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ABSTRACT
High-Performance Computing is the target system for virtual screen-
ing applications, which aim to suggest which candidates to test
in the drug discovery process. The HPC heterogeneity of modern
systems raises the functional and performance portability challenge.
LiGen is a well-known virtual screening application that can offload
the most demanding computation on GPUs. It has been used to per-
form extreme-scale virtual screening campaigns on HPC systems
equipped with NVIDIA cards using a CUDA implementation. This
paper reports the experience of running its SYCL implementation
on the LUMI-G HPC system that leverages AMD GPUs. Based on
the experimental results, the LiGen SYCL implementation performs
well on AMD GPUs, enabling LiGen to run a virtual screening
campaign on LUMI-G HPC infrastructure.

CCS CONCEPTS
• Software and its engineering → Software performance; •
General and reference → Performance; • Applied computing
→ Bioinformatics.
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1 INTRODUCTION
The drug discovery process aims at finding a molecule that has
strong interactions with at least one target protein. From domain
knowledge, we expect this interaction to yield a therapeutic effect
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during clinical trials. Recent studies demonstrate how the intro-
duction of a virtual screening stage that suggests which are the
molecules to consider in the in-vitro experiments improve the suc-
cess probability [2, 14]. In particular, a virtual screening application
estimates the interaction strength between the target proteins and
each drug candidate. Then, domain experts use these values to rank
all the candidates and select the most promising ones to forward to
the next stages of drug discovery. By simulating known chemical
reactions, it is possible to create new virtual molecules. For this
reason, the number of candidates we can virtually screen depends
solely on the available computational power.

In the context of urgent computing, where it is important to find a
solution in a short time frame, High-Performance Computing is the
ideal system to carry out computation [10]. For example, the largest
virtual screening campaign has been carried out in response to the
recent pandemic using two HPC machines (Marconi100 at CINECA
and HPC5 at ENI) [7]. Both of them use NVIDIA V100 cards to ac-
celerate the computation. However, if we look at the latest update
of the TOP500 list1, as of November 2023, the top four supercom-
puters computational power is due to processors/accelerators of
different vendors. One implication is that functional portability and
performance portability are of paramount importance for virtual
screening applications that target urgent computing scenarios.

In this paper, we focus on LiGen, the virtual screening applica-
tion of the EXSCALATE drug discovery platform [7]. It has been
designed from scratch targeting HPC [11], with an efficient CUDA
implementation [23]. In the LIGATE EuroHPC project2 we ported
the computation kernels to SYCL 2020 [5]. This implementation has
been tested in HPC machines that use NVIDIA cards. This paper
aims to measure the performance portability of the SYCL implemen-
tation when we target the LUMI-G supercomputer at CSC, which
uses AMD Instinct MI250X to accelerate the computation. From
experimental results, we can notice how SYCL enables the usage
of LiGen on LUMI-G, solving the functional portability challenge.
For the performance portability challenge, we compare the LiGen
throughput on LUMI-G with different compilers. Moreover, to pro-
vide a context for the performance, we consider in the comparison
also the LiGen performance on an NVIDIA A100 card since both
cards were launched in the same period.

1Website: https://www.top500.org/
2Website: https://www.ligateproject.eu/
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The paper is structured as follows: Section 2 provides the back-
ground required to understand how LiGen maps the domain prob-
lem in the computation kernels, while Section 3 provides an overview
of the state of the art. Section 4 describes in more detail the target
application and the technical challenges of running LiGen on the
LUMI-G supercomputer, while Section 5 reports the application
performance. Finally, Section 6 concludes the paper.

2 BACKGROUND
The virtual screening problem has two inputs: a list of drug candi-
dates, named ligands, and at least one target protein. The evaluation
of each ligand-protein pair is independent from the others, making
the problem embarrassingly parallel. Moreover, for simplicity, we
can focus on the case where we have only one protein without los-
ing generality. Therefore, virtual screening aims to associate each
ligand with a numerical value representing the interaction strength
with the target protein. This is a complex task that requires to solve
two well-known problems: molecular docking and scoring [15, 16].

Molecular docking aims at estimating the 3D displacement of
the ligand atoms, named pose when interacting with the target
protein. A ligand is a molecule with a small molecular weight,
typically with less than one hundred atoms. A protein, instead,
usually has tens of thousands of atoms. For this reason, the ligand
might interact with the protein in several ways. Moreover, both
of them are not rigid bodies. Protein-ligand interactions take into
account all the degrees of freedom. A subset of the molecule bonds,
named rotamers, partitions the molecule atoms into two disjoint
sets. Changing the molecule’s geometry is possible by rotating each
atom set along the bond axis without altering its chemical and
physical properties. A ligand might have tens of rotamers.

Molecular scoring considers geometrical, chemical, and physical
properties to estimate the interaction strength between a ligand
pose and the target protein. Also, the evaluation of each pose-
protein pair is independent of the others. Moreover, molecular
docking usually provides multiple output poses. The ligand’s score
is equal to the score of the best pose.

3 RELATEDWORKS
Interest in porting HPC applications to SYCL can be seen in the
number of recent publications on the subject. The effort has been
on the performance portability of large HPC codebase on exascale
system [4, 6]. The Top500 list shows how HPC centers leverage
heterogeneous systems to reach such computational scale. Bench-
marking these systems and applications, in terms of performance
portability and productivity, has been challenging, and different
attempts are reported in literature [8, 9]. The widely adopted per-
formance portability definition comes from Pennycook’s [17, 18].
While there are different metrics used for productivity evaluation
of porting [19]. The focus of our work is on the concept of per-
formance portability, of which SYCL portings have yielded some
interesting results [13, 20]. Examples of HPC applications that can
benefit from a SYCL porting are molecular docking applications
[3]. As mentioned, our study case is LiGen, which is undergoing an
analysis of its own performance portability on different platforms
[5, 22]. The EuroHPC infrastructure 3 has LUMI as its flagship
3Website: https://eurohpc-ju.europa.eu/supercomputers/our-supercomputers_en

supercomputer. The deployment of LUMI-G has brought its own
challenges for HPC applications to support it. [12, 21].

4 TARGET APPLICATION
LiGen is a C++ application that executes the same computation
pipeline on all the nodes involved in the computation [7]. The idea is
that each pipeline will compute its partition of the input data. Since
the problem is embarrassingly parallel, the only synchronization
point between the pipeline instances is when LiGen needs to write
the results on the file system. The stage that docks and scores the
input ligands has the highest computation demand, which we can
offload to accelerators. LiGen uses a gradient descent with multiple
restarts to dock a ligand, where each restart will dock a different
initial pose. The gradient uses only geometrical information to
drive the pose optimization. Then, a scoring function evaluates the
interaction strength of the docked poses, taking into account also
chemical and physical properties.

From the kernel’s implementation point of view, we use a batched
approach, where we dock and score more ligands in parallel on the
device [23]. In the SYCL implementation, each work-group docks
and scores a ligand, processing the poses serially. To benefit from
group synchronizations and algorithms, we set the work-group size
equal to the sub-group size of the device. Therefore, the number
of ligands per batch defines the number of work-items in an ND-
range. Moreover, to improve the computation efficiency, we execute
ligands out-of-order clustering in the same batch ligands that we
expect to have a similar execution time. To reach this goal, we use
features of the inputs, such as the number of atoms and rotamers
[1].

With this approach, the throughput depends on the number
of ligands that we can process in parallel on the GPU, which is
constrained by the available hardware resources. In the LiGen case
study, the kernels are bound by the registers that store the properties
of the ligand atoms, e.g., their 3D coordinates. For this reason,
we use non-type template parameters to represent the maximum
number of atoms. In this way, each cluster of ligands has a different
instance of the kernel tailored for their maximum number of atoms,
which might use a different number of registers.

The batch size for each ligand is computed at runtime based on
hardware characteristics of the target GPU as shown in previous
work [1, 23]. In particular, we set the number of ligands of each
batch as a multiple of 𝑙 as defined in Eq. 1,

𝑙 =
𝑤𝑔𝑠

𝑠𝑔𝑠
×𝐶𝑈 (1)

𝐶𝑈 is the number of available compute units, 𝑠𝑔𝑠 is the device sub-
group size, and𝑤𝑔𝑠 is the maximum number of active work-items
in a work-group we can run concurrently in a single CU for the
specific kernel. The idea is that 𝑙 is the maximum number of ligands
that can be active on the device. If we select a number of ligands
lower than this threshold, we are going to underuse the GPUs. As
reported in previous work, the best strategy is to select a multiple
of this number according to the available memory on the device.

While 𝐶𝑈 and 𝑠𝑔𝑠 depend only on the device, we also need
to consider the most demanding kernel to compute 𝑤𝑔𝑠 . In par-
ticular,𝑤𝑔𝑠 is the kernel_device_specific::work_group_size
property defined in the SYCL 2020 standard. Unfortunately, not

https://eurohpc-ju.europa.eu/supercomputers/our-supercomputers_en
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all SYCL compilers provide a meaningful value, requiring us to
manually tune the 𝑙 parameter for each cluster of ligands.

5 EXPERIMENTAL EVALUATION
This section reports the LiGen performance obtained on the LUMI-G
supercomputer using the SYCL implementation. At first, we focused
on a single GPU, using two different SYCL compilers. To provide
context, we include the LiGen performance on other GPUs and
implementations in the comparison. Finally, we consider all the
GPUs available in a LUMI-G compute node.

5.1 Experimental Setup
This section describes the software stacks and the hardware charac-
teristics we used to perform the experiments. We used the average
throughput in terms of ligands/sec to measure the performance,
including all the communication overheads (GPUs and file system).

5.1.1 Software stack. LUMI-G does not officially support SYCL. We
build GCC 11.3 from upstream to get the updated STD Library using
the GCC provided by the LUMI/22.08 software stack. Then, we used
GCC 11.3 to compile LLVM 15.0.6. With these versions of GCC and
LLVM, we have built AdaptiveCpp 0.9.4 from the corresponding
Git repository and oneAPI DPC++ Compiler 2022-12 from the Intel
LLVM Git Project, which was the latest stable release available
when we had access to LUMI. We used NVCC 11.7 to compile the
CUDA implementation. Moreover, we used the HIPIFY tool4 to
automatically generate a HIP implementation from the CUDA one,
based on HIP 5.3. We have used the ROCm LLVM’s to perform a
code build of the HIP version on AMD GPUs.

5.1.2 Hardware characteristics. Mainly the data have been col-
lected on the LUMI-G partition. Each LUMI-G node comprises
one AMD Epyc 7A53 CPU, 512 GB of RAM, and four AMD In-
stinct MI250X. We have also included the data collected on Nvidia
A100 and AMD MI100 GPUs for performance portability analysis.
The MI100 data have been collected on a machine equipped with
an AMD EPYC 7313 16-Core Processor, 512 GB of RAM, and an
AMD Instinct MI100. The A100 data were collected from a machine
equipped with one AMD EPYC 7282 16-core processor, 64 GB of
RAM, and an Nvidia A100.

5.2 Single GPU performance portability
This section measures the LiGen performance on a single physical
GPU for assessing performance portability. To provide context, we
also report the application performance on an NVIDIA A100 and
an AMD MI100 GPU, which are HPC-graded GPUs launched in a
similar period. On all the GPUs, we report the throughput with both
SYCL compilers. Moreover, we include an automatically generated
HIP version for AMD GPUs, while for NVIDIA GPUs, we include a
hand-optimized CUDA version.

Figure 1 reports the LiGen average throughput. The color and
pattern of each bar identify the kernel implementation. If we focus
only on the MI250X GPU card, we can notice how AdaptiveCPP
produces a significantly faster LiGen version than oneAPI. This gap
needs further investigation. We can also notice how the automati-
cally generated HIP version yields slightly lower throughput than
4Repository: https://github.com/ROCm/HIPIFY
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Figure 1: Throughput of LiGen on different GPUs using dif-
ferent compilers.

AdaptiveCPP. This is a remarkable result, considering the difference
in effort behind the SYCL and HIP implementation. The trend on
the three LiGen versions is consistent with the AMD MI100. This is
expected since a single MI250X is packed with two chips, each with
a number of compute units similar to the one on an MI100 (110 vs
120). If we compare the performance between the AdaptiveCpp im-
plementation on MI250X and the CUDA implementation on A100,
we can notice how the former is 1.46× faster than the latter. This
implies we can leverage SYCL to use the GPU efficiently, enabling
LiGen to run a virtual screening campaign on LUMI-G. However, if
we compare the peak FLOPs declared by NVIDIA for the A100 and
by AMD for the MI250X, we expect a more significant performance
improvement, hinting that there is room for improvement.

5.3 Multi-GPUs performance
Each computation node on the LUMI-G system is composed of four
AMD GPUs. While the computation kernel uses only a single GPU
to compute a batch of ligands, LiGen can distribute batches on mul-
tiple GPUs in parallel using a work-stealing policy. This experiment
aims at assessing the application performance while varying the
number of used GPUs. The experiment aims to demonstrate that
the multi-GPU LiGen version continues to scale linearly by varying
the number of LUMI nodes and GPUs, as in the previous virtual
screening campaign [7].

Table 1 reports the throughput of LiGen when running on 16
nodes, using one and all the available GPUs. The reported through-
put is for each single node. From the experimental result, we notice
that the SYCL implementation can use them efficiently, enabling
multi-GPU performance portability.

Table 1: Throughput of LiGen upon using 16 LUMI-G nodes
with a varying number of GPUs per node.

GPUs per Node Throughput(lig/s) Speed-up
1 488 1
8 3785 7.75

https://github.com/ROCm/HIPIFY


IWOCL ’24, April 8–11, 2024, Chicago, IL, USA Accordi, et al.

6 CONCLUSION
Virtual screening is an early stage of the drug discovery process
that aims at suggesting which molecules to test in vitro. In the ur-
gent computing context, a virtual screening application can hinge
on the computation power of HPC systems to provide solutions in
a short timeframe. However, the heterogeneity of the HPC land-
scape presents challenges in terms of functional and performance
portability.

In this paper, we focus on the SYCL implementation of the LiGen
virtual screening application to overcome them when we target
the LUMI-G HPC system at CSC, which heavily relies on AMD
GPU cards. On the bright side, the SYCL implementation can use
all the available GPUs of a computation node, reaching an average
throughput, in terms of ligands per second, higher than the CUDA
implementation on an NVIDIA A100 card. These results enable the
usage of LiGen on the LUMI-G supercomputer for a large-scale
virtual screening campaign. However, when we compare the peak
FLOPS declared by NVIDIA for the A100 and AMD for the MI250X,
we can notice how the LiGen performance is below expectations.
The reason for this behavior is still an open question that we are
going to investigate. Moreover, we are surprised by the performance
we were able to reach with the HIP implementation if we consider
the effort required by porting the computation kernels in SYCL and
the technical difficulties of building a SYCL toolchain from scratch
using the Cray compilation environment.
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