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Abstract—Burst buffers have become increasingly popular in
HPC systems, allowing bursty I/O traffic to be serviced faster
without slowing down application execution. The ubiquity of burst
buffers creates opportunities for studying their ideal placement
in the HPC topology. Furthermore, the topology of the network
interconnect can also affect the performance of the storage
hierarchy for different burst buffer placement schemes.

To that end we create a reproducible framework that allows
individual centers to develop their own models and evaluate
performance based on their workload characteristics.

We use CODES to create models that simulate the network and
storage layers of an HPC system and Darshan traces for 1/0
replay. We augment the Darshan traces with synchronization
primitives, and allow multi-dimensional scaling of traces to
represent future workload characteristics. Finally, we evaluate the
effect of network topology, storage architecture, and application
I/O patterns on overall I/O performance.
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I. INTRODUCTION

With the increasing scale of computation and data in High
Performance Computing (HPC), existing storage systems are
becoming a bottleneck for large-scale scientific and data-
intensive applications [1]. The ratio of flops to I/O bandwidth
on Titan is 27:1, on Summit that ratio is increasing to 80:1.
Data generation rates are increasing faster than traditional
parallel file system (PFS) ingestion capabilities. To alleviate
this bottleneck, the traditional PFS is being augmented with
a tier of intermediate, high-bandwidth flash-based storage
devices called burst buffers. These burst buffers sit between the
compute nodes and the parallel file system and are designed
to absorb the periodic bursts of I/O by HPC applications.

Various hierarchies exist for the placement of burst buffers
in HPC systems:

e  Burst buffers co-located with compute nodes, e.g.,
used in Summit, the next-generation OLCF system [2];

e  Burst buffers co-located with I/O nodes, e.g., used in
Cori, an HPC system at NERSC [3];
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e  Global burst buffers, e.g., used in Konrad, an HPC
system at ZIB, Germany [4].

Moreover, modern HPC systems use a range of network
topologies, e.g., fat-tree [5], dragonfly [6], torus, etc. These
network topologies have different blocking characteristics,
diameters, bisection bandwidths, and costs. The performance
of burst buffers depends on the network and storage contention
that I/O traffic experiences during execution of a typical
application workload.

Using a Parallel Discrete Event Simulator (PDES), we
simulate a full HPC system with different network topologies
and burst buffer architectures. The simulator is then used to
replay I/O traces from real-world applications, which then
mirrors the expected performance of a real system. Using these
simulations and models, we then evaluate various architectures
and determine the ideal choices based on the application
workload, performance requirements, and cost constraints.

The primary contributions of this work are the following:

e  We use the CODES simulation suite to simulate a full
HPC system. We use the network and burst buffer
models available in CODES in order to simulate
different HPC deployments.

e  We evaluate the performance of these models on real-
world application workloads using Darshan I/O traces.
We extend the Darshan logs and the simulator to scale
the traces to reflect their size and distribution on a
different HPC system from where they are collected
in support of both strong and weak scaling.

e We create a framework with the above models and
extensions that will allow HPC centers to assess
expected performance of HPC systems based on their
respective workloads.

e The framework can facilitate development of parallel
file systems, data staging schemes, traffic shaping
algorithms and resiliency techniques by performing
sensitivity studies to parametric variations.



II. SOLUTION APPROACH

We use a Parallel Discrete Event Simulator (PDES) [7]
called CODES [8][9] to simulate various HPC deployments.
The CODES framework builds on ROSS to allow simulations
of exascale network and storage architectures in HPC environ-
ments. CODES abstracts the network models as components
to create packet-level simulations of the most popular HPC
network topologies. It supports dragonfly, slimfly, torus and
fat-tree topologies. It also has support for storage models
including a local storage, and a CODES store model, which
can be used to simulate burst buffers.

In order to model real world HPC workloads we use
Darshan [10] traces collected from application executions at
the Oak Ridge Leadership Computing Facility (OLCF). We
use the traces collected by these systems to resemble the I/O
behavior of scientific applications in our simulation. Since
these traces are collected from current executions of the
application, they do not accurately represent future workload
sizes so we augment the Darshan traces in the following ways:

e We add the ability to weak scale the application by
increasing the number of ranks while maintaining the
same /O behavior.

e  We add synchronization information to the traces to
accurately capture application behavior. This allows
us to not have to rely on absolute timing information
from the Darshan trace.

e We can increase the number of I/O phases of the
application to model future runtimes.

e  We can also scale the application I/O sizes to represent
larger future workloads.

To simulate a real HPC environment, our framework also
supports striping I/0 across multiple storage devices, client-
side buffering of I/O and tracking individual I/O phases of the
application. Since applications are seldom allocated contiguous
nodes in an HPC system, the framework also allows for fine-
grained allocation of compute nodes to applications, and for
simulating multiple applications running simultaneously.

Finally, we evaluate the effect of different workloads on
the I/O performance of the system with HPC applications
widely used in leadership computing facilities. GTC [11] is
a highly scalable scientific application that simulates billions
of plasma particles inside a reactor. S3D [12] is a direct
numerical simulation (DNS) code used in computational fluid
dynamics, which solves the Navier-Stokes equations. HACC or
Hardware/Hybrid Accelerated Cosmology Code [13] is used to
conduct high resolution simulations of cosmological structure
for modern-day galactic surveys.

Figure 1 shows the I/O phases of the applications across
various burst buffer and network configurations. The choice
of network topology has no effect on the performance of the
node-local burst buffers. GTC exhibits highly bursty I/O caus-
ing significant variation in performance across configurations.
The grouped burst buffer performs much better than global
for the dragonfly network while the performance is similar for
the fat-tree networks. The node-local burst buffers significantly
outperform the global and grouped for highly bursty traffic.
HACC has scattered I/0 behavior. This causes individual ranks
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Fig. 1. T/O phases of each application across network topologies and burst
buffer architectures.

to spend different amounts of time for different configurations
but the overall I/O phase of the application remains unaffected.
Finally, S3D exhibits staggered I/O behavior but has localized
bursty traffic, resulting in node-local burst buffers outperform-
ing other configurations.

III. CONCLUSION

From our experimental results we can see the effect of
burst buffer placement, network topology and application 1/O
patterns on overall application performance. Certain applica-
tions such as HACC have I/O patterns that are not affected
by the placement of storage resources or the HPC network
topology. On the other hand GTC and S3D which have bursty
I/O has a significant performance impact depending on the
choice of burst buffer architecture and network topology. Fur-
thermore, we are looking at how various storage architectures
and network topologies impact the I/O performance of the
application when multiple applications run simultaneously as
well as alongside adversarial jobs.
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