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ABSTRACT

Many systems are designed to run graph algorithms eficiently in
memory but they achieve only cache efficiency o work eficiency.
Wetacle this undamental tradeo i isting sysems by desig-

e

memory

novel hybrid exccution model, which generates update messages

at vertex granularity to prioritize promising vertices for work effi-

ciency, and commits updates at partition granularity to share data

access for cache eficiency. To overlap the random memory access
ks

coroutine, i, 3 lightweight function in s+ that can yield and
resume with low overhead, to prefetch the required data. A suite
of designs are incorporated to reap the full benefits o coroutine,
‘which include prefetch pipeline, cache-friendly graph format, and
stop-free synchronization. We compare CoroGraph with five state-
of-the-art graph algorithm systems via extensive experiments. The
results show that CoroGraph yields shorter algorithm execution
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with a low memory stall and a small number of processed edges.
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commnity identification (2,45}, recommendation 26), raud de-
tection (4] and drug discovery (20] Examplesof popular graphal-
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INTRODUCTION

weakly connected component (WCC), and k-core [43], Many frame-
works ane designed to xccute graph algorithms eficiently
Liga 4], Galos 4], Gemi (5] Grpht 1], and GPOD 511
tht work on  sngle machine with il cors and focus o
reducing algorithm execution time.

1.1 Motivation and Problem

domains such I media (1

15), e-commerce (7], finance (1, 14], and biology [22). Algorith
are exccuted on these graphs to support various applications, e..

o Yan i e corresponiing .

i vertices called fronters alorith updates - neighbors'
of each frontier, and these neighbors may become new frontiers.
Existing graph algorithm frameworks optimize cither the work

Lcene
i e

effciency o
Work.

et

(33,40).
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Pa—— b e omotrto Tl 1 tatistics of
target vertex), work efficiency ‘number of s SSSP, and the

) Soaph i Livejourns, GROP un;alx Cache m.(.e..q while
efficiency with a is be rory bound and
that frontiers make #Edy Il
et s pkigraseesians
WCC) determine a priority value for each frontier to prioritze = 7

Ao Y4 | Memory Bound _sEdges (M) _Time (ms)
in Figure 1(a)the vertx-cenric model usesa et to manage the T o
fronters,and the ighestpririy frotie (c¢. 4 i obained from Gemini w2 a1s w21
0.5 Graphlt st 1 w2

and E)ar opdated,ad i eighbo meets the condiion spcifed Gror a0 2 =
by the algorithm ate updat,t s insertd ntothe ronie queue, Galois Tz 0 s
and it lower-prioity instances will b CoroGraph | 272% - 22

Cache cfincy v quantied by the atio o the CPU sall ime

‘memory bound [10]) (46, 47). Since the neighbors of a frontier are
usually not consecutive in memory, the neighbor update operation
of graph

Random access causes both read amplification and cache miss’,
which result in high memory bound. Existing systems (e2. GPOP)
improve cache effciency with a parition-centric execution model

by coroutines, which issue prefetch instructions, switch to the com-
putation tasks of other coroutines, and Fesume for computation
after the required data are fetched to cache. This design overlaps
memory access and computation but the performance is unsatis-
factory for two reasons. First, memory stall dominates execution
time for vertex-centric model (over 707 for Galois in Table 1), and

L20r L3 cache, and.
‘As shown in Figure 1(b), the partition-centric model involves 3
scatter phase and a gather phase. In the scatter phase, the frontiers

I ).
Second, the threads have data conflicts when processing different

of each partition is copied to
vertices reside. Fo instance, the neighbors of frontier A span two
patitions, so A s copied o both parttions. In the gather phase,
cxch pation collecsthestates o the st phsc uples

“To tackle the problems above, CoroGraph adopts a novel hybrid
n benefits and

In particular, ik

ieration. By ensuing that the workingpartition resdes i it
the.

»
order of their contributions to algorithm progress, resulting in
Meanwhil

cache effciency.

updates to vertex states are committed at partition granularity.
the

Table 1

frontiers are

‘memory stall but poor work efficency. Thisis because it partition-

d o
the actual updates are conduct in 3 gather phase. A single thread is

which results in good

priority order dividoal fronti

by sharing dat pes

“Thisis because
its vertex-centric model processes each frontier individually and
cannot share data access among the frontiers as in the parttion-
centric model. This fundamental trade-off lesds us to the following
pestion-is kth

The b update pattern also b

climinating the data conflcts that invalidate prefelched data
Beside the hybrid execution model,we tailor a suie of optimiza-

tions in CoroGraph. First, we use the aforementioned coroutine-

q i
achieves both cache and work cffciency?

12 Our Solution: CoroGraph
Our initial design is o reduce memory stall for the vertex-centric
model with a coroutine-based prefetch pipeline. In particular,soft-
ware prefetch allows programs to specify the data to load (9], and

Second, we propose  lightweight but effective strategy to switch
Detwesn e addirc o sces bece peechbecomes

a thread gradually warms the cache by
procesing  potiton. Thir,snce the threads are locked when
waiting to access shared data structures, we adopt a flexible syn-
chronization strategy, which allows the threads to proceed with
other o blockin Besides wesso adus the gragh

low overhead [19).In our pipeline, processing tasks are conducted

storage format to reduce cache miss and consider the NUMA ar-
chitecture of modern processors whe scheduling the tasks and.
configuring the prefetch pipeline.

4 popular graph algorithy P, k-

core, PR, and WCC)

CPU ol lads conscutve i

art graph algorithm frameworks (ie. Ligra, Gemini, GPOP, Galois,
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works and our CoroGraph. The algorithm is SSSP, and the x06:based AMD Zend CRY ARM based HMACRY
graph is Livejournal. GPOP targets cache efficiency while @ “ 10K 80 oK o
Galois targets work efficiency. For both memory bound and &30 k60 < <
processed edges (i.e., #Edges), smaller is better. § 20 5K 40 5K ;i
E 10 2k 20 2k g
System ”SSSP . 0="1""16 32 64 128256 K O 1 5 16 32 64 128 0K
Memory Bound ;Edgeg (M) Time (ms) Number of Threads Number of Threads
Ligra 65.3% 184 1022
Gemini 55.2% 613 824 Figure 2: Memory traffic and query throughput at different
Graphlt 60.5% 145 782 thread counts. The dataset is GIST1M, and the recall target
GPOP 32.9% 902 553 is 0.90. We utilize the SOTA proximity implementations, i.e.,
Galois 70.2% 89 513 HNSW from FAISS [31] for x86-based AMD Zen4 CPU and
CoroGraph 27.2% 68 262 SSG from KBest [41] for our ARM-based CPU.
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Graph algorithms generally adopt the following pattern: each vertex
v in the graph is associated with a vertex state s[v]; there are some
active vertices called frontiers; algorithm updates the neighbors!
of each frontier, and these neighbors may become new frontiers.
Existing graph algorithm frameworks optimize either the work
efficiency or cache efficiency of graph algorithm execution. -

efficiency with a yerfex-ceptric execution model. The observation is
that frontiers make different contributions to algorithm progress,
and thus work-efficient graph algorithms (e.g., SSSP, k-core, and
of graph algorithms essentially conducts random memory access.
Random access causes both gggd gmeliﬁcation and cache miss®,
which result in high memory bound. Existing systems (e.g., GPOP)
improve cache efficiency with a_partition-centric execution model.

In particular, the vertex states are organized into partitions that fit in
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CoroGraph supports two modes to cater for the characteristics
of different graph algorithms, i.e., synchronous and asynchronous.
In particular, synchronous graph algorithms (e.g., Bellman Ford,
PageRank, and WCC) require to process all frontiers before updat-
ing the vertex states while asynchronous algorithms (e.g., A-step,
k-core) do not have this requirement. In asynchronous mode, Coro-
Graph executes the scatter phase and gather phase asynchronously
and allows the threads to be in different phases as discussed in Sec-
tion 4.1. In synchronous mode, CoroGraph first assigns the threads
to conduct the scatter phase and only enters the gather phase af-
ter all threads finish scatter. Instead of copying the local message
buffers of each thread to the global buffers of each block, the gather
phase of synchronous mode directly accesses the local buffers to
conduct update in order to reduce one message copy.

5.1 Experiment Settings

Datasets. In our experiments, we evaluate the systems on four
'r-eprTentative benchmark datasets covering various data types and
scales: GIST [6], OpenAl [48], Text2Image [17], and LAION [51].
These datasets span different dimensionalities, data distributions,
and embedding modalities, enabling a comprehensive assessment
of system performance. GIST represents classic hand-crafted vi-
sion descriptors, while the OpenAl dataset contains modern high-
dimensional neural embeddings. Text2Image introduces cross-modal
retrieval challenges, and LAION provides large-scale image embed-
dings. We summarize the dataset configurations in Table 1.

Baselines. We evaluate HetANNS against several state-of-the-art
——

vector search systems spanning both CPU-optimized and special-
ized hardware implementations. In all experiments, HetANNS is
configured with two NUMA groups. For the GIST and OpenAl
datasets, the hybrid-precision retrieval pipeline uses 4-bit and 8-bit
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