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Abstract. High speed time-resolved wavefront and imaging measurements were taken synchro-
nously in-flight through both boundary layer and shear layer environments around the Airborne
Aero-Optical Laboratory for Beam Control. Instantaneous modulation transfer functions and
point spread functions (PSFs), which characterize image degradation, were generated using
wavefront data. Instantaneous power-in-bucket ratios were extracted from both the image data
and computed from the wavefront data, and the ratios were found to correlate well with each
other. The lower power-in-bucket values and related increased blurring that occurred predomi-
nantly in the streamwise direction were associated with large-scale, large-amplitude wavefront
spatial variations due to large organized vortical structures present in the shear layer. The boun-
dary layer did not create any significant image blurring due to the low level of aero-optical
distortions. Finally, spatial autocorrelation functions were extracted from the wavefront data
using the stitching method and were used to compute time-averaged PSFs for different aperture
diameters. © 2020 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.59.10
.104104]
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1 Introduction

In many applications, such as reconnaissance and acquisition, tracking, and pointing systems, an
image-based point-and-track algorithm is often used. Therefore, the ability to conduct high-
speed and accurate imaging through a variety of fluid environments is required. More broadly
speaking, image quality can be affected by both atmospheric optical turbulence and aero-optical
effects. Aero-optical-induced distortions are resultant from either compressibility effects when
speeds exceed Mach 0.3 or local changes in pressure associated with aerodynamic flow envi-
ronments around an aircraft such as boundary layers (BL) or shear layers (SL).1,2 If a system is
placed on a high-speed aircraft, the flow around the aircraft introduces additional optical dis-
tortions that ultimately limit the effectiveness of these systems. These aero-optical-induced
effects are fundamentally different from the distortions imposed by atmospheric propagation.
When a light or laser beam is transmitted through the atmosphere, the local total temperature
variations are attributed with being the primary source of atmospheric distortions.3 This paper
will focus solely on image degradation due to aero-optical-induced effects.

The Airborne Aero-Optics Laboratory (AAOL) was established to provide a subsonic4 and
transonic5 in-flight testing platform where aero-optics experiments can be performed under real
conditions. Recent work on AAOL–beam control (AAOL-BC) has both qualitatively and quan-
titatively described the wavefront aberrations imposed on an incoming laser beam through a
variety of aero-optical environments around AAOL-BC.6 As an initially unperturbed laser beam
is projected from a source, through an aero-optical environment to a target, the imposed dis-
tortions result in a larger than diffraction limited size spot in the far-field. Consequently, less
intensity is focused on the target. Similarly, imaging a distant object through these same dis-
tortions will degrade the resultant image quality. Coupling the ability to quantify aero-optical
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distortions using wavefront measurements while simultaneously recording high-speed images
enables the deleterious nature of imaging through these flow environments to be studied.
For example, previous work7–9 has characterized the imaging environment associated with look-
ing through an optical turret, and image distortions were computed using only wavefront data. In
this study, in-flight imaging tests were performed looking through two fundamental aerodynamic
flows, namely a BL and an SL. Both instantaneous wavefront and resultant image distortions
were synchronously measured using two high-speed cameras to investigate the image degrada-
tion resultant from relevant flow features present in these fundamental aero-optical environ-
ments. To the authors’ knowledge, it was the first time that both instantaneous wavefronts
and resultant distorted images were simultaneously recorded in a realistic flight environment.
In addition, the experimental setup and processing procedure for handling both image and wave-
front flight data are presented.

2 Experimental Setup

AAOL-BC consists of two Falcon-10 aircraft flying in close formation L ∼ 60 m apart. One of
the aircraft is retrofitted with a target board design pattern on the aircraft window. This aircraft,
otherwise known as the “source aircraft,” projects a 532-nm diverging laser beam, generated by a
YaG:Nd laser, from a rectangular slit in the middle of the target board onto a custom-designed
optical quality window mounted on the second aircraft. The second aircraft, known as the “lab-
oratory aircraft,” is accommodated with an optical system to receive the incoming beam and to
image the target board on the source aircraft. A custom-made BK-7 window, shown in Fig. 1(a),
through which the laser beam is received and the target board is imaged, has a clear aperture of
0.30 m in diameter with a spatial rms wavefront error of less than λ∕10. The window is mounted
in an aluminum insert designed to minimize distortions to the attached BL as fluid convects from
the aircraft fuselage over the window. Wavefront and high-speed images were collected through
the BL of AAOL-BC at Mach numbers of 0.5, 0.6, and 0.7. In a separate experiment,6 the BL
was studied using an array of pitot rakes in the location of the optical window. The results
showed that the BL thickness was approximately δ ¼ 4.5 cm and was aero-optically similar
to the canonical BL developed over a flat plate. More details about aerodynamic and aero-
optical properties of the BL can be found in Ref. 6.

An SL was generated over the optical window by installing a porous fence 0.35 m upstream
of the acquisition window on the laboratory aircraft, as seen in Fig. 1(b). Previous work illus-
trated the utility of porous fences as passive flow devices, in which an SL was created by slowing
the flow downstream of the fence via turbulence-related total pressure losses.10 The fence has a
semicircular shape with a radius of 0.152 m and is installed normal to the aircraft surface on a
mounting bracket. The fence had a porosity coefficient, defined as the area of open holes in the
fence divided by the total fence area, of 0.4.6 Wavefront and high-speed images were collected

Fig. 1 (a) Flat window for BL tests. (b) Perforated plate installed in front of the flat window for SL
studies.
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through the SL environment generated around AAOL-BC at Mach numbers of 0.5, 0.6, and 0.7.
The characteristic streamwise length for the SL was found to be Λ ¼ 0.13 to 0.14 m, depending
on the flight Mach number. More information about the statistics of the SL aero-optical distor-
tions can be found in Ref. 6.

High speed images and instantaneous wavefronts were taken concurrently. The laboratory
aircraft was equipped with a beam stabilizing system, reimaging optical components, a high-
speed Shack–Hartmann wavefront sensor (SHWFS), and a high-speed imaging camera. The
optical setup is shown in Fig. 2. The source aircraft flew slightly above the laboratory aircraft
such that the incoming beam was roughly normal to the flat window on the laboratory aircraft.
Both the laser system on the source aircraft and the acquisition system on the laboratory air-
craft utilized independent tracking systems. The laser system must be tracking to aim the beam
at the correct location on the laboratory plane, despite relative aircraft motion, mechanical
vibration, and other system noise. The acquisition system on the laboratory aircraft used
an image-based Fitts tracking algorithm to ensure that the incoming beam was stabilized
through the optical train and that the high-speed camera focused on the appropriate target
board location on the source aircraft. The incoming beam was stabilized using a com-
puter-controlled proportional feedback system, which consisted of a tracking camera, a mirror
controller, and a motorized Aerotech gimbal with a flat mirror 0.3048 m in diameter. The
tracking camera on the laboratory aircraft collected images at 200 fps and computed relative
image displacements in both the horizontal and vertical directions. Using these computed dis-
placements, the mirror controller commanded motors on the gimbal to compensate for these
angular differences.

After stabilization, the laser beam entered a Schmidt–Cassegrain telescope with an aperture
diameter of D ¼ 0.2032 m or aperture radius of R ¼ 0.1016 m, a central obscuration 64 mm in
diameter (or 31% obscuration by diameter), and a focal length of 2.035 m. A beam splitter then
partitioned the received light between the SHWFS and the high-speed imaging camera. The
portion of the beam directed toward the SHWFS was recollimated using a 200-mm focal length
lens and was further contracted with a 250- and 200-mm lens pair, resulting in a collimated
16-mm diameter beam entering the sensor. The SHWFS used a Phantom v1611 high-speed cam-
era with a pixel size of 28 μm and a rectangular lenslet array mounted on it. The lenslet array has
a spatial resolution of 50 × 50 subapertures with a 0.3 mm pitch and 38.2 mm focal length,
allowing the wavefront imposed on the beam to be measured with high spatial accuracy.
Wavefronts were acquired at 25 kHz and an exposure time of 0.4 μs for 1.12 s, producing 28,000
frames per collection. For the portion of the beam directed toward the high-speed imaging

Fig. 2 The optical setup and acquisition system on the AAOL-BC.
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camera, a dichroic notch filter was placed in front of the imaging camera to attenuate the 532-nm
wavelength to avoid possible damage to the imaging camera. A Phantom v1840 high-speed
camera with a pixel size of 13.5 μm was used as the imaging camera, coupled with a Canon
MP-E 65-mm 1× magnification lens. Images were acquired at 8.1 kHz with an exposure time of
120 μs. A trigger was set between the SHWFS and the high-speed imaging camera to ensure the
same initiation time for data synchronization. Flight static temperatures, pressures, and Mach
numbers were also recorded during the flight. Figure 3(a) shows the interior of the laboratory
aircraft from the exit door where the optical window, seen in Fig. 1, is located. Figure 3(b) shows
the rest of the laboratory aircraft configuration aft of the optical train.

The target board, imaged by the laboratory aircraft, can be seen in the top left of Fig. 2. Here,
three different target board designs were employed. During the experiment, the target board was
illuminated by the ambient sunlight. The black, horizontal, and vertical rectangle patterns were
designed to match the USAF-1951 target board. A spoke pattern was also implemented on the
target board directly above the rectangular slit out of which the laser source is projected. The
utility of this design is that the spoke pattern offers a wide range of spatial frequencies. The last
design pattern implemented below the rectangular slit consists of a series of dots, decreasing in
size as they get closer to the center of the target pattern. The results discussed in this paper will
focus on the resultant images taken of this dot pattern design.

3 Data Analysis

Time-resolved wavefronts, Wðx; y; tÞ, were computed from the SHWFS images using in-house
software. In this work, the streamwise direction will be denoted as the x-direction and the cross-
stream direction will be denoted as the y-direction. Steady-lensing and instantaneous tip and tilt
components were removed from every wavefront. The levels of aero-optical distortions were
quantified by the time-averaged spatial root-mean-square (rms) of the wavefronts, denoted

as Wrms ¼ WrmsðtÞ, where WrmsðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hWðx; y; tÞ2iOverAperture

q
, the angular brackets denote

averaging over the aperture, and the overbar indicates time averaging.
The experimentally measured wavefronts were used to compute the instantaneous point

spread functions (PSFs), denoted as

EQ-TARGET;temp:intralink-;e001;116;190sðθx; θy; tÞ ¼

��� RAperture ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I0ðx 0; y 0Þp

exp
n
2πi
λ ½Wðx 0; y 0; tÞ − ðx 0 · θx þ y 0 · θyÞ�

o
dx 0 dy 0

���2��� RAperture ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I0ðx 0; y 0Þp

dx 0dy 0
���2 : (1)

Here, I0 is the near-field intensity (assumed to be a top-hat function), L is the distance to the

target, and ðθx; θyÞ ¼ ðx;yÞ
L are the angular coordinates. PSFs were computed via numerical inte-

gration over a discrete number of aperture points ðx 0; y 0Þ.
As mentioned, the target board was illuminated by the sunlight, with the wavelength cor-

responding to the maximum radiation intensity of the solar spectrum of 0.5 μm. However,

Fig. 3 Interior of laboratory aircraft of AAOL-BC from (a) the exit door and (b) the back of the
optical table.
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images were recorded using a Phantom camera, which has the responsivity peak near 0.625 μm.
The product of the solar spectrum and the camera responsivity curve was computed (not shown),
and the peak wavelength was found to be near 0.55 μm. Based on this value, the reference wave-
length was chosen to be λ ¼ 0.55 μm.

A representative example of a collected image is shown in Fig. 4(a). Since the target board
was placed over the curved aircraft window, only part of the image was in focus. A region of the
in-focus portion of the image, as indicated by a red box in Fig. 4(a), was extracted from every
frame. This region was 30 × 60 pixels in size and included two 1-mm diameter dots, separated
by 9 mm center to center on the target board. The extracted image, Kðx; y; tÞ, was corrected for
brightness and inverted such that the dots would have large positive intensity values and the
background was near zero intensity. An example of the processed image used for further analysis
is shown in Fig. 4(b). A reference ground image was also collected with both aircraft positioned
on the tarmac at the same separation distance of L ¼ 60 m. Later it will be referred to as the
ground image, KGround. The ground image was collected during neutral atmospheric conditions
near sunset, when the air turbulence near the ground was minimal and the ground image can be
treated as an undistorted reference image of the dots.

From Fig. 4(b), the distance between the dots is about 30 pixels, giving the relationship
between the target board space, later called the object plane (in mm), and image space (in pixels)
as ∼0.3 mm∕pixel. The radius of the diffraction-limited Airy disk, RAiry, defined as the radius to

the first intensity minimum in the object plane, is RAiry ¼ 1.22 λL
D ¼ 0.19 mm. Using this value,

the pixel size in the object plane was computed to be 0.3 mm ¼ 1.58RAiry. Having a relatively
large pixel size, comparable with the Airy disk, is prohibitive for computing Strehl ratio directly
from the images. However, power-in-bucket (PIB) values can still be computed inside the square
area with a side length of 1.58RAiry from the image data.

Using the collected flight images, Kðx; y:tÞ, instantaneous time traces of PIBðtÞ were
extracted as instantaneous pixel intensities at the center of each dot for different Mach numbers
and flow cases over the window. PIBs from both dots were averaged together to reduce exper-
imental noise. As a reference, the ground image, KGround, was used to extract PIBNoFlow, and the
PIB ratios, PIBðtÞ∕PIBNoFlow, were analyzed.

To compare with the PIB ratios directly extracted from the images, PIBðtÞ were also com-
puted from instantaneous PSFs using Eq. (1), via integration over the pixel area in the object
plane,

EQ-TARGET;temp:intralink-;e002;116;160PIBðtÞ ¼
Z

0.79RAiry

−0.79RAiry

Z
0.79RAiry

−0.79RAiry

sðx; y; tÞdx dy: (2)

A similar equation, but without optical distortions [that is, with Wðx; yÞ ¼ 0 in Eq. (1)], was
used to compute PIBNoFlow. Note that PIB was computed over a square area, giving “ensquared”
energy, rather than the more traditional “encircled” energy.

Fig. 4 (a) Example of the original image, collected in flight. The region of interest is indicated by a
red box. (b) Extracted and inverted region of interest used for the analysis.
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4 Results

4.1 Analysis of Apertured Data

The representative wavefronts (in waves) collected through the aircraft BL at Mach numberM ¼
0.7 are presented in Figs. 5(a)–5(c). The distortions imposed by the BL are fairly small even at
the highest Mach number of 0.7, with less than half a wave peak-to-valley. The SL generates a
much stronger aero-optical environment and the distortions increase with increasing Mach num-
ber. An example of representative SL wavefronts for M ¼ 0.7 are provided in Figs. 5(d)–5(f).
Here, strong pseudoperiodic structures in the streamwise x direction, elongated in the cross-
stream y direction are observed, with associated peak-to-valley values that exceed two waves.
These aero-optical distortions are created by convecting vortical structures formed in the SL.11

The Wrms values calculated for each test case are also presented in Table 1.
The SL cases clearly represent the scenarios of the most detrimental flow-field-induced

aberrations, with associated distortions of Wrms∕λ > 0.3 and significant image blurring.
Conversely, the BL environments represent the more aero-optically benign cases. The BL over
the aircraft window creates small, <0.15 λ distortions, and the resultant images are expected to be

Fig. 5 Representative instantaneous wavefronts, in waves, for (a)–(c) the BL case, M ¼ 0.7 and
(d)–(f) the SL case, M ¼ 0.7. Spatial coordinates are normalized by the aperture radius, R.

Table 1 Values of aero-optical distortions for different flows
cases and Mach numbers.

Flow and Mach number W rms (μm) W rms∕λ

BL, M ¼ 0.5 0.0552 0.10

BL, M ¼ 0.6 0.0711 0.13

BL, M ¼ 0.7 0.0816 0.15

SL, M ¼ 0.6 0.172 0.31

SL, M ¼ 0.7 0.249 0.45

Kalensky, Wells, and Gordeyev: Image degradation due to different in-flight aero-optical environments

Optical Engineering 104104-6 October 2020 • Vol. 59(10)



comparatively sharp. One way to demonstrate this is to compute time-averaged modulation
transfer functions (MTFs) from the wavefront data. The resultant MTFs in both the x- and y
directions for the BL case and the SL case at varying Mach numbers are shown in Fig. 6.
The diffraction-limited MTF for the circular aperture with the circular obscuration is also pre-
sented in Fig. 6 as a dashed line for comparison. For the case of the BL, the MTFs are close to the
diffraction-limited case. MTFs for the SL case show significant degradation, with more distor-
tions in the streamwise direction compared with the cross-stream direction. This asymmetry
effect will be discussed in more detail later in this paper.

Another way to demonstrate the asymmetry in image blurring is to compute time-averaged
PSFs using Eq. (1). The results for the BL case are shown in Fig. 7, and PSFs for the SL case are
presented in Fig. 8. Slices of the time-averaged PSFs for all cases in the streamwise x direction
and the cross-stream y direction, along with the diffraction-limited (no distortion) PSF for com-
parison, are shown in Fig. 9. For the case of the less aberrating BL, PSFs in Figs. 7 and 9 do not
show significant asymmetry and are close to the diffraction-limited PSF. In the case of the
strongly aberrating SL, see Figs. 8 and 9, PSFs are clearly more spread in the streamwise direc-
tion compared with the cross-stream direction. In addition to the main peak, two side lobes
appear in PSF for M ¼ 0.6, see Figs. 8(a) and 9(a). Side lobes in the PSF usually indicate perio-
dicity in the corresponding wavefronts. This observation is consistent with the presence of pseu-
doperiodic structures in the streamwise direction in the SL, as seen in Figs. 5(d) and 5(f).

Fig. 6 Time-averaged MTFs, computed from the wavefronts in the (a) x direction and (b) y direc-
tion for both the BL and SL at different Mach numbers.

Fig. 7 Time-averaged PSFs, computed using the wavefronts, Eq. (1), for the BL case for flight
Mach number of (a) M ¼ 0.6 and (b) M ¼ 0.7. Airy disk is indicated by a white circle.
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To investigate the relationship between wavefront aberrations and image blurriness, instanta-
neous PIB ratios, PIBðtÞ∕PIBNoFlow, were extracted from the flight images (as discussed) for
different flow cases. The results are presented in Fig. 10 as thick blue lines for the BL at M ¼
0.7 and for the SL atM ¼ 0.6 and 0.7. PIB ratios were also computed from instantaneous wave-
fronts using Eqs. (1) and (2) and are plotted in Fig. 10 as thin red lines for comparison.

For all flow cases, the agreement between the extracted and the computed PIB ratios is good,
with both PIB ratios generally going up and down in concert. This confirms that the aero-optical
distortions created by the turbulent flow are the main cause of the instantaneous image blurring.
The observed small differences between the extracted and the computed PIB ratios are expected
and are due to several factors. One of them is an associated numerical error in the discrete
approximation of PSFs in Eq. (1). In addition, PSFs were computed using an assumption of
a single wavelength of λ ¼ 0.55 μm, while the collected images were lit by sunlight, which has
a continuous wavelength range.

For the BL case, see Fig. 10(a), PIB ratios are high (about 0.7), as expected for the less
optically aberrating flow. This observation is consistent with the analysis of MTFs and PSFs
as discussed. When the flow becomes more optically distorted in the presence of the SL,
PIB ratios expectedly drop to lower values, as seen in Figs. 10(b) and 10(c). Again, this agrees
with the analysis of MTFs and PSFs presented earlier. For theM ¼ 0.6 case, given in Fig. 10(b),
both PIB ratios show increased relative temporal variations between the values of 0.15 and 0.35.
When the Mach number is increased to 0.7, Fig. 10(c), the PIB ratios become even lower, with a
significant temporal variation between 0.05 and 0.3.

Fig. 8 Time-averaged PSFs, computed using the wavefronts, Eq. (1), for the SL case for flight
Mach number of (a) M ¼ 0.6 and (b) M ¼ 0.7. Airy disk is indicated by a black circle.

Fig. 9 Slices of time-averaged PSFs, computed using the wavefronts, Eq. (1), along the (a) x
direction and (b) y direction, for all Mach numbers and flow cases.
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Another way to quantify the relation between the instantaneous PIB ratios and the underlying
flow features is to compute the power spectral density (PSD) of PIB ratios. Results for the BL
case for M ¼ 0.7 and the SL case for M ¼ 0.7 are shown in Fig. 11. PSD were calculated using
pwelch-function in MATLAB with 50% overlap. Since the SL has a range of preferred frequen-
cies, the PSD has a narrow band of about 900 Hz, corresponding to the main temporal frequency
of the large-scale structures. The PSD for the BL has a wide range of frequencies, characteristic
of turbulent BLs.

PIB ratios for the SL cases in Figs. 10(b) and 10(c) show significant temporal variations. If
the PIB ratio is small, more image blurring is evident. When the PIB ratio is higher, less image
blurriness is expected. As observed in the representative wavefronts in Figs. 5(d)–5(f), the SL
flow is dominated by the large, pseudoperiodic structures in the streamwise direction, which are
nearly uniform in the cross-stream y direction. As aberrating wavefronts show spatial asymme-
try, the images are also expected to demonstrate the asymmetric blurriness. To further investigate
which specific aero-optical features cause this asymmetric blurriness, time instances in which
PIB ratios were small, indicated by solid vertical lines in Figs. 10(b) and 10(c), were selected.
Similarly, time instances with large PIB ratios, indicated by dashed vertical lines in Figs. 10(b)

Fig. 10 Instantaneous PIB, normalized by PIBNoFlow, extracted from images (blue thick lines) and
computed from wavefronts, using Eq. (2) (red thin lines) for (a) the BL case, M ¼ 0.7, (b) the SL
case, M ¼ 0.6, and (c) the SL case, M ¼ 0.7. Solid and dashed vertical black lines in (b) and
(c) indicate selected time instances for additional studies presented in Figs. 12 and 13.
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and 10(c), were also selected. For these time instances, the measured dot image, K, was com-
pared with the simulated blurred dot image. The simulated blurred image was computed by
convolving the pixelated model of the 1 mm in diameter dot, KDot, with the instantaneous
PSF, KDotðx; tÞ � sðx; y; tÞ.

For the selected times, the instantaneous wavefronts, the corresponding simulated dot
images, and the extracted dot images are shown in Fig. 12 forM ¼ 0.6 and Fig. 13 forM ¼ 0.7.
For M ¼ 0.6, see Figs. 12(a)–12(c), when the PIB ratio is low (at t ¼ 0.003 s) both the simu-
lated, Fig. 12(b), and experimental, Fig. 12(c), images clearly show that the dot image is distorted
predominantly in the streamwise direction. The similarity between the computed dot shape and

Fig. 12 (a), (d) The instantaneous wavefronts, (b), (e) the simulated dot images, and (c), (f) the
measured dot images for selected times of (a)–(c) t ¼ 0.003 s, indicated by a vertical solid line in
Fig. 10(b), and (d)–(f) t ¼ 0.012 s, indicated by a vertical dashed black line in Fig. 10(b) for the SL
at M ¼ 0.6.

Fig. 11 PSDs of instantaneous PIB ratios, for the BL case, M ¼ 0.7 and the SL case, M ¼ 0.7.
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the experimentally extracted one is clear, indicating that the SL was the most significant source
of optical distortion, while other sources of optical distortions, such as nonideal optical com-
ponents and mechanical vibrations of the optical components, were sufficiently small. The cor-
responding wavefront, shown in Fig. 12(a), shows the presence of strong optical distortions, with
peak-to-valley values close to two waves and elongated in the cross-stream y direction. However,
when the PIB ratio is high at t ¼ 0.012 s, see Figs. 12(d)–12(f), the wavefront shows relatively
weak aero-optical distortions with no observable spatial organization. Consequently, both the
simulated, shown in Fig. 12(e), and the measured, see Fig. 12(f), dot images are blurred by
approximately the same amount in both directions. Again, the computed dot shape and size
is very close to the experimentally extracted one.

The same asymmetric large amplitude wavefronts and dot images, elongated in the stream-
wise direction, for a low PIB ratio at t ¼ 0.021 s were also observed at a higher Mach number of
0.7, see Figs. 13(a)–13(c). The extracted dot image shows large streamwise blurriness.
Compared with the computed dot image, the extracted image is noisy as the PIB ratio is very
low (about 0.1 at this instance). Again, when the PIB ratio was high at t ¼ 0.003 s, the wavefront
was less aberrating and the dots were blurred less and appear to have a symmetric shape, see
Figs. 13(d)–13(f). Thus, the large, spatially organized structures present in the SL are the most
significant source of optical distortions, blurring the dot images predominantly in the streamwise
direction.

Both the wavefront and the image collection systems are affected by various corrupting
effects, such as nonideal optical components, mechanical vibrations, and the relative motion
of the aircraft. For the wavefronts, these effects can be easily removed in postprocessing analysis.
All of the mentioned corrupting effects will also degrade the quality of the image measurements.
It is possible to apply various algorithms, such as blind image deconvolution or phase retrieval to
remove aero-optical degradation of the images during the postprocess stage, but they are typ-
ically computationally intensive and time consuming. A good agreement between the extracted
and the computed images demonstrates that instead of developing expensive optical setups to
directly measure the instantaneous aero-optical image distortions in-flight, it is possible to

Fig. 13 (a), (d) The instantaneous wavefronts, (b), (e) the computed dot images, and (c), (f) the
measured dot images for selected times of (a)–(c) t ¼ 0.021 s, indicated by a vertical solid line in
Fig. 10(b), and (d)–(f) t ¼ 0.003 s, indicated by a vertical dashed black line in Fig. 10(c) for the SL
at M ¼ 0.7.
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compute the images from the properly processed wavefronts. In our opinion, it provides a new
possibility for studying aero-optical-related image distortions and potentially mitigating these
distortions in image-based tracking systems.

4.2 Time-Averaged or Long-Exposure PSFs for any Apertures

In many cases, the exposure time for imaging cameras is larger than the characteristic time scales
of the aberrating flow structures, which are on the order of Λ∕U∞, whereU∞ is the aircraft speed
and Λ is a characteristic streamwise length scale. Consequently, the instantaneous blurring effect
from many convecting flow structures will be averaged out. In this case, it is possible to compute
the resultant long exposure PSF if the wavefront statistics are known. For incoherent imaging,
the PSF can be found as a spatial Fourier transform of the optical transfer function, HðkÞ,12

EQ-TARGET;temp:intralink-;e003;116;591PSFðxÞ ¼
Z

HðkÞ expð2πik · xÞdk; (3)

where k ¼ ðkx; kyÞ is the two-dimensional spatial frequency. In turn, the optical transfer function
of the overall optical system is a product of a transfer function of fixed optics, HOðkÞ, and a
corresponding long-exposure optical transfer function of the aberrating flow, HLEðkÞ,12

EQ-TARGET;temp:intralink-;e004;116;510HðkÞ ¼ HLEðkÞHOðkÞ: (4)

For instance, for a circular aperture, HO is given as12

EQ-TARGET;temp:intralink-;e005;116;466HOðkÞ ¼
(

2
π

h
cos−1ðzÞ − z

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − z2

p i
; z ≤ 1

0; z > 1
; (5)

where z ¼ jkjλL∕D and L is the distance to the target.
For apertures larger than a characteristic flow length scale, spatial distributions of the wave-

fronts for both the BLs13,14 and the SLs15 can be reasonably approximated as Gaussian. For a
plane wave propagating through a spatially Gaussian random field, it is straightforward to
show12 that HLEðkÞ can be computed using a phase structure function, DðΔxÞ, as

EQ-TARGET;temp:intralink-;e006;116;355HLEðkÞ ¼ exp

�
−
1

2
DðλLkÞ

�
; (6)

where DðΔxÞ ¼ 2ð2πWrms

λ Þ2½1 − ρðΔxÞ� and Δx ¼ ðΔx;ΔyÞ. The normalized spatial autocorre-
lation function, ρðΔx;ΔyÞ, can be computed from the wavefronts as

EQ-TARGET;temp:intralink-;sec4.2;116;284ρðΔx;ΔyÞ ¼ RðΔx;ΔyÞ∕Rð0Þ; RðΔx;ΔyÞ ¼
Z

Wðx; y; tÞWðx − Δx; y − Δy; tÞdx dy;

where the overbar denotes the time averaging. From Eq. (6), it follows that the phase structure
function is proportional to (2πWrms∕λ),2 and therefore, for large Wrms∕λ-ratios, the resultant
image distortions will be severe.

Since the wavefronts were collected over the finite-size aperture (D ¼ 0.2032 m), which
is comparable in length scale to the typical SL flow structure (Λ ¼ 0.13 m), significant tip/tilt
is present in the wavefronts. Recall that environmental mechanical corruption also introduces
tip/tilt into the wavefront data. Therefore, overall tip/tilt, both aero-optical and mechanical, was
removed from the wavefronts. This tip/tilt removal will result in modification of the spatial sta-
tistics of the residual wavefronts, the so-called aperture effects.16–18 Since aero-optical tip/tilt is
removed from the wavefronts, important information about the spatial scales larger than the
aperture size is also removed. Furthermore, even correlations for spatial separations smaller than
the aperture diameter will be modified.16

One way to reconstruct a correct spatial autocorrelation is to recognize that, since the wave-
fronts are primarily convective in nature, it is possible to recover the correct wavefront spatial
statistics in the streamwise direction by extending the wavefronts to any aperture length and
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re-introducing the removed tip/tilt component using the stitching method.14,19 Briefly, the stitch-
ing method relies on Taylor’s Frozen Field Hypothesis between wavefronts collected in adjacent
times. If the underlying structure does not change or evolve between adjacent frames and is
instead primarily convective or simply shifts downstream, the distorting structures should be
spatially the same but located at different, further downstream locations. The region of common-
ality between two consecutive frames is referred to as the overlapping region, see Fig. 14(a). By
shifting the wavefront, taken at a later time, by Δx ¼ −UCΔt (UC is the convective speed), as
shown in Fig. 14(b), and adding piston and tip/tilt components to the shifted wavefront until the
least-square error between the wavefronts in the overlapping region at two adjacent times is
minimized, it is possible to recover only the aero-optical piston and tip/tilt components, which
were originally removed from the wavefronts. Recall again that piston, tip, and tilt are tradition-
ally removed in typical wavefront processing as mechanical contamination is coupled with tur-
bulence-induced tip and tilt. This stitching procedure allows for the turbulence-induced
contribution of these quantities to be reintroduced, free of the inconvenient mechanical contami-
nation, which is irrelevant for this analysis. This stitching method is repeated among adjacent
frames to get a long streamwise strip of the wavefronts, as schematically shown in Fig. 14(c).
Note that the stitching method also fills the center obscuration in the wavefronts.

Using the stitching method, long strips of the wavefronts were computed for both the SL and
the BL cases. The wavefronts were broken into 100 blocks of no-overlapping wavefronts 1.4 m
long in the streamwise direction, and unbiased estimates of spatial autocorrelations were com-
puted. The normalized spatial autocorrelation for the SL case at M ¼ 0.6 is shown in Fig. 15. A
pseudoperiodic nature of the SL in the streamwise direction is clearly visible by the alternating
regions of positive and negative correlation in the streamwise direction. Using the stitching
method, it was now possible to correctly recover the autocorrelation function at large separations.
In addition, the correlation is elongated in the cross-stream direction, indicating the presence of a
pseudo one-dimensional large-scale structure. The normalized spatial autocorrelation functions

Fig. 14 “Stitching” of two frames W ðx ; y ; t0Þ and W ðx ; y ; t0 þ ΔtÞ. Reproduced with permission
from Ref. 19.
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for M ¼ 0.5 and M ¼ 0.7 are very similar to the one at M ¼ 0.6 and therefore are not pre-
sented here.

Using the experimentally extracted spatial autocorrelation function from Fig. 15, the time-
averaged or long exposure PSFs for the SL case can be computed for a circular aperture using
Eqs. (3)–(6) for anyD andWrms∕λ-ratio. Long exposure PSFs, computed for the current aperture
diameter of D ¼ 0.2032 m, using experimentally measuredWrms values at different Mach num-
bers, are shown in Fig. 16. For a Mach number of 0.5, the Wrms∕λ-ratio is small and the PSF,
shown in Fig. 16(a), is close to the diffraction-limited one. At M ¼ 0.6, see Fig. 16(b), the
Wrms∕λ goes up, and the PSF shows increased distortions primarily in the streamwise direction,
with two lobes developing on both sides of the main peak. Overall, the time-averaged PSF is
similar to the one computed directly from the wavefronts, presented in Fig. 8(a), although the
PSF in Fig. 8(a) is more elongated in the streamwise direction and has stronger side lobes. At the
highest Mach number of 0.7, presented in Fig. 16(c), the distortions are significant enough to
blur the image in both directions. Again, the time-averaged PSF, while narrower in the stream-
wise direction, is similar to the computed one in Fig. 8(b). Possible reasons for these small
differences in PSFs in Figs. 16(b) and 16(c) and in Fig. 8 include the assumption of
Gaussian-distributed wavefronts and different aperture shapes (the circular one in Fig. 16 and
the circular one with the central obscuration in Fig. 8).

The described procedure allows one to compute time-averaged PSFs for any aperture diam-
eter. For instance, if the aperture size is increased to D ¼ 0.4 m, correlations at larger spatial
separations will also affect PSFs, resulting in more spatially extended PSFs, relative to the

Fig. 16 Long exposure PSFs for the SL case, computed for a circular aperture with D ¼ 0.2032 m
and experimentally measured W rms values at Mach numbers of (a) M ¼ 0.5, (b) M ¼ 0.6, and
(c) M ¼ 0.7. λ ¼ 0.55 μm. Airy disk is indicated by a white circle.

Fig. 15 Normalized unbiased spatial autocorrelation function, ρðΔx;ΔyÞ, for the SL case at
M ¼ 0.6, computed using the stitching method. Spatial coordinates are normalized by the SL
streamwise structure length, Λ ¼ 0.135 m.
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diffraction-limited PSF. The computed time-averaged PSFs for the larger aperture at different
Mach numbers are presented in Fig. 17 and indeed show larger relative streamwise blurriness at
all Mach numbers, with the fainter side lobes appearing to be farther apart from the main peak.
In fact, the angular separation of the side lobes depends only on the Λ∕λ-ratio. Therefore, this
ratio is the same as for D ¼ 0.2032 m, but the far-field angles in Fig. 17 are multiplied by the
larger D.

The normalized spatial autocorrelation function for the BL case at M ¼ 0.7 is shown in
Fig. 18. The spatial coordinates are normalized by the local BL thickness, δ. The BL structure
does also show some periodicity in the streamwise direction, although with smaller values of
negative autocorrelations of about −0.3 at ðΔx∕δ;Δy∕δÞ ¼ ð�2; 0Þ. In contrast, the normalized
spatial autocorrelation function for the SL case, shown in Fig. 15, has negative values of almost
−0.6 at ðΔx∕Λ;Δy∕ΛÞ ¼ ð�1; 0Þ. Defining a BL correlation length as the distance between the
adjacent negative peaks, the correlation length of the BL wavefronts was found to be about four
BL thicknesses. The normalized autocorrelation function is very similar to the ones computed in
numerical simulations of the aero-optical effects of the BL20 and extracted from wind tunnel
measurements.16

For the BL case, the values ofWrms∕λ are less than 0.2, see Table 1, and the resultant PSFs are
expected to be close to the diffraction-limited ones. Figure 19 presents PSFs, computed using the
spatial autocorrelation function for the BL atM ¼ 0.5, 0.6, and 0.7. As expected, the PSFs have
a diffraction-limited size. As in the SL case, the computed PSFs are similar to the ones presented
in Fig. 7.

The outlined procedure, presented by Eqs. (3)–(6), can be easily extended to any aperture
shape and size by properly choosing the transfer function of fixed optics, HOðkÞ, in Eq. (5).

Fig. 18 Normalized unbiased spatial auto-correlation function, ρðΔx;ΔyÞ, for the BL case at
M ¼ 0.7, computed using the stitching method. Spatial coordinates are normalized by the BL
thickness, δ.

Fig. 17 Long exposure PSFs for the SL case, computed for a circular aperture withD ¼ 0.4 m and
experimentally measured W rms values at Mach numbers of (a) M ¼ 0.5, (b) M ¼ 0.6, and
(c) M ¼ 0.7. λ ¼ 0.55 μm. Airy disk is indicated by a white circle.
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5 Conclusions

AAOL-BC was employed to acquire in-flight simultaneous wavefront and image data through
two different fundamental aero-optical environments, a BL and an SL. Relationships between
relevant flow structures and consequent image blurring were identified and further investigated.
The BL environment did not impose appreciable distortions on the imaging results, and these
scenarios were essentially diffraction limited. Conversely, the characteristic large-scale vortical
structures indicative of SL environments did impose significant image degradation, especially in
the streamwise direction. Using wavefront data, both the MTFs and PSFs for each test case were
calculated and used to quantify these distortions. Also, PIB ratios were extracted from the image
data and compared with the ratios computed from the wavefronts data. These ratios were found
to correlate well with each other. It was found that when large-scale SL structures were present
over the window, it resulted in a drop in PIB ratios and the images were distorted predominantly
in the streamwise direction. When no organized optical structure was present over the window, it
resulted in large values of PIB ratios and axisymmetric image blurring. This confirms that the
convecting vortical SL large-scale structures are attributed with markedly increasing image blur-
ring seen in the streamwise direction. It was also shown that knowing the spatial autocorrelation
statistics of the aero-optical distortions allows long-exposure PSFs to be computed for an arbi-
trary aperture shape and size.

To correctly measure PSFs, expensive diffraction-limited optical setups are typically
required. In this study, it was shown that a good agreement exists between directly measured
distorted images and the images computed using properly processed wavefronts. Therefore,
aero-optical-related image distortions can be investigated by measuring instantaneous wave-
fronts alone. Usually, experimental setups designed to collect wavefronts do not require expen-
sive optics, and most of the corrupting effects, such as steady-lensing and mechanical vibrations,
can be easily removed during postprocessing. However, these corruptions are more difficult and
computationally more intensive to remove from directly measured images. In addition, once
wavefronts are collected, far-field effects can be computed for different apertures and a wide
range of wavelengths, including the infrared range, where direct far-field studies require spe-
cialized optics and cameras. Thus, in the authors’ opinion, the presented work provides a new
opportunity to study and ultimately to compensate for aero-optical image distortion effects in
airborne imaging and directed energy system applications.
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