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Abstract

Active drag reduction (ADR) using spanwise traveling surface
waves is a promising approach to reduce drag of airplanes by ma-
nipulating the turbulent boundary layer (TBL) around an airfoil,
which directly translates into power savings and lower emission of
greenhouse gases harming the environment. However, no analytical
solution is known to determine the optimal actuation parameters
of these surface waves based on given flow conditions. Data-driven
deep learning (DL) techniques from artificial intelligence (AI) are
a promising alternative approach, but their training requires a
huge amount of high-fidelity data from computationally expen-
sive computational fluid dynamics (CFD) simulations. Previous
works proposed a TBL-Transformer architecture for the expensive
time-marching of turbulent flow fields and coupled it with a finite
volume solver from the multi-physics PDE solver framework m-
AJA to accelerate the generation of TBL data. To accelerate the
computationally expensive inference of the TBL-Transformer, the
AlxeleratorService library was used to offload the inference task to
GPUs. While this approach significantly accelerates the inference
task, it leaves the CPU resources allocated by the solver unutilized
during inference. To fully exploit modern heterogeneous computer
systems, we introduce a hybrid inference method based on a hybrid
work distribution model and implement it into the AlxeleratorSer-
vice library. Moreover, we present a formal model to derive the
optimal hybrid work distribution. To evaluate the computational
performance and scalability of hybrid inference, we benchmark
the coupled m-AIA solver from previous work on a heterogeneous
HPC system comprising Intel Sapphire Rapids CPUs and NVIDIA
H100 GPUs. Our results show that hybrid inference achieves a per-
formance speedup, that grows as the ratio of allocated CPU cores
to GPU devices increases. We further demonstrate that the runtime
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improvement by hybrid inference also increases the energy effi-
ciency of the coupled solver application. Finally, we highlight that
the theoretical hybrid work distribution derived from our formal
model yields near optimal results in practice.

CCS Concepts

« Computing methodologies — Artificial intelligence; Ma-
chine learning; Massively parallel algorithms; - Computer
systems organization — Heterogeneous (hybrid) systems; «
Applied computing — Aerospace; Engineering.
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1 Introduction

The CO3 emissions from the aviation sector are a significant con-
tributor to the greenhouse effect, which is the main driver of today’s
global climate change. Thus, research in aerospace engineering is
investigating techniques to reduce an airplane’s energy consump-
tion. One promising approach is ADR using spanwise traveling
surface waves to manipulate the near-wall TBL around an airfoil,
which has been shown to result in significant drag reductions of up
to -31% and net power savings of up to -10% [2]. In this approach
a surface wave is parameterized by its wavelength A, amplitude
A, and time-period T. Given the flow conditions characterized by
the Reynolds number Re, the Mach number M, and the angle of
attack «, the challenging problem is to find the best actuation pa-
rameters A*, A*, T* that minimize the drag experienced by the
airfoil. While a comprehensive analysis of this highly complex pa-
rameter space was done by Albers [1], no analytical solution of the
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problem fapg : R® — R3, (Re, M, @) — (A%, T* A*) is known. A
promising approach to solve the ADR problem may be to utilize
universal function approximation methods from Al in particu-
lar from DL, and train a deep neural network to learn a function
f/i%R ~ fapr. Training a DL model requires a huge amount of
high-fidelity data that samples the complex parameter space of flow
conditions and actuation parameters. Due to the turbulent nature
of the boundary layer under investigation, the generation of train-
ing data necessitates direct numerical simulations (DNSs), which
often leads to infeasible computational requirements for realistic
scenarios due to fine mesh resolution requirements to capture the
wide range of turbulent scales. Previous work by Sarma et al. [27]
proposed a method to speed up the time-marching of turbulent
flow fields by coupling a Transformer architecture with a CFD
solver. The Transformer architecture was successfully employed
before by Wu et al. [30] to forecast time series of influenza-like
illness. During a numerical TBL simulation, a CFD solver generates
a time series (Ut)ﬁio = (UO, ul... utn—1 U'n), where U? € R3
is the three-dimensional velocity field at a discrete point in time
t € {0,1,...,t,} and each U™ = U’ + aa—UttAt is obtained from
U? by integrating the solution of the Navier-Stokes momentum
equation. Sarma et al. [27] adapted the Transformer architecture
by Wu et al. [30] to predict the time-marching of turbulent flow
fields in TBL simulations by transforming an input sequence of
turbulent flow fields (U*~™, ..., U!~1, U?) into an output sequence
of time-marched fields (U1, U2, ... U™,

In recent years, the development of Al-enhanced simulations by
coupling CFD solvers with trained DL models has gained a lot of
traction in many engineering applications dealing with turbulent or
reactive flows. In these applications, DL models are used to predict
interpolation weights for convective fluxes in finite volume meth-
ods [15], to speedup iterative methods solving the Poisson equation
by predicting good initial guesses [12], or as closure models in large
eddy simulation (LES) predicting different subfilter-scale quanti-
ties [4-6, 9, 16, 21, 31]. Al-enhanced simulation poses a computa-
tional challenge because many CFD solvers have been optimized
over decades for central processing unit (CPU) architectures but
the inference of a DL model mainly consists of matrix operations,
that can be significantly accelerated by current GPU architectures.
Driven by this increasing demand for deploying trained DL models
into CFD solvers, different software packages have been developed
including SmartSim [25], NNPred [19], PhyDLL [28], and the Alxel-
eratorService [24]. While these coupling libraries differ in the level
of abstraction provided to theirs users, all of them, except NNPred,
support offloading the inference task to graphics processing units
(GPUs). However, if the coupled simulation application does not
offer the potential to overlap the inference task with other com-
putations, the allocated CPU cores are idle, which constitutes an
inefficient resource utilization of the heterogeneous hardware.

Since the inference task is highly data-parallel, it offers the po-
tential for a hybrid worksharing approach involving CPUs and
GPUs cooperatively. Hybrid worksharing is not a new concept
and was, for example, applied successfully by Luk et al. [20] in
2009, where the workload of different computation kernels was
adaptively mapped between CPUs and GPUs. For DL workloads,
however, hybrid approaches are still not broadly established. Some
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recent hybrid approaches focus on optimizing the training of graph
neural networks [18, 32] or large models in general [26], but hybrid
inference approaches are often only considered for mobile or edge
devices [14, 17].

In this work, we propose a hybrid inference method to optimize
the heterogeneous hardware utilization of Al-enhanced simula-
tions. We demonstrate its applicability to productive applications
by the example of the finite volume solver from the multi-physics
PDE solver framework m-AIA, that was recently coupled with the
TBL-Transformer of Sarma et al. [27] using the AlxeleratorService
library [24] by Hilgers et al. [11]. We define a formal parameterized
hybrid work distribution model adapted from Luk et al. [20] and
derive the optimal hybrid work distribution ratio between CPUs
and GPUs. Moreover, we extend the publicly available Alxelera-
torService library with a general hybrid inference implementation
based on our proposed hybrid work distribution model.

This paper is structured as follows: Section 2 describes the deploy-
ment of the TBL-Transformer [27] into the m-AIA solver framework
and the resulting coupled workflow to accelerate the inference task
on GPUs by using the AlxeleratorService embedded into a general
machine learning (ML)-module as proposed by Orland et al. [24].
Section 3 introduces our proposed hybrid work distribution model
for the inference task and elaborates on the implementation of this
model into the AlxeleratorService library. Section 4 evaluates the
proposed hybrid inference method with the coupled m-AIA solver.
We demonstrate that both speedup and energy efficiency improve
as the ratio of allocated CPU cores to GPU devices increases. More-
over, we evaluate the accuracy of the optimal CPU fractions derived
from our formal hybrid work distribution model compared to the
real observed optima. Finally, Section 5 discusses future work and
Section 6 summarizes our conclusions.

2 Transformer-Enhanced TBL Simulation

In this work we use the finite volume solver on structured grids
(FVStructuredSolver) of the multi-physics PDE solver framework
m-AIA [22], that was recently coupled by Hilgers et al. [11] with
the TBL-Transformer model trained by Sarma et al. [27] to speed up
the generation of actuated TBL data. Since the setup of the coupled
solver is an important foundation for this work, we first summarize
the deployment of the TBL-Transformer into the m-AIA solver and
then elaborate on the acceleration of the inference task using the
AlxeleratorService library [23].

2.1 TBL-Transformer Deployment into m-AIA

Since the TBL-Transformer was trained on simulation snapshots
with a temporal resolution of Az = 24 time steps [27], it is ideally
inferred once every (m — 1) At time steps of the coupled simulation,
where m denotes the context window size, for physical consistency.
To maintain a feasible hidden dimension dy,oge1 [29] of the TBL-
Transformer’s embedding space and to control the computational
cost, the model was trained on individual cubic subdomains as input
rather than the full velocity field. This means the full velocity field
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Figure 1: Deployment of the TBL-Transformer model into
the FVStructuredSolver of the m-AIA solver framework.

is mathematically decomposed according to

3 -
fdecomp  RIXRy XN X3 R3X"c><dc’ Ut — Ut
((Ul,.- ) (Wl,., wnc))

b oAb o 3 . . . .
where each ultvf wit € RdC,l € {1,...,nc} is a cubic subdomain
of size d; X d¢ X d. of one scalar velocity component and n, =

[Z,—"w . [Z—y-l . [%w is the resulting total number of subdomains.
The inverse transformation that reconstructs the full velocity field
from a decomposed set of cubic subdomains is denoted by frecon =

Consequently, the time-marching for a forecasting window

1

unc) (01,..,

-1
f;iecomp'
size n learned by the TBL-Transformer based on a context window
size m is defined as:

FIBLAR ¢ (Rmx3xd3 RnxSxdﬁ) —, RIX3xd:
((ét_m-"l,,._,ét), (ét At+n 1)) — (~t+1 ..A,EH—H), (2)
where ¢ c € {u wt } is an arbitrary cubic subdomain at time

1nstance t, (¢t~ m+1 R t ¢') is the input sequence for the encoder,

and (¢éf,. is the target sequence input for the decoder.
The resultmg workflow of the simulation coupled with the TBL-
Transformer is illustrated in Figure 1. Three different types of
time steps need to be distinguished as defined by Hilgers et al.
[11]: i) regular solver step, ii) coupling step, and iii) inference
step. In a regular solver step, the TBL-Transformer is not used
and the usual finite volume method solution of the governing
equations is advanced in time using the Runge-Kutta method. In
a coupling step, the solver decomposes the velocity field accord-
ing to the definition of fyecomp in Equation (1) in preparation for
a future inference step. In an inference step, the whole coupling
loop, shown in Figure 1 is executed. Suppose at time step ¢ of
the coupled simulation, the TBL-Transformer should be inferred.
This means at the previous time steps (t — kA7), the solver
already needs to decompose the velocity field into cubic subdo-
mains U!~kAT = ﬁiecomp(Ut_kAT) and keep them stored until
time step t is reached. At time step t, the current velocity field
is also decomposed into cubic subdomains U? = fdecomp(Ut ) first,
but then the whole coupling loop can be executed. Since all re-
quired inputs for the TBL-Transformer are available, the model is
inferred n-times autoregressively on batches of time series of indi-
vidual cubic subdomains yielding the full decomposed velocity field

t+n 1)
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[}t+nAf Ut) Ut+(n—1)Af

STBL-TR ((Ut—(m—l)A‘r" . ) Subse-
quently, the time-marched velocity field UT™A7 = £ (UF1AT)
is reconstructed. The Runge-Kutta time integration step is skipped
and the internal variables to keep track of the simulated physical
time are incremented manually by nArAt, where At is the time step
size of the solver constrained by the CFL condition [8]. Finally the
solver computes the new streamwise drag coefficient c”"AT based
on the time-marched velocity field. Further 1nformat10n regardlng
the computation of the drag coefficient and related physical analysis
can be found in [2].

2.2 Accelerating the TBL-Transformer
Inference on GPUs

While the m-AIA solver is an MPI-parallel program running on
CPUgs, the inference of the trained TBL-Transformer is computa-
tionally expensive and suitable to be accelerated by GPUs since
it involves many matrix operations. To achieve GPU acceleration
of the inference task in this work, we build upon the implementa-
tion of the coupled m-AIA solver by Hilgers et al. [11], in which
the Fortran-based ML-module developed by Orland et al. [24] was
extended and partially ported to C+ for easier integration into
the C++-based m-AIA framework. Using this modular coupling ap-
proach also enables separation of concerns allowing the actual
FVStructuredSolver code to stay mostly intact. The main logic
and computations of the coupling workflow described in Section 2.1
are encapsulated in the ported ML-module. Only a few lines were
added to the solver code implementing the interaction with the ML-
module. The interaction between the solver and our ML-module
implementation is illustrated by the sequence diagram shown in Fig-
ure 2. A new class MLCouplingMAIA was derived from the abstract
class MLCoupling, formerly ml_coupling_t in Fortran. The ab-
stract parent class MLCoupling exposes a single method m1_step()
to the solver to initiate the 3-step coupling workflow comprising
preprocess_input, inference, and postprocess_output. The
child class MLCouplingMAIA provides concrete implementations
for these abstract methods. Moreover, it manages internal mem-
ory buffers representing an input tensor 7, € R3neXmxd; and
an output tensor Tout € R31eXnXd for the inference of the TBL-
Transformer. The preprocess_input method implements the de-
composition of the given full velocity field U’ into the cubic sub-
domains according to the definition of fyecomp in Equation (1) by
filling the correct indices of the input tensor 7.

The MLCouplingMAIA class also implements the logic to distin-
guish between the three different types of time steps. In the coupling
or inference step, the m-AIA solver calls m1_step() and provides
a memory pointer to the velocity field. In a regular solver step,
no further computations are performed by the MLCouplingMAIA
class. In a coupling step, only the preprocess_input method is
called inside the MLCouplingMAIA class. In an inference step, the
MLCouplingMAIA class knows, that the input tensor 7, has been
completely filled, and therefore calls into the inference method.

The implementation of the inference method follows the pop-
ular strategy design pattern [10] and is encapsulated in a general,
modular MLCouplingStrategyAix class. This class was omitted
from Figure 2 for visual clarity as it is essentially a wrapper around
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m-AIA MLCouplingMAIA AlxeleratorService
ml_step() $--—------m - vt *
U' = preprocess_input(U*) R .
inference() Tin = [0, U] gatherInputData()
Toat* = forward(7;A™)
U'tnNera = postprocess_output (U'Nere) Tou = [V, .., U07e] scatterOutputData()
Ut+nchd

Figure 2: Sequence diagram illustrating the implemented modular coupling workflow from Orland et al. [24].

our AlxeleratorService library! and the concept is very similar to
our previous work [24]. For this work, it is important to highlight
the steps performed inside the AlxeleratorService library. First the
AlxeleratorService gathers the input tensors 7i, from all m-AIA
solver processes via MPI and concatenates them along the first di-
mension. This means, the AlxeleratorService internally deals with a
huge tensor 7,4 € R3Nexmxd¢ where N, = ZNi’  c,p is the total
number of cubic subdomains aggregated over all solver processes
P €{0,...,Np}. The gathered tensor is then moved to the GPU and
the inference of the TBL-Transformer is performed using PyTorch’s
C+API from libtorch. To enable inference of the TBL-Transformer
in C++we used the TorchScript JIT compiler to create a compiled ver-
sion of the TBL-Transformer’s run_encoder_decoder_inference
Python function, that is available in the public AI4HPC repository?.
After the forward pass through the TBL-Transformer is performed
on the GPU, the predicted time-marched cubic subdomains are
scattered back to their corresponding solver process. Inside the
postprocess_output method of the MLCouplingMAIA class, the
full velocity field is reconstructed, according to the definition of
Srecon = fd_eiomp’ and passed back to the solver process.

3 Hybrid Inference Optimization

The inference of the TBL-Transformer is a highly data-parallel task
since the TBL-Transformer learned the time-marching of an indi-
vidual cubic subdomain, see Equation (2). In deep learning it is a
common practice to train and infer neural networks on batches of
data samples according to a defined batch size because the compu-
tations inside a neural network then become efficient matrix-matrix
operations. Offloading the inference task to GPUs as described in
Section 2.2 introduces a load imbalance between CPU and GPU
resources, as all samples are inferred by the GPUs. In this work,
the coupled simulation creates a huge number of constant sized
samples. This opens the possibility for a hybrid inference scheme,
that distributes the number of data samples to be inferred between
CPU and GPU resources to optimize the utilization of the allocated
heterogeneous hardware. In this section, we first highlight the load
balance problem introduced by offloading the inference of the TBL-
Transformer to GPUs. Secondly, we define a formal hybrid work

!https://github.com/RW TH-HPC/AlxeleratorService
Zhttps://gitlab.jsc.fz-juelich.de/CoE-RAISE/FZ]/ai4hpc/ai4hpc/-/blob/master/Cases/
src/networks.py
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distribution model to formulate and solve an optimization problem
to find the optimal work distribution resulting in the most balanced
execution times between CPU and GPU resources. Finally, we de-
scribe our general hybrid inference extension implemented into
the AlxeleratorService library based on the formal hybrid work
distribution model.

3.1 Load Imbalance of the GPU-Offloaded
TBL-TR Inference

The internal distributionStrategy component of the Alxeler-
atorService library implements a distributed client-server archi-
tecture [24], which partitions the MPI_COMM_WORLD communicator
into one workgroup subcommunicator per allocated GPU device in
a (heterogeneous) HPC job. Inside each workgroup one MPI pro-
cess running on a GPU node acts as a designated server while all
remaining processes become clients. Each server process is respon-
sible to gather the preprocessed input data for the TBL-Transformer
from the clients within its workgroup communicator, offload the
inference of the TBL-Transformer to the GPU via libtorch’s C+
API, and finally scatter the resulting predictions of the model back
to the client processes. This distributed client-server architecture
inherently leads to a load imbalance between clients and servers.
Figure 3 shows a trace of one exemplary ml_step execution dur-
ing an inference step highlighting the load imbalance problem. In
this example the coupled m-AIA solver was executed on a single
GPU node of the CLAIX-2023 cluster with 1 GPU device and 96
CPU cores allocated. The whole ml_step takes approximately 7.68
seconds. The pre-processing routines at the beginning and the post-
processing routines at the end of the ml_step are barely visible.
The gatherInputData step is highlighted by the orange colored
trace events. Most of the time is spent for the inference of the
TBL-Transformer, which is managed by process 0 as a server and
indicated by the dark green bar in the timeline of this example. The
remaining 95 processes are clients and only 9 of them are visualized
in the trace for visual clarity as they all execute the same code. The
clients waiting inside the MPI_Scatterv collective are effectively
unutilized during this time frame, which constitutes inefficient us-
age of the allocated heterogeneous hardware resources. To reduce
the time to solution, we propose a hybrid inference scheme, which
also involves the CPU cores of the client processes.
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Figure 3: Vampir trace visualization of one exemplary ml_step execution highlighting the load imbalance between CPU and GPU
during offloaded TBL-Transformer inference. The client processes 1 to 95 execute the same code, but only 9 of them are shown
in the timeline. The pre- and post-processing is barely visible at the beginning and end of the trace. The gatherInputData() and
scatterOutputData() step is highlighted in orange and red, respectively. The GPU-accelerated inference of the TBL-Transformer
is highlighted in dark green on server process 0 taking more than 7 seconds of runtime.

3.2 Hybrid Work Distribution Model

The challenging part of the hybrid inference scheme is to split
the total number of samples to be inferred by the CPU and GPU
resources respectively. In this work, the total number of samples
depends on the resolution of the discrete computational grid. The
decomposition of the full velocity field on a discrete grid with
nyx X ny X nz = 732 X 131 x 250 cells according to Equation (1)
Br o D9
de de

Z—j ~ 140467 samples. Note that this does not consider any domain

results in a total number of Ny, = 3 X ne = 3 X

decomposition among MPI processes in a parallel execution of
the solver. In a parallel solver execution the decomposition into
cubic subdomains for the TBL-Transformer is performed by each
process locally. If in any spatial dimension the length of the local
domains is not perfectly divisible by the cube length d. additional
cubes compared to the non-parallel case are created. Thus, the
total number of samples may increase in a parallel execution. To
distribute the total number of samples between CPU and GPU
resources, we introduce a parameter ¢ € R,0 < o < 1 to control
the fraction of all samples that get assigned to the CPU resources.
This yields the parameterized hybrid work distribution

®)

where Ncpy = @Niotal, NgpU = (1 — @) Niota1 denote the number of
samples assigned to the CPU and GPU resources, respectively. The
hybrid optimization problem is now to find ¢* such that all CPU
cores and GPU devices finish processing their assigned workload
at the same time. To solve this problem, a formalization of the
resulting runtime depending on the number of assigned samples
for CPU cores and GPU devices is required. The runtime of the
whole ml_step() can be defined as

Tml_step(Ntotal) = Tpre(Ntotal) + Tinf(Ntotal) + Tpost(Ntotal) (4)

where Tpre, Tpost denote the runtime of the preprocess_input ()
and postprocess_output() calls. It should be noted that the gath-
ering and scattering of the input and output data for the TBL-
Transformer is only required for the Ngpy samples inferred by the
GPU resources. The Ncpy samples for the CPU resources can be
directly inferred by each solver process locally on the CPU core
it is running on without requiring any communication. Thus, the

Niotal = Ncpu + Nopu = @Niotal + (1 = @) Nyotals
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runtime of the hybrid inference() call is defined as

TEPU (Nepy) = TSEV (N
Tint (Nigat) = maxc | ing (NCP) = Toug (BCP0)
I (Nopu) = T,y (NGpu) + Ton(Ngpu),
®)
where TSECU(NCPU) denotes the runtime of inferring Ncpyy samples

on the CPU resources and TS:;U (Ngpu) denotes the runtime of
inferring Ngpy samples on the GPU resources. The time of the
forward() pass through the TBL-Transformer on CPU and GPU
resources is denoted by TfC};U and TSN%U, respectively. In case of
GPU inference, the communication overhead is summarized by

Ton(Ngpu) = Tmpic (Ngpu) + Than (Ngpu)
+To21(NGpu) + Tvpis (NGpu), (6)

where Tyipig and Tyiprs denote the runtime of gatherInputData()
and scatterOutputData(), respectively. Similarly, the time spent
to transfer the gathered input data from the host to the device is
denoted by Thop and the time to move the predicted output from the
device back to the host is denoted by Tpyy, respectively. As both the
CPU and the GPU resources infer their assigned number of samples
in parallel, the resulting hybrid inference runtime Tj,¢(Niotal) 1S
constrained by the maximum of TS]I?CU(NCPU) and Ti?:;U (Ngpu)-
Based on this formulation, the optimization problem to find the
optimal CPU fraction «* becomes

™)

at = argmin Ty _step (Niotal)-
0<a<1
It should be noted, that the pre- and post-processing is always
done by each solver process locally on its allocated CPU core, so it
does not depend on a. Minimizing Equation (7) means minimizing
Tn1_step (Niotal) given by Equation (4). The maximum operator in
the term Tjpr (Niotal), See Equation (5), becomes minimal iff

TV (Nepu) = TSV (Ngpu).

inf
o
7;nl_step

®

This means to find «*, minimizing (Niotal) from Equa-

tion (4), one needs to solve
TSP (Nepu) = TSRV (Ngpu) + Ton (Napu). )

Since this is a single equation, that needs to be solved for a single
variable o, a unique solution exists. Applying the definition of the
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hybrid work distribution from Equation (3) yields

Trwd (@Nootat) = T ((1 = @) Niogal) + Ton (1 = @) Niota)- (10)
To be able to solve this equation for « we assume that all three

terms obey ideal strong scaling such that for any scalar y € R the
following relations hold:

ng,%U(YNtotaI) = YTfSVI?jU(Ntotal),
P P
Tf(\}VdU (yNiotal) = YTfS‘VdU (Ntotal)»

Tou (¥ Niotal) = ¥ToH (Niotal)-
CPU
Tf d

(11)

For the computational terms and Tf(‘f’%U this assumption
should be reasonable as the computational work per cubic sub-
domain sample is constant and the most expensive operations in-
side a deep Transformer are matrix-matrix multiplications, which
are compute-bound. A single cubic sub-domain sample contains
mx d3 = 5x 8% = 2560 single-precision floating point elements
requiring approximately 10 KB of memory. Even at the largest scale
of solver processes used in this work, each process holds hundreds
of those samples. This means the message sizes communicated via
MPI or PCle are large enough, such that also the overhead terms
should scale asymptotically linear [13]. Applying these assumptions
from Equation (11) to Equation (10) yields

oIy (Niota) = (1= )T (Niota) + (1 = @) Tor (Niotat): (12)
which can be rearranged and finally solved for «* yielding
. TfS’,I:iU (Nrotat) + ToH (Niotal)
* T ICPU (N )+ TOPU (N, Tort (Niotal) (13)
fwd total fwd total) + ToH (Niotal)
Based on the optimal CPU fraction a* we can also define the ex-

pected speedup of using hybrid inference compared to the naive
fully GPU-offloaded inference with & = 0 as

=0
Tn?i step (Niotal)

ax — —r*
Trﬁ__gtep (Ntotal)
_ Top (Niotat) + T (Niotat) + Torr (Niotal)
Top (Niotat) + (1 = @) TSEY (Nyotar) + (1 = @) Torr(Niotal)
(14)
where T4 (Niotal) denotes the evaluation of Equation (4) for a

ml_step
chosen & and Tpp (Niota) = Tpre (Niotal) + Tpost (Niotal) for brevity.

As a result, the practical evaluation of the optimal CPU frac-
tion «* and the related speedup requires two executions of the
coupled solver on the same allocated heterogeneous hardware con-
figuration. In one execution, the TBL-Transformer inference is
performed purely on the CPU resources by setting a = 1 to deter-
mine Tf(\:,VPdU (Ntotal)s Tpre (Niota1)> and Tpost (Niotal) from profiling. In
a second execution, the inference is then performed purely on the
allocated GPU resources by setting & = 0 to determine ]}(‘i,%U(NtOtal)
and Tog (Niotal) from profiling.

3.3 AlxeleratorService Extension

The modular software architecture of the AlxeleratorService, devel-
oped in previous work by Orland et al. [24], based on the strategy
design pattern [10] allows to extend the library with a hybrid in-
ference approach as described in Section 3.2. Each process of the
coupled CFD solver creates an instance of an AlxeleratorService
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object during runtime. Each of these objects stores a unique pointer
to the internal InferenceStrategy class, that encapsulates the
inference of a given input tensor through a given deep learning
model on a specified device meaning CPU or GPU. If GPUs are allo-
cated in a parallel job executing the coupled simulation, only those
processes, that get internally designated as server processes, in-
stantiate this unique pointer with a concrete InferenceStrategy
object currently. To enable the hybrid inference scheme described in
Section 3.2, we modified the code to also allow every client process
to instantiate a concrete InferenceStrategy object.

The implementation of the hybrid work distribution defined
in Equation (3) is more challenging. First we introduced a param-
eter host_fraction, that users can specify when initializing an
AlxeleratorService object in their application, to define the CPU
fraction a. The internal communication mechanism of the Alxel-
eratorService library allows to gather data from the client ranks
to the server ranks within a work group sub-communicator. Thus,
we decided to implement the hybrid work split at the granularity
of individual work groups. Each work group contains a number of
MPI processes Nyanks = Ns + Nc, where Ng denotes the number
of servers and N¢ denotes the number of clients. Since there is
always a single server, this implies Nc = Npanks — 1. Further, let N,
denote the number of samples of process with rank p. The hybrid
work distribution depending on « is determined within each work
group during initialization of the AlxeleratorService library by each
server process using Algorithm 1. First the server computes the

Algorithm 1 Hybrid Work Split per AlxeleratorService Workgroup

Require: number of ranks N, ks, number of clients Nc = Nyanks—
Ns, samples of process p N, CPU fraction
N

¢ Niotal = ZP:C() NP
: Nepu = [aNiotal )
: Ncpu = Ncpu/Ne
: forp =1to Nc do
Ncpu,p = min(Np, Ncpu)
: end for
. if Ncpy mod Nc = Nr A NR > 0 then
for p=1to Ny do

NCPU,p+ =1
end for
: end if
: Ncpuo = 0 A Ngpu,o = No
: for p =1to Nc do
Ngpu,p = Np — Ncpuyp
: end for
: return Hybrid work distribution (Ncpu,p, NGpu,p) per process

p.

N I S N - B R

o T
AR W N = O

total number of samples Njq,) across all processes within the work
group (line 1). Then it determines the number of samples Ncpy,
that should be inferred on CPU resources by all client processes
based on the CPU fraction « (line 2). These samples need to be
distributed equally among all client processes, so that each client
should get Ncpy samples (line 3). If the simulation domain is not
equally divisible among the solver processes, the resulting number
of cubic subdomain samples N, per process p also varies across
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processes. In those cases it may happen that the number of sam-
ples N, is smaller than the average of number of samples Ncpuy,
that should be inferred by each client in the hybrid setting. Since
the internal communication mechanism of the AlxeleratorService
library only allows to gather samples from the clients to the server
but not vice versa and also not between clients, the server can only
assign Ncpu,p = min(Np, Ncpy) samples to process p for hybrid
inference (line 5). Moreover, if Ncpy cannot be equally divided
among all clients, some remainder samples Nr < N¢ may be left
over (line 7). In this case, the server assigns the remaining samples
in a round robin fashion among the clients (line 9). Since the server
process (p = 0) itself is responsible to perform the inference of the
gathered samples on the GPU via a blocking libtorch C+AP]I, all
samples of the server process need to be defined for GPU inference
by setting Ncpyp = 0 A Ngpu,o = No (line 12). Finally, the server
needs to determine how many samples Ngpy,p each client process
will send to the server during the gatherInputData() step, see
Figure 2. Theoretically, it should be possible to also involve the
server processes to perform part of the inference on their allocated
CPU core. However, this requires an asynchronous launch of the
GPU inference, which we have not investigated further yet because
we already expect a significant performance improvement from
involving the client processes in the hybrid inference approach.

4 Results

To demonstrate the applicability to real world applications, we
evaluate the computational performance of our hybrid inference
approach introduced in Section 3 with the coupled m-AIA + TBL-
Tranformer solver on the TBL case. First we describe the heteroge-
neous hardware architecture used to perform our experiments with
the coupled solver. Second, we analyze the relationship between the
CPU fraction « and the resulting runtime of the ml_step on two
exemplary resource allocations using 1 and 4 GPU devices, respec-
tively. Next, we also demonstrate strong scalability of our hybrid
inference approach with increasing CPU resources and identify
the observed real optimal CPU fraction a. After that, we highlight
that runtime reductions of the ml_step also result in correspond-
ing reductions of the energy consumed for the simulation. Finally,
we evaluate the accuracy of our hybrid work distribution model
explained in Section 3.2 by comparing the theoretical optimum o*
to the observed real optimum a.

4.1 Experimental Setup

In this section, we first describe the heterogeneous hardware setup,
that was used to run the coupled m-AIA solver. Second, we describe
the configuration of the coupled m-AIA solver with respect to the
hyper-parameters of the TBL-Transformer.

4.1.1 Heterogeneous Hardware Setup. All experiments were con-
ducted on the CLAIX-2023 cluster at RWTH Aachen University,
which consists of two segments. The traditional HPC segment con-
sists of compute nodes equipped with two Intel Xeon 8468 Sapphire
Rapids CPUs and a total of 96 cores. Three different memory con-
figurations are available: i) 256 GB, ii) 512 GB, and iii) 1024 GB.
The Machine Learning (ML) segment provides compute nodes with
the same CPU configuration, that are additionally equipped with 4
Nvidia H100 GPUs. These nodes always provide 512 GB of main
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memory and 96 GB of HBM2e on each GPU device. The nodes from
both segments are interconnected via a single Nvidia/Mellanox
NDR InfiniBand fat-tree network. Communication between nodes
is routed through at most two switches and the unidirectional com-
munication bandwidth is 25 GB/s. The single node experiments
in this work were executed on CPU nodes with 512 GB of main
memory. For experiments involving two or more CPU nodes 256
GB of main memory per node were sufficient to instantiate a copy
of the TBL-Transformer in each process. In all cases heterogeneous
hardware resources were allocated via a heterogeneous SLURM
job, that allocates one GPU node from the ML segment and up to
X € {0,1,3,7} CPU nodes from the HPC segment such that the total
number of compute nodes ranges from 1 to 8. While the number
of allocated GPU devices was varied, always all CPU cores were
allocated on each node.

4.1.2  Coupled Simulation Setup. The m-AIA solver coupled with
the TBL-Transformer was executed for 3000 time steps in total.
Every 5 time steps an inference of the TBL-Transformer, using the
previous m = 5 time steps as input, is performed that advances the
velocity fields n = 2 times by Ar/2 = 12 time steps each. This means,
the inference step triggered by calling the ml_step() method is
executed 103 times in total. In a real simulation run, where the TBL-
Transformer should be used consistent with its training, which
implies a context windows size m = 3 and a forecasting window
size n = 2. In such a case the inference would be executed once
every 24(m — 1) = 48 time steps and the physical time would be
advanced by 24n = 48 time steps as explained in Section 2.1. Since
the focus of this work is to evaluate the computational performance
of the hybrid inference approach, these parameters were chosen
to keep the required core-hours for performing these experiments
reasonable. A physical evaluation of the TBL-Transformer using the
correct time stepping scheme according to training can be found in
previous work by Hilgers et al. [11].

4.2 Hybrid Work Split Evaluation

Figure 4 shows the effect of the CPU fraction « on the resulting run-
time of the ml_step() call. In both cases the m-AIA solver coupled
with the TBL-Transformer was executed on 2 nodes comprising
1 GPU node and 1 CPU node. The left plot shows the results if
only one of the four available GPU devices on the GPU node are
allocated. In the right plot all four GPU devices were allocated. The
horizontal axis samples the range of possible values for the CPU
fraction a € [0, 1] in steps of 10%. Around the real optimal CPU
fraction & additional samples with a granularity of 1% steps were
added. The vertical axis represents the maximum absolute runtime
over all processes in seconds for different parts of the ml_step
execution. The red line indicates the runtime of the whole m1_step
function. The blue line and the orange line indicate the time to
infer Ncpy samples on the CPU resources and Ngpy samples on
the GPU resources, which corresponds to the terms Tf(‘fVI:iU (Ncpu)

and Tf‘GN%U(NGPU) introduced in Section 3.2. Similarly, the green
line shows the measured overhead denoted by Tor (Ngpy)-

Both plots verify our assumption made in Equation (11) that the
time to perform a forward pass through the TBL-Transformer scales
linearly with the number of samples to be inferred for both the

CPU as well as the GPU resources. Especially the GPU resources
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Figure 4: Work split evaluation on 2 nodes (1 GPU + 1 CPU node) with 1 GPU device (left) and 4 GPU devices (right) allocated.

follow this trend closely while for the CPU resources a few outliers
can be observed. For example, in the left plot the runtime of the
CPU inference at « = 0.4 is higher than expected. In the right
plot, the outliers for the CPU inference are less pronounced but
a change in slope can be noticed for « > 0.1. However, for the
overhead term our assumption cannot be verified. By increasing
the CPU fraction a we would expect the overhead to go down
as less samples need to be communicated from the clients to the
servers and from the servers’ CPU cores to the GPU devices. Instead
the observed overhead increases approximately linearly between
a = 0 and @ = 0.36 and between o = 0.6 and « = 0.9. However,
the overhead only accounts for at most 17% of the whole m1_step
execution such that we still expect useful results from our mode