 2&4
2. S3-FIFO/I EE=
3. S3-FIFO7} £IRt=



S3-FIFO A5 T}

471 H|oJE A

8547 12| EBIO|A, 61E7H2| QEMEE 13lsH 21,088TB 22 ECiHOZ MY T
Trace Approx Cache timespan # Traces # Request Request # Object Object One-hit-wonder ratio
collections time type (days) (million) (TB) (million) (TB) full trace 10% 1%

MSR [104, 105] 2007 Block / 13 410 10 74 3 0.56 0.74 0.86
FIU [83] 2008-11 Block 9-28 9 514 1.7 20 0.057 0.28 091 091
Cloudphysics [136] 2015 Block 7 106 2,114 82 492 22 0.40 0.71 0.80
CDN 1 2018 Object 7 219 3,728 3640 298 258 0.42 0.58 0.70
Tencent Photo [167, 168] 2018 Object 8 2 5,650 141 1,038 24 0.55 0.66 0.74
WikiMedia CDN [140] 2019  Object 7 3 2,863 200 56 13 0.46 0.60 0.80
Systor [84, 85] 2017 Block 26 6 3,694 88 421 15 0.37 0.80 0.94
Tencent CBS [163, 164] 2020 Block 8 4030 33,690 1091 551 66 0.25 0.73 0.77
Alibaba [2, 89, 139] 2020 Block 30 652 19,676 664 1702 117 0.36 0.68 0.81
Twitter [157] 2020 KV 7 54 195,441 106 10,650 6 0.19 0.32 042
Social Network 1 2020 KV i 219 549,784 392 42,898 9 0.17 0.28 0.37
CDN 2 2021  Object 7 1273 37,460 4,925 2,652 1,581 0.49 0.58 0.64
Meta KV [11] 2022 KV 1 5 1,644 958 82 76 0.51 0.53 0.61
Meta CDN [11] 2023  Object 7 3 231 8,800 76 1,563 0.61 0.76 0.81
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(a) Large cache size, 10% trace footprint
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TinyLFU2t 224

Miss ratio reduction from FIFO
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(b) Small cache size, 0.1% trace footprint
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S3-FIFO d5 &/t

2t HIO|E M OFCk S3-FIFO #2| 2&-dS LIEHH HO|Ck
1371 & 1074 GIO|E] X10i| CHolf SOTAS| d5= E0=
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Meta CDN
TencentPhoto CDN
CDN2

CDN1

Twitter KV

Meta KV

Social Network KV
Alibaba (block)
Tencent (block)
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CloudPhysics (block)
MSR (block)

fiu (block)
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Miss ratio reduction from FIFO

(a) Large cache size
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JFECHH o 2 HXQITL?
* Normalized quick demotion speed

. K7} YOKLE 2] small queue S OLA KIHEIQ=T}
* Quick demotion precision
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S3-FIFO gB 'LCL=>I7|_ -==LRU [] ARC <« TinyLFU % S3-FIFO

---LRU [] ARC <« TinyLFU + S3-FIFO

c B 0.90 i J9 <
2D of & TFA O 8 0803 Pk o |
JZACHH of 2 A& QITf? = | < < B0.88(-fgr oKW
©0.75] | 9 : %
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Demotion precision0| 7}t (a) Twitter trace, large cache (b) Twitter trace, small cache
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(c) MSR trace, large cache (d) MSR trace, small cache
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S3-FIFO ds 8/t

SoA| ZI2AQI71? O] AMZ dllE 4 QUL =770 siE6l= S= DRAMO| HiX[SH 2
MO F M SSDO|| HHXISIC CH ELE.9| ZHM|7t demotionE! I SO|A] LA
SSDE Z[f{et & M= HJ| Sf=Ct

-
Esmall FIFO queue : main FIFO queue
small E —
| FIFO (5) | i :
o ) =
o ||]] : :

Insert: if not in ghost, insert to small @, else insert to main @
Evict (small): if not visited, insert to ghost@, else insert to main@
Evict (main): if visited, insert back (), else evict ()



Using DRAM as a Filter

Filter + Cache Cache
Write ~ . e
(e.g. 2578B) °
\ °
4 /sSsn
- -

* Insight: not all objects are flash-worthy (“flashy”)
* Use DRAM as a filter for “flashiness”

* |deal candidates for flash:
* Immutable in the near future
* Frequently read in the future

* How can the cache predict which objects are flash-worthy?
* Challenge: application workloads are highly variable
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DRAM size 0.1%: P> Probabilistic W Flashield ¥ S3-FIFO
DRAM size 1%: » Probabilistic ¥ Flashield % S3-FIFO
DRAM size 10%: p Probabilistic ¥ Flashield  S3-FIFO
DRAM size agostic (no admission policy): < FIFO

S TL5[<

N3 N

. :

S 2 C>1.0

= =

3 g

4 | =20.5

o > el | g

) ()

&= = x

So® V¥ vV =0.0 4
0.2 0.3 0.4 0.5 0.2 0.4 0.6

Miss ratio Miss ratio



S3-FIFO ds 8/t

358/t

LRUE Q47|/M7| B5 2SS ZH7| 20 ZHS| ZRA0|

A
— HA
S3-FIFO= lock-freeZ Ftoigt o~ QO 20| ZCHd= Sh=0l. =382 AX|7F UCH

o —*—S3-FIFO  --p--Optimized LRU 5 —%—S3-FIFO  --»- Optimized LRU
@ 35| ~<-LRU ~¥-Optimized TinyLFU | £20| ~<-LRU —¥-Optimized TinyLFU /¥
a -¥-Segcache ¥ 8 ~¥-Segcache '
o - 016 7
= 24 =
= et
al6 Q
Y= £ 8
(@)} (@)
3 8 3 4
il
| 2 4 8 16 1 2 4 8 16
Number of threads Number of threads

(a) Large cache, LRU miss ratio 0.02 (b) Small cache, LRU miss ratio 0.21
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Lock-free queue Oi|A|
loopE EHA CASTLO| St [T 77tX| 2ok A=,
Optimistic Concurrency2t s¢, &t E719| 022 = EXEXELT. Spin lock O|&2 CH2LL,

ENQUEUE(x)

q — new record
q .value — x
q .next — NULL
repeat

p — tail

suce «— COMPARE&SWAP(p .next, NULL, ¢)
if suce # TRUE
COMPARE& SWAP(tail, p, p .next)
until suce = TRUE
COMPARE& SWAP(tail, p, q)

end
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SIEVE= 20243 NSDIO|IM AHE ==L = S3-FIFO2| 1 XAt wl XK=

07| M= ot O A 7 St e = EO? Sk &

otC

g



SIEVE 24 & +

rot

SIEVEZ} 20t SHK| 20F7| 2loll, 2 € I2|S= +Loior=0 2% ZE 2i2ls EHO

b

Algorithm  cache hit  eviction insertion metadata size

FIFO 1 4 5 16B

LRU 5 4 3 16B

ARC 64 108 20 17B

LIRS 96 120 64 17B

LHD 192 81 64 13B
LeCaR 72 76 20 40B
CACHEUS 168 140 150 54B
TwoQ 28 16 8 17B
Hyberbolic 4 20 4 16B
CLOCK 4 9 3 17B
SIEVE 4 9 3 17B




SIEVE A & 419

QEAAN FHE HAI SIEVEEYS

®)
)
2082 XM Ot E2 HAIE AE™ &= QIOH?

Cache library Language

groupcache [25 Golang
mnemonist [6] Javascript
Iru-rs [4] Rust
Iru-dict [3] Python + C
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& KHAl= ZHESHCE SHitel /2L hand 2t ERIE = O|F 0 QUL
SIEVEE= CLOCK ggqis & ZFHTH0[7| MiE0f| O] 2= 20| H| W SHC,

Insert FIFO-Reinsertion Snapshot
\> FIFO Relnsertlon ']

A\ EVvict L]

Insert SIEVE Snapshot

Y.Y -
\>[ SIEVE ] v

Evict, | (0]

V Hand: identify victim [j "survived" obj newly inserted obj




SIEVE &7 5! F¢i

FH 78 oAt AE

CLOCKZ vis7t 121 &
7ol B2 uﬂ%arf iy

SIEVEE= 1'd FAI8t11 hand7t

O|s6t= A0l 58

Algorithm 1 SIEVE

Input: The request x, doubly-linked queue 7', cache size C, hand p

1

11:
12:
13:
14:
15
16:

[a—
YL hB

if x is in 7 then
x.visited < 1
else
if |7| = C then
0+ p
if 0 is NULL then
o<+ taillof T
while o.visited = 1 do
o.visited < 0
0 < o.prev
if 0 is NULL then
o< tallof T
p < o.prev
Discardoin T
Insert x in the head of T'.
x.visited < 0

> Cache Hit

> Cache Miss
> Cache Full

> Eviction

> Insertion
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ARCELt Bt 1.5%/Z[CH 60% Ol 2&d 10| UAULE

CLOCK} H|W5t0] 8501 A =M= As =52 227t U

==0le O B2 "7 271 Q=0 X[HO| BESsHAM 2708 7H R
0.3
5 A | . 5
g2 5202
o . [« o T
B e of
S8 SLo1
® 0.1 o
s s
0.0 | 0.0
K PPL P P S O
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LA 9ff, SIVEZt CLOCKELH &50] £2777?
UM Zipf's workload?| #-5|E-RH HES €Y
H

=
SIEVE= hand Z£21EZ O|SA|ZLEM 7Ll &

Hand

SHHA Quick Demotion? A

S0IM A7 AHIS

1st round sifting

F
E
&

e

[EJ(EJU

® |

= Ht=A X5t
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Cache Primitive 2A 9| 7tsA
==0i|A St} O ZX6H= ®O0| SIEVEZF HR ZHESH | THE THE FHA|2E ZoHA AlEE 4~ Q/CH= FO|CH,
O£ =0{, ARCO|A LRUZ SIEVEZ uA|6HH Z[CH 62.5%, Bt 3.7%2| 7H40] JURUCHD St}

& Original replace LRU with SIEVE = Original replace LRU with SIEVE
£ 04 I I 11 % o3

= O I __|_ =

il I = Nl

g 2 0.2

EEU.Z v ¥l v 11 ¥ '3501 v v
LL m = .

oz = ge =

a 0.0 o= =l o i ] i 0 0.0 =k
= ' =

SIEVE LeCaR TwoQ ARC S3-FIFO SIEVE LeCaR TwoQ ARC S3-FIFO

(a) Large cache (b) Small cache
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OtL| 20l 19690 “A Paging Experiment with the Multics System” =20|A CLOCKO| A7H&| 11
Xl= AIZHO| E0tLt X[S=0l.. OZH 02 A 2K Y20 8 dXl= A7 |lUctr?




SIEVE €

FIFO A= A7H

9 73

Skl

10| §l7| =20 1 =9

2fo| A10AM ==



SIEVE &7 5! F¢i
ESA SIS
WAL= St IS MEALQ =2 0IHAIS 7H5t7| #{ofl 3t H| O]

19| 2= AIS0i FHAIZ EXHSH=HI LT, L2, LLCS E5 1/0 2

M

1

o

Registers

~1 KB (~100 b/core) .3 NS

256 KB (64 KB/core)

—

8) 1 MB (256K8.f'corey L2 Cache ‘\3.3 ns o

b I

@ 8 MB i 3Cache 12.8 ns T
128 MB / L4 Cache 42.4 ns

32 GB / $5-10/GB Main Memory

VZ_Q ns

~200 G;/—1 TB 5067/6B  Solid State (flash) Drive

\1 ms

2 y@ $50TB  Disk Drive

Y} m




SIEVE &7 5! F¢i
ESA SIS
7|/EFE X35t E M2t Hel HRIZE X 2[6HH THEe| 2[4 7|71 Tk}

S HIO|E Hoter M= 10| FHAIZ Eviction Sl= 40| 2iigh &~ QUL

Registers

~1 KB (~100 b/core) 3 ns

256 KB (64 KB/core) 1.1 ns

1 MB (256KB/coreV L2 Cache Y.S ns

Bigger

/| 2 SU2LI

Faster

128 MB/ L4 Cache V2.4 ns

32 GB / $5-10/GB  Main Memory VZ.Q ns

~200 %1 TB 5067/6B  Solid State (flash) Drive

\1 ms

: 743 S50TB  Disk Drive

Y m




SIEVE 4/ & 715
AN XN
S3-FIFO= small queue S7t 0|& 205 HIH E

mo}

'= OF7| =20l A7 X2tgOo[ AL,

main FIFO queue

5@ (30,

main FIFO queue (M)

small FIFO queue

= --------ﬁ

small
FIFO (S)

Insert: if not in ghost, insert to small @, else insert to main @
Evict (small): if not visited, insert to ghost@, else insert to main@
Evict (main): if visited, insert back (), else evict ()
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APPENDIX 1. AWS X|L|0 2] 7t

AWS QIX|L|O| Marc Brookere AN 22 10|A “SIEVES] A7HKSHHE0| 2X|0F?”
SIEVEE gl 22 20|14 AASH= SIEVE-k £ N|gtet

Why Aren’t We SIEVE-ing?

8 G Following

Marc Brooker

Serverless, databases, and serverless databases at AWS. | use 'cat’ every time.
Views are my own.

On Mastodon: @marcbrooker@fediscience.org




APPENDIX 1. AWS QIX|L| 2] B 7}
FHAI ALOIZ7t 16MiB OflAf= SIEVE-2 / SIEVE-3 0| £2 1/0 YIAZE0M JH40] UASS 48

1.0

\

0.9

Miss Rate

0.8 = ——

0.7
5 10 15 20 25 30

Cache Size (MiB)
w— k=1 w= k=2 k=3
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APPENDIX 2. 2 HAt2| Bt
|3, @59 YHAN= GoOZ A2 10 2F 2EAA FHA| 2t0[EH 2|2t d5= HIW S LIC

=

O Scalalangz / golang_ﬁfo 9 Unpin @Unwatch 2 - ? Fork 0 v Starred 34 v

¢ golang-fifo

This is a modern cache implementation, inspired by the following papers, provides high efficiency.

e SIEVE | SIEVE is Simpler than LRU: an Efficient Turn-Key Eviction Algorithm for Web Caches (NSDI'24)

e S3-FIFO | FIFO queues are all you need for cache eviction (SOSP'23)

This offers state-of-the-art efficiency and scalability compared to other LRU-based cache algorithms.
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B7t= Zipf's distributio= M2} CIO|EE -G A7 11 167H2] LI =EI0]| A
FH QEME Ji4= 508/ QA 7500t H

1L O L —

LA A

itemSize=500000, workloads=7500000, cacheSize=0.10%, zipf's alpha=0.99, concurrency=16

CACHE | HITRATE | MEMORY | QPS | HITS | MISSES
----------------- e e T e
sieve | 47.66% | ©.@9MiB | 2508361 | 3574212 | 3925788
tinylfu | 47.37% | ©.11MiB | 2269542 | 3552921 | 3947079
s3-fifo | 47.17% | ©.18MiB | 1651619 | 3538121 | 3961879
slru | 46.49% | ©.11MiB | 220135@ | 3486476 | 4013524
s4lru | 46.89% | ©.12MiB | 2484266 | 3456682 | 4043318
two-queue | 45.49% | ©.17MiB | 17135@2 | 341180e | 4e88200
clock | 37.34% | ©.1eMiB | 2370417 | 28ee75e | 4699250
lru-groupcache | 36.59% | ©.11MiB | 2206841 | 2743894 | 4756106
lru-hashicorp | 36.57% | ©.08MiB | 2055358 | 2743000 | 4757000
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SIEVE’t S|E g|0|EZt 7Y
LRU= Al BIE
SIEVEE Al S|E

=S ¥ OlLI2t QPSE =/ EHE

itemSize=5000008, workloads=7500060,

sieve
tinylfu
s3-fifo
slru
s4lru

two-queue

clock

lru-groupcache
lru-hashicorp

O O 0 ® 0 O ©® © @

cacheSize=0.10%,

2508361
2269542
1651619
22013580
2484266
17135e2
2370417
2206841
2055358

=M ZHHS T2 DE S0 31A] lockS EHOfO} &

3574212
3552921
3538121
3486476
3456682
3411860
2800750
2743894
2743000

=4
=l I RWMutexz reader lock2t ZOx &|7| DfS20q| A

zipf's alpha=©.99,

3925788
3947079
3961879
4013524
4043318
4088200
4699250
4756106
47570080

=3
o

ol sALUE =

concurrency=16

S10il BT
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= MA7F RO = FOHEL.

Feedback on a statement #6

(@Xe P B 1alalla opened this issue last week - 6 comments

U

Ta

1alalla commented last week - edited «

This is awesome work!

One suggestion on the result. It mentions that "SIEVE is about 10% more efficient than a simple LRU cache”, which | think is not
very accurate.

When comparing the miss ratio, we usually state relative numbers. For example, reducing the mass ratio from 2% to 1% is a (2-
1)/2=50% improvement because the backend load is reduced by 50%. Moreover, the mean latency is about proportional to the
mass ratio and has a similar reduction. :)

BTW, do you have results for S3-FIFO as well?

®)

scalalang2 commented last week - edited « Owner

Thank you visiting here ¢4

| understand what you are saying. Increasing efficiency means not only reducing cache misses, but also reducing the demand for
heavy operations such as backend database access, which lowers the mean latency.

And also as you said, It seems that | expressed incorrectly the evaluation of miss ratio. it would be correct to express that the SIEVE
has improved efficiency by roughly 30% in comparison with simple LRU cache.

© &1



APPENDIX 2. ZHAL[ B}

SA! 2 H 0| XK GoH FRIHZE AJHE
s3fifo.com

Adoption

Google, VMware, Redpands,
mulitple open-source libraries, including surrealky, oller, spica,
and several other libraries, suchvthon Rust 1, Rust 2, C++ 1, C++ 2.
Discussed in Aleksey's Online Reading_Group.

Covered in blog |11, 2], fjl] in Japanese, newsletters |1/, [2
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