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Introduction

Before Cache Mangement Problem

Demand Paging vs Prefetching Page

Input Sequence: ACFIBDE ... .
P 9 @ Demand Paging
0 * Only Allocate when it requests
1 | = frame " :’"' 3 = 1 ‘ ‘ 71% @ PrefetChing
2 C o[ 4 [v N { ‘ ) .
a| o [ 5 | ‘ e Predict Future for reasonable
| € e | © [ ] [aBgel heuristics ex) bring near pages
F 4| ' 3 ‘ < [ 8] I IE_I
¢ G o ' ‘ |
" T f @ | % L l@ Fault Occurs?
logical page table . [ ' ‘ [ ]
RO, “', . replacement
14 @ :‘/'\ Evict 1 :> oolicy
e @ —'\ Evict 1 —'\ replacement policy
physical memory —/ + How to bring? — + complex method




Problem Description

Cache Management Problem on Demand Paging Model

« Main and the only Concern : Hit ratio

|

Cache Replacement Algorithm

Goal : Better than LRU

« Maximize hit rate
 Minimize Overhead
- Time
- Space




Previous Work — Offline Optimal

Belady's M/N
« Replace Largest Forwam’ dlsz‘ance

Input Sequence : 5 0 0 @ 22

4
Cache content
0 @ > Evict!
1 0
2 1

But, Who knows future?




Before Previous Work

OLTP

c | LRU ARC FBR LFU LIRS MQ LRU-2 2Q LRFU  MIN
ONLINE OFFLINE

1000 | 32.83 3893 3696 2798 3480 37.86 39.30 4048 4052 53.61

2000 | 4247 46.08 4398 35.21 4251 44.10 45.82 46.53 46.11 60.40

5000 | 53.65 5525 5353 4476 47.14 5439 54.78 55.70  56.73  68.27
10000 | 60.70 61.87 6232 52.15 6035 61.08 62.42 62.58 6354  73.02
15000 | 64.63 6540 6566 56.22 6399 64381 65.22 65.82 67.06 75.13

Metric ARC
Recency O
Frequency O

Time Complexity 0O(1)
Scan Resistance O
“Self-tunable” O




Previous Work - Recency

LRU(Least Recently Used)

Input Sequence : 1 2 3 4 5 6 /
PR SRS SR SRR S S S
1 2 3 4 5 6 7
1 2 3 4 5 6
1 2 3 4 5
1 2 3 4
1 2 3
LRU

Data structure : Queue, Time complexity : O(1)
Old-Fashion, But Quite Good Performance

No Frequency Concerned




Previous Work - Frequency

LFU(Least Frequently Used)

6

50006
50006

50006

Data structure : Priority Queue, Time complexity : O(logn)

No Recency Concerned




Previous Work - Frequency

LRU-2(LFU Extension)

Inter-arrival ratel High-frequent !
How to define ‘Frequent’?

nter-arrival rate
InputSequence:51 23 12 5 2 ‘7

Timetick:1 2 3 4567 89 10

2"d Backward Distance

Problem
CIP(Correlated Information Period)

X0y ooy Xy Xjg1y = ,Xj

How far do \;ve have to c<')nsider
> Evict! 2 pages are related?

50008




Previous Work - Frequency

LRU-2(LFU Extension)
CIP/c

¢ 0.01 0.05 0.1 025 0.5 075 09 095 099
1024 0.87 1.01 141 303 377 400 [407| [407] |(@07)

2048 1.56 2.08 333 432 462 477 480 |483| [4.83
4096 2.94 4.45 506  S.64 |581| 579 570 565 5.6
8192 5.36 7.02 739 (@54 736 688 647 636 623
16384 953 1055 [10.67| 1047 947 838  7.60 728 715
32768 | 1595 | 1636 1623 1532 1346 1145 992 950  9.03
65536 | |25.79 2566 2512 2364 2133 1826 1582 1499  14.58
131072 | |39.58 38.88 3831 3746 3515 3221 3039 2979 2936
262144 | |53.43 53.04 5299 5209 5173 4942 4873 4920  49.11
524288 | | 3.1 63.14 6294 6298 6200 6075 6040  60.57  60.82

Hard to Predict best CIP Value only on 1 workload !

Metric LRU-2
Time Complexity O(logn)
Self-tunable X




Previous Work - Frequency

2Q(LRU-2 Extension) K. =0.2c
in — Y-

Input Sequence:5 0 1 2 0 3 1 25 2|7 K,,; = 0.6c

Aout
Ain
\ Still Have to tune some parameters
Metric 2Q
Time Complexity 0O(1)
Self-tunable X




Previous Work - Frequency

L/IRS(Low Inter-reference Recency Set)

Input Sequence : 142321415

A\

®
®

Lijys + Lpjys = C
L =0.001c

c=3
1 > Ly =1
hirs —
Ly.. =2
LIRS HIRS lirs |
stack stack Still Have to tune some parameters
Metric LIRS
Time Complexity Stack-Pruning
Self-tunable X




Previous Work - Frequency + Recency

FBR(Frequency Based replacement)

Input Sequence : 0 5 11

Partition ratio of 3 Sections

A ax(predetermined)

New Middle Old
i N~ ¢, (predetermined)
2(1) (o(1) |1(1) |5(1) |41) |9(2)
Still Have to tune some parameters
Metric FBR
Self-tunable X




Previous Work - Frequency + Recency

LRFU(Least Recently Frequently Used)

o0

Ax Vi F(i)> > F(j).
1 j—it]
F(x) = (—)
p 1 1 1

1> c+=+=+-

Input Sequence :@4 23 2@4@5 ‘ 2 48

Time Tick 12345678910
Co(1) = F(10-1) + F(10-6) + F(10-8)

ifA -0 F(x)=1 » LFU Ap
X
ifl -1  F(x) = (%) . LRU l
Still Have to tune some parameters
Metric LRFU
Self-tunable X




Previous work - MQ

» Multi-Queue replacement policy

« Each Q; contains [2¢,2!*1) times seen pages

« Each hit page is assigned lifetime

« If a page expired, it goes down to lower-level queue’s MRU position

Q;

A

T =3, lifeTime =5 => expireTime = 8

O

Qi1

T=8

e Parameter tuning needed
* # of queues, lifeTime, ...

e Overhead for checking
timestamp




Terms and basics

TT(c) : Replacement Policies which manage ¢ pages

L, : Set of pages seen only once recently

L, : Set of pages seen more than once recently
0<Li+L,<2c, 0L5L;i<c¢, 05L,<2c

Replace L; when L is full, if not, replace L,
->make | L; | and | L, | similar




DBL(2C)

DBL (2¢) Cache hit : MRU update

INPUT: The request stream T, Z3,..., I, .
INITIALIZATION: Set £, =0, £, =0, L, = 0 and L, = 0.

F t > 1and d onl f the foll Cache miss -
or every t > 1 and any x,, one and only one of the following .
two cases must occur. Case A: Ll is full -> replace LRU of Ll

Case I: z; isin Ly or Lj. . e’
A cache hit has occurred. Make z; the MRU page CaseB: L1 isn’t full

in L. Case B-1: L, + L, = 2c (cache full)

Case II: x; is neither in Ly nor in L.

A cache miss has occurred. Now, one and only one -> replace LRU of L 2
f the two cases st occur. .
of t g lvu.> cases fnuq occur | Case B-2: L1 + L2 <2cC (CaChe isn’t fU”)
Case A: L, has exactly ¢ pages.
Delete the LRU page in L, to make room -> insert into L1

for the new page, and make z; the MRU
page in L.
Case B: L) has less than ¢ pages.

1) If the cache is full, that is, (|L,| +
|L2|) = 2¢, then delete the LRU page
in Ly to make room for the new page.

2) Insert z; as the MRU page in L,.

Summary : Fill Ly uptoc




TT(Cc) — general structure

T : Top(MRU) of L, TJ' : Top(MRU) of L,
BT : Bottom(LRU) of L, B7 : Bottom(LRU) of L,

. LRU
+ T/NBf =0, L =T UB]
Bottom of L, | BY
Ls : * |L1UL2|<C = BfUB;L-:@
¢+ |LiULy|=c => [TFUTf|=c
Top of Ly|TT
MR * MRU(B) < LRU(T)
T TIHUT_;H
. MRU * Cache contains T{* UTY
Top of Ly |T]
Ly
Bottom of L, | BY
«]  LRU




LRUfCZ

» In DBL(2¢)

» If a page in L, evicted
» Ly must be full (|L{] = c)
« If a pagein L, evicted

* L] =c

=> Evicted page Is at most c MRU

Both DBL(2c) and LRU(c) properly keep ¢ MRU (proved)




FRCp(c) (Fixed Replacement Cache)

* pis tunable parameter (0 < p <)

* Follows all properties of 11(c)
* Keeps |[T1| =p, [Tzl =c—p

* Replacement Policy
« If |[T;| > p : Replace LRU of T,

« If |T;| < p : Replace LRU of T,

« If |Ty| = p: (arbitrary)




ARC(c) (Adaptive Replacement Cache)

Parameter p adaptively changes (No tuning needed)

Cache miss and the page was in B; => increase |T;| (increase p)

Cache miss and the page was in B, => increase |T,| (decrease p)

The amount of change in parameter p is learning rate
 If B; contains missed page => we should increase p
« If |By| = |B;| : increase p by 1

| B2 |

« If |B;| < |B;| : increase p by B
1

« Similar in B, hit case.




ARC(c) - algorithm

(x : Current requested stream)

e Casel:x€(T;UT,)

« Cache hit. Move x into T, and update MRU

e Case2:x € B,
* Increase p by learning rate

* Move x into T, and update MRU

e« Case3:x€B,
« Decrease p by learning rate

 Move x into T, and update MRU




ARC(c) - algorithm

« Case4:x ¢ (ByUB,)

e Case4-A:|[T;UB;| =c
e Case4-A-1:|T;| <c
* Replace LRU of B,
e Case4-A-2:|T;| =c
* B, is empty -> Replace LRU of T;
« Case4-B:|TyUB{| <c
o If|Ty| +[To| + |By| + [Bz| = ¢
* Replace LRU of B, if [T;| + |T»| + |B1| + |B| = 2¢

» Finally : Move x into T; and update MRU




ARCgc,kz

» Keeps recent k pages discarded from L; (not from L,)

« All pages in the keeping set are more recent than new L, pages

» Otherwise, discard the page from keeping set
* If request hits the keeping set, move that page into T, directly

* Previous algorithm denoted ARC(c, 0)




Experimental result

SPCI like
c | LAU M 20 ARC
ONLINE
65536 | (.37 0.37 L 082
131072 | 078 077 1.31 1.62
262144 1.63 1.65 259 323
524288 | 366 im fr.54 7.56
48576 [ 909 14% 1783 | 20000
Merge(5)
c LRU (X [#] 20  ARC
OMNLINE
16384 020 0.2 0.73 1.04
32768 040 0.4 1.47 208
65536 0.7% 0.79 285 4.07
131072 1.5% 1.59 5.52 178
62144 313 404 1036 | 1430
524288 206 1489 1EE9 | 24.34
148576 | 2762 4013 3539 | 4044
1572864 | 5086 5649 5319 | 57.19
2007152 | 6E6E TOD45  6T36 | T1.4l
4194304 | B7300 8729 #6322 | B7.26

P4

¢ [ LHU M AHU

OMLINE
1024 .68 267 2.69
2048 197 296 298
4096 332 3.31 3.50
§1492 365 365 4.17
16384 4.07 4.08 5.77
32T6HE 5.24 5.21 11.24
65536 1076 12.24 |18.53
131072 [ 2143 2454 2742
262144 | 37.28  3R9T |40.18
524288 | 48.19 4965 |53.37

Workload c space | LRU  ARC FRC
MB OFFLINE

Fl 32768 16 16.55 | 28.26 29.39

P2 32THR 16 1847 | 27.38 27.61

3 32768 16 357 17.12 17.60

P4 32THR 16 524 11.24 9.11

P5 32768 16 6.73 14.27 14.29

Pé 32THR 16 4.4 | 1384 2262

F7 32768 16 345 13.77 14.01

3 32THR 16 17.18 | 27.51 2592

P9 32768 16 B.28 19.73 20.28

P10 32THR 16 248 946 963

P11 32768 16 | 2092 | 2648 26.57

Pl2 32T6R 16 LA E] 15.94 15.97

P13 32768 16 T.H3 16,60 16.81

P14 32768 16 15.73 | 20.52 .55
Con{Cat 32768 16 1438 | 21.67 21.63
Merge(P) 262144 128 | 38.05 | 3991 39.40
D51 2097152 1024 11.65 | 2252 18.72
5PC1 1B5T6 4096 Q.19 | 20000 .11

51 524188 248 | 2371 3343 34.00

52 524258 248 | 1591 40068 40.57

53 524188 28 | 25326 | 4044 40.29
Merge(5) | 1048576 4006 | 2762 | 4044 40,18




Experimental result

LR




Conclusion

No parameter tuning needed

« Empirically universal

Less overhead

Empirically good performance

Robust, Scan-resistance

LRU LFU LRU-2 LIRS FBR LRFU MQ /ARC\

Recency 0] X X X 0] 0] 0] 0]
Frequency X 0] 0] 0] 0] 0] O 0]
Constant 0] @) X 9 @) _ _ @)

Time

Scan X X 0 0 0 0 0 \ 0
Resistance

“Self- 0 0 X X X X X \ 0 /
tunable”

) —




