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Price

Scalability
Distributed system

Extra communication overhead 

PowerGraph, G-Miner, 
LiveGraph 

In-memory system
Limited capacity

Ligra, Galois 
GraphOne

Our concerns

Out-of-Core system
X-Stream, FlashGraph, 

Graphene, Blaze

Memory-storage 
cache subsystems
mmap-based graph 
system, TriCache
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subgraph 𝑔!

subgraph 𝑔"
subgraph 𝑔#

Disk 

Memory 
Load and compute subgraph 𝑔!, 𝑔#	

sequentially and iteratively

𝑣! 𝑣# 𝑣"
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4 7 8 6
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𝑣' 𝑣( 𝑣)
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0 3 5 7

𝑣! 𝑣# 𝑣"

1 3 4 2 0 6

subgraph 𝑔! subgraph 𝑔# subgraph 𝑔"

subgraph 𝑔!

3 0 1 3 2 4

Merge multiple random I/O ops
into fewer sequential I/O ops

1 3 4 2 0 6

1 3 4 2 0 6 4 6 7 5 6 6 8
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P2 Extra computing overhead

P1 Low I/O efficiency

Blaze requires up to 154x more CPU instructions 
compared to in-memory system Ligra’s mmap variant.

Average I/O utilization is lower than 13% for BFS.

P3 Expensive algorithm 
development costs

Access single vertex à load whole subgraph

Subgraph synchronization overhead

Friendster Yahoo

Extra implementation for I/O management 
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1 3 4 2 0 6 4 6 7 5 6 6 8 4 7 8 6Disk 

Memory
(Cache) 

1 3 4 2

𝑣! 𝑣# 𝑣" 𝑣' 𝑣( 𝑣) 𝑣% 𝑣&𝑣$

vertex metadata (degree and pointer to adjacency list)

adjacency list 

Load and cache the pages that are 
needed by graph computing

(𝑣* indicate the adjacency list of vertex 𝑖)

Page 0 Page 1 Page 2 Page 3 Page 4

0 6 4 6 7 5 6 6

𝑣' 𝑣( 𝑣)
3 7 2 9 2 11
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subgraph 𝑔!

subgraph 𝑔"
subgraph 𝑔#

Fine-grained for page access 
compared to subgraph access
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Low-degree vertices à Poor I/O efficiency
•  51.17% of non-sink vertices have only one or two in-neighbors

High-degree vertices à Massive page table entries
•  0.09% of non-sink vertices account for 58.44% of total edges
•  7459 4KB-pages are needed for largest vertex’s neighbors

Degree distribution of Yahoo

Solution: Use different storing strategy for vertices with different degrees
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1 3 4 2 0 6 4 6 7 5 6 6 8 4 7 8 6Disk 

1 3 4 2

𝑣! 𝑣# 𝑣" 𝑣' 𝑣( 𝑣) 𝑣% 𝑣&𝑣$

adjacency list

(𝑣* indicate the adjacency list of vertex 𝑖)

Page 0 Page 1 Page 2 Page 3 Page 4

0 6 4 6 7 5 6 6 2 4 6 7

Best case: access 1 pageCSR format: access 3 Pages

access 𝑣!,𝑣" 

Target: Minimize the number of page accesses for each query



deg nb0 nb1

deg cid coff

deg sv_foff

⋯ Super vertex file

Vertex metadata

v0

𝑏#$% 𝑏!$%

deg cid coff

deg cid coff
⋯

v1
v2

v|V|-1

⋯𝑐#& L4 Chunk buffer

𝑐## 𝑐!# 𝑐'# 𝑐"# ⋯ L0 chunk file SSD

DRAM

⋯𝑐#& 𝑐!& 𝑐'& L4 chunk file

⋯ Super vertex buffer𝑏!$%

v3

𝑐## 𝑐"# ⋯
L0 chunk buffer

……

𝑐'&

T1. Classified and hierarchical 
vertex storage

T2. Chunk layout 
optimization

……

Chunk-based graph representation model

T3. Differentiated chunk access
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deg nb0 nb1

Mini vertex

deg cid coff
Medium vertex

deg sv_off
Super vertex

𝑏## 𝑏!# 𝑏'# 𝑏"#

𝑐## 𝑐!# 𝑐'# 𝑐"# 𝑐&# 𝑐(# …

𝑐#! 𝑐!! 𝑐'! …

𝑏#$% 𝑏!$% …

…

Chunk Structure

Hierarchical Chunks

Super Vertices HugePage Region

𝒅	∈	[1,	 2]

𝒅	∈	[3,	𝒅𝜽]

𝒅	∈	(𝒅𝜽,	∞]

𝑏)
*The i’th chunk of level L 𝑐+* The j’th vertex of level L 
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chunk level

deg cid coff

Medium vertex

𝑏)
*

𝑏,! 𝑏-! 𝑏.!
𝑐## 𝑐!# 𝑐'# 𝑐"# …

𝑐#' 𝑐!' 𝑐'' …

Chunk Structure

Hierarchical chunk files

The i’th chunk of level L 𝑐+*

The j’th vertex of level L 
𝑐#! …

L2 256KB chunks

L1 32KB chunks

𝑏/!

𝑐#! 𝑐#! 𝑐#! 𝑐#!

𝑐#' 𝑐!' 𝑐'' …
L3 2MB chunks

𝒅 ∈ [𝟏𝟎𝟐𝟐, 𝟕𝟏𝟔𝟖]

𝒅 ∈ [𝟕𝟏𝟔𝟗, 𝟓𝟖𝟑𝟔𝟓]

𝒅 ∈ [𝟓𝟖𝟑𝟔𝟔, 𝟒𝟔𝟓𝟗𝟐𝟎]

Differentiated chunk buffer sizes according to each layer proportion

𝑆0 =
𝑆+×𝑀
∑!* 𝑆)

M: total available memory size
𝑆+: chunk file size of layer i

L0 4KB chunks
𝒅 ∈ [𝟑, 𝟏𝟎𝟐𝟏]
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(a) Current vertex-id based chunk layout

Iter1: P2
Iter2: P1, P3, P5
Iter3: P0, P3, P4
Iter4: P2

Iter1: P0
Iter2: P1, P2
Iter3: P2, P3, P4
Iter4: P4

Better temporal locality, buffer cache hit ratio, providing opportunities for sequential I/O

(b) Reordering based chunk layout

𝑣'𝑣# 𝑣! 𝑣" 𝑣& 𝑣/ 𝑣,𝑣(

Page 0 Page 1 Page 2 Page 3 Page 4 Page 5

Page 0 Page 1 Page 2 Page 3 Page 4

𝑣" 𝑣! 𝑣( 𝑣, 𝑣& 𝑣/ 𝑣'𝑣#

Problem: reordered optimization still suffers from inter-fragmentation within chunk
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Less intra-chunk fragmentation and better spatial locality, minimizing chunk access

(a) chunk layout only with reordering based optimization 

(b) Combination based chunk layout

Page 0 Page 1 Page 2 Page 3 Page 4

𝑣" 𝑣! 𝑣( 𝑣, 𝑣& 𝑣/ 𝑣'𝑣#

𝑣! 𝑣' 𝑣" 𝑣&𝑣( 𝑣/𝑣,

Page 0 Page 1 Page 2 Page 3

𝑣" 𝑣#

Iter1: P0
Iter2: P1, P2
Iter3: P2, P3, P4
Iter4: P4

Iter1: P0
Iter2: P0, P1
Iter3: P2, P3
Iter4: P2
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vertex 
metadata

𝑣' 𝑣( 𝑣)𝑣! 𝑣# 𝑣" 𝑣$ 𝑣%

Different order between vertex metadata and edge data

𝑣! 𝑣' 𝑣" 𝑣&𝑣( 𝑣/𝑣,

Page 0 Page 1 Page 2 Page 3

𝑣" 𝑣#

Random access for bottom-up pattern

edge 
data

For bottom-up algorithm, we should traverse all vertices according to edge data order
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vertex 
metadata

𝑣' 𝑣( 𝑣)𝑣! 𝑣# 𝑣" 𝑣$ 𝑣%

𝑣! 𝑣' 𝑣" 𝑣&𝑣( 𝑣/𝑣,

Page 0 Page 1 Page 2 Page 3

𝑣" 𝑣#
edge 
data

<0, 3>, <1, 5>, <2, 1>, <3, 7>
<4, 2>, <5, 6>, <6, 0>, <7, 4>

Access pattern 
for bottom-up

𝑣% 𝑣" 𝑣$𝑣' 𝑣) 𝑣# 𝑣! 𝑣(

Avoid random access for vertices due to reordering optimization



Ø ChunkGraph is implemented based on Ligra’s graph interface
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Built-in 
Graph Algorithm

User-defined 
Graph Algorithm

Algorithm Implementation

EdgeMap VertexMap Development API

ChunkGraph Engine Management EngineIn-memory

Hierarchical Chunk 
File Data

Vertex 
Metadata

Algorithm 
Metadata

Representation

Super Vertex
 File Data

Chunk 
Buffer DRAM

NVMe SSDs

Developer-friendly

Transparent to user
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Real World Graph

Synthetic Graph
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ChunkGraph achieves 1.62x-23.09x speedup upon Blaze, and 1.08x-2.94x 
compared to Ligra-mmap on sparsely accessed algorithms BFS, SSSP, BC.

(a) BFS (b) SSSP (c) BC

(d) KCores (e) Radii (f) PageRank
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ChunkGraph reduces disk read amount by 4.68× and 1.98× on average, 
compared to Blaze and Ligra-mmap respectively. 

Ø

(a) Yahoo (b) Kron30
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ChunkGraph reduces the number of CPU instructions by 185.01× 
compared to the external memory graph system Blaze.

(a) Yahoo (b) Kron30
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https://github.com/ZoRax-A5/ChunkGraph
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