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l Background: Graph Processing

X = I IR = 5, Existing Graph Processing Frameworks:
g e G s
|___Pagerank | i Kmeans | _L?_l??'_ Rr_QP?_qa_t_'P_fJ_: In-memory Frameworks
Graph Applications :
p ............ D ,: - Small size graphs
A O Distributed GFs O In-memory GFs OOut-of-core GFs ) )
s AN P _ 9 Memory footprlnt > raw data s|ze
Memory footprint 7
IT wp — GraM'i5
Out-of-core Frameworks
emlnl ‘16 ) )
Bied —— - Medium-size graphs
. - Performance issue due to I/O bottleneck
; L ——CraphD'18__—
_——CRARE, &« Wondend 1t —
1gra
CURE Te— Distributed Frameworks
igra+'l
- - - Very large graphs
S 4 Raw data size . .
| ' 5 8 — - Communication overhead
1G 10G 100G 1T

Graph applications demand better memory performance on large memory sizes
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I Background: Disaggregated Architecture

Disaggregated Architecture Opportunities:

« Large memory capacity lg Latency(ns)

« Scalability and elasticity 10
RDMA-based Far Memory: .
* No-CPU-involved execution model RDMA |far mhem.
« Near-DRAM application performance 6 - - Persistent mem.
Main mem.
P Ut NP L LN 4
DIMM RS ’ ’ \
pimm| | CPUS N Memory Node N
¢ s 2
‘. che
= i Memory Node |/
DIMM] [ . 0
DIMM > “».._ Memory pool__.- (local and remote) memory access
Network e

Computing Node



Graph program =+ Graph data

Swap space configuration

GP part 1

GD part1

GP part 2

Graph program <+ Graph data

. memory limitation configuration

GD part 2

OS swap Kernel ]

OFED Interface ] l OFED Interface |

CPU

Single-node system

Distributed system

Far memory system

Far memory system provides a new option for scaling out graph processing on
both single-node and distributed-computing systems.



l Background: Far Memory Current Issues

Current Issues: [ apps ||  Cache
* Kernel overhead LB [T MMU
> U.nde.?r.mme kernel—byp.ass. RDMA performance Main memory | . write
-2 Significant context switching overhead pages RDMA | || (RDMA
LRU d
* Swap-based data replacement strategy ' ‘ﬂ ] L
? Passwe{y. trtggered Page fault Far memory
- No decision for thrown-out parts - -dcc-ooo——-ooo— e .
« Page-size based data transfer : Fronéswap - 0 RDMA E
> Offloading data size is fixed : i I:Zizl -
- (—_Disk > |
- Not efficient enough : .
'| | Swap space Swap mechanism |

Designing user-level and application-aware data offloading method is necessary.
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I Motivation: Duration Analysis

We run graph applications on far memory and analyze the behavior of task durations.
* Observation 1: Turning points of latency trends
- Memory offloading of graph workloads should be careful.

* Observation 2: Duration increase is caused by page faults at the kernel level
- Designing user-level far memory access operations is essential.

Lat
7o L3tency(s) 210 katency{s) 490 Latency(s) 490 Latency(s) 200} Latency(seconds)

60 180 420 420 BFS
180
50 150 350 350 il USer time

40 120 280 280 140 B sys time
------- real time

30 90 210 210
20 60 140 | o= 140 100 3
10 30 70 0 1T HLH R | | e & I
0 > 0 > 0 * 0 > 60;""]"
S HNMm TN YN R g O = NMEWLONDO SCHMNMTWLONDO SN MFITNNONXD De' H B H B B H & = B
coccoococ oo D S =St S G cecosocses coococcoos oo F
Far memory ratio Far memory ratio Far memory ratio Far memory ratio A v o—-m=Ewmon 0o
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(1) Quicksort (2) BFS (3) BC (4) PageRank -




Motivation: Efficiency Issue

We transfer data through RDMA with different chunk sizes and compare the overall latency
* Observation 1: Latency differs on different chunk size

- Choose a proper chunk size for better total performance
* Observation 2: Data may be overwritten if using RDMA operation unproperly

- Set buffers when communication with far memory

& ‘Latency(s) S k.atency(s) 5 katency(s) )5 },atency(s)
$
04 | ® o5l 1.6 | 20 Q
03 | 12 |- 15 |
: 0.2 @ '
02 | : d 08 [ -
o % o A
K o1 F—= © 0 .
0.1 | @ $ 5 . L&,
. ._..“. 0.4 0 O 5 ‘99900
@ . .° iy ‘@
0 > 0 3 0 » 0 >
& & & & ’
Transferred chunk size Transferred chunk size Transferred chunk size Transferred chunk size
(1) 40K vertices (2) 400K vertices (3) 4 Million vertices (4) 40 Million vertices
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l Motivation: Opportunities

Graph data blocks Active side (Client Server)
DT
@D @ 23 [a5c | | RDiA N‘Ig,/{ buffer | \_buffer . RDM 1.
1,[ 1,3 | 34 il T — ST = |2
9 2| 14 35 § end Queue Send Queue v\ §
3| 23 3,6 é \ Receive Queue Receive Queue %
4, gl =) -
e e G 51| 4,1 4,5 f? Complete Queue HCA ' | HCA Complete Queue a
6 R RDMAChanne] ..................................................... [
/Key Oppty. of Optimizing Graph Workload:\ /Key Oppty. of Utilizing RDMA Mechanism:\
« Distinctive data segments « High-throughput memory access
« Llarge size of read-only edge data « High-performance one-sided operations
« |terative execution model « Turning knob configurations
N N\ J J /
Our System:

A high-performance graph-aware data offloading and fetching strategy
9
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I Fargraph Design

Fargraph mainly consists of two parts:
The front-end: graph-aware data segment offloading strategy
The back-end: iteration-friendly far memory interaction optimization

------------------------------

Graph Programs (Frameworks)
] Fargraph Design

' Far memory APl injection

|
e mr e e e e s e - - ——— - )

Front-end: Graph-aware Data Segment Offloading

Back-end: Iteration-friendly Far Memory Access

4 v
Local master process (active side) Remote daemon (passive side)
____________________ e T il
T C++ STL API, RDMA AP], ... I
v

Local memory RDMA “ RDMA Far memoryw
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70k} Number of Access

60k

50K+
40k

30k

20k,

Page Num.

Parents of Vertices

17600

:‘—’ : Values of
Vertices :
I

Distinguished data
segments (working
sets) of graph

——— -

17800

18000 18200

« Graph applications show obvious page allocation areas of each data segment
such as parents of vertices, frontiers of vertices, edge lists, etc.
 Different data segments show obviously different memory read/write behaviors.
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l Fargraph Front-end: Data Segment Offloading

(1) Graph Data Segment Grouping: We analyze data segments of graph programs and
classify them into 4 groups according to the memory offloading sensitiveness.

(2) Flexible Data Segment Offloading: We give preferable offloading orders of data
segments to offload data in an efficient and auto-tuning way.

I/0 pressure

Data segments (DS) Amount Classification Partition
Write  Read

: : : \
Vertelx ids, attributes, Small Much  Much DS_GrOl.lP 1 — Local resistant ©
frontiers, parents, etc. (MO sensitive) data segments =
/ (in DS-Group 1, 2) > ©
Intermediate variables, DS-Group 2 S
: Small Much Few " —

1terators, etc. (MO less sensitive) )
________________ - o
.
Edge blocks, edge offsets DS-Group 3 Auto-tuning @

) ) e
weights, etc. LeVige S LD (MO less insensitive) transferable data > %
segments qE)
Dlsposable data, inactive Benend Few Few DS-.Grou_p. 4 — (in DS-Group 3,4) ) ~
vertices, etc. (MO insensitive)
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I Fargraph Back-end: Far Memory Interaction Optimization

(1) Data Segment Splitting:
« Split data segments into chunks
» Use indexes to facilitate data segment fetching from far memory
« Choose proper chunk size to have better overall performance

split each data segment into chunks Set indexes to fetch data segments Latency (s)
:. ....................................................................................... E E. .................................................................................................... E 3
gData segments Chunks Far memory access [ Q & 0.4 Million Verti
:fﬂf:f:iif:f:f:f:f:f:f:f:f: Chunk 1-1 Ve Sge List [Pata segment 1}) © 4 Million Vertices
(] Data Chunk 1-1 2 B 10 Million Vertices
| segment 1. S | ML A o
| S UK 2 [ lkey | rkey Chunk1-2 || | 15| % %
g ; é E -... '.... ...<>..."<> ..... O
| P Data i i lkey rkey Data segment 20| : ! Oreeentr™
s X —>| Chunk 2-1 | : ; L
segment i > Chunk 2-1 05 e @ ..d
( ............................... \ ...................................................... : - : . ...'... ..... Beeeees’ W’ =
Data segment ;5 d & & S S
calls < Data segment 2 AN N R
...................................................................................................... RDMA chunk Size
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I Fargraph Back-end: Far Memory Interaction Optimization

(2) Data Segment Buffering:
« Use RDMA read and write operations to avoid the kernel overhead
« Design buffers that support iteration pipeline overlap
« Hide data transfer time into execution time in each iteration

% e 1
~— : Send vertex offset : —>  Start transfer i
) ! 1
31| :
< : . :
= ! Get edges < End transfer i
3 A i Get neighbors i i ________________________
= & 11 Send vertex offset » Start transfer i+1
E i| vertex value compute E :
S X
8 E . ! E Get edges 4—% End transfer i+1
3| Iteration; ¥ -
\ S —-—-c-—-—-—c-c-—-c-c-—-c---—c-—=T
S ! Get neighbors ! .
= E vertex value compute i
___Ateration;y,
N \p X N
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I Fargraph Workflow

(1) Preprocessing (1)(2)

Build RDMA connection

Prepare buffers

Add transferable labels

Set indexes

Pre-transfer data to far memory

(2) Far Memory Coordination. (3)(4)

Send indexes

Fetch them back in order
Write the data into buffers
Copy buffer to the local region

4 Graph program: L
% ‘ Pre-send DSs ‘@@
< | Send DS index |
S
45 | Get related DS @
LS Get next DS index next(3)
\: Local computation ‘ /
Local DS : Remote DS
:r: : 1 | N i 3 ] : ;
— A ! Local Region

1 |

I | ] 1

| R J

————

~ 1

: [ Remote RDMA Send [ Remote RDMA Receive ] ;

e T P = = = = = — = — = = ————— — = — _‘, __________________
v

Remote Region
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Directive-like Implementation

We provide such interfaces :

Add_transferable_flag() = makes offloading decisions
Build connection() = starts RDMA network connection

Far_write_start() = triggers the memory registration and

start writing data to far memory

Far_write_complete() = returns once the sending data is

accomplished

Far_read_start() = starts fetching each data segments by

one-sided read

Far_read_complete() 2 returns the rkey and index of the

fetched data when the data transmission finishes

17

Algorithm 1 Program Adjustment with Fargraph Interfaces

1: Add_transferable_flag(DS_list, far_ratio, ...);

2: Build_connection(IP,port,memory_region_size, ...);

3: [llsend all TDSS to far memory when preparation

4: for each DS_i in transferable DS list do

5:  Far_write_start(transfer_flag, DS_i, index, lkey, ...);
6: end for

7: Far_write_complete(DS_indexes, rkey, ...):
..continue... /fwaiting for data segments calls
9: /lstart read far DS_Current in another process;
10: Far_read_start(DS_Current, index, rkey, ...);

11: while (in each processing loop) do

o

12:  ..continue.., /loriginal data process

13:  while calling DS_Current do

14: if DS_Current is prepared then

15: Far_read_complete(DS_Current,index, rkey, ...);
16: end if

172 end while
18: /] start receive the next DS;
19:  Far_read_start(DS_Next, index, rkey, ...)

20:  ..continue...//original data process

21:  if DS_Current finishes occupying then
22: Free DS _Current in local RAM;

23: end if

24: end while

W
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I Evaluation: Experimental Environment

e Hardware:

T g Schemes Application Framework Exe. Environment
WO server nodes Original GridGraph with mem. limitations Disk
* 128 GB of memory Fastswap  GridGraph without mem. limitations  Fastswap (far memory)
e Dual PO rt Mellanox Fargraph  GridGraph without mem. limitations  Fargraph (far memory)
Oracle GridGraph without mem. limitations  Local main memo
ConnectX-5 RDMA NIC. > i
Algorithms  Description Memory Access Feature
» Software: BES breadth-first search random I/O
« (Cgroup2 to limit the WCC weak connected components  random I/O
PageRank  web page ranking random I/O and sequential I/O
memory usagg Radii graph radii estimiition random I/O and sequential I/O
e OFED v4.3.0 with RoCE
pI’OtOCO| to use RDMA. Dataset V| |E| Edge Size  Mem. Footprint
Live Journal (LJ) 4848K 69 M 1.1 GB 2.4 GB
Orkut (OR) 3072 K 117 M 1.8 GB 3.9 GB
Twitter7 (TW) 17 M 47T M 26.3 GB 47.7 GB

Friendster (FR) 65 M 1806 M 32.7 GB 60.4 GB

] Wl L L
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I Evaluation: Efficiency of the Front-end Design

Latency (s) BFS-L] >mmin  7qq Latency (s) BFS-FR
16 4 -8 A
1; | — LJ-Fastswap ggg ! e FR-Fastswap
i s L] -Fargraph s FR -Fargraph
. 400 |
6 300 F
4 FI e e ) ‘ 200 g e
2 ... - 100 B BB _ B _ B _ B _ B -
0 0 L=
0 01 02 03 04 05 06 07 08 09 095 0 01 02 03 04 05 06 07 08 09
Far memory ratio Far memory ratio

The duration of BFS on dataset LJ and FR on far memory platform Fargraph and Fastswap under rising far memory ratios

« We show lower task durations, especially when far memory ratio is large.
« We have a larger available far memory resource with acceptable performance.

e

R, - a
- INNS=suTtull
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I Evaluation: Efficiency of the Back-end Design

(1) Performance Impact of Data Segment Splitting

times Normalized Runtime

6 &
1.4
1.2
1
0.8

0.6

0.4
0.2 —&—— BFS-L]
0 Chunk size -=--8--- PR-L] ---m--- PR-OR |

4K 32K 256K 2M 16M 128M  1024M

The normalized performance of four workloads (BFS and Pagerank on dataset LJ and OR) with different chunk sizes.

-

—e— BES-OR

* The duration under 32K and 256K chunk size is higher than 4K(Page size).\
* The best far memory chunk size is determined by the smaller one
between RDMA bandwidth and PCle bandwidth.

J

VAR NS™ 2T
A | | I \a

i,
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Evaluation: Efficiency of the Back-end Design

(2) Performance Impact of Data Segment Buffering

THE DURATION COMPARISON OF FARGRAPH DATA BUFFERING

Duration (s) BES
LJ OR ™ FR
Schemes Fargraph w/o buffering 3.45 4.53 75.61 107.40
Fargraph buffering 2.97 3.93 63.23 94.02
Duration Absolute value 4 0.48 4 0.6 4 12.38 J 23.38
reduction  Relative value 14% 13% 12% 13%
PageRank
Schemes Fargraph w/o buffering 7.44 26.80 153.19 233.63
Fargraph buffering 6.92 23.52 123.70 200.85
Duration Absolute value J.0.52 1:3.28 42949 | 32.78
reduction  Relative value 7% 12% 19% 14%
4 . . . N
« Data segment buffering brings task duration down by up to 19%.
« The duration reduction of BFS is stable while that of PageRank may
increase significantly on larger graph datasets.
-

22

e

_n
.
- b

SJ TU



I Evaluation: Overall Performance

The total performance comparison of 16 graph workloads with 80% far memory

Results BEFS WCC PageRank Radii

(seconds) L] OR W FR L] OR ™ FR L] OR T™W FR L] OR ™ FR
Oracle 2.63 2.61 27.88 54.33 0.16 1.59 385 69.6 5.33 7.73 11524  137.76 2.74 9.44 150.36  320.45
Original 9.84 6.08 23591 637.17 | 236 455 144.17 3188 | 39.20 7480 848.00 1153.6 | 20.75 110.3 11390 2578.0
Fastswap 1046 7.03  262.24 639.0 256 6.52 256.4 523.1 25.53 40.80  966.03 1662.0 | 20.45 13524 15246  3054.8
Fargraph 2.97 3.93 63.23 94.02 132 298 70.2 98.2 6.92 23.52 123.70  200.85 5.48 20.49 350.26  652.24
Sp(Original) 3.3x 1.5x 3.7x 6.7x 1.8x 1.5x 2.1x 3.2x 5.7x 3.2x 6.9x 5.7x 3.8x 5.4x 3.3x 4.0x
Sp(Fastswap) 3.5x 1.8x 4.1x 6.8x 19x 22 3.7x 53x 3.7x 1.7x 7.8x 8.3x 3.7x 6.6x 4.4x 4.7x

Computation-centric algorithms such as Pagerank and Radii performs \
better compared to the traversal-centric algorithms, such as BFS and WCC.
Fargraph shows demonstrate the attractive scalability

We can achieve 6.9x better performance compared to Original, and up to

8.3x performance compared to Fastswap.

S y- Wb
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I Evaluation: Cost-Effectiveness of Memory Capacity

18 4 6% g
3 16 |Cost($) - Performance/Cost
— 5% |
— 14 _I:IN - ®-NvLink
vLIn
8 4% ' —e~RDMA
10 | BRDMA
3%
8 .. o000 OO
6 2% |
: Tl 1%
<M O I' @
gl s
O o ) O% |||||||||||||| >
e O o O o O ) &) c o o O oo © O O
o O o by o o O jo0] N O © < N 9 VW o®©
MmO O N i ™ ™M < M & O N = N M F
= a BB w R = N8 5 g
(a) (b)

The cost of each NVLink-based machine is almost 10-100x more expensiv@

than a RDMA-based machine.
The cost-effectiveness of RDMA-based design can be better when the
requested extra memory capacity is in the range of 128-512G. )

T
b= I oY
QT
A | o | I \a
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' Conclusion (@)

In this work, we explore the potential of graph processing on far memory.

Capturing graph properties, the data segment grouping method can
achieve better far memory offloading effectiveness.

Configuring the data transfer carefully, the data splitting and buffering
can improve performance of iterative graph execution model.

Our design opens a door for more efficient big data analysis in the next-
generation cloud on disaggregated architecture.

We will continue to improve our design for better scalability and higher

memory efficiency in the future work.
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