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The Aero-Optics Problem

A turbulent flow field causes wavefront aberrations
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The Aero-Optics Problem, Figure 1 from [1]

[1] M. Wang, A. Mani, and S. Gordeyev, “Physics and Computation of Aero-
Optics,” Annual Review of Fluid Mechanics, Vol. 44, No. 1, 2012, pp. 299-321.
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Adaptive Optics for Aero-Optical Effects
» Adaptive-optic (AO) systems compensate for wavefront aberrations.

» AO system development requires wavefront aberration data for
testing.

» Problem: Existing data acquisition methods are expensive and time-
Intensive.

» Solution: We develop ReVAR (Re-whitened Vector Auto-
Regression) to generate synthetic aero-optics wavefront data.

» ReVAR captures the spatial and temporal statistics of input data on arbitrary
time-scales.
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Experimental Boundary Layer Data
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Notre Dame Wind Tunnel Experiment, Figure 1(b) from [3]

[2] M. R. Kemnetz and S. Gordeyev, "Optical investigation of large-scale boundary-layer structures”,
54th AIAA Aerospace Sciences Meeting, 4 - 8 Jan 2016, San Diego, California, AIAA Paper 2016-1460.
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Experimental Boundary Layer Data
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Notre Dame Wind Tunnel Experiment, Figure 1(b) from [3]

[2] M. R. Kemnetz and S. Gordeyev, "Optical investigation of large-scale boundary-layer structures”,
54th AIAA Aerospace Sciences Meeting, 4 - 8 Jan 2016, San Diego, California, AIAA Paper 2016-1460.
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Experimental Data: Visualization

10 1

15 A

20 1

FO6 OPD

0.03

0.02

0.01

0.00

—-0.01

—0.02

—0.03

—0.04

0.0

2.5

5.0

7.5 1

10.0 ~

12.5 +

15.0

17.5 +

20.0 4

F12 OPD

T T T T T T T T T
00 25 50 75 10.0 125 15.0 17.5 20.0

Approved for public release; distribution is unlimited. Public Affairs release approval # AFRL-2024-4382

0.03

0.02

0.01

0.00

—-0.01

—0.02

—0.03

—-0.04



ReVAR: Overview
1. Data Analysis

2. Synthesis

3. Post-processing
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Data Analysis: PCA

Spatially de-correlate the data using PCA.
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ReVAR: Vector Auto-Regression (VAR)
Xn — ANLXn—NL + -t Alxn—l + $n

| |
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[3] H. Lutkepohl, New Introduction to Multiple Time Series Analysis, 2005, Springer-Verlag Berlin, pg. 13-14, 69-71.
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Data Analysis: Linear Time Prediction
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Data Analysis: Re-whitening

A second PCA whitens &,, In space
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ReVAR: Data Analysis
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ReVAR: Synthesis
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ReVAR: Overview
1. Data Analysis

Linear Time Prediction
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ReVAR: Overview
1. Data Analysis

Linear Time Prediction
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Post-Processing Synthetic Data

After synthesis, subtract a (weighted) moving average
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ReVAR: Overview
1. Data Analysis

Linear Time Prediction

2. Synthesis
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Results: Data Set FO6 (N; = 3)

Data

Synthetic

0 4

5

10

15 1

20

Power Sts x Sg,(St; x U /6) (energy/sec)

[] -
5 4
10 A
15 4
20
T T T T T T
10 20 30 0 10 20
le—9 Pre-Multiplied PSD of 8,
—e— Data
81 @ Synthetic

T T T T T T
1071 100

strouhal Number Sts

Power Sts x Sopp(Sts x U/G) (energy/sec)

Spatial Structure Function

Data Synthetic
10
D 02 —== 5/3 Power Law (’/ —== 5/3 Power Law
- —f— sStructure Function i —f— sStructure Function
4 s
6
/’ ,//
= /. i
3 ; ;
0.00 £ Y /
. § P
E 3 4 p 1/
: /
s, |
1 T T T T
2 3 4 2 3
Relative separation r/d Relative separation r/d
le—9 Pre-Multiplied PSD of OPD
1.0 1 —e— Data
#— Synthetic
0.8 1
0.6
0.4
0.2 ’

0.0

102

1071 10°

Strouhal Number Sts

10!

Approved for public release; distribution is unlimited. Public Affairs release approval # AFRL-2024-4382

19



Results: Data Set F12 (N; = 3)
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Algorithm Run-Time

> Data Analysis: .8 min
Data Set FO6 A ANRIYSIS 3.8 >
> Synthesis & Post-Processing: 66 Sec
(1 sec of synthetic data)
> Data Analysis: 3.3 mins
Data Set F12

> Synthesis & Post-Processing: 38 sec
(1 sec of synthetic data)
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Conclusion

= AO system development for aero-optics requires wavefront aberration
data.

= Existing data acquisition methods are expensive and time-intensive.

= ReVAR Is computationally efficient, runs quickly, and generates high

quality synthetic wavefronts.
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