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nyn
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ZONE T="ZONE ONE"

STRANDID=1, SOLUTIONTIME=0

Nodes=3349, Elements=5820, ZONETYPE=FEQuadrilateral
DATAPACKING=POINT

DT=(SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE )

-8.348480225E+00 2.214450073E+01 3.689539909E+00 0.000000000E+00 -1.000000015E-01
0.000000000E+00

-8.348480225E+00 2.086639977E+01 1.475819945E+00 0.000000000E+00 -1.000000015E-01
0.000000000E+00

ZONE T="ZONE ONE"

STRANDID=1, SOLUTIONTIME=221

Nodes=5411, Elements=9944, ZONETYPE=FEQuadrilateral
DATAPACKING=POINT

DT=(SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE )

9.978330078E+02 -5.449640155E-01 1.278679967E+00 -5.074619874E-02 4.253619909E-02
5.867920117E-04

9.952769775E+02 -5.462629795E-01 1.278679967E+00 -5.067029968E-02 4.123720154E-02
5.888530286E-04
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SolutionTime = 221
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X Y Z Ux Uy UzZ
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9.978330E+02 -5.449640E-01 1.278679E+00 -5.074619E-02 4.253619E-02 5.867920E-04
2 9.952769E+02 -5.462629E-01 1.278679E+00 -5.067029E-02 4.123720E-02 5.888530E-04

5411 -5.691640E+01  -2.630089E+01  -5.722830E-01 -3.716079E-01  -2.215919E+00  -5.722830E-01
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cations:

Experiments were run on a Microsoft Surface Pro 7+ tablet with the following specifi-

- CPU: 11th Gen Intel® Core™ i7-1165G7 @ 2.80GHz (8 logical cores)

- RAM: 16 GB

- Operating System: Windows 11 Pro 64-bit (Build 26100)

- GPU: Intel Iris Xe Graphics (integrated)

- DirectX Version: DirectX 12
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Time Series Plot Zone
Solution X Y Z UXx 10)'4 Uz
Time
0 -1.1903E+01 -1.6567E-01 9.3609E-01 -6.512E-03 -6.184E-02 2.5E-15
1 -1.1903E+01  -1.6567E-01 9.3609E-01 -6.512E-03 -6.184E-02 2.5E-15
221 -1.1903E+01  -1.6567E-01  -2.3484E+00 -1.5306E+00 -1.5487E+00 -2.4637E+00
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SolutionTime X Y Z UXx uy uz
0 -1.5308E+01  -3.3535E+00 6.2829E-01 1.0626E-02 -6.9948E-02 6.7E-16
0 1.0716E+00  -1.6665E+01 1.4899E-01 1.5438E-02 -2.0723E-02 4.8E-16
0 -4.2814E+01 -4.8127E+01 1.1242E+00 7.0892E-03 -2.3182E-02 7.0E-16
SolutionTime X Y Z UX Uy uz
1 -1.5308E+01  -3.3535E+00 6.2829E-01 1.0626E-02 -6.9948E-02 6.7E-16
1 1.0716E+00  -1.6665E+01 1.4899E-01 1.5438E-02 -2.0723E-02 4.8E-16
1 -4.2814E+01  -4.8127E+01 1.1242E+00 7.0892E-03 -2.3182E-02 7.0E-16
SolutionTime X Y Z UXx uy uz
221 -1.5308E+01  -3.3535E+00 -2.6417E+00 -1.1235E+00 -1.8877E+00 -3.2988E+00
221 1.0716E+00  -1.6665E+01 5.1878E-01 8.6214E-02 -7.8440E+00  -4.9705E-02
221 -4.2814E+01  -4.8127E+01 4.5825E-01 -8.0855E-01  -3.0082E+00  -5.9190E-03
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SolutionTime X Y Uz
Line 1 0 -15.3083 -3.35348 6.74E-16
Line 2 0 1.07157 -16.665 4.78E-16
0 -42.8141 -48.1268 6.96E-16
1 -15.3083 -3.35348 6.74E-16
1 1.07157 -16.665 4.78E-16
1 -42.8141 -48.1268 6.96E-16
221 -15.3083 -3.35348 -3.29876
221 1.07157 -16.665 -0.0497045
Line 1111269 221 -42.8141 -48.1268 -0.00591882
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Algorithm 4.1
Convert Tecplot .dat to a “NoElements” variant by stripping element connectivity

Require: input _file (e.g., "S2.dat"), output_file (e.g., "S2_NoElements.dat")

Ensure: A Tecplot-like .dat file where node data are preserved and element connectivity

lines are removed
1: Open input_file for reading as infile; open output_file for writing as

outfile.

2: while true do

3 line + infile.readline()

4:  if 1ine is EOF then

5: break

6: end if

7 if "Nodes="in 1ine and "Elements=" in 1line then

8 Parse nodes and elements counts from line (split by commas, then split each

key=value and cast to integers).

9: Write the zone header line to outfile (preserve metadata as-is).
10: for i < 1 to nodes do
11: data_line < infile.readline() ; if EOF then break
12: outfile.write(data_line) {copy node records verbatim}
13: end for
14: for i < 1 to elements do
15: elem_line < infile.readline(); if EOF then break
16: {read-and-skip: do not write element connectivity lines}
17: end for
18: {continue; next loop iteration will handle subsequent zones/headers}
19: else
20: outfile.write(line) {copy all other lines (title, variables, etc.) as-is}
21:  end if
22: end while

23: Close infile and outfile; return output_file.
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Algorithm 4.2

End-to-end pipeline: sample interior points from Tecplot .dat and save to CSV.

Require: dat_path (input Tecplot .dat), samples per element 7pe; elem, Optional random

seed s, csv_path (output).

Ensure: CSV file with columns SOLUTIONTIME, X, Y, Z, UX, UY, UZ.

1:
2: Parse header: open dat_path; read TITLE, VARIABLES/VARS, and ZONE lines.

3: Extract node/element counts (N/E), optional ZONETYPE, and current SOLUTIONTIME.
4:
5

10:
11:
12:

13:
14:
15:
16:

17:

18:

19:

20:

Import/Runner: import sample_all from interpolate_dat_points.

Read nodes: store for each node id its (X, Y, Z) and (Ux, Uy, Uy).

: Read elements: store for each element its connectivity indices {iy, iz, i3, 74} (trian-

gles may have 3 indices).
for each element e do
if e is quadrilateral then
Sample (u, v) pairs in (0, 1) (optionally avoid edges by a small offset).
Map (u,v) to physical coordinates via bilinear interpolation of the 4 corner
nodes.
Interpolate (Ux, Uy, Uy) bilinearly at that point.
else
Sample barycentric («, 3,7) with o, 5,7 > 0 and « + 5 + v = 1 (uniform
interior).
Map to physical coordinates by affine combination of the 3 vertices.
Interpolate (Ux, Uy, Uz) barycentrically at that point.
end if
Append one record [SOLUTIONTIME, X, Y, Z, UX, UY, UZ] persampled inte-
rior point of e.
end for
Concatenate all records into a single DataFrame df.
Optionally preview (df.head()), then save: df.to_csv(csv_path,
index=False).

return csv_path.
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Al

gorithm 4.3
Merge multiple CSV files with schema alignment, de-duplication, and safe saving

Require: inputs (list of CSV paths or a glob pattern), optional columns (schema

to keep), optional key (dedupe key columns), out_path (output CSV), optional
sort_by.

Ensure: A single CSV containing all rows from inputs with unified schema, optional

N

©

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:

de-duplication and sorting.
: Resolve inputs: if a glob pattern is given, expand it to a list of file paths.
. Initialize empty list frames.
: for each path in inputs do
Read CSV from path into df (use UTF-8; handle NA values).
if columns is provided then
If any required column is missing in df, create it filled with NA to match the
schema.
Subset df to columns in that order.
end if
Optionally add a source column with the file name (for traceability).
Append df to frames.
end for
Concatenate all frames into big (row-wise concat).
if key is provided then
Drop duplicate rows in big based on key (keep first).
end if
if sort_by is provided then
Sort big by sort_by (ascending).
end if
Reset index of big.
Save big to out_path as CSV with index=False.

return out_path.
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Algorithm 4.4
Insert a new time-step zone into a Tecplot NoElements .dat file from time-series points

Require: noelem_path (input .dat with nodes and no elements), points_csv with

columns [X,Y,Z,UX,UY,UZ] and a single SOLUTIONTIME value; optional node_id;
out_path.

Ensure: New .dat with a new ZONE (Elements=0) at the given SOLUTIONTIME contain-

10:

11:

12:

13:

14:

ing the provided node records.

: Load points_csv into DataFrame df.

: Validate required columns exist; if node_id exists, sort df by node_id ascending.

Extract unique time t_new from df ["SOLUTIONTIME"]; error if multiple distinct val-
ues.

Set N <+ number of rows of df; set E < 0.

Open noelem_path for reading as infile; open out_path for writing as outfile.
Copy the preamble/content of infile to outfile (append mode), or stop at the de-

sired insertion point if ordering by time is required.

: Ensure a proper VARIABLES/VARS line exists and matches the column order

(X,Y,z,UX,U0Y,UZ].

: Write a new zone header to outfile: ZONE T="t={t_new}"

SOLUTIONTIME={t new} Nodes={N} Elements=0.

for each row r in df do
Format one line: r[X] r[Y] r[Z] r[UX] r[UY] r[UZ] with numeric precision
consistent with existing zones.
Write the line to outfile.

end for

If insertion (not append) was chosen, write the remaining tail of infile to outfile.

Close both files; return out_path.
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. Samplel Sample2 Sample3 Sample4 Sample5
X | -2.511350E+01 | 4.276540E+01 1.084100E+01 | 4.179950E+01 | -3.181740E+01
Y | -3.409010E+01 | -6.728100E+01 | -2.483490E+01 | -6.416390E+01 | -1.935370E+02
. Sample6 Sample7 Sample8 Sample9 Samplel0
X | 3.378580E+01 1.009700E-01 | -2.019160E+01 | -9.774830E+01 | 3.431670E+01
Y | -9.040520E+01 | -1.281290E+01 | -7.939800E+01 | -1.494220E+02 | -4.821360E+01
. Samplell Samplel2 Samplel3 Samplel4 Samplel5
X | 2.157050E+01 | -4.957750E+01 | 4.253920E+01 3.775390E+01 1.322940E+01
Y | -1.808650E+01 | -1.028830E+02 | -3.050520E+01 | -9.331210E+01 | -9.032130E+01
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SEQ_LEN

Data 5 10 15 20 25 30 35

Train | 3.29E-03 | 2.46E-03 | 6.25E-03 | 3.87E-03 | 9.75E-03 | 1.01E-02 | 1.38E-02
Samplel

Test 3.96E-02 2.66E-02 2.21E-01 9.73E-03 2.90E-02 6.37E-02 3.17E-02

Train | 9.24E-04 | 5.94E-04 | 2.41E-03 | 1.53E-03 | 1.98E-03 | 2.52E-03 | 3.85E-03
Sample2

Test 3.21E-02 8.59E-03 3.70E-02 7.13E-02 1.64E-02 3.75E-02 6.36E-03

Train | 4.56E-04 | 2.66E-03 | 6.12E-03 | 4.92E-03 | 6.97E-03 | 6.85E-03 | 1.01E-02
Sample3

Test 1.40E-02 | 2.29E-03 | 3.78E-03 | 2.79E-02 | 3.43E-03 | 5.64E-02 | 1.28E-01

Train 9.37E-04 6.60E-04 2.55E-03 1.62E-03 2.48E-03 2.80E-03 4.77E-03
Sample4

Test 5.44E-02 | 1.21E-02 | 5.13E-02 | 1.01E-01 | 2.52E-02 | 5.10E-02 | 7.09E-03

Train 1.17E-03 3.40E-04 2.42E-03 2.07E-03 2.08E-03 2.81E-03 7.53E-04
Sample5

Test 3.10E-03 4.16E-03 1.96E-03 2.62E-03 1.29E-03 1.18E-03 1.36E-03

Train | 1.54E-03 | 4.94E-04 | 2.02E-03 | 1.33E-03 | 2.88E-03 | 2.02E-03 | 2.94E-03
Sample6

Test 7.93E-04 2.47E-03 1.37E-03 8.51E-03 8.79E-04 2.30E-03 1.75E-02

Train 6.14E-04 2.25E-03 5.41E-03 4.40E-03 4.32E-03 5.45E-03 6.83E-03
Sample7

Test 2.66E-04 | 2.93E-02 | 2.59E-02 | 4.14E-03 | 1.91E-02 | 6.23E-02 | 3.40E-02

Train 2.34E-03 6.80E-04 3.81E-03 1.96E-03 7.45E-03 4.76E-03 4.61E-03
Sample8

Test 451E-03 | 2.17E-02 | 8.09E-03 | 1.93E-03 | 2.61E-03 | 1.51E-02 | 1.40E-02

Train 1.21E-03 3.57E-04 1.41E-03 9.08E-04 7.24E-04 2.74E-03 1.38E-03
Sample9

Test 5.28E-03 5.33E-03 4.75E-03 5.69E-03 3.48E-03 3.31E-03 2.60E-03

Train | 9.21E-04 | 1.56E-03 | 3.84E-03 | 2.42E-03 | 2.89E-03 | 4.70E-03 | 6.43E-03
Samplel0

Test 5.81E-02 3.19E-02 5.12E-02 1.82E-01 6.64E-02 7.20E-02 6.62E-02

Train 1.37E-02 1.34E-02 1.72E-02 1.34E-02 1.03E-02 1.60E-02 1.36E-02
Samplell

Test 6.15E-03 | 2.62E-02 | 1.53E-02 | 2.85E-02 | 6.67E-02 | 5.93E-01 | 2.76E-01

Train 1.72E-03 3.71E-04 2.25E-03 1.01E-03 2.04E-03 1.54E-03 9.98E-04
Sample12

Test 3.02E-03 | 2.40E-02 | 1.41E-03 | 1.67E-03 | 6.50E-03 | 2.28E-02 | 6.77E-03

Train | 1.33E-03 | 1.88E-03 | 4.28E-03 | 2.84E-03 | 3.35E-03 | 3.00E-03 | 7.16E-03
Samplel3

Test 3.02E-02 1.47E-02 2.45E-02 3.10E-02 2.19E-02 8.38E-02 5.99E-02

Train | 1.38E-03 | 4.86E-04 | 1.98E-03 | 1.34E-03 | 2.38E-03 | 1.86E-03 | 2.17E-03
Samplel4

Test 5.47E-03 3.67E-03 1.55E-03 9.17E-03 7.41E-04 1.37E-03 1.04E-02

Train | 1.83E-03 | 5.41E-04 | 2.83E-03 | 1.54E-03 | 5.38E-03 | 3.25E-03 | 3.78E-03
Samplel5

Test 6.67E-04 | 9.42E-04 | 1.20E-03 | 2.21E-03 | 6.69E-04 | 4.56E-03 | 4.13E-03
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Real vs. Model Prediction (for Sample3)
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1.300e-3-MSE (Train) Training MSE over epochs
( J Asymptotic exponential:y = C + A - e{-k x}
1.200e-3
Training for
500 epochs takes
1.100e-3 - about 30 minutes
1.000e-3

y =C+ A-e”{-k x}
C=6.71061100e-4 (asymptote)

9.000e-4 - A=2.74319886e-3

@ k=1.57633145e-2

° R2 (y)=0.972083
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Real vs. Model Prediction (+12-step Future Forecast)
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Real vs. Model Prediction (+30-step Future Forecast)
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Model Prediction Contour (Solution Time=221)
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Abstract

Complexity and diversity of multiscale nanoindentation data create a challenging do-
main for deep learning models, where conventional architectures often fail to capture hid-
den patterns and nonlinear structures. In this study, transformers are implemented along
with the introduction of an innovative method for data feeding called SPICE. This method
focuses on how data are given to the transformer. A few randomly selected points are
added to the data and, through this structured strategy, enables more accurate and sta-
ble extraction of complex temporal displacement patterns. Numerical results demonstrate
significant improvements in both predictive accuracy and computational efficiency when
analyzing large-scale data of Quasi-Continuum simulation of nanoindentation. The find-
ings highlight the potential of SPICE to address the intrinsic challenges of nanoindentation
data and point to new directions for applying transformer architectures to advanced engi-
neering problems.

Keywords Nanoindentation, Transformer, Multiscale Modeling, Deep Learning
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