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Abstract

There is a growing need for the efficient solution of many small
eigenvalue problems (up to N = 1500) that arise in emerging scien-
tific applications. These small-to-medium sized problems present
unique computational challenges, particularly when thousands or
millions of such problems must be solved repeatedly. This work
presents Orchid, a novel distributed, heterogeneous, batched eigen-
value solver based on the IRIS runtime. Orchid can utilize all com-
pute platforms in both heterogeneous nodes and clusters by har-
nessing the capabilities of the IRIS architecture. Orchid leverages
heterogeneous architectures across multiple nodes by partitioning
the application task DAG intelligently and orchestrates multiple
instances of the IRIS runtime via MPL. We evaluate our proposal
against two heterogeneous hardware configurations and Frontier,
demonstrating Orchid’s performance utilizing both intra-node and
inter-node heterogeneity.

1 Introduction

The symmetric eigenvalue problem is fundamental in computa-
tional science, as many physical phenomena can be expressed in
terms of real modes and energies. Because symmetric matrices have
real spectra and orthogonal eigenvectors, these problems admit sta-
ble algorithms and physically meaningful interpretations.

For example, in quantum mechanics, the stationary Schrédinger
equation reduces to the Hermitian problem

Hy = Ey,

where eigenvalues E represent energy levels and eigenvectors ¢/
describe electronic states. In structural mechanics and seismology,
the generalized eigenvalue problem

Ku = AMu,

with stiffness K and mass M, yields natural frequencies » = VA
and vibration modes u.

Traditionally, research has emphasized solving very large eigen-
value problems at extreme scales. However, there is also a growing
need for the efficient solution of many small eigenvalue problems
(up to N = 1500) that arise in emerging scientific applications.
These small-to-medium sized problems present unique computa-
tional challenges, particularly when thousands or millions of such
problems must be solved repeatedly.

The main motivation and objective of this work is to provide a
distributed batched eigenvalue solver for extremely heterogeneous
compute environments. This framework looks to maximize produc-
tivity and computational efficiency regardless of the underlying
hardware. There are two major challenges that are addressed in this
work: integrating the eigenvalue solver into the IRIS programming
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model in a productive manner and extending the existing IRIS [3]
runtime to performantly support distributed computation.

2 Approach

2.1 MatRIS Integration

Integration of the EigenG-Batched [1] solver into IRIS is accom-
plished through adding a custom batched eigenvalue solver to the
MatRIS [4] library. MatRIS is a high performance and portable
heterogeneous math library designed specifically for the IRIS run-
time. MatRIS provides a collection of portable BLAS and LAPACK
routines in the form of kernels capable of being executed on het-
erogeneous platforms. We extend MatRIS to include a tiled batched
eigenvalue solver capable of execution in a multi-node heteroge-
neous environment. The eigenvalue solver splits the batched work-
load into L tiles where each tile is represented as an IRIS task. This
approach enables parallel execution and reduces the memory re-
quirement for each task. We also provide CUDA and HIP kernels,
both utilizing the EigenG-Batched algorithm, allowing for IRIS to
simultaneously execute the solver on both GPU platforms.

2.2 Global Coordinator

We add a lightweight MPI-based global coordinator that manages
the high level control flow. The global coordinator is responsible
for partitioning the application DAG on rank 0, initializing the IRIS
runtimes on other nodes, sending each node its DAG partition, and
collecting/aggregating results at the end.

2.3 DAG Partitioning Algorithm

Partitioning the IRIS task DAG across heterogeneous nodes presents
a unique challenge. The partitioning process must be capability
aware, or risk catastrophic performance loss due to computational
bottlenecks. We propose using a customizable multi-constraint
graph partitioning algorithm implemented using METIS [2]. METIS
is a graph partitioning algorithm whose objective is to minimize
total cut weight while conforming to n constraints. METIS allows
developers to provide hints regarding data locality between de-
pendent tasks as well as per-task computational requirements by
adjusting edge weights and vertex weights respectively. METIS
also allows IRIS to be capability aware across multiple constraints
(GPU/CPU count, GPU Memory, TFLOPs) by adjusting the target
weights. With this metadata, METIS partitions k-ways (k = num-
ber of nodes), resulting in partitions that are sized proportionally
to the capabilities of each node while also minimizing expensive
cross-node dependencies. With METIS, IRIS can maximize device
utilization and reduce communication overhead throughout the
application makespan.
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3 Evaluation

To evaluate our batched eigenvalue solver’s functionality in a intra-
node heterogeneous environment, we run a workload of 4096 sym-
metric matrices of size 256 against a node with AMD CPU, a NVIDIA
RTX 3090, and a AMD Radeon RT 6900XT. With only the MatRIS
host code, both GPUs execute their batched kernels concurrently,
with high utilization across both devices. We also test against a
workload of 8192 matrices of size 64, which also shows effective
scalability in a node with multiple architectures. To demonstrate
Orchid’s computational performance, we evaluate performance
of the EigenG-Batched against the reference batched eigenvalue
solvers provided by cuSOLVER and hipSOLVER. We evaluate our
performance against two platforms, a node with 2x NVIDIA H100
NVL and a node with 4x AMD MI300A. We test two workloads,
4096 matrices of size 512 and 65536 matrices of size 64. On both
platforms and workloads, Orchid provides better scaling across
multiple GPUs in comparison to vendor solvers. In terms of time-
to-solution Orchid offers competitive or better performance. We
observe certain cases where hipSOLVER fails to scale effectively
across multiple GPUs, instead increasing time-to-solution when uti-
lizing more GPUs. With EigenG-Batched’s competitive performance
to vendor libraries and Orchid’s ability to leverage heterogeneity,
we are able to provide a productive batched eigenvalue solver.

4 Summary

Symmetric eigenvalue solvers are a key part of computational sci-
ence because of their role in modeling physical phenomena in
large-scale simulations. However, because of their high compu-
tational cost, designing a parallel eigenvalue solver is critical to
realizing the full potential of HPC resources in scientific computing.
We investigate possible solutions, presenting a batched eigenvalue
solver integrated with the IRIS runtime system, fully exploiting
distributed and heterogeneous systems.
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