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ABSTRACT
Checkpointing serves numerous functionalities inmodern-dayHPC
systems and applications. In recent years, synchronous checkpoint-
ing that blocks the application until checkpoints are persisted to
external storage suffer rising synchronization overheads at scale,
resulting in little forward progress by the application. Therefore,
asynchronous checkpointing has become more popular by quickly
capturing checkpoints locally and flushing them in the background
concurrently alongside the application. State-of-the-art solutions
like VELOC utilize a file-per-process strategy, which is difficult for
users and parallel file systems to manage. We implement a tunable
N-to-M aggregation strategy within VELOC, obtaining 2.5x greater
throughput than state-of-the-art aggregation library ADIOS2 and
1.5x higher throughput than the naive N-to-1 aggregation currently
supported by VELOC.
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1 INTRODUCTION
Checkpointing serves numerous defensive, productive, and admin-
istrative purposes, making it a fundamental I/O pattern of high
performance computing (HPC) applications [9]. It involves large
quantities of processes concurrently persisting critical data to stor-
age. Synchronous checkpointing, like GenericIO [7], blocks the
application throughout the duration of the checkpoint, ensuring
consistency and eliminating resource competition. However, syn-
chronization overheads on POSIX-compliant file systems (as many
are [4]) result in little application progression [8].

Asynchronous checkpointing, like VELOC [8], captures check-
points locally in a fraction of the time and persists them in the back-
ground alongside the application. However, introduces resource
contention between checkpointing and the application [10], espe-
cially under high levels of concurrency (multi-threading) required
to overcome serialization bottlenecks. VELOC adopts an N-to-N
(file-per-process) approach, eliminating synchronization overheads,
but is difficult for users to manage and suffers metadata bottlenecks
in common file system implementations like Lustre [1]. Thus, file
aggregation is necessary for asynchronous checkpointing.

One efficient approach to aggregation is N-to-M [2, 7], where a
subgroup of processes (M), interact with limited I/O infrastructure
on behalf of all processes (N). However, state-of-the-art libraries,
like MPI-IO, disregard resource contention and, if made to, suffer
frequent synchronization costs of collective operations, thereby
unsuitable for asynchronous checkpointing [6]. Other solutions,
like ADIOS2 [5], provide adaptable parameters controlling resource

consumption, but to our knowledge have not been evaluated in the
context of asynchronous checkpointing.

We begin meeting the challenge of devising an optimized N-to-M
aggregation strategy specifically for asynchronous checkpointing
by:

• Prototyping a adaptable N-to-M aggregation strategywithin
VELOC

• Evaluating the throughput obtained using our aggregation
with the expected peak performance obtained via the sys-
tem utility call dd and an OpenMP benchmark [3]

• Comparing our aggregation strategy to naive N-to-1 aggre-
gation and state-of-the-art aggregation libraries ADIOS2,
and an optimized implementation ofMPI-IO realized through
the synchronous checkpointing library, GenericIO

2 METHODOLOGY
Our 𝑁 -to-𝑀 implementation allows users to set: (1) the number of
desired files (𝑀), (2) number of I/O threads, and (3) size of buffers.
Enabling tunable aggregation capable of meeting the varying de-
mands of bounded applications and file systems. In this prelimi-
nary work, we evaluate our strategy using when𝑀 = # of compute
nodes, which isolates performance bottlenecks only associated with
interacting with a parallel file system (PFS), thereby eliminating
overheads associated with communication across nodes. However,
our strategy supports any number𝑀 ≤ # of compute nodes.

To eliminate idle-time on faster I/O threads, threads collectively
process local checkpoint files sequentially in chunk sizes defined by
the user. However, this requires synchronization to data structures
managing access to local files. Our goal is to characterize how
synchronization between I/O threads affect the throughput of an
I/O leader.

3 EXPERIMENTAL RESULTS
We use dd and the OpenMP benchmark to characterize the expected
maximum aggregated bandwidth (calculated via equation 1)

total checkpoint size [GB]
slowest thread [s]

(1)

of a single I/O leader. We set 𝑁 = 8 (a typical number of local pro-
cesses per node, since compute nodes typically employ 4-8 GPUs)
and𝑀 = 1, since we evaluate our aggregation strategy where each
compute node writes 1 aggregated file. We design a custom micro-
benchmark simulating a distributed application (more than 1 node)
performing a checkpoint under similar conditions, but introduce
variance in the sizes (1 GiB ±20%) and set M=8 and N=64, with 8
processes per node.

We set the number of I/O threads equal to the number of local
files (8), and set the size of buffers to 64 MB (bounding memory
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utilization). We define the same settings for ADIOS2. Our experi-
ments are performed on Oak Ridge National Lab’s Frontier, which
supports uses AMD 3rd Generation EPYC compute nodes, and a
Lustre PFS with a peak aggregated bandwidth (BW) of 14 TB/s.

3.1 Our N-to-M Compared to Expected Peak
Performance of N-to-M aggregation with dd
and OpenMP
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Figure 1: The expected maximum aggregated bandwidth of a
single I/O leader under an aggregation scenario where all

compute nodes aggregate their own local data to a single file
using via dd or OpenMP. (Higher is better)

Figure 1 shows the expected peak BW of N-to-M via dd and
OpenMP. OpenMP gets 1.7 GB/s while dd obtains 2 GB/s. Thus, our
aggregation should maintain 16 GB/s in our 8 node microbench-
mark.
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Figure 2: Evaluation of how close our N-to-M aggregation
strategy comes to the expected peak throughput (≈16 GB/s)

obtained via dd and OpenMP, in an 8 node scenario

Figure 2 plots the maximum aggregated BW of our aggrega-
tion implementation when using cumulative fine-grained timers
measuring how long each I/O thread spends writing. We obtain

more than the expected peak throughput since our implementation
mitigates timing imbalance among threads, unlike dd and OpenMP.

3.2 Comparing N-to-M Aggregation
Implementations
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Figure 3: Comparing our N-to-M aggregation strategy
against a naive N-to-1 aggregation strategy (currently

supported by VELOC) and other, state-of-the-art N-to-M
capable aggregation Libraries. Higher is better.

Figure 3 compares our N-to-M aggregation to naive N-to-1 and
against other N-to-M implementations via GenericIO and ADIOS2.
The throughput is calculated from the application side (which in-
corporates other function calls besides the writes), resulting in a
small drop in throughput compared to results in figure 2. Compared
to N-to-1, we get ≈ 1.5× higher throughput and ≈ 2.5× that of
ADIOS2. GenericIO gets ≈ 2× higher throughput than ours, how-
ever, because they are synchronous, they flush the full 1 GiB region
at once, reducing collective calls. This is not feasible in asynchro-
nous checkpointing which needs to limit memory utilization for
concurrent workloads.

4 CONCLUSION AND FUTUREWORK
We implement an optimized, tunable aggregation strategy within
VELOC capable of maximizing throughput of N-to-M aggregation
scenarios, beating some current state-of-the-art N-to-M aggregation
libraries, like ADIOS2 when flushing under the same constraints.
Even though our collective solution requires synchronization across
threads, we find it mitigates timing imbalance, resulting in higher
throughput than obtained from optimized system wrappers like dd.
Since compute nodes vastly outnumber storage targets in modern
HPC systems, we plan to evaluate our aggregation methods when
the number of I/O leaders is lower than the number of compute
nodes.
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