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ABSTRACT

Triangle counting is a cornerstone operation in large graph an-
alytics. It has been a challenging problem historically, owing to
the irregular and dynamic nature of the algorithm. This inhibits
compile-time optimizations and also requires runtime optimiza-
tions such as message aggregation and load-imbalance mitigation.
Popular triangle counting algorithms are either inherently slow,
fail to take advantage of advanced hardware in modern processors,
or involve sparse matrix operations.

With its support for fine-grained asynchronous messages, the
Partitioned Global Address Space (PGAS) with the Actor model
has been identified to be efficient for irregular applications [3, 11,
12]. However, few triangle counting implementations have been
optimally implemented on top of PGAS Actor runtimes.

To address the above-mentioned challenges, we propose a set-
intersection-based implementation of a distributed triangle count-
ing algorithm atop the PGAS actor runtime. Evaluation of our
approach on the PACE Phoenix cluster and the Perlmutter super-
computer showed encouraging results.
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1 INTRODUCTION & BACKGROUND

A triangle is a set of three mutually adjacent vertices in a graph. It
forms the foundation of a variety of graph algorithms. Additionally,
it is a popular choice for high performance computing benchmarks
and computer architecture design [14]. Significant efforts have been
made to optimize triangle counting in large graphs [1, 4, 16] for it
to serve these purposes better. A number of approaches to triangle
counting exist, each with their own merits and demerits, which we
defer to recent literature that discusses the same [13].
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Similar to other irregular applications run on clusters, efforts
have been made to express triangle counting algorithms using
fine-grained asynchronous messages as per the Partitioned Global
Address Space (PGAS) model [11, 12]. In past work, we identified
that the actor model could be used to provide scalability for PGAS
and introduced an actor runtime that allows fine-grained asyn-
chronous message passing with automatic message aggregation
[3, 11, 12]. We also demonstrated that our actor model is well suited
for vertex-centric graph programming since fine-grained asynchro-
nous message passing goes well with data propagation between
vertices via edges. Algorithm 1 is a fine-grained asynchronous
message version of the triangle counting algorithm written in the
SPMD fashion enabled by the previously proposed actor runtime.
As there have not been many triangle-counting implementations
that leverage this programming model, in this poster, we explore
implementing a set-intersection-based distributed triangle counting
algorithm atop the PGAS runtime.

Algorithm 1 Triangle counting using actors (SPMD, PGAS).

1: function COUNTTRIANGLESACTOR(L)

2: Notation: Let r be the local rank, I be the local rows of L owned

by rp, ¢ be the local counter owned by r,, and Actorp, denote the

actor instance that is running on rp.

for {lij,Lix € L | L;j =l =1,k < j<i}do

L Let pe < FINDOWNER(L j£)
Actorp.send(pe, j, k) = Send an active message (non-blocking)

Wart() > Wait for the completion of local send/recv

| return ALLREDUCE(c)

: function ACTORPROCESS(j, k) > The message handler: j is row number,

nd k is col number

9 | if{ljk el | ljkz 1} thenc +=1

10: function FINDOWNER(row) > Returns a rank that is responsible for row

11: L return row % P

> Find a rank that owns L i

A A

> 1-D Cyclic distribution

2 METHODOLOGY

As our baseline, we use an actor-based distributed triangle counting
algorithm (Algorithm 1 [11, 12]), where each rank (actor) iterates
over the neighbors of each local vertex (vertex i) that resides on
the actor and finds two different neighbors (vertices j and k) and
sends a message to a (possibly) remote rank (actor) that owns j to
check if there is an edge j — k. Notice that, since the adjacency
matrix is distributed across multiple ranks, the information on j’s
neighbors may not be available locally in the sender rank.
Shortcomings. We identify two shortcomings that this approach
suffers from: (i) network bandwidth is underutilized as each packet
sent is small in size (j and k, 16 bytes) though the runtime leverages
the Conveyor library [9] for message aggregation, and (ii) oppor-
tunities to exploit data parallelism on the receiver side are missed
as the receiver sequentially searches the edge j — k every time
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a packet is delivered. To mitigate these bottlenecks, we explore
the possibility of using a set-intersection-based implementation of
triangle counting, where we (i) send the neighbor list of vertex i
to its neighbors and (ii) perform a set-intersection operation on
the receiver side. We observe that taking the intersection-based
approach towards triangle counting improves network utilization
and enables vectorization.

Table 1: R-MAT Generated Graph Parameters

Dataset Small.mtx Medium.mtx
Scale Parameter N=16 N =20

Edges 909,917 (217 to 220) 15,701,646 (2%%)
Edges per Vertex 16 16

Vertices 65,536 (216) 1,048,576 (220)

Set-intersection-based implementation. As mentioned above,
this version sends the neighbor list of each vertex to its neighbors.
While this approach would also have each rank (actor) send O(N?)
messages (similar to the baseline approach), we anticipate that this
version would be better, as it would send larger packages, which
enables higher network bandwidth utilization.

Message Passing and Communication Optimizations. The
baseline message-passing structure only passes minimum infor-
mation, which is not flexible to support set-intersection-based tri-
angle counting. Instead of sending just two vertices (j, k), the set-
intersection-based version sends the entire neighbor list of each
vertex to a remote rank as a part of the message-passing structure.
One challenging problem is that the size of the neighbor list varies
by vertex, which can underutilize network bandwidth. Thus, in
our current implementation, we decided to divide the neighbor
list into multiple fixed-size chunks and empirically determine an
optimal chunk size. Additionally, we optimize for the case where
both neighbors’ neighbor lists are present on the same rank, in
which case only the offset bounds (start and end of a region where
an intersection is computed) are sent.

Table 2: Hardware Specifications

System PACE Perlmutter
Processor Intel Xeon Gold 6226 ~ AMD EPYC 7763
Interconnect Infiniband 100HDR HPE Slingshot-10
PEs per Node 24 128

Vector ISA AVX512 AVX2

Vectorization. We first experiment using a simple two-pointer
approach to set intersection, which we call the scalar implementa-
tion. Set operations have been proven to be far more performant
when vectorized, which also have sample reference vectorized im-
plementations [6, 17]. All these implementations operate on 32-bit
integers. However, the baseline uses 64-bit integers to cater to
trillion-node-scale graphs, which we accommodate. Rather than
performing a vectorized intersection on 8 X 32-bit integers in a
256-bit register, we extend the idea and approach to work with 4
X 64-bit integers in a 256-bit register. This is not trivial as vector
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instructions are primarily designed for 32-bit integers while there
is also primitive support for 64-bit integers.

3 EVALUATION & RESULTS

Evaluation. We evaluate our optimizations against the baseline dis-
cussed in §2, on benchmark graphs constructed using the Recursive
Matrix (R-MAT) generator from Graph-500 [2] with parameters of
A=57 and B=C=19. We use graphs of two sizes, “small. mtx” (~50k
vertices, ~1M edges) and “medium.mtx” (~1M vertices, 15M edges).
The R-MAT parameters used in generating the two graphs are pro-
vided in Table 1. In the future, we also plan to evaluate our method
on the datasets provided by the Stanford Network Analysis Project
(SNAP) [8], and on synthetic Kronecker graphs [7]. We run the
algorithms on the PACE cluster [10] at Georgia Tech and the Perl-
mutter supercomputer at NERSC [5, 15]. Hardware specifications
of PACE and Permutter are provided in Table 2.

Results. Our scalar implementation of the set-intersection-based
approach outperforms the baseline approach significantly, with up
to a 10x speedup. The figures summarizing the experiments are pro-
vided in the poster. The speedup is observed on every experiment
run, for both small.mtx and medium.mtx on both PACE and Perlmut-
ter. The vectorized implementation showed significant performance
improvements in some scenarios but took a hit in scenarios where
there was a skew in list sizes being intersected.

4 CONCLUSIONS AND FUTURE WORK

This work serves as a first look into optimizing actor-based triangle
counting on distributed memory. We propose using a set-operation
based implementation, which can further be optimized by taking
advantage of vector instructions, to exploit data-level parallelism.

We observe that imbalance in message sizes is a key bottleneck
in the scalability of our approach. It could be improved by acco-
madating variable length messages to hide communication latency.
This could be achieved by introducing load-imbalance mitigation or
by using a conveyor library [9] to potentially unlock higher levels
of performance.

Finally, our initial analysis shows that scalar and vector imple-
mentations of set-intersection operations for the purpose of triangle
counting are beneficial in different scenarios. We believe that for
best performance, a combination of both versions could be used.
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