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▪ LRU (Least Recently Used)

• O(1) complexity, no frequency considered

▪ LFU (Least Frequently Used): 

• O(log n) complexity, no attention to recent history, no adaptability

hit
miss: new page

miss: Evict if |L| = c

𝑳

hit

miss: new page

miss: Evict if |L| = c
𝑳

MRU LRU

MFU LFU



4190.568 Advanced Operating Systems | Fall 2020 | Jin-Soo Kim (jinsoo.kim@snu.ac.kr) 3

▪ Frequency-Based Replacement

• Three sections in the LRU list: New, Middle, and Old

• Replaces the page with the smallest reference count in the Old section (O(log n))

• Need to rescale the reference counters: Whenever the average reference counter 

exceeds 𝐴𝑚𝑎𝑥, every reference counter is reduced to 𝐶/2

• Tunable parameters: 𝐹𝑛𝑒𝑤, 𝐹𝑜𝑙𝑑 , 𝐴𝑚𝑎𝑥

MRU LRU
New (Fnew*c) Middle Old (Fold*c)

miss: new page
(count = 0)

hit (count unchanged)

hit (count++)
miss: Evict the page with
the smallest count in Oldhit (count++)
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▪ LRU-K

• Backward K-distance 𝑏𝑡 𝑝, 𝐾 : 

the distance backward from the time t to 

the K-th most recent reference to the 

page p (∞ if p does not appear K times) 

• Replace the page whose backward K-distance is the maximum of all pages

• LRU-1 = classical LRU

▪ O(log n) complexity 

▪ A crucial tunable parameter: Correlated Information Period (CIP)

• The time a page that has only been seen once recently should be kept in the cache 

to avoid "Early Page Replacement"

55

𝒃𝒕 𝟓, 𝟏

𝒃𝒕 𝟓, 𝟐

𝒕
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▪ 𝑨𝒎 for hot pages

▪ 𝑨𝟏𝒊𝒏 for pages of potentially correlated accesses

▪ 𝑨𝟏𝒐𝒖𝒕 for pages that have been accessed once (metadata only)

▪ O(1) complexity, two tunable parameters:  𝐾𝑖𝑛 and 𝐾𝑜𝑢𝑡

𝑨𝟏𝒊𝒏𝑨𝒎

MRU TAILFRONTLRU

miss: new page

miss: Evict 
if |A1in| > Kin

hit hit (noop)

𝑨𝟏𝒐𝒖𝒕

max Kin pages max Kout pages

TAILFRONT

miss: Delete 
if |A1in| > Kin and

|A1out| > Kout

miss: Evict 
if |A1in| ≤ Kin

hit
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▪ Least Recently/Frequently Used

▪ Each block 𝑥 is associated with the CRF (Combined Recency and 

Frequency) value or 𝐶 𝑥 :

▪ Replace the page with the smallest 𝐶(𝑥)
• As 𝜆 approaches to 0, 𝐶(𝑥) is simply the number of occurrences of 𝑥 → LFU

• As 𝜆 approaches to 1, 𝐶(𝑥) emphasizes recency → LRU

▪ The performance depends crucially on  𝜆 (adaptive version exists)

• Other tunable parameter:  c (for correlated references)

▪ Computation overhead (up to 50x over LRU)

𝑖𝑓 𝑥 𝑖𝑠 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑑 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
𝐶 𝑥 = ൝

1 + 2−𝜆𝐶(𝑥)

2−𝜆𝐶 𝑥
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▪ Low Inter-reference Recency Set

• Inter-Reference Recency (IRR) or reuse distance: the number of other blocks 

accessed between two consecutive references to the block

• High IRR bocks are candidates for replacements

▪ Two stacks are maintained

• A large LRU stack (𝐿𝑙𝑖𝑟𝑠) for low IRR (LIR) resident blocks

• A small LRU stack (𝐿ℎ𝑖𝑟𝑠) for high IRR (HIR) blocks

• The large stack also records resident/nonresident high IRR blocks

▪ Stack pruning operation removes the HIR blocks in the stack bottom

• Average-case rather than worst-case constant-time overhead

▪ Tunable parameters: 𝐿ℎ𝑖𝑟𝑠 (normally 1%), 𝑅𝑚𝑎𝑥 (for LIR/HIR switching)
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▪ 0 ≤ 𝐿1 + 𝐿2 ≤ 2𝑐,  0 ≤ 𝐿1 ≤ 𝑐,  0 ≤ 𝐿2 ≤ 2𝑐

LRU LRUMRUMRU

2c pages

hit hit

miss: new page

miss: Evict if
|L1| < c and |L1|+|L2| = 2c

miss: Evict if
|L1| = c

𝑳𝟏𝑳𝟐
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▪ If 𝐿1 ∪ 𝐿2 < 𝑐,  then 𝐵1
𝜋 = 𝐵2

𝜋 = ∅

▪ If 𝐿1 ∪ 𝐿2 ≥ 𝑐,  then 𝑇1
𝜋 ∪ 𝑇2

𝜋 = 𝑐

LRU LRUMRUMRU

2c pages

𝑻𝟐
𝝅𝑩𝟐

𝝅 𝑻𝟏
𝝅 𝑩𝟏

𝝅

𝑳𝟏𝑳𝟐

𝝅 = 𝑻𝟏
𝝅 + 𝑻𝟐

𝝅 (c pages)
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▪ The most recent c pages will always be in DBL(2c)

• When the LRU item in 𝐿1 is evicted: 𝐿1 must contain exactly c items

• When the LRU item in 𝐿2 is evicted: 𝐿2 must contain at least c items

▪ There must exist a dynamic partition of lists 𝐿1 and 𝐿2 into lists 𝑇1
𝐿𝑅𝑈, 

𝐵1
𝐿𝑅𝑈, 𝑇2

𝐿𝑅𝑈, and 𝐵2
𝐿𝑅𝑈 such that the conditions for 𝜋(𝑐) hold

LRU LRUMRUMRU

𝑻𝟐
𝑳𝑹𝑼𝑩𝟐

𝑳𝑹𝑼 𝑻𝟏
𝑳𝑹𝑼 𝑩𝟏

𝑳𝑹𝑼

𝑳𝟏𝑳𝟐

𝝅 = 𝑻𝟏
𝑳𝑹𝑼 + 𝑻𝟐

𝑳𝑹𝑼 (c pages)
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▪ Keep exactly p pages in 𝑇1,𝑝 and exactly c – p pages in 𝑇2,𝑝

▪ Parameter p: target size for 𝑇1,𝑝

LRU LRUMRUMRU

𝑻𝟐,𝒑𝑩𝟐,𝒑 𝑻𝟏,𝒑 𝑩𝟏,𝒑

𝑳𝟏𝑳𝟐
p pagesc - p pages

2c pages
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▪ 𝑥𝑡 ∈ 𝑇1,𝑝 ∪ 𝑇2,𝑝
→ Move 𝑥𝑡 to MRU position of 𝑇2,𝑝

LRU LRUMRUMRU

𝑻𝟐,𝒑𝑩𝟐,𝒑 𝑻𝟏,𝒑 𝑩𝟏,𝒑

𝑳𝟏𝑳𝟐

𝒙𝒕 𝒙𝒕
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▪ 𝑥𝑡 ∈ 𝐵1,𝑝
→ Replace(𝑥𝑡, 𝑝), and move 𝑥𝑡 from 𝐵1,𝑝 to MRU position of 𝑇2,𝑝

▪ Replace(𝑥𝑡, 𝑝)

• If (𝑇1,𝑝 ≠ ∅ and (( 𝑇1,𝑝 > 𝑝) or (𝑥𝑡 ∈ 𝐵2,𝑝 and 𝑇1,𝑝 = 𝑝)), 

move the LRU page in 𝑇1,𝑝 to 𝐵1,𝑝

• Otherwise, move the LRU page in 𝑇2,𝑝 to 𝐵2,𝑝

LRU LRUMRUMRU

𝑻𝟐,𝒑𝑩𝟐,𝒑 𝑻𝟏,𝒑 𝑩𝟏,𝒑

𝑳𝟏𝑳𝟐

𝒙𝒕

? ?



4190.568 Advanced Operating Systems | Fall 2020 | Jin-Soo Kim (jinsoo.kim@snu.ac.kr) 14

▪ 𝑥𝑡 ∈ 𝐵2,𝑝
→ Replace(𝑥𝑡, 𝑝), and move 𝑥𝑡 from 𝐵2,𝑝 to MRU position of 𝑇2,𝑝

LRU LRUMRUMRU

𝑻𝟐,𝒑𝑩𝟐,𝒑 𝑻𝟏,𝒑 𝑩𝟏,𝒑

𝑳𝟏𝑳𝟐

𝒙𝒕

? ?
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▪ 𝑥𝑡 ∉ 𝐿1 ∪ 𝐿2 and 𝐿1 = 𝑐

• if ( 𝑇1,𝑝 < 𝑐): Delete LRU page in 𝐵1,𝑝 and Replace(𝑥𝑡, 𝑝)

• if ( 𝑇1,𝑝 = 𝑐): Delete LRU page in 𝑇1,𝑝

LRU LRUMRUMRU

𝑻𝟐,𝒑𝑩𝟐,𝒑 𝑻𝟏,𝒑

Delete

new page

𝒙𝒕

LRU LRUMRUMRU

𝑻𝟐,𝒑𝑩𝟐,𝒑 𝑻𝟏,𝒑 𝑩𝟏,𝒑

?
new page

𝒙𝒕

Delete
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▪ 𝑥𝑡 ∉ 𝐿1 ∪ 𝐿2 and 𝐿1 < 𝑐
• if ( 𝐿1 + 𝐿2 ≥ 𝑐): Delete LRU page in B2 if 𝐿1 + 𝐿2 = 2𝑐, and Replace(𝑥𝑡, 𝑝)

• if ( 𝐿1 + 𝐿2 < 𝑐):

LRU LRUMRUMRU

𝑻𝟐,𝒑𝑩𝟐,𝒑 𝑻𝟏,𝒑 𝑩𝟏,𝒑

?
new page

𝒙𝒕

LRU LRUMRUMRU

𝑻𝟐,𝒑𝑩𝟐,𝒑 𝑻𝟏,𝒑 𝑩𝟏,𝒑𝒙𝒕

new page

??
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▪ For a given value of p,  ARC behaves exactly like FRCp

▪ ARC continuously adapts and tunes p in response to a workload

▪ Learning rates

• "Invest" in the list that is performing the best

• On a hit in B1, we need to increase T1 → p increased by 𝛿1 = ቊ
1

Τ𝐵2 𝐵1

• On a hit in B2, we need to increase T2 → p decreased by 𝛿2= ቊ
1

Τ𝐵1 𝐵2

𝒊𝒇 𝑩𝟏 ≥ 𝑩𝟐

𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆

𝒊𝒇 𝑩𝟐 ≥ 𝑩𝟏

𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆
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▪ 𝑥𝑡 ∈ 𝑇1 ∪ 𝑇2
→ Move 𝑥𝑡 to MRU position of 𝑇2

LRU LRUMRUMRU

𝑻𝟐𝑩𝟐 𝑻𝟏 𝑩𝟏

𝑳𝟏𝑳𝟐

𝒙𝒕 𝒙𝒕
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▪ 𝑥𝑡 ∈ 𝐵1

→ Update 𝑝 = 𝑚𝑖𝑛{𝑝 + 𝛿1, 𝑐} where 𝛿1 = ቊ
1

Τ𝐵2 𝐵1
→ Replace(𝑥𝑡, 𝑝), and move 𝑥𝑡 from 𝐵1 to MRU position of 𝑇2

LRU LRUMRUMRU

𝑻𝟐𝑩𝟐 𝑻𝟏 𝑩𝟏

𝑳𝟏𝑳𝟐

𝒙𝒕

?

𝒊𝒇 𝑩𝟏 ≥ 𝑩𝟐

𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆

p + δ1

?
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▪ 𝑥𝑡 ∈ 𝐵2

→ Update 𝑝 = 𝑚𝑎𝑥{𝑝 − 𝛿2, 0} where 𝛿2= ቊ
1

Τ𝐵1 𝐵2
→ Replace(𝑥𝑡, 𝑝), and move 𝑥𝑡 from 𝐵2 to MRU position of 𝑇2

LRU LRUMRUMRU

𝑻𝟐𝑩𝟐 𝑻𝟏 𝑩𝟏

𝑳𝟏𝑳𝟐

𝒙𝒕

𝒊𝒇 𝑩𝟐 ≥ 𝑩𝟏

𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆

p - δ2

? ?
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▪ 𝑥𝑡 ∉ 𝐿1 ∪ 𝐿2 and 𝐿1 = 𝑐
• if ( 𝑇1 < 𝑐): Delete LRU page in 𝐵1 and Replace(𝑥𝑡, 𝑝)

• if ( 𝑇1 = 𝑐): Delete LRU page in 𝑇1

LRU LRUMRUMRU

𝑻𝟐𝑩𝟐 𝑻𝟏

Delete

new page

𝒙𝒕

LRU LRUMRUMRU

𝑻𝟐𝑩𝟐 𝑻𝟏 𝑩𝟏

?
new page

𝒙𝒕

Delete
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▪ 𝑥𝑡 ∉ 𝐿1 ∪ 𝐿2 and 𝐿1 < 𝑐
• if ( 𝐿1 + 𝐿2 ≥ 𝑐): Delete LRU page in B2 if 𝐿1 + 𝐿2 = 2𝑐, and Replace(𝑥𝑡, 𝑝)

• if ( 𝐿1 + 𝐿2 < 𝑐):

LRU LRUMRUMRU

𝑻𝟐𝑩𝟐 𝑻𝟏 𝑩𝟏

new page

𝒙𝒕

?

LRU LRUMRUMRU

𝑻𝟐𝑩𝟐 𝑻𝟏 𝑩𝟏𝒙𝒕

new page

?

?
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▪ ARC outperforms online algorithms (LRU, FBR, LFU, LIRS, MQ)

▪ ARC performs as well as LRU-2, 2Q, LRFU which use the best offline 

parameters 
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▪ Parameter p keeps fluctuating 

between 0 to c (32768 pages)

▪ Such fluctuations occur as many 

times as dictated by the nature 

of the workload without any 

a priori knowledge or offline 

tuning

▪ ARC continually adapts and 

reconfigures itself
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LRU LFU FBR LRU-2 2Q LRFU LIRS ARC

Recency O X O O O O O O

Frequency X O O O O O O O

Complexity O(1) O(log n) O(log n) O(log n) O(log n) O(log n) O(1)? O(1)

Scan resistance X O O O O O O O

Ghost cache X X X O O X O O

Self-tunable – – X X X X X O


