P-OPT: Practical Optimal Cache Replacement for

Graph Analytics
Vignesh Balaji Neal Crago Aamer Jaleel Brandon Lucia
cMU NVIDIA NVIDIA cMU

A ENGINEERING Carnegie Mellon <2 NVIDIA.



.
€2
s
%,
g,

VTN S
7 Nei
idl g, & 11 min
/ Temies /
st
o, "l s
. .4 TimeSgg,: 42 St
3 1
" )
" g i

Graph Analytics Has Many Important Applications
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Large Graphs Can Be Processed In A Single Node
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Large Graphs Can Be Processed In A Single Node

Compressed
Representation
+ Vertex Data

Input Graph Vertices | Edges | Memory
Twitter-2010 41M 1.4B 5.5GB
SK-WebCrawl 50.6M 1.95B 7.6GB
UK-WebCrawl 106M 6.6B 50GB
Yahoo Search 1.41B 6.6B 65GB
Hyperlink Graph 1.72B 64.4B 499GB
Facebook-2015 2B 400B 2.9TB
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Large Graphs Can Be Processed In A Single Node

Input Graph Vertices | Edges | Memory
Twitter-2010 41M 1.4B 5.5GB
SK-WebCrawl 50.6M 1.95B 7.6GB
UK-WebCrawl 106M 6.6B 50GB
Yahoo Search 1.41B 6.6B 65GB
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Large Graphs Can Be Processed In A Single Node

Programmability @

Performance f

Input Graph Vertices | Edges | Memory
Twitter-2010 41M 1.4B 5.5GB
SK-WebCrawl 50.6M 1.95B 7.6GB
UK-WebCrawl 106M 6.6B 50GB
Yahoo Search 1.41B 6.6B 65GB
Hyperlink Graph 1.72B 64.4B 499GB
Facebook-2015 2B 400B 2.9TB

[Programmability] “WTF: The Who To Follow Service at Twitter” WWW 13; [Performance] “Scalability! But at what COST?” Usenix HOTOS’15



Single Node Graph Processing Performance is Sub-ptimal
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Single Node Graph Processing Performance is Sub-Optimal

Cycles stalled on DRAM / Total Cycles
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PageRank Collaborative Breadth-First Betweenness
Filtering Search Centrality

Graph Application Performance is
DRAM-latency bound
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Right Figure from “Optimizing Cache Performance for Graph Analytics” ArXiv v1;
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Single Node Graph Processing Performance is Sub-Optimal

LLC Miss Rate (%) Cycles stalled on DRAM / Total Cycles
100 1
80 0.8
&0 0.6
40 ’ 04
55 0.2
(] 0 '
PageRank SSSP-BF  SSSP-DS BC PageRank Collaborative Breadth-First Betweenness
Filtering Search Centrality
High LLC Miss Rate leads to many Graph Application Performance is
[ long-latency DRAM accesses ] [ DRAM-latency bound ]
) ENGINEERIG ’

Right Figure from “Optimizing Cache Performance for Graph Analytics” ArXiv v1;
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Outline

<% Primary Bottleneck of Graph Analytics = Poor Cache Locality v
% Reasons for Poor Cache Locality

s Belady’s OPT Replacement Policy Is Viable for Graph Processing
s P-OPT: A Practical Optimal Cache Replacement Policy

Electrical & Compu 10
A ENCINEERNG
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Outline

Primary Bottleneck of Graph Analytics = Poor Cache Locality v/

Reasons for Poor Cache Locality ¢
> Irregular Memory Accesses
> Existing Replacement Policies Are Insufficient

Belady’s OPT Replacement Policy Is Viable for Graph Processing
P-OPT: A Practical Optimal Cache Replacement Policy

Electrical & Computer

ENGINEERING
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Graph Processing Overview

Do D1 Dy Dz D4 Typical graphs are extremely sparse
1 1 1 1 !.!
So 1
Sil1: + + i1 % of Non-Zero Entries ~ 107
sy 1T o
¢ Sz 1 1
Se|1i 1 12
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Graph Processing Overview

Offsets Array (OA) | 0|13 |6 SK‘
210

Neighbors Array (NA) 4101113111410 2
[ Non-Zero Coordinates \ Compressed Sparse Row (CSR)

. sorted by SrclDs | Outgoing Neighbors
Dst —
Do D1 Dy Dz D4

So A T

S11 1
N
| Sz| 11 1
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Graph Processing Overview

Offsets Array (OA) |0|1]|3]|6| 8
2(0/4(0]|1|3(1|4(0]2
[ Non-Zero Coordinates \ Compressed Sparse Row (CSR)

Neighbors Array (NA)

Edge sorted by SrclDs Outgoing Neighbors
Dst —
Do D1 Dy Dz D4
So 1 Offsets Array (OA) |03 |5|7 |8
S1|1 L1 l \‘\‘
ses, [T T
| Bl It (S I NeighborsArray(NA) |1 12 |4 (2|3|10|4|2(1]|3
53| i1 11
IRREREE RERk RREERERh Non-Zero Coordinates Compressed Sparse Column (CSC)
>4 1 ! f sorted by DstIDs Incoming Neighbors




Graph Processing Overview

Dst — Push Execution
Do D1 Dy D3z D4
So| | i1i | for src in Frontier:
. 2 11 11 for dst in out_neighs(src):
) s e —— dstData[dst] += srcData[src]
Seti iti CSR Traversal

15



Graph Processing Overview

Dst — Push Execution
Do D1 Dy D3z D4
So| | i1i | for src in Frontier:
. ol BN R for dst in out_neighs(src):
Spl1i1: i
\ : :1:;1:1 dstData[dst] += srcData[src]
3 '
24| 4 L CSR Traversal
Push Traversal Patterp

Dst —> Pull Execution
Do D1 Dy D3 Dy for dst in G:
ol I I - ] for src in din_neighs(dst):
RETCR 0 W 0 e if src in Frontier:
| zifnémm}iuI-g dstData[dst] += srcData[src]

CSC Traversal



Graph Applications switch between Push and Pull

Graph Applications require both the CSR and CSC




Source of Poor Locality = Irregular Memory Accesses

Dst —> Pull Execution
Dp D1 Dy D3 D .
5 L 12: e, c |4 for dst in G:
S TE b el for src in din_neighs(dst):
Sre s [T ) 8 if src in Frontier:
Voss| Fal 1 113 dstData[dst] += srcDatal[src]
54 15 1 v v

CSC Traversal

OA [0]|3]|5([7]|8
NA l1]2(4]2]|3(0[4]2]|1]3

18



Source of Poor Locality = Irregular Memory Accesses

Pull Execution

Dst —
. DOEDl D125D3 4 £ for dst in G:
s [T g mpfor src in in_neighs(dst):
Sre s TPl ] g | ! if src in Frontier:
| s 115 :.' dstDatal[dst] += srcData[src]
Se| 1) |1} ¥y
CSC Traversal

OA

NA

-
CSC contents can be
arbitrarily ordered 19
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Source of Poor Locality = Irregular Memory Accesses

Pull Execution

Dst —>
Do D1 Dy Dz D :
5 L 12: e for dst in G:
o [t E | mpfor src in in_neighs(dst):
Sre s TPl ] g | ! if src in Frontier:
Vs | dstDatal[dst] += srcData[src]
se| 1} [1f | ] v

CSC Traversal /

[ Irregular Memory Accesses

OA

NA

-
CSC contents can be
arbitrarily ordered 20
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Source of Poor Locality = Irregular Memory Accesses

Pull Execution

Dst —
Dgp D1 Dp D3z D J
. 0:112:345 % for dst in G:
o T E »for src 1in in_neighs(dst):
Se s, [T Tl E | if src in Frontier:
Vs | dstDatal[dst] += srcData[src]
se| 1} [1f | ] v

CSC Traversal /

{ Irregular Memory Accesses

OA

NA 3 |4 Irregular Data Footprint >> LLC Size

21
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Source of Poor Locality = Irregular Memory Accesses

Pull Execution

Dst —>
Do D1 Dp Dz D
. 0:112:345 % for dst in G:
o T E »for src in in_neighs(dst):
Se s, [T Tl E | if src in Frontier:
Vs | dstDatal[dst] += srcData[src]
sef1] [2f | ] v

CSC Traversal /

{ Irregular Memory Accesses

OA

- Irregular Data Footprint >> LLC Size

NA

Size of srcData ~ 128MB (32M ™ 4B) 22




Existing Replacement Policies Are Insufﬁciet
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Lower is
Better
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Existing Replacement Policies Are Insufficient

LLC MPKI

App - PageRank
50

40
30
20

10

LRU DRRIP SHIP-PC  SHIP-MEM-INF HAWKEYE
Cache Replacement Policies

24



Lower is
Better

Carnegie Mellon

Existing Replacement Policies Are Insufficient

LLC MPKI

LRU

App - PageRank

N\ DRRIP SHIP-PC SHIP-MEM-INF HAWKEYE »
~

Cache Replacement Policies

-

State-of-the-Art
Policies

—
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Lower is
Better
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Existing Replacement Policies Are Insufficient

LLC MPKI

LRU

App - PageRank

N\ DRRIP SHIP-PC SHIP-MEM-INF HAWKEYE »
~

Cache Replacement Policies

Marginal Benefit over LRU ]

State-of-the-Art
Policies
—

-
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Problem: Heuristics used by SOTA policies fail to

capture the complex reuse patterns of graph data




Dst —
Do D1 Dy Dz D4

____________________
1

____________________

____________________

____________________
] 1

Pull Traversal Pattern

Carnegie Mellon

Capturing (Irreqular) Graph Data Reuse Is Challenging

Pull Execution

for dst in G:
F}for src 1in 1in_neighs(dst):
! if src in Frontier:
dstData[dst] += srcData[src]

CSC ﬁaveM f

:' [ Irregular Memory Accesses

&
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Dst —
Do D1 Dy Dz D4

____________________

OA

NA

e it i

____________________

Pull Traversal Pattern

Carnegie Mellon

Capturing (Irreqular) Graph Data Reuse Is Challenging

Pull Execution

for dst in G:

F}for src 1in 1in_neighs(dst):
! if src in Frontier:
dstData[dst] += srcData[src]

|1

&

CSC TraveV

:' [ Irregular Memory Accesses

Irregular Data (srcData) Reuse is:
1. Unique for each vertex

29
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Capturing (Irreqular) Graph Data Reuse Is Challenging

Dst —
Do D1 Dy Dz D4

Src E]

____________________

____________________

____________________

R le— o

Pull Traversal Pattern

|1

Pull Execution

for dst in G:
F}for src 1in 1in_neighs(dst):
if src in Frontier:
dstData[dst] += srcData[src]

CSC TraveV

:' [ Irregular Memory Accesses

Irregular Data (srcData) Reuse is:
- 1. Unique for each vertex

2. Dynamically Varying

30
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Outline

Primary Bottleneck of Graph Analytics = Poor Cache Locality v/

Reasons for Poor Cache Locality v
> Irregular Memory Accesses
> Existing Replacement Policies Are Insufficient

Belady’s OPT Replacement Policy Is Viable for Graph Processing
P-OPT: A Practical Optimal Cache Replacement Policy

Electrical & Computer

ENGINEERING
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Outline

% Primary Bottleneck of Graph Analytics = Poor Cache Locality v/

% Reasons for Poor Cache Locality v/
> |rregular Memory Accesses
> Existing Replacement Policies Are Insufficient

< Belady’s OPT Replacement Policy Is Viable for Graph Processing ¢
> Graph Structure allows Optimal Cache Replacement
> Larger Gains than SOTA Policies

s P-OPT: A Practical Optimal Cache Replacement Policy

Electrical & Compu 32
A ENCINEERNG



Main Insight: Belady’s OPT Is Viable For Graph Proessing

33
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Main Insight: Belady’s OPT Is Viable For Graph Processing

m<— Element To Be Inserted

Belady’s Optimal Replacement Policy: Evict the
element which will be accessed furthest in the future

Elements in Cache Belady’s Replacement Policy
is a theoretical upper-bound

Electrical & Compu 34
A ENCINEERNG



Carnegie Mellon

Main Insight: Belady’s OPT Is Viable For Graph Processing

m<— Element To Be Inserted

Belady’s Optimal Replacement Policy: Evict the
element which will be accessed furthest in the future

Elements in Cache Belady’s Replacement Policy oRann
is a theoretical upper-bound TR
AT

[ Key Observation: The Graph’s Transpose Allows Optimal Cache Replacement ]

Electrical & Compu 35
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Key Graph Application Property That Enables Belay’s OPT

i u 36
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Key Graph Application Property That Enables Belady’s OPT

Dst — Pull Execution (CSC Traversal)
Do D1 D2 D3 D4 for dst in G:

so| f |1 | | §| ¢ for src in in_neighs(dst):

Sq | 1 1| &1 dstData[dst] += srcData[src]
Src S901 |1 1 § ;
¢ Sz 1 1 z ;'

54 i 1 CLV': v
OA [0|3|5([7]|8
NA |1]2]|4|2|3|0(4([2(1]3
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Key Graph Application Property That Enables Belady’s OPT

Pull Execution (CSC Traversal)

Dst —
Do D1 D2 D3 D4 for dst in G:
50 1 g ‘ for src in din_neighs(dst):
Ssil1t + 1 iq § : dstData[dst] += srcData[src]
Src o |TTvIAv Tl B
S 1 1 1 1 ’CTJ 1
¢ 2 _1__:__1__. - J__l_J_ - CurrDst  Irregular Data Stream
S3| 1o 1| EN:
o 3 1o 1 S | D, | srcData[S,]
o Bl LN B vy
D, | srcData[S,] -
, ime
OA [0]3[5]7]8 D, | srcData[S,] l
l \‘\‘ D, | srcData[S
NA [1]2]|4|2(3|0]|4]|2|1(3 1 1>,
D, | srcData[s,]
38
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Key Graph Application Property That Enables Belady’s OPT

Pull Execution (CSC Traversal)

OA

NA

Dst —

Do D1 Dy Dz D4

R le— o

2|13

Pull Traversal Pattern

4
1
1
1
I
I
I
I
I
I
I
1
I
1
1
I
1

A\ 4 v

for dst in G:

for src in din_neighs(dst):
dstData[dst] += srcData[src]

Key Property: Dst-1Ds
are like timestamps for
irregular accesses

CurrDst Irregular Data Stream

D

D
D
D
D

0

0

0

1

1

srcData[s, ]

srcData[s, ]

srcData[s, ]

srcData[sS, ]

srcData[sS,]

Time

39
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Key Graph Application Property That Enables Belady’s OPT

Pull Execution (CSC Traversal)

Dst —
Po D1 D7 D3 D4 for dst in G:
So| @ 1 s 1 for src in in_neighs(dst):
Sil1: 4 gl dstData[dst] += srcData[src]
Src IR ik I
S 1 1 1 1 1 - 1
¢ 2 I-___.___J__]'_J:____ % '.' CurrDst Irregular Data Stream
S3| 1 & 1| £ 5 Datars
S, 4 VT 41 & |1 Key Property: Dst-IDs o | srebatal>]
: : vV | are like timestamps for srcDatal[S. ]
0 )

srcData[sS, ]

- D
OA irregular accesses Time
D, | srcData[S,] l
D
D

srcData[sS,]
40
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Key Graph Application Property That Enables Belady’s OPT

Pull Execution (CSC Traversal)

Dst —
Po D1 D7 D3 D4 for dst in G:
So 1 s 1 for src in din_neighs(dst):
Si|1: 1 gl dstData[dst] += srcData[src]
Src P e T A
S 1 1 "a-) 1
¢ 2 _1- ! ___J__]'_J____ & | CurrDst Irregular Data Stream
Ss| 11 ¢ 1| £
S, PR Key Property: Dst-IDs Do | srebatal>]
o : ¥ ¥ | are like timestamps for oM  srcDatalS.]
irregular accesses 0 : Time
OA D, | srcData[S,] l
NA = VAl srcData[S,]
D srcData[sS,]

41
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Key Graph Application Property That Enables Belady’s OPT

Do D1 Dy D3z D4

Dst —

PR R

1

1
_—d e da
1
1
1

1

Pull Traversal Pattern

A
1
1
1
I
I
1
I
1
I
1
1
I
1
1
I
1

Pull Execution (CSC Traversal)

for dst in G:
for src in din_neighs(dst):
dstData[dst] += srcData[src]

CurrDst Irregular Data Stream

Key Property: Dst-1Ds Do | srebatal5)]
are like timestamps for D srcData[S. ]
irregular accesses 0 : Time
D, | srcData[S,] l
DA srcData[S,]
srcData[Sz] is accessed
D, | srcData[s,]

at D, = D, = D, . i




Using The Graph’s Transpose For Optimal Replacement

43
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Using The Graph’s Transpose For Optimal Replacement

Pull Execution (CSC Traversal)

Dst —
Do D1 D2 D3 D4 for dst in G:
Sof : 11 AN for src in in_neighs(dst):
sil1t + 1 g & dstData[dst] += srcData[src]
Sic o |7 B
S 1 1 1 1 b 1
¢ 2 __1__: _1 g J__l_J_ - % ' CurrDst  Irregular Data Stream
Ss| 1 ¢ 1| B
] e S | D, | srcData[S,]
oty oty vy
D, | srcData[S,] -
/ \ ime
Assumptions: D, | srcData[S,] l
1. One s.rcData elem per line D srcDatal[S. ]
2. Onlyirregular data enters 1 2
! y the cache D, | srcData[S,]
44

2-way Set-Associative Cache
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Using The Graph’s Transpose For Optimal Replacement

Pull Execution (CSC Traversal)

Dst —
Po D1 D7 D3 D4 for dst in G:
So 1 AN for src in in_neighs(dst):
Sil1: & 4 igq f:‘? : dstData[dst] += srcData[src]
Src o [T B
S 1 1 | b 1
¢ 2 __1__. _1 _._ a- 1J % ' CurrDst Irregular Data Stream
ss| f1:o 0 1| EN
. R e -4 | VM srcData[S, ]
41 01 v v
D, | srcData[S,]
e ~ Time
D, | srcData[S,] l
D, | srcData[S,]
! ') D, | srcData[s,] B

2-way Set-Associative Cache
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Using The Graph’s Transpose For Optimal Replacement

Pull Execution (CSC Traversal)

Dst —
Po D1 D7 D3 D4 for dst in G:
So| ! i1 AN for src in in_neighs(dst):
syl + 1 g & dstData[dst] += srcData[src]
Src o [T B
S 1 1 | b 1
¢ 2 __1_.. _1 _._ _a- 14: % '.' CurrDst Irregular Data Stream
Sz | i1 o =k
R R T PR EEEE N D0 srcData[s, ]
54 15 .15 ' v v
D,
e ~ Time
srcDatalS, ] Dy | srcData[S,] l
D, | srcData[S,]
! ') D, | srcData[s,]
46

2-way Set-Associative Cache



Using The Graph’s Transpose For Optimal Replacement

Pull Execution (CSC Traversal)

Dst —
Po D1 D7 D3 D4 for dst in G:
50 1 ;,C;, ‘ for src in din_neighs(dst):
sgl1t o0 1| & dstData[dst] += srcData[src]
¢ > __1__. _1 _._ a- 1J % ' CurrDst Irregular Data Stream
Ss| 11 i 1 5 |
: 23— 3 D, | srcData[S,]
S;l i1 v v
D, | srcData[S,] -
/ \ Ime
srcDatalS, ] oy srcData[S ] l
D, | srcData[S,]
srebata, D. | srcData[S,]
- / 1 3 4

2-way Set-Associative Cache



Using The Graph’s Transpose For Optimal Replacement

Pull Execution (CSC Traversal)

Dst —
Po D1 D7 D3 D4 for dst in G:
So| ! i1 AN for src in in_neighs(dst):
syl + 1 g & dstData[dst] += srcData[src]
Src o [T B
S 1 | 1 | | - 1
¢ 2 ___.. - _._ _a- 14: % '.' CurrDst Irregular Data Stream
S3| i1 =k
i S D, | srcData[S,]
Sy 15 .15 | v v
o | srcData[S,] .
Time

'

srcData[S ] S
1 o srcData[Sz] srcData[ ]
2

1

: D
/ ~\ Which line should we evict?:
e srcData[S,] 8  srcData[S ]
D
D

srcData[sS,]
\ ') . | srcData[s,] y

2-way Set-Associative Cache




Using The Graph’s Transpose For Optimal Replacement

Pull Execution (CSC Traversal)

Dst —
Po D1 D7 D3 D4 for dst in G:
Sof 11 AN for src in in_neighs(dst):
S1] 1 = 1]| &| dstData[dst] += srcData[src]
Src |-_-J----:---| 8 l'
S 1 1 1 1 1 1 - 1
¢ 2 _-_.i-___. - J:_ _J:___ % :' CurrDst Irregular Data Stream
S 1: : :1]| E|:
O EEE REEEENE NN D, | srcData[S,]
Se[1i iti o ¥y
o | srcData[S,] .
Time

'

srcData[S ] S
1 o srcData[Sz] srcData[ ]
2

1

' D
/ ~\ Which line should we evict?:
e srcData[S,] (nextRef @ D,) 8  srcData[S ]
D
D

srcData[sS,]
\_ ' Out-Neigh(S,):| D, | D, | CSR , | srcData[S] N

2-way Set-Associative Cache =
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Using The Graph’s Transpose For Optimal Replacement

Pull Execution (CSC Traversal)

Dst —

Do D1 Dy Dz D4

S0 A

e

Sal 1

(' )
srcData[s, ]
srcData[sS,]

- /

Pull Traversal Pattern

2-way Set-Associative Cache

4
1
1
1
I
I
I
I
I
I
I
1
I
1
1
I
1

A\ 4 v

for dst in G:

for src in din_neighs(dst):
dstData[dst] += srcData[src]

0

Which line should we evict?:

srcData[S,] (nextRef @ D,)
srcData[S,] (nextRef @ D,)

Out-Neigh(S,):| D, | D, | D, | csR

D

VM srcData[S,]
D

D

CurrDst Irregular Data Stream

srcData[s, ]

o | srcData[S,]

. | srcData[S,]

. | srcData[s,]

Time

'

50
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Using The Graph’s Transpose For Optimal Replacement

Pull Execution (CSC Traversal)

Dst —
P0 D1 D2 D3 D4 for dst in G:
So| 1 i1 AN for src in in_neighs(dst):
Sq 1—'1 gl dstData[dst] += srcData[src]
Src ATV B
S 1 1 1 - 1
¢ 2 _-.?__J___J:__l_J:____ % '.' CurrDst Irregular Data Stream
S3| i1: & 11| T
i Ak i 3| D0 srcData[Sl]
>4 1 ' ! : I v v
o | srcData[S,] .
Time

Which line should we evict?:

D
4 )
srcData[s, ] e srcData[S,] (nextRef @ D,) v/ VM srcData[S,]
D
D

'

e srcData[S,] (nextRef @ D,) srcData[S.]
2

1

srcData[sS,]
\ ') . | srcData[s,] y

2-way Set-Associative Cache




For a pull execution (CSC-traversal), the transpose (CSR) allows
Belady’s Optimal Cache Replacement




For a pull execution (CSC-traversal), the transpose (CSR) allows
Belady’s Optimal Cache Replacement

For a push execution (CSR-traversal), the transpose (CSC) allows
Belady’s Optimal Cache Replacement




Transpose-based OPT (T-OPT) Provides Large Gains

54



Transpose-based OPT (T-OPT) Provides Large Gains

App - PageRank

LLC MPKI

LRU DRRIP SHIP-PC  SHIP-MEM-INF HAWKEYE T-OPT

Cache Replacement Policies

55
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Transpose-based OPT (T-OPT) Provides Large Gains

App - PageRank
50 =——pmmmm========================================

40

30

20

inside”

LLC MPKI

10
Idealized Result:

Does not include
LRU DRRIP SHIP-PC  SHIP-MEM-INF HAWKEYE T-OPT overheads

Cache Replacement Policies

56



Transpose-based OPT Replacement Incurs Overheads

o Dslt) _; X Finding Next References
0 1 2 5 4 Using The Transpose
So 1 =| ¢
S1|1 1| &
Src s901 01 1 g
| S3 1 1| E:
Sq | 1 1 Ul
4 N
\_ J

.. 57
Set-Associative Cache



Dst —

Do D1 Dy Dz D4
AR S
ST

111 i1
1

Pull Traversal Pattern

-

Carnegie Mellon

Transpose-based OPT Replacement Incurs Overheads

Finding Next References
Using The Transpose

J

Set-Associative Cache

DRAM Access
overhead

OA

NA

N [e— o
O ([e—+

4(0(1(3(|1]4

Transpose
accesses are
irregular

CSR (Transpose)

58
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Dst —
Do D1 Dy Dz D4

Pull Traversal Pattern

o

Transpose-based OPT Replacement Incurs Overheads

Finding Next References
Using The Transpose

J

Set-Associative Cache

DRAM Access
overhead

OA

NA

Runtime
Traversal

N [¢— O

4(0(1(3(|1]4

overtread

CSR (Transpose)

O ([e—+

Need to scan
neighbors

59




Transpose-based OPT Replacement Incurs Overheads

- Dslt) _; X Finding Next References
0 1 2 5 4 Using The Transpose
50 D1 =| ¢
S1|1:! 1| &
Src Syl1 41 1 § ';
Voss RN =t DRAM Access Runtime
Sql1t 11 Ul overhead Traversal
— overhread
(- )
Question: How do we retrieve the next reference
S p information from the graph’s transpose
without these overheads?
Set-Associative Cache
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Outline

Primary Bottleneck of Graph Analytics = Poor Cache Locality v/

Reasons for Poor Cache Locality v/

> |rregular Memory Accesses
> Existing Replacement Policies Are Insufficient

Belady’s OPT Replacement Policy Is Viable for Graph Processing v/
> Graph Structure allows Optimal Cache Replacement
> Larger Gains than SOTA Policies

P-OPT: A Practical Optimal Cache Replacement Policy «
> Reducing Overheads using Quantization
> P-OPT achieves close to ideal performance

Electrical & Computer

ENGINEERING
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Main Technique: Use Quantization To Compress The Transpose

Dst —>
Do D1 Dy D3z D4
1 1 1 1 E 'A
S0 1 g ¢
____________________ & '
S1f1: 1| =
S T g
. =
»14 S3 1 1 =
____________________ Q_
S4 |11 1 \ N
............. srcData[S,] Next Refs:
OA 316(8

N [¢—— O
o le—r
o
o
U
O
[N
U
O
w

CSR
(Transpose) 62



Carnegie Mellon

Main Technique: Use Quantization To Compress The Transpose

Dst —>

Epoch-0 Epoch-1Epoch-2

Dg D1 Dy D3 D . I | ‘i
0 71 =2 5 % =] 4 Divide execution into Ll D1,Dlle3,D4 el 4
1 (7] H . 1 1 ‘ B !
L N El coarse-grained epochs So | L | o
S1|1: 1] = SEER R E:
e s, T & —> s, [Liil i
TN = : : l
i S3| i1 1| = SIES RS Ak
SR St S S H : : :
S41 1 1 ' \ 2 / S4 11 1. A /
............. srcData[S,] Next Refs:
OA 3168

NA

N [¢—— O
o le—r
o
o
U
O
[N
U
O
w
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Main Technique: Use Quantization To Compress The Transpose

Dst —>

Epoch-0 Epoch-1Epoch-2

0L S c| 4 Divide execution into 2l Der2lD3,D4 AN
S IR R - coarse-grained epochs Sof sl | _] Bl

S1|1: 1|3 STER i1 3

e s, et —> s, (111 71
Voss| i1 i1 & S| 2ti i 1] 3|
s 1T SR s[4 11} v
_______________ srcData[S,] Next Refs: srcData[S,] Next Refs:

OA 316|8

\ Dy =D, =D; Ey=E,

CSR
(Transpose) 64
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Main Technique: Use Quantization To Compress The Transpose

Dst —>

Epoch-0 Epoch-1Epoch-2

0L S c| 4 Divide execution into 2l Der2lD3,D4 AN
S IR R - coarse-grained epochs Sof sl | _] Bl
S1|1: 1|3 STER i1 3
e s, et —> s, (111 71
Voss| i1 i1 & S| iti i 1] 3,
s 1T SR s[4 11} v
_______________ srcData[S,] Next Refs: srcData[S,] Next Refs:
OA 316|8

NA

N [¢— O
o le—r
o
o
U
O
[N
U
O
W
m
o
U
m
[Ty

CSR

= Next Ref Quantization ]
(Transpose) ize trade-off)
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Main Technique: Use Quantization To Compress The Transpose

Dst —>

Epoch-0 Epoch-1 Epoch-2
Do Dy D; Ds|Dy

Dg Dy Dy D3z D . -
0 12 5 % ¢4 Divide execution into — AN
2 I S A gl coarse-grained epochs SolL i fii .. B
S111 1 - Sl ]_: E 1 ﬁ
St sy [Tiad G1i | ¢ ‘ s [ :
PR - ; = T T -
| ss| i1 1| = ] DR I £
_______________ [ —— o 1 1
S41 1 1 : \ A / S4 1: 1: A /
Eo E1 E)
Quantization enables Col1|0|M
mpression of tran
oaloT1T3Tels compression of transpose data C1 [ERRRON
Il ~— ‘ C2 [
NA Cs{0]1)0
2|o[4fof1]3]]1]4]0]2 clofolwm
CSR Rereference Matrix

(Transpose) (Quantized Transpose) 66



Rereference Matrix Eliminates T-OPT’s overheads

Epoch-0 Epoch-1 Epoch-2 Epcichs
. \DO'D].,\DZIDS,I.D4 ,, _ rEO Eq Ezj
;‘;’ >0 --4'-_4_1_:.__:___ Col1 |0 |
- 51 B S |af2]1fo
S Rl 1] =1 clofofw
'r_sE - -~ =IT=-=r-=- A o 1 | e
= Sz 11 k! 5 Gz{of1fo0
D-y. v 54 15 15 : LC4 0[O0 ]|e

Epoch Execution Model . Rereference Matrix
Constructed using

the graph’s transpose .




Rereference Matrix Eliminates T-OPT’s overheads

RM[Cacheline][Epoch] =
Epoch-0 Epoch-1 Epoch-2 Distance to Next Reference Epcichs

| * (in epochs) s N
. Do D1iD; D31Ds — B0 Fi
g| i Sof_a it 4 Gl1]o]e=
= Si| o 4 v il 3 [ci|2f2]o
S Rl 1] =1 clofofw

'r_sE - -t A"=-=T--r-=- A [t = T T
s Sz I v |1 g | Cz3|0|1f0
v v 541 1. : LC4 0[O0 ]|e

Epoch Execution Model . Rereference Matrix
Constructed using

the graph’s transpose -




Pull Traversal Pattern

Carnegie Mellon

Rereference Matrix Eliminates T-OPT’s overheads

0 RM[Cacheline][Epoch] =

Epoch-0 Epoch-1 Epoch-2 Distance to Next Reference Epochs
D D D | (in epochs) 's - 3

) DO| 1] 2. 5 ,I.D4 - Eo E1 Ey
1 =0 : _1_:.__'___ Coll[0|e
' : — RMIC,][E ] =E,-E % S M1 Tal
fosy| 1 geb] | RMGIRISEE 6 |7 ]iT0"
| S2|101 1 o4 Gl0[0]e
L i B i o 172 | e

Sz [ v 5 CzJ0|1]0

v v S411 E 1 E ! LC4 0[O0 |e

Epoch Execution Model . Rereference Matrix
Constructed using

[

the graph’s transpose

g
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Pull Traversal Pattern
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Rereference Matrix Eliminates T-OPT’s overheads

g RM[Cacheline][Epoch] =
Epoch-0 Epoch-1 Epoch-2 Distance to Next Reference Epochs
DD, Ds[Ds (in epochs) ——
) DO| 1] 2. 3,|.D4 - Eo E1 Ey
1 Sofpoeigt | Co[1]o]e
sy [ 1 (et | meaEi-es S | ¢ 91 ]o
'] S, [ =4 Glo[o]=]
L i B i o 177 | et
Sz [ v 5 CzJ0|1]0
va415 15; LC400°°
Epoch Execution Model

[

: Rereference Matrix
Constructed using
the graph’s transpose
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Pull Traversal Pattern
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Rereference Matrix Eliminates T-OPT’s overheads

¢
Epoch-0 Epoch-1 Epoch-2
Do D1/D D3)Dy

1 1
~ === =T--r--

I I I
53 11

1 Sol_i 4l i
HepSy| e
S, R

Epoch Execution Model

RM[Cacheline][Epoch] =

Distance to Next Reference Epochs
(in epochs) —

Eo E1 Ep

FCO 1|0 [
= - n ==~ Tia

RM[C,][E,] =E,-E, 7%) Cy 2 HE
04 0|0
- Lo

S 1Czl0|1]0
U - - - e - -

LC4 0]0|e

[

: Rereference Matrix
Constructed using
the graph’s transpose
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Pull Traversal Pattern
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Rereference Matrix Eliminates T-OPT’s overheads

column corresponding to

\ 4 : ! ¢
Epoch-O E.PQCh'l Epoch-Z Only concerned with RM Epochs

it |
Dg Dl:Dz D3 i)4 | current epoch Eqi Eq IE,
4 sol t i !
' 0 --4--'4__1.__|1-- CO 1I 0 o
: 1 | I | = elm
' 51___;__:4__;__-*:}_ 3 | |2 17fo
Sa{aiay 11 =1 ¢[00 fe
'--I--F--'I'__I'I-- N e "'"I ______
>3 4w ol B[ Cs|o)1
: === I~ ~ - =4 ==r -
f v Sefly 1o LG4[0y 0]
Epoch Execution Model Rereference Matrix
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Pull Traversal Pattern
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Rereference Matrix Eliminates T-OPT’s overheads

¢
Epoch-0 Epoch-1 Epoch-2
, |
Do DDy D3[Dy
1.,

current epoch

Only concerned with RM
column corresponding to

4
Epochs
—7 =
Eog E11Ey

No DRAM Access Ovhd:
RM column fits in the LLC
(32M vixs = 2MB)

Epoch Execution Model

Cache lines

Rereference Matrix
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Pull Traversal Pattern

<

<

4
IR

Rereference Matrix Eliminates T-OPT’s overheads

¢
Epoch-0 Epoch-1 Epoch-2

Do D1

1

1
- - -

1

1

n
No
(|

P ettt Pt [femeitn =ittt

1

R E pp—

- - = om o= -

D2 D3[Dy
]

Only concerned with RM
column corresponding to
current epoch

1!

No DRAM Access Ovhd:
RM column fits in the LLC
(32M vixs = 2MB)

Epoch Execution Model

Cache lines

4
Epochs
—7 =
Eog E11Ey

(Quantized) Next Refs
were pre-computed

Rereference Matrix

4
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Pull Traversal Pattern
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Rereference Matrix Eliminates T-OPT’s overheads

9 o . ! 9
y concerned with RM
EPOCh-O E_PQCh'l EPOCh-Z column corresponding to EpO!ChS

, |
Do Dl: Dy Ds Ii ;4 | current epoch Eqi Eq 1E,
S T i To [
. --a--do-v--J ' NoDRAMAccess Ovhd: | Co -1-:-9- -
51 ---:--:-'--.:-_LI]-.- RM column fits in the LLC | & Cl_?_._}__q_
S| 1" 1 :: (32M vtxs = 2MB) 24 G000 [
[ TITTR S | oslofito
- L 4-=Hl--4--1=-| | NoRuntime Traversal Ovhd: | SIS
Sqf1r el O(1) operation to find Next LC4 0: 0} o
~===" References -
Epoch Execution Model

Rereference Matrix
(Quantized) Next Refs (
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Practical OPT (P-OPT) Cache Replacement
Reserve a portion of the LLC to store RM column of current epoch




Practical OPT (P-OPT) Cache Replacement
Reserve a portion of the LLC to store RM column of current epoch

Use the (quantized) next references to approximate Belady’s OPT
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P-OPT Improves Cache Locality

LLC Miss Reduction

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

@ LRU W DRRIP & P-OPT W Ideal

PageRank (PR)
Applications
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P-OPT Improves Cache Locality

LLC Miss Reduction

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

@ LRU @ DRRIP @ P-OPT WM Ideal

-

P-OPT reduces misses even
after reserving LLC ways for
Rereference Matrix columns

PageRank (PR)

Applications
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P-OPT Improves Cache Locality

LLC Miss Reduction

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

@ LRU W DRRIP @ P-OPT WM Ideal

Precise Information at
Zero Cost (T-OPT)

-

P-OPT reduces misses even
after reserving LLC ways for
Rereference Matrix columns

PageRank (PR)

Applications
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P-OPT Improves Cache Locality

Carnegie Mellon

LLC Miss Reduction

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

@ LRU W DRRIP W P-OPT W Ideal

PageRank (PR) PR-Delta

Components

Applications

Radii

Avg Reduction (over LRU)=35%

Avg Reduction (over DRRIP) = 24%

Max Ind. Set
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P-OPT Improves Cache Locality

LLC Miss Reduction

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

@ LRU W DRRIP W P-OPT W Ideal

PageRank (PR) PR-Delta

8

Components Radii

Applications

( P-OPT results are

only 12% away
from the Ideal

Max Ind. Set
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P-OPT’s LLC Miss Reductions Directly Translate To Speedups

”~

Speedup

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

@ LRU W DRRIP W P-OPT WM Ideal

PageRank (PR)

PR-Delta

Components

Applications

Radii

to 1.56x speedup

over LRU

L P-OPT provides up

J

Max Ind. Set
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More Details In The Paper

% Modified Rereference Matrix Designs
> Offsets quality loss from quantization

% Generalized P-OPT Design
> Support for NUCA caches, handling multiple irregular datatypes, ...

% P-OPT is complementary to tiling optimizations:
> 1-D Tiling (Cagra), Propagation Blocking (PHI)

s P-OPT benefits are agnostic to graph structure and vertex ordering:
> Unlike prior graph optimizations (HATS, GRASP)

«» (Cache Simulators available at:

https://aithub.com/CMUADbstract/POPT-CacheSim-HPCA21

84



https://github.com/CMUAbstract/POPT-CacheSim-HPCA21

Summary



Summary

Idea #1: Graph’s transpose can be used for Belady’s Optimal Cache Replacement

Do D1 Dy Dz D4

e
e 1
LR
LSRN LT

____________________

~

srcData[sS, ]

srcData[sS,]

Pull Traversal Pattern

J

Carnegie Mellon



Summary

Carnegie Mellon

s ldea #1: Graph’s transpose can be used for Belady’s Optimal Cache Replacement

(e D)

srcData[sS,]

30
51
52
53
S4

Do D1 Dy Dz D4

RN
=1
LS

Pull Traversal Pattern

=

-

J

4

% ldea #2: Quantizing transpose data enables P-OPT (Practical OPTimal replacement)

Epoch-0 Epoch-1 Epoch-2

Dy D41/D; D3|D,

1

1
modiood

1

1
e

1.

e

1

-

r--

1

g

Cache lines

Epochs

Eo E1 E

1

1 1
1 @

o

o

0

1

0

1

0

©o

0

oo

0

oo




This presentation and recording belongs to the authors. No distribution is allowed without the authors’ permission

P-OPT: Practical Optimal Cache Replacem
Graph Analytics

ent for

Vignesh Balaji Neal Crago Aamer Jaleel Brandon Lucia
CMU NVIDIA NVIDIA CMU

https://github.com/CMUADbstract/POPT-CacheSim-HPCA21

gost_
g”

QFekeRe  CarnegieMellon &3

NVIDIA.


https://github.com/CMUAbstract/POPT-CacheSim-HPCA21

Carnegie Mellon

Backup Slides

Electrical & Compu
A ENGINEERING 5



P-OPT: Practical OPT Policy Using The Rereference Matrix

Pull Execution

for dst in epoch:
for src in in_neighs(dst):
dstData[dst] += srcData[src]

Do D1 Dy Dz D4

c A4
Q -
A R S
= S111 1
% S211 1 1
R T R ST R My R
:‘3' 53 - 1 - - - 1
=0 LR R (S T S
v v S4 1 1 90
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P-OPT: Practical OPT Policy Using The Rereference Matrix

P-OPT Modified Pull Execution

Pull Execution
for epoch in numEpochs:

for dst in epoch:
for src in in_neighs(dst): ‘ stream_RM_column(epoch)
dstData[dst] += srcData[src] for dst in epoch:
for src in in_neighs(dst):
dstData[dst] += srcData[src]

Epoch-0 Epoch-1 Epoch-2
] Dg D4/D; D3|D,

c " Do D1 Dy Dz D4 _
B/ So| : i1 o g| ! , ,
I | Sol_i_fL:
] R S .- HHENE
1 S 1 1 1 1 QL) " e e =1 == =i e

sl 2Rt ] AHEAE N
= (/| S3| 1 ¢ i1 Sl oss[ 1t T
a | STttt = |1 e - |-

v v 4|1 1 ' i J, S4l1 ! 1 : 91
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P-OPT: Practical OPT Policy Using The Rereference Matrix

P-OPT Modified Pull Execution

Eo E1 E)
for epoch in numEpochs: C

stream_RM_column(epoch) 0 _1_ I 9_ _M_
for dst in epoch: Cl 21110
for src 1in in_neighs(dst): . - - -
dstData[dst] += srcData[src] C,{0]0M
Cz|0|1]0
C4]0|0|M

Way || Way || Way [ ... | Way

0 1 2 k

92
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P-OPT: Practical OPT Policy Using The Rereference Matrix

P-OPT Modified Pull Execution r g'-s
, Eor E11E)
for epoch in numEpochs: C i
stream_RM_column(epoch) {a 0 _1_|_ 9_ _M_
for dst in epoch: Cl 211 1lo
for src in in_neighs(dst): L - I
dstData[dst] += srcData[src] (7 0: OfM
Cz 0: 110
Ways reserved C4 0: 0fiM
for RM column [T ==
Way (| Way [| Way | .. | Way
0 1 2 k

93
Set-Associative LLC



Carnegie Mellon

P-OPT: Practical OPT Policy Using The Rereference Matrix

P-OPT Modified Pull Execution r g'-s
) EOlEllEZ
for epoch in numEpochs: C i
stream_RM_column(epoch) 0 _1_|_ 9_ _M_
for dst in epoch: Cl 21110
for src in 1in_neighs(dst): | B
dstData[dst] += srcData[src] Cz 0: OfM
Cz 0: 110
Ways reserved C4 0: 0fiM
for RM column [T ==
Way || Way || Way | Way
0 1 2 k Quantized Next Refs in the reserved LLC

ways enable (approximate) Belady’s
replacement in the remaining ways

94
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Modified Rereference Matrix To Handle Quantization Loss

MSB  Inter/Intra Epoch Info e Cacheline Referred in this epoch

1b 7b (7 bits encode last Reference within Epoch)
. No reference this epoch

Rereference Matrix Entry MSB == (7 bits encode distance to next Epoch)

Algorithm 2 Finding the next reference via Rereference Matrix

Epoch-0 Epoch-1Epoch-2 | Epochs 1: procedure FINDNEXTREF(clineID, currDstID)
e f ‘ 2 epochID ¢ currDstID/epochSize
D//D, D P /ep
'% 4 DO. 1.0; | 3 | D4 1 Eo E1 B> 3: currEntry < RerefMatrix[clineID|[epochID]
@ ' So | 1 i | FCO 1/10(M 4: nextEntry < RerefMatrix[clineID|[epochID + 1]
a|! S AT --u---i' [ v — e e 5 if currEntry(7| == 1 then
T | T |- v |G _2__}__9_ 6: return currEntry|6: 0]
g | SHl1:1 1 1 ~1Glofom 7 else
o | S T e 1 < --F----4 8: lastSubEpoch < currEntry|6: 0]
=] 3] 211 1 |1 2 | CGlof1]0 9: epochStart < epochIDx*epochSize
Z #: v S4 1 : 1 : I e C4 '0' " b' -h-4- 10: epochOffset <— currDstID — epochStart .
. . [ L 11: currSubEpoch < epochOffset/subEpochSize
. . - i <
Epoch View of Graph I Rereference Matrix % s e e
13: return 0
14: else
15: if nextEntry(7| ==1 then
16: return | + nextEntry[6 : 0 .
)

O e
18: return 1




Modified Rereference Matrix vs Basic Rereference Matrix

MSB  Inter/Intra Epoch Info

1b

/b

Rereference Matrix Entry

O

LLC Miss Reduction
OCooOoOoHHHEFE

ONDOOONDO®

Electrical & Computer

ENGINEERING

Carnegie Mellon

Cacheline Referred in this epoch
(7 bits encode last Reference within Epoch)

No reference this epoch
(7 bits encode distance to next Epoch)

App - PageRank

ol ll

BN P-OPT-INTER+INTRA
Bl TRANSPOSE-OPT

Bl DRRIP
. P-OPT-INTER-ONLY

URAND

HBUBL

Graphs
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Rereference Matrix Organization Within The LLC

irregData cache line Reserved Ways

. £ n 1 RerefMatrix[:][E]
CacheLinelD |-+ L 0-63 |||64-127 : 3 RerefMatrix[:][Ey+1]
i | 64-127]|mn— m|| Effective
T - f —Arml - 5 | [Curptr|—-[Way Base | et B
Way Offset| Set Offset [Block Offset Last JILLast || copacity urretr ay Base | Set Base

log}(lSetsI)bit? 6 bits 063 NextPtr —>|Way Base | Set Base

LLC

Fig. 8: Organization of Rereference Matrix columns in the
LLC: P-OPT pins Rereference Matrix columns in the LLC.
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P-OPT Architecture Modifications

Reserv/eg Ways
- Reref Matrix
nll [
T ¥ LLC Ways l :
e E E Exposed to App | | [Mrextrer =
N = | = — Streaming| | (5~
Eviction Set Engine |||z
L2
- : ’ L_J
o next-ref \— next-ref Buffers
currVertex | [E}--L engine DRAM

IregAddr Base/Bound ~ LLC

Fig. 9: Architecture extensions required for P-OPT: Com-

| ponents added to a baseline architecture are shown in color.
() ENGINEE ”
KING
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P-OPT Scalability With Graph Size

MSB  Inter/Intra Epoch Info . Cacheline Referred in this epoch
1b 7b M5B == (7 bits encode last Reference within Epoch)
L No reference this epoch
Rereference Matrix Entry MSB == (7 bits encode distance to next Epoch)
g App - PageRank
s 181 a2l 2] 2] 213 -2][-4] [-2][-4] [-3][-6] [-5][-10
g 1.6
1:}32
m .
e 1.0
n 0.8
D 0.6
= 0.41
G 0.2 I DRRIP mam P-OPT-SE EEE P-OPT
-l 0.0"
— DBP UK-02 HBUBL KRON URAND TRACK PLD URND26 WEB

(18.3M) (18.5M) (21.1M) (32M) (32M) (40.4M) (42.9M) (64M) (118M)
Graphs
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App - PageRank

IEEE DRRIP I GRASP BN P-OPT

LLC Miss Reduction
OCoooOorRRFEH
ONPLPOOOONP~O

DBP UK-02 KRON URAND HBUBL GPL GMEAN
Graphs

(a) P-OPT compared to GRASP
App - PageRank

c

218 2.4x

v 16 28

314

912

€ 1.0t ----gan--- SN ---pan--- - -~ pan--- N -

n 0.8

.'é'o.e

ugﬁg EEm VO+DRRIP  mmm BDFS+DRRIP  mmE VO+P-OPT
Y 0.2/ .

500 DBP  UK-02 KRON URAND HBUBL ARAB GMEAN

Graphs

(b) P-OPT compared to HATS-BDFS

Carnegie Mellon

P-OPT Offers Graph Agnostic Speedups
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SW 1-D Tiling Incurs High Preprocessing Ovhds

Graph - uk-2002-rand

2.5
mm Kernel Time

BN Preprocessing Time

g
(=]
A

Execution Time
-
w

o
4

0.51

0.0~

Num Tiles
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P-OPT & Tiling Are Synergistic Optimizations

Graph - URAND26 (64M) | App - PR

c Graph - PLD (42.9M) | App - PR e

23.0 b ( ‘”‘pp‘ S 1.6 S S -

Cas AT ey | B 14 e ]

_g .“_,,0 _g 121 A% P e

Q 2.0 A /."’/ Q 1.0""":::"'::::3::::"'"“."“‘.‘""’"—' """"""""""

o 1.5 /,A’ /’,.”' o 0.8

") s 0 ]

L e s S s -@- DRRIP - .2 8'2 -@- DRRIP

205 &~ POPT | 2075 - P-OPT

-10.0 - - ~ - -1 0.0 ' . ——

-""UNT 2 3 4 5 6 7 8 9 10 ="UNT2 3 4 5 6 7 8 9 10
No. of Tiles No. of Tiles

Fig. 13: P-OPT and Tiling are mutually-enabling optimiza-
tions: 7iling allows P-OPT to reserve fewer LLC ways while
P-OPT can reduce the preprocessing cost of tiling.
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P-OPT Is Complementary to PHI

App - PageRank

[ ---------.----

B PB + DRRIP Bl PHI + DRRIP
@ PHI + LRU Bl PHI + P-OPT

LLC Miss Reduction
(Binning Phase)

SOOI
ONBOWONDO®

DBP UK-2002 KRON URAND HBUBBLE GPL
Graphs

A ENGINEERING 103



8-bit Quantization Is Sufficient For P-OPT

App - PageRank

c
© 1.8
L 1.6
1:; 1.4
1.2
n 0.8
.é'O.G- Bl DRRIP B P-OPT-8b-FREE Bl T-OPT
ug:g- m P-OPT-4b-FREE W P-OPT-16b-FREE
' )
= 0.0 DBP UK-02 KRON URAND HBUBL
Graphs

Fig. 15: P-OPT at different levels of quantization: With 8-bit
quantization, P-OPT is able to provide a close approximation
of the ideal (T-OPT).
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P-OPT’s Benefits Increase For Larger, More Associative LLCs

App - PageRank App - PageRank
. . 1.6
o 1.4’ o) 1.4
&’ 1.2 g 1.2-
o 10 o wlOr ey =
2 0.8 2 0.8
o EEN DRRIP 58-2: mEN DRRIP
202 R P-OPT | Zg2- B P-OPT
00— gmB 16MB 2amB  32MB O 12ways 16ways 20ways 24ways
LLC sizes LLC ways
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Constructing The Rereference Matrix Is Not Expensive

DBP |UK-02 | KRON |URND HBUBL

POPT Preprocessing Time [0.99s |1.25s [1.59s [1.77s ]0.92s
PageRank Execution Time |8.83s [24.64s [4.84s |11.06s |0.89s

TABLE IV: Relative preprocessing cost for P-OPT

Average Rereference Matrix Construction Overhead = 19.8%

Average Speedup with P-OPT (ignoring preprocessing cost) = 36%
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Carnegie Mellon

Complexity Improvements with T-OPT

Dst —
Do D1 Dy Dz D4
So A T = 4 Naive OPT simulation:
S¢ 1 TrTry Bl Cost of finding vertex’s next reference = O(|E[)
IEE SRS 18
Vs | T £
Selt: r1o | Tl
—_— Transpose-based OPT:
e ™~ Cost of finding vertex’s next reference = O(|Out_Degree|)
srcData[s, ]
srcData(sS,] Next-Ref of S, @ D, =D, Out-Neighs(S;): |0 1] 3
- / >

2-way Set-Associative Cache



