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Overview of Center of Excellence in Exascale CFD

EuroHPC JU CoE CEEC
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Methodology for energy-efficient computing

Methodology

Methodology2 to enable mixed-precision algorithmic solutions in
applications with accuracy guarantees.

Original application

Check speed-up (performance models)

Check accuracy (arithmetic tools)

Candidate code-sections

Port to mixed-precision

Expert Validation

Mixed-Precision application

2Chen et al. ‘Enabling mixed-precision in spectral element codes’. Future Generation
Computer Systems 174, 107990, 2026
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Methodology for energy-efficient computing

From mixed-precision to energy efficiency

Precision impact on energy
▶ Higher precision → more accurate, but more energy-hungry
▶ Lower precision → less accurate, but:

▶ more FLOPs per Watt
▶ smaller memory footprint, less data transfer

Mixed-precision
▶ Bulk operations in low precision → cheaper & lower memory traffic
▶ Critical operations in high precision → maintain accuracy/stability

Bulk
computations Correct / Check Final results

Low precision High precision

save energy
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Mixed-precision Nekbone and Neko

Test case

▶ Nek5000/ Neko are the high order, incompressible
Navier-Stokes solvers based on the spectral element method

→ pressure solver using Jacobi preconditioned Conjugate Gradient
→ matrix-free

▶ Nekbone is a mini-app of Nek5000 and it solves a Poisson
equation using the Conjugate Gradient method with the
spectral element multigrid preconditioner
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Mixed-precision Nekbone and Neko

Nekbone w Vprec

Ax = b

while (τ > τmax)

Step Operation
S1 : w := Ad
S2 : ρ := β/< d,w >
S3 : x := x+ ρd
S4 : r := r − ρw
S5 : z := M−1r
S6 : β := < z, r >
S7 : d := (β/βold)d+ z
S8 : τ := < r, r >

end while

-20

-10

0

10

0 10 20 30 40 50
precision (bits)

lo
g
1
0
(r
es
id
u
al
)

10

20

30

40

50
elements

Roman Iakymchuk (UmU) Mixed-precision in CFD codes CEEC webinar 11 / 22



Mixed-precision Nekbone and Neko

Nekbone w MCA for FP32
Entire program, no preconditioner
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▶ Random Rounding (rr) mode (left)
▶ MCA (mca) mode (right)
▶ Issue in initialization 109 cos(x) → focus on the solver only
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Mixed-precision Nekbone and Neko

Nekbone w MCA for FP32
Only the CG loop, no preconditioner
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Mixed-precision Nekbone and Neko

Nekbone: CG with preconditioner
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▶ Verificarlo predicts stagnation (left plot)

▶ Stagnation in the mixed-precision Nekbone (right plot)

▶ Stagnation occurs after 61st iteration w residual r = 7.94× 10−6
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Mixed-precision Nekbone and Neko

Nekbone: CG with preconditioner
Mixed-precision strategies

Mixed-precision strategy evaluation
GSO mode MPI Precond. PCG Conv.

Ops GSO Ops GSO

pairwise

< 4

fp32 fp32

fp32

fp32

stagnates
fp64 fp64 converges

fp32+fp64sqrt fp32 converges
fp32 fp64 converges

≥ 4

fp64 fp64
fp32

stagnates
fp32+fp64sqrt fp32 stagnates

fp32 fp64 stagnates
fp32+fp64sqrt fp64 fp64 converges

fp64 fp64 fp64 converges

▶ Gather-Scatter Operations have strong impact on convergence

▶ dot product impacts convergence too
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Mixed-precision Nekbone and Neko

Mixed-precision Nekbone: time-to-solution
CG with multigrid preconditioner

Y. Chen et al.

Table 10
Elapsed time (secs) of Nekbone, CG with the multigrid preconditioner, 128 elements 
per MPI rank on Kebnekaise, ifort.
 MPI ranks 1 4 8 14 28  
 Double-1a 3.23 4.06 4.81 5.68 10.79 
 Double-2 3.26 4.11 4.75 5.17 8.67  
 Mixed-1b 2.47 3.09 3.64 4.16 7.17  
 Gain-1 1.31x 1.31x 1.32x 1.37x 1.50x 
 Mixed-2c 2.54 3.18 3.79 4.26 6.73  
 Gain-2 1.28x 1.29x 1.25x 1.21x 1.29x 
a Double-1: allreduce, Double-2: pairwise
b fp64+fp32+fp64sqrt (fp32 GS, allreduce)
c fp64+fp32+fp64sqrt (fp64 GS, pairwise)

Table 11
Elapsed time (secs) of Nekbone, CG with the multigrid preconditioner, 128 elements 
per MPI rank on MareNostrum 5, ifort.
 MPI ranks 8 20 40 80  
 Double-1a 5.79 8.98 13.33 24.02 
 Double-2 7.55 8.62 10.84 13.71 
 Mixed-1b 4.79 5.99 9.42 14.85 
 Gain-1 1.21x 1.50x 1.42x 1.62x 
 Mixed-2c 4.88 6.02 8.37 10.11 
 Gain-2 1.55x 1.43x 1.3x 1.36x 
a Double-1: allreduce, Double-2: pairwise
b fp64+fp32+fp64sqrt (fp32 GS, allreduce)
c fp64+fp32+fp64sqrt (fp64 GS, pairwise)

Table 12
Energy-to-solution (joules) of Nekbone, CG with the multigrid preconditioner, 128 
elements per MPI rank on MareNostrum 5, ifort.
 MPI ranks 8 20 40 80  
 Double-1a 1960 2865 7147 18014 
 Double-2 1877 2150 4457 4920  
 Mixed-1b 939 2088 3133 7428  
 Gain-1 2.09x 1.37x 2.28x 2.43x  
 Mixed-2c 934 1566 2560 3367  
 Gain-2 2.01x 1.37x 1.74x 1.46x  
a Double-1: allreduce, Double-2: pairwise
b fp64+fp32+fp64sqrt (fp32 GS, allreduce)
c fp64+fp32+fp64sqrt (fp64 GS, pairwise)

during the installation. The mixed-precision strategy with the pair-
wise Gather-Scatter operations outperforms the corresponding double 
precision version (Double-2) by 1.29x and 1.36x on Kebnekaise and 
MareNostrum 5, respectively. Similarly the mixed-precision version 
under the allreduce mode in GS shows the 1.50x and 1.62x gain 
compared to the double precision version (Double-1) on Kebnekaise 
and MareNostrum 5, accordingly.

The energy consumption measurements on MareNostrum5, see
Table  12, show larger gains compared to the time-to-solution results. 
With the allreduce communication strategy on 80 MPI ranks, we 
achieve a 2.43x energy saving. With the pairwise communication 
strategy, gains are more modest, with a 1.46x improvement.

6.2. Neko

In our experiments, we extended the work of Neko’s team presented 
in [23], which focuses on reducing communication overhead in the 
Conjugate Gradient (CG) method. Their results [23, Figure 5] highlight 
a stagnation issue when moving all operations to single precision (fp32) 
for the Poisson’s equation on a cubic domain, with a polynomial degree 

Fig. 16. Neko mixed-precision results with dot2 and the Gather-Scatter operations in 
fp32 or fp64 on Kebnekaise; CG with the identity preconditioner.

of 𝜔 = 7 and 𝜀 = 8192 elements. The CG solver was used with 
an identity preconditioner. Our observations and analysis confirm this 
stagnation; see a blue line on Fig.  16.

To address this stagnation, we repeated the experiment using our 
proposed strategy, where global operations are conducted in double 
precision via the Gather-Scatter (GS) library. Fig.  16 illustrates that 
switching to single precision for global operations leads to stagnation. 
However, our mixed-precision strategy – executing global operations 
and the initialization in fp64 while keeping the solver and the precon-
ditioner in fp32 – enhances convergence, allowing the CG solver with 
the identity preconditioner to reach a tolerance of 1.09 ω 10ε8 on one 
entire node of Kebnekaise. These global operations occur within the 
Gather-Scatter library, as well as in dot products, but only for global 
reductions via MPI_Allreduce. It is worth noting that these GSO are 
implemented in the pairwise mode only, compared to the three modes 
in Nekbone (see Table  4), for the performance benefit at large scale.

To further improve accuracy, we incorporated the compensated dot 
product (dot2) locally followed by MPI_Allreduce in double pre-
cision, which resulted in a slight improvement, achieving a tolerance 
of 8.0 ω 10ε9 (see orange line on Fig.  16). Notably, our tests show 
that extended or higher precision solely for dot products does not 
significantly improve convergence.

We built up and applied our strategy to the CG solver with the 
Jacobi preconditioner in Neko to solve the same Poisson’s example. 
Fig.  17 shows the convergence history of single and double-precision 
versions and our mixed-precision version with global communication 
in double precision. Compared to the case with the identity precondi-
tioner, our mixed-precision implementation converges faster than the 
full double-precision version. Thus, we also achieved faster conver-
gence in addition to the lighter iterations.

6.2.1. Time-to-solution
We evaluated the time-to-solution gain of our mixed-precision strat-

egy for the case with both identity and Jacobi preconditioners on 
Kebnekaise, LUMI-C, and MareNostrum 5. We used the test case with 
the number of elements of 16384 and the polynomial degree of 7. Since 
we ran on three different systems, we describe the compiler settings 
for each of them: On Kebnekaise, we use the gfortran compiler version 
10.2.0; on LUMI, we use the gfortran compiler version 11.2.0 as  the 

Future�Generation�Computer�Systems�174��������107990�

11�

▶ 128 elements per MPI rank

▶ On MN5: 2x Intel Sapphire Rapids 8460Y+ @2.3Ghz
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Mixed-precision Nekbone and Neko
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stagnation; see a blue line on Fig.  16.
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Jacobi preconditioner in Neko to solve the same Poisson’s example. 
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gence in addition to the lighter iterations.
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▶ 128 elements per MPI rank

▶ Energy measurements with EAR in joules

▶ On MN5: 2x Intel Sapphire Rapids 8460Y+ @2.3Ghz
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Mixed-precision Nekbone and Neko

Neko: CG with preconditioners
Convergence history
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▶ Results from the real-world Neko code

▶ Comparable convergence for mixed-precision

▶ On MN5: 2x Intel Sapphire Rapids 8460Y+ @2.3Ghz
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Mixed-precision Nekbone and Neko

Dot product emulation via 2xfp32
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▶ In CG, each dot product can be computed via dot2 with two fp32

▶ [c, e] =twoprod(a, b) {c = a ∗ b, e = fma(a, b,−c)} plus twosum

▶ Implementation from github.com/ffevotte/libeft 2018
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Mixed-precision Nekbone and Neko

Neko: time- and energy-to-solution

Identity preconditioner, -O3
Time (secs) Energy (joules)

Double 2.01 10067
Mixed 1.71 8251
Gain 1.18x 1.22x

Jacobi preconditioner, -O3
Time (secs) Energy (joules)

Double 1.69 9634
Mixed 1.50 8313
Gain 1.13x 1.16x

▶ Energy measurements with EAR in joules

▶ On MN5: 2x Intel Sapphire Rapids 8460Y+ @2.3Ghz
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Mixed-precision Nekbone and Neko

Neko: Accuracy vs Energy vs Time

Harvesting energy consumption on European HPC systems: Sharing Experience from the CEEC project HPCAsia’26, January 26-29, 2026, Osaka, Japan

for pressure in the Navier-Stokes equation is solved using the Con-
jugate Gradient (PCG) method with the Jacobi preconditioner. The
mesh comprises 16, 384 spectral elements with a polynomial order
of 7. The simulation is executed using 80 MPI ranks, corresponding
to the total number of cores on a single node of MareNostrum5. This
smaller-scale con!guration is employed as a test case to explore
and evaluate mixed-precision strategies within Neko.

Nekbone test case: Nekbone is also benchmarked by solving
the Poisson equation. A multigrid preconditioner is used for the
CG method. This con!guration is set up as a weak scaling problem,
where the problem size per MPI is constant (128 spectral elements
with a polynomial order of 10). The simulation is run using a total
of 80 MPI ranks, resulting in a total problem size of 10, 240 elements
(128 elements/rank → 80 ranks).

The insights gained from this mixed-precision exploration is
being extended to the LHC6 simulation of a merchant ship hull,
which requires the preconditioned Coupled Conjugate Gradient
(PCG) method as the velocity solver and the Generalized Minimal
Residual (GMRES) method as the pressure solver. The idea is to
develop mixed-precision algorithmic solutions that interleave nu-
merical robustness with e"ciency, o#ering a novel perspective on
algorithmic design aimed at optimizing both time-to-solution and
energy-to-solution.

5.2 Energy Consumption
Building on the work of Chen et al. [5] reported an energy gain of
1.32x on the pressure solver with Neko, here we further explore the
trade-o# between energy savings and the tolerance for the solver.
We conducted experiments of energy consumption by varying the
PCG solver’s convergence tolerance, sweeping from a loose (𝐿𝑀𝑁 =
10↑4) to a stringent (𝐿𝑀𝑁 = 10↑10) threshold.

Our experiments were conducted on MareNostrum5 (Intel Xeon
Platinum 8460Y+) with energy data collected using the EAR soft-
ware. To ensure accurate and low-noise measurements, we enforced
exclusive node allocation using the –exclusive directive in our
SLURM job scripts. The EAR plugin was enabled via –ear=on , and
its policy is speci!ed with –ear-policy=monitoring. Each test
was executed 10 times. Following job completion, we obtained the
total energy consumption using the eacct -j <JobID> command
(similar to sacct) and reported the median value.

Fig. 8 and Fig. 9 illustrate the energy-to-solution (top) and time-
to-solution (bottom), comparing the mixed-precision and double-
precision implementations across a range of PCG tolerances. We
observe two key points:

• Mixed-precision advantage: The mixed-precision implemen-
tation clearly outperforms the double-precision baseline. It
consistently achieves a lower time-to-solution and consumes
less energy.

• Impact of tolerance: Both mixed-precision and double-precision
demonstrate that relaxing the solver tolerance leads to a gen-
eral decrease in both time and energy-to-solution, as fewer
iterations are required to reach convergence. This bene!t has
a potential to $ourish when combined with the discretization
error and mesh re!nement.
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Figure 8: Energy-to-solution (top) and time-to-solution (bot-
tom) vs. tolerance for mixed- and double-precision Nekbone
(Poisson’s equation) on a single node of MareNostrum5.
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Figure 9: Energy-to-solution (top) and time-to-solution (bot-
tom) vs. tolerance for mixed-precision and double-precision
Neko (Poisson’s equation) on a single node of MareNostrum5.

▶ Neko with the Jacobi preconditioned CG
▶ On MN5: 2x Intel Sapphire Rapids 8460Y+ @2.3Ghz
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Mixed-precision Nekbone and Neko

Summary

▶ Use computer arithmetic tools to
▶ reduce precision, verify sensitivity, CI/CD

▶ Enabled mixed-precision in Nekbone and Neko:
▶ use tools: gprof, Verificarlo, Intel Advisor
▶ target the most time-consuming part
▶ mixed-precision Nekbone: reduce time-to-solution by roughly

1.62x and energy-to-solution by 2.43x on MareNostrum 5
▶ mixed-precision Neko: gain is up to 1.3x in both time and energy

▶ Ongoing work
▶ porting to GPUs plus velocity solver with GMRES
▶ adaptive mixed-precision

Thank you for your attention !
This research is partially supported by EuroHPC JU CoE CEEC (No. 101093393)
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