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Abstract

Improved data utilization and high-performance computing (HPC) resource man-
agement has greatly benefited the high-fidelity computational fluid dynamics
(CFD) and multiphysics simulations, e.g., conjugate heat transfer (CHT). The
work presents multiple implementations of the Nearest-Neighbour search method
for efficient mapping of CFD-derived boundary conditions with data-driven inter-
polation to enable efficient steady-state thermal analysis. Consequently enabling
custom spatial indexing of the high-resolution CFD data using user-defined
data structures (UDDS) as FORTRAN90 subroutines for reduced memory over-
head. Results of the implemented methods were compared with the Brute Force
search approach, while ensuring compatibility with HPC, which demonstrated a
significant reduction in simulation time on single and multiple cores of HPC.

Keywords: Search Algorithm, Computational Fluid Dynamics, Data Mapping, Data
Visualization, Subroutine, User-Defined Data Structures.



1 Introduction

Continuous research and rapid development in the fields of data science, advanced data
structures, and machine learning (ML) have increased opportunities for advancements
in the CFD domain and improvements in data handling techniques. The underlying
coupling in multiphysics simulations must respect the mathematical formulations and
account for different mesh sizes, discretisation schemes, and interpolations used in
each domain to maintain the conservation of properties and the order of accuracy. A
fully coupled solver is the ideal and most accurate approach, but it leads to a large
system of non-linear equations, resulting in high computational costs [1].

Subsequently, the multiphysics coupling in space and time is linked to interpola-
tion, and the Closest Pair of Points Problem [2], which is a well-known fundamental
problem associated with complex computational geometries. The existing literature
for FEA data mapping provides four interpolation techniques like the nearest point
method, distance method using the field of points, distance method using elements
and method using element shape function [3]. The work focuses mainly on the near-
est point method to map data from a fine CFD mesh onto a coarse structural mesh
with computationally efficient [3] methods. Data structures (e.g., KD tree, Ball tree,
Octree, slice representation) [4] solve this problem and are associated with time com-
plexity and space dimensionality. The base of the present study is the master thesis
work presented at Linkoping University in 2024 [5] and can be referred for theoretical
knowledge.

The scope of the work presented is limited by ABAQUS CAE 2019-2021 and
FORTRAN90 (analysis subroutine development). The Python (version >3.7) at pre-
processing offers great flexibility for algorithm development and data handling with
built-in libraries and dedicated modules unavailable in Python 2.7. The speed of
the FORTRAN programming language and subroutine availability are favourable for
building /implementing a search algorithm. However, being old and simple promotes
the Brute implementation of code and the lack of built-in libraries/modules makes it
difficult to work with.

2 Methodology

The mapping is performed using the nearest point (neighbour) search method in
several ways that are briefly explained below. Two methodologies are initially imple-
mented as base for the data mapping using FORTRAN90 fixed form [6], namely, the
Brute-Force and MATLAB subroutine file approaches. Then improved methodologies,
namely, Bin and L1_Octree, are developed keeping in mind the functionalities offered
by FORTRAN90 and ABAQUS 2019. The four approaches are tested on Case 1 (hol-
low cylinder) for benchmarking, and Case 2 (exhaust valve) case is used for validation
of the methodologies. In the previous methodology, the data file is read using a MAT-
LAB script, pre-processed using MATLAB functions, and segmented (bins) along one
axis (Z). The FORTRANO0 subroutines and data bins are hard-coded in FORTRAN90
fixed form [6] and the subroutine file is created with (.f) extension. Henceforth, this
method will be referred to as MATLAB approach.



Brute-Force approach (linear search) to find the nearest-neighbour based on the
distance between all pairs of points in the dataset using Cartesian coordinates of
the points. To speed up the algorithm runtime, the square root operation is omitted
during distance calculation, which still yields identical results [7], and the point with
the minimum or zero distance is identified as the closest neighbour.
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Fig. 1: Discretization or Bin approach flow chart
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The Bin approach is implemented in FORTRAN90, based on data categorization
and the ”Discretise” function available in MATLAB. The Bin approach is a combina-
tion of Discretise and Brute-Force, which divides the data into a specified Bins along
an axis Fig. 1. A UDDS is used to store the data with FORTRANO90 SAVE attribute,
making it a one-time activity. The UDDS capability was introduced in FORTRAN90
[6] and allows users to create derived data types.

The L1 Octree (L1-Octree) approach is another implementation that uses a UDDS,
similar to the Bin approach, to store the data. Instead of discretising data into Bins,
octants are created, shown in Fig. 2. Here, ”LL1” implies that the entire data is divided
into 8 octants only (further division possible). Data pre-processing or sorting is not
required for Bin and L1_Octree approach. The Octree utilises a bottom-up approach,
i.e., the domain is discretised from inside-out, unlike the top-down Bin approach. The
octant centroid information is also stored to identify the closest octant and its limits.
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Fig. 2: L1_Octree approach flow chart




2.1 ABAQUS Analysis and Methodology Implementation:

A simplified working of the analysis step is shown in Fig. 3. The central station of
the entire workflow is the ABAQUS which takes two files namely the input file and
the subroutine file. The input file contains the geometric data, boundary conditions,
and load details (with ABAQUS keywords). The working of the relevant keywords is
explained above. The subroutine file contains the corresponding subroutines for the
keywords used in the input file. During the analysis, ABAQUS applies loads and solves
the problem for each node and integration point. The coordinates of these points are
passed to the corresponding subroutines where the sink and htc values are initialized
for that point. The values for sink and htc are from the closest point found in the CSV
data file using various approaches e.g. Brute, Bin, L1_Octree, etc Fig. 3. This process
repeats for all the points given by ABAQUS to the subroutine and post-completion
all the points have the HTC and SINK values and the job is completed. Next is the
post-processing step, where meaningful contours, plots, and other relevant charts are
extracted to convey the results and present the findings from the analysis. For the
present case, the results are fetched to evaluate how well the search approach has
performed in finding the closest points from the CSV data file to the point required
by ABAQUS and in terms of execution taken by the search approach.
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Fig. 3: ABAQUS analysis flow chart

2.1.1 ABAQUS Command: *SFILM:

The *SFILM ABAQUS keyword is used to define heat transfer or film coefficient
(HTC) and sink temperature (Tfy;q) over the surface for a fully coupled thermal
stress, heat transfer, and coupled thermal electrical analysis [8], Eq. 1, Newton’s law
of cooling. For non-uniform film coefficient and sink temperature, the values must
be defined in the user subroutine (FILM [8]). During the analysis, the *SFILM key-
word mentioned in the ABAQUS input file directs to the FILM subroutine in the
subroutine file. Under the FILM subroutine, the user can write the FORTRAN code
to assign the value for HTC and SINK. The Keyword *SFILM and subroutine FILM
are surface-based, the convection is applied to edges in 2D and faces in 3D [8]. The
FILM subroutine snippet is readily available in ABAQUS documentation and hence
not discussed in the report [8].

q= HTC % (Tsurf - Tfluid)7 (1)



where, ¢ = surface heat flux due to convection, HTC = heat transfer coefficient,
Tourf = temperature on the surface and T'yjuiq = SINK = reference sink or fluid
temperature [8].

2.1.2 ABAQUS Command: *FIELD:

Next, is the *FIELD keyword used to specify pre-defined field variable values and
the keyword must be specified in the ABAQUS input file similar to *SFILM. When
specified, *FIELD directs to the UFIELD subroutine for user-defined values of the
field variables during the analysis and will be called for each node. Unlike the *SFILM
and FILM combination, the values of the field variables are prescribed at the nodes of
the model [8]. The user subroutine interface for UFIELD is also readily available in the
ABAQUS documentation, hence not discussed in the report. The results from both
*SFILM and *FIELD keywords are discussed later in the report, where the salient
features are highlighted.

2.2 Casel Bench-marking: Hollow Cylinder and Boundary
Conditions:

The verification of the two improved implementations was performed on the hollow
cylinder with two holes case, Fig. 5. The verification of the approaches is evaluated
based on the job (analysis) execution time, contours of remapped data, and the plots
of HT'C and SINK values to provide visual means for better understanding. The Wall
Clock and CPU time are selected along with the Compilation and Pre-Run of the
FORTRAN code because the FORTRAN code is compiled first and then executed.
Various meshes are created for the case geometry with HT'C and SINK values gener-
ated using Eq. 2 and 3 respectively. These equations are based solely on the coordinates
of the integration point and do not comply with the physics. These equations only
aim to make HT'C and SINK values solely dependent on the coordinates and obtain
an Analytical solution reference for post-processing of the results.

sink = +/|coordinate(Z)| + 30 (2)

hte = \/(|coordinate(X)| + |coordinate(Y)]) + 100 (3)

where coordinates is the coordinate of the integration point needed by ABAQUS
during the analysis.

For the readers basic understanding, a brief theory of the difference between com-
pilation and execution of a FORTRAN code is provided. The compilation process
converts the user-written FORTRAN code into computer-readable form, thus every
line of code is checked to generate an object or executable file for the code [9] (a good
source for FORTRAN basics). Certain syntax-related issues or lines of code incom-
patible with FORTRAN are identified by the compiler like the continuation line error.
Once the compilation is completed, the FORTRAN code is executed and execution
errors are identified like the provided file directory is invalid, etc. As a benchmark
case, a hollow cylinder with two holes is selected so that the mesh refinements can
be applied near the holes resulting in high node density Fig. 4. In the present work,




the data of a finer mesh is mapped onto the mesh of a coarse mesh, thus for a visual
representation both are shown in Fig. 4.

Fig. 4: Coarse (left) and fine (right) mesh: Casel Hollow cylinder

INNER: SINK, HTC OUTER:
(user defined *SFILM) Temperature 20°C

Fig. 5: Boundary conditions for Casel: Hollow cylinder

Post mesh creation, the boundary conditions and loads (thermal loads in the
present case) are applied at the required regions. For the entire geometric model
the *Conductivity, *Density, *Elastic, *Expansion, *Specific Heat are defined in
the ABAQUS input file. The presence of (*) implies ABAQUS keywords [8]. The
ABAQUS model uses two types of analysis steps 1: Initial step (20°C at all nodes)
and 2: Analysis Step. The initial step is used to apply boundary conditions, predefined
fields, and interactions required at the start of analysis [8]. Whereas, multiple analysis
steps can be added depending on the type of analysis (steady or transient state) [8].
In the present case, only one analysis step is included to achieve a steady-state analy-
sis. The boundary conditions are applied on the inner and outer surfaces of the model
at the initial step but for the analysis step the HTC and SINK are user-defined and
applied using *SFILM ABAQUS keyword [8] Fig. 5.



3 Results

The four methodologies are implemented and evaluated qualitatively and quantita-
tively. The results obtained are compared to evaluate the quality of the mapping
and time complexity. The performance influencing factors like data sorting, level of
partitioning (Number of Bins), and multi-processor execution, are also evaluated.

3.1 Case 1: Hollow Cylinder Mapping

This case serves as the benchmark case to evaluate the quality of data mapping onto
a coarser mesh Fig. 6a. The coarse mesh is shown in the top-left, and the SINK values
from finer meshes (increasing order) € {Meshl (M1), Mesh2 (M2), Mesh3 (M3), Mesh4
(M4)} are mapped using three approaches against the Analytical solution. The Brute-
Force is the base and also a reference for comparison. An interesting result is from the
influence parameter, i.e., data sorting requirement for approaches like KD tree. The
data sorting results are tested on the Bin approach for various bins, showing high-
unsteady wall clock time when data is sorted along the z-axis, but no data sorting
results in steady and reduced wall clock time as the bins increase 6b.
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Fig. 6: Approach comparison and influence of data sorting

The SINK contour, Fig. 7, M4 data was mapped onto M1 for qualitative analysis.
The Base M1 is the simulation result and M4 SINK values are mapped using the
Brute, Bin, and L1_Octree approaches, showing good agreement with the reference
Base M1 with negligible discrepancies at transitions. Similarly, the HTC mapping in
Fig. 8 with transition direction different from the SINK due to Eq. 2 3. A closer look
on L1_Octree approach captures the low-level transitions better than Bin approach.
This minor difference is also quantitatively shown in Fig. 9, comparing approaches for
each mesh separately. The stair-stepped plot results imply a constant value for each
surface element, as shown in Fig. 6a.
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Fig. 8: Remapped normalized HTC data contour onto M1

Further analysis on Bin approach was performed to identify convergence for the
number of bins, Fig. 10. The bins are ranged from 3 to 96 and evaluation is performed
against the two parameters i.e. the CPU and Wall Clock time. Both parameters show
similar plot trends and converge for number of bins more than 20. The CPU and Wall
Clock time reduction peaks at 44.71 % and 50.99 %, respectively. The Wall Clock
time comparison is shown in Fig. 11, where L1_Octree approach with 8 octants show
a 44.85% - 80.68% reduction in wall clock time from lowest to highest data rows
in the csv file. For the Bin approach this improves as the bins increase and both
high reduction compared to the Brute approach. The reduction of 62.94% - 92.40%
compared to Brute is shown by MATLAB approach, the finest mesh, M4 is used in
this work.
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Fig. 10: Performance evaluation of Bin approach w.r.t CPU and Wall Clock time
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3.2 Case 1: Multi-Core Analysis

The approaches are implemented with thread-safe and shared memory architecture for
multi-core or cluster-level executions. The shared memory is available across multiple
threads or cores to parallelize and speed up the simulation. The results in Fig. 12 show
the analysis for a small case with 11204 mesh elements. The CPU and the Wall Clock
time trends are similar and increase with the number of cores. The CPU and Wall
Clock time steadily increase for cores < 8, but converge for cores > 8. The L1_Octree
approach reduces the CPU time by 87.5% and the Wall Clock time by 87.6%, whereas
the Bin approach reduces the CPU time by 60.72% and the Wall Clock time by 60.81%
for 1 core, Fig. 12. The % decrement seems to be consistent w.r.t number of cores. The
L1_Octree and Bin (96 Bins) approach show a negligible difference, but for 1 core the
time taken by L1_Octree is significantly smaller than the Bin approach i.e. 68.18%,
for the rest of the cores the offset in the curves is constant.
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The CPU Time result for a larger case with 2138819 quadratic elements (Fig. 13) is
similar to Fig. 12. The CPU time in Fig. 13 shows that Bin_96 approach outperforms
the Brute and L1_Octree approach for Cores > 2 and then a constant offset w.r.t
to L1_Octree approach. However, the L1_Octree approach CPU time on a single core
performs significantly better than the Bin_96 and Brute Force approaches. The Wall
Clock time in Fig. 13 shows good convergence w.r.t number of cores, but the with
single core L1_Octree outperforms the Bin_96 and Brute Force approach with a great
margin. The clear offsets between the three approaches for both CPU and Wall Clock
time can be seen, especially for the Wall Clock time where the offset trends are constant
and smooth for Cores > 4, Fig. 13.

3.3 Case 2: Exhaust value

The case, comparing 317,418 quadratic tetrahedron elements (ABAQUS DC3D10)
is suited for diffusive heat transfer or mass diffusion. The Brute and MATLAB
approaches serve as references in Fig. 14, against which the Bin and L1_Octree
approaches show good agreement. The high HTC values at the inlet edges of 4 pipes
and regions of low HT'C are well captured. The time improvements are summarised in
Table .1, with highest compilation time and lowest Wall clock time for the MATLAB
approach w.r.t Brute approach. The Bin approach improvements show convergence as
the bins increase, and L1_Octre approach results are close to Bin_96.

FILMCOEF

396.02
363.96
331.89
299 .83
26777

sl o

203 64

17158

139 51

10745

75.39

4333 @
11.26

Fig. 14: Exhaust valve: Mapping comparison for HTC (W * K/m?) contour

Table 1: Time improvement (%) of approaches w.r.t Brute Force, (-) = Increase

Time Brute MATLAB L1_Octree Bin_3 Bin_24 Bin_96
CPU 0 46.17 38.69 29.67 39.90 39.85
Wall Clock 0 46.23 38.69 29.37 39.48 39.68
Compilation 0 -13.33 -2.22 0 -6.67 -2.22
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The analysis data for Wall Clock and CPU time by each approach is shown in Fig.
15. The Brute approach being the simplest implementation takes the highest CPU
and Wall Clock time. The percentage reduction is quantified in Table. 1 which shows
the Wall Clock time for the MATLAB approach is reduced by 46.23%, CPU time by
46.17% w.r.t Brute approach, but the Compilation time is increased by 13.33% begin
the highest.

The stabilization in Wall Clock and CPU time for the Bin approach as the No. of
Bins increase is also captured for Case2 (Fig. 15) similar to Casel Fig. 10. The CPU
time reduction for the Bin approach compared to the Brute approach is in the range
of 29.67% - 39.90% and the same for the Wall Clock time, although a slight increase
in Compilation time is observed (2.22% - 6.67%; Table. 1). Similarly, the Wall Clock
and CPU time reduction by L1_Octree approach is 38.69% and increment of 2.22% in
Compilation time w.r.t Brute approach. The result trends of the Exhaust Valve are
comparable to the verification case i.e. Casel hollow cylinder.

Case2: Exhaust Manifold: Time Comparison
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Fig. 15: Exhaust valve: Wall Clock and CPU time (s) comparison
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4 Discussion

Good qualitative and quantitative agreement for SINK and HTC values is achieved
using Bin and L1_Octree approaches, Fig. 6a, 7, 14. At the root level, integration
points (Full & Reduced) [10] of quadratic elements (ABAQUS) give the flexibility for
detailed mapping resulting in better surface averaged values. The spatial indexing and
partitioning [4] lead to efficient domain segmentation and reduce the nearest neighbour
search time for mapping, thus improving the Wall Clock time, Fig. 11. When a bin
or octant is identified for search, the Brute force approach is applied improving the
linear time complexity of overall search.

Next, two specific analyses performed for the Bin approach i.e. the data sorting
operation Fig. 6b and the influence of the number of Bins on the CPU and Wall
Clock time Fig. 10. The increment in the number of Bins reduces the analysis time
significantly and stabilizes well for Bins > 24 for the Benchmark case i.e. a positive
influence Fig. 10 because more Bins lead to the smaller subdomain and thus fewer
points for the Brute Force to search.

The influence of data sorting on analysis time is negative Fig. 6b, leading to unsta-
ble trends as the dataset volume increases. Further analysis showed that the time taken
for sorting the dataset was a significant percentage of the total time as FORTRAN90
does not have an optimized intrinsic sort function [6]. Based on the benchmarking
case and the obtained results, the KD-tree algorithm is ruled out as it requires finding
the median value and performing the space partitioning [11] [12]. Consequently, the
L1_Octree and Bin approaches are implemented for the validation cases.

The multi-core analysis of large case (2,138,819 elements or DOF) shows consistent
Wall Clock time reduction, Fig. 13, which complies with the ABAQUS documentation
[13]. The multi-core analysis reduces the Wall Clock time, however, internally, the
combined CPU time of each process is higher because of the cache coherence and
resource contention [14] as each processor creates a local copy of the data, and the
original shared data is updated as the input comes from multiple processors. However,
for a small case (Fig.12), both CPU and Wall Clock time increase w.r.t cores. The
overhead of establishing communication between processors to achieve parallelization
is more than the job execution time itself, thus multi-core analysis is not recommended
for DOF < 100,000 [13].

The data mapping results on the exhaust value (Fig. 14) are also in good agreement.
It is a valve device used in the Automotive industry to collect high-temperature gases
from multiple channels into a single pipe. It cools down the exhaust gases from the
combustion process, thus, a good example to show CHT.

The results from the parallelization of the benchmark case offer the advantage of
limiting the size of the validation case to a smaller size. The validation case in Fig.
14 has 317,418 elements (< 2 million), which will not show significant performance
improvements with parallelization [13] and avoid the overhead of parallelization [15].
Therefore, the results presented in Fig. 15 and Table. 1 are for single-core analysis.
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5 Conclusion & Future Scope

New methodologies (Bin and L1_Octree) were developed for the nearest neighbour
search method, showing improved performance in qualitative and quantitative metrics
with respect to the existing implementation (Brute and MATLAB subroutine). The
influence parameters like data sorting, domain segmentation level, single- and multi-
core analysis were performed to evaluate methodology robustness and limits. The
recommendations are to use the new methodologies for DOF > 100,000, as the wall
clock time reductions are 44.85% - 80.86% and offers low code compilation time.
The current implementation is developed for use in ABAQUS and its internally used
programming language, FORTRAN90, for subroutines. Thus, the search algorithms
available in modern languages like Python, MATLARB, etc, are not readily available for
use. However, the development of new approaches such as InSitu, InTransit, Hybrid
approaches, GPU programming, open-source tools, leads to further developments in
the data mapping domain with feasible integrations with ML models, which are highly
flexible and offer significant customization opportunities for concurrent simulation,
scientific inference, and data visualization with virtual reality (VR).
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