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Image alignment plays an important role in pressure-sensitive-paint (PSP) data processing. A systematic com-
parative study of two commonly used approaches, namely, image transformation using image-warping transforms
before ratioing and, alternatively, image mapping on to three-dimensional model space (using resection methodol-
ogy prior to ratioing) prior to ratioing, is attempted here. PSP results along with conventional static port data as
on a generic aircraft model at a freestream Mach number of 0.6 and incidence of 10 deg (taken from earlier work)
are utilized to critically assess the merit of the preceding two approaches. The analyses show that image-warping
methods can result in larger errors in regions of strong spatial gradients of pressure and on bodies that are signif-
icantly three dimensional. Further, the resolution obtained from the resection approach is significantly greater (of
the order of less than a pixel) compared to the transform methods.

Nomenclature

a,, b,, A, B,C, D transform coefficients

C, = model surface-pressure coefficient

f = focal length of camera lens

1 = image to be warped on to base image

Iy = base image onto which other images
are warped

L, = direct linear transform coefficients

X, Y, Z = point in model space

X, Y., Z, = camera perspective center

(x,y) = point on base image

',y = point on image to be warped

w, P, Kk = Euler angles

1. Introduction

HE technique of pressure-sensitive paints (PSP) for measure-

ment of surface-pressure distributions on wind-tunnel models
has gained increasing acceptance in recent years, as a tool for both
industry and research.! The method uses a PSP coated on a model,
digital imaging using a charge-coupled-device (CCD) camera and
image processing to obtain surface-pressure information with a fair
degree of resolution. The approach can be of either the lumines-
cent lifetime or luminescent intensity type. The lifetime pressure is
not dependent on illumination intensity, and hence the paint has a
single pressure-sensitive luminophore. The intensity method uses
either a unary (pressure-sensitive molecule) or binary luminophore
(both intensity and pressure-sensitive molecules). The binary paint
provides a means to normalize the pressure-sensitive image by the
illumination sensitive image and thus eliminate the effects of spatial
and temporal nonuniformity in illumination, coating thickness and
luminophore concentration. The intensity-based method requires a
ratio between normalized wind-on and wind-off conditions. The
wind-off condition is also termed the reference and typically taken
to be ambient values. The images are captured using scientific grade
cooled CCD digital cameras, which exhibit good linearity and have
high-intensity resolution (12 to 16 bits) and physical resolution (up
to 2048 x 2048 pixels).
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The various steps in PSP data processing include 1) calibration of
the paint and converting image intensities to pressure; 2) application
of corrections for nonideal imaging, which include alignment, cor-
rection for optical distortions etc.'; and 3) determining and applying
a transformation from image to model coordinates. The second step
for most PSP methods using binary paint involves a ratio-of-ratios
between a reference (wind-off) image and a pressure (wind-on) im-
age, each of which are normalized by the illumination to compensate
for spatial and temporal variation in light intensity. The images are
ratioed after an alignment process termed registration. The errors in
image alignment arise mainly from the following two factors: first,
that the model might not be in exactly the same position between
the wind-on and wind-off images; and second, the two views of the
model, one from each camera (e.g., for a binary paint), are generally
different. The image alignment errors coupled with the ratioing pro-
cess could result in certain inaccuracy in the PSP data. The third step
is the mapping of image coordinates on the three-dimensional model
using photogrammetric techniques in a method termed resection.?>
The term “resection” in photogrammetry is strictly defined as de-
termination of the exterior orientation parameters of a camera for
given internal orientation parameters. However, in the PSP com-
munity this has loosely come to mean the mapping onto a sur-
face grid after the camera parameters are known, which involves
alignment of the images with each other prior to normalization
and ratioing.

It has long been recognized'*> that the accuracy of a PSP sys-
tem depends on many factors among which image alignment>~8
and temperature!* are the most important. In this paper, we will
address only the issues relating to image alignment in the context
of a binary paint. Unless otherwise mentioned, “paint” refers to bi-
nary paint. There are two very commonly used methods to obtain
the ratio-of-ratios. The first, more commonly used, is to use some
form of image transformation method to warp all the images on to
the base image followed by ratioing, and thereafter map the ratio
on to the surface grid of the model using resection. The alterna-
tive is to form the ratios in model rather than image coordinates
by first individually resecting all images onto the model grid. The
image-warping approach, more commonly used in PSP work, seems
suitable and adequate when the model surface is largely flat (with
minimum transverse curvature) and model deflections and defor-
mations are small between wind-off and wind-on images. However,
more accurate results can be obtained by resection prior to ratioing,
particularly for three-dimensional models in general and with model
deflections between wind off and wind on; simple image-warping
techniques are not sufficient,”® and the error can be significant as
we shall see in succeeding sections.

A third (less explored) approach is to use correlation-based image
registration methods. In this approach, local displacement vectors
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are found from cross-correlating interrogation windows between
the wind-off and wind-on cases. Weaver et al.'® proposed a quan-
tum pixel energy distribution algorithm that uses spatial anomalies
as markers and then used a pixel matching algorithm, which, al-
though it eliminates markers, is extremely time consuming, and
Park and Sung'! used a layer of diffuse markers by spraying gray
paint coarsely over the base coat. However, the effect on calibrated
pressure sensitivity has not been studied.

Photogrammetric techniques, although not in general widespread
use in wind-tunnel testing practice, have been used recently for lu-
minescent paints and model deformation methods. Donovan et al.,!?
LeSant and Merienne,” Bell and McLachlan,? Samtaney,'® and Liu
et al.” have described the application of these methods to PSP data
processing. For example, Donovan et al.'? and Bell and McLachlan®
use a two-step method, first warping all images onto a base (wind-
off) image, ratioing, and then applying the resection method to map
the final ratio-of-ratios (herein after referred to as field image) ob-
tained from image warping to the model grid rather than individ-
ual resection prior to ratioing. However, the effects of (imaging)
lens distortion have been only approximately accounted for in their
analysis. LeSant and Merienne,’ Samtaney,'® Liu et al.,” and Fonov
et al.'* point out that more accurate results are obtained by adopting
the second approach just outlined, namely, individual resectioning
of all images prior to ratioing. Liu et al.” have proposed an optimiza-
tion method for estimating the effects of image distortion introduced
by the camera optics wherein the distortion can be estimated from a
single image. Ruyten'® used photogrammetric principles to create a
mathematical model for measuring position, attitude, and deforma-
tion using multiple cameras in a wind tunnel. Ruyten and Sellers!®
compared processing schemes and showed that the time for PSP
data reduction could be limited to less than 10 s by usage of parallel
processing schemes.

As just seen, although resection approaches has been discussed
in earlier work, no systematic comparison of accuracies obtainable
from the two major approaches, namely, image warping and resec-
tion, against conventional pressure port data has been published so
far. This analysis is carried out using the PSP results obtained on
a generic wing-body model for a binary paint. The advantages and
limitations of both image warping and resection prior to ratioing ap-
proaches are discussed, and their accuracies compared with pressure
port data.

II. Image-Warping Methods

These methods are suited mainly for rigid-body motion of two-
dimensional objects with small deformations, while being reason-
ably good approximations for small motions of three-dimensional
objects. The geometry of the model, amount of deformation, number
of markers, accuracy required, and computational resources deter-
mine the method chosen. Bell and McLachlan® have shown that the
accuracy with which image registration much be performed is de-
pendent on the maximum intensity gradient in the images and level
of error that can be tolerated in the pressure measurement. They
show that for a typical aircraft model (North American XB-70A) at
a freestream Mach number of M = 0.4 with large pressure gradients
(o =15 deg), a misregistration of 0.1 pixel widths would result in a
C, error of 0.1, which is quite significant. The accuracy requirement
varies with flow condition and spatial location.

Six different transforms will be discussed; each of these trans-
forms is best suited to a particular kind of distortion and deforma-
tion, which is both model geometry and flow dependent* and can be
appropriately chosen by the user. Their description and applicability
are detailed in the following subsections.

Prior to the transformation, corresponding features or control
points or markers have to be located in the two images. The co-
efficients of the transform are then obtained by requiring that the
transform match up corresponding control points. This leads to a set
of linear algebraic equations, which is solved for the coefficients.
Because each control point provides two coefficients, the minimum
requirement of control points is half the number of coefficients re-
quired for the transformation. However, rather than rely on the pres-
ence of identifiable features in the image, it is common practice to

place artificial markers in the form of black dots on the model for
this purpose. If there are more points than necessary and the system
is overdetermined, the equations are solved in a least-squares sense.

The markers are identified here by a manual process outlined in
Sec. IV. Le Sant et al.° enumerate many fast and automatic algo-
rithms for locating markers and establishing the correspondence of
targets in wind-on and wind-off images. However, they point out
that most of these algorithms are not always successful, leading to
missed markers. Bell et al.' show that an error in locating a single
marker point can have a overall effect on the transformed image,
because of the global effect of the transforms used.

This paper will not go into the methods of marker location
and identification, but will confine itself to the image registration
techniques.

A. Projective Transform

This transform is most suitable when there is model deflection
(between wind-off and wind-on cases) without any deformation and
needs a minimum of four pairs of control points. This implies that
this method must be chosen when the image appears “tilted,” that
is, straight lines remain straight, but parallel lines converge towards
“vanishing points,” which might or might not fall in the image. Given
an wind-on image / to be mapped on to a base image I (typically
chosen as the wind-off reference image), any point (x, y) in Iy is
related to the corresponding point (x’, y') in I by!”

Y= alx’-i-azy’—l—a; _ blx’—i-bzy’—l—b; (1)
- ox + oy +1°7 v= ox' +cay +1

where ay, a,, as, by, b, bs, c1, ¢, are the transform coefficients.

B. Affine Transform

The affine transform needs just three pairs of control points. This
is chosen when the image shape exhibits shearing type of deforma-
tion. Straight lines remain straight, parallel lines remain parallel, but
rectangles become parallelograms. In general,'s

X x’
=AX ,' + B 2)
y y
where
cos(f) —sin(h) B 0
sin(@)  cos(@) |’ )
for pure rotation and
Ao 10 B by
oo T b

for pure translation.

C. Linear Conformal

This transform is suited for cases where the image undergoes a
combination of translation, rotation, and scaling, but the basic shape
remains unchanged. In general,'

x'= A+ Cx + Dy, y=B—Dx+Cy 3)
where C = [scale factor] x cosine([angle of rotation]), D = [scale
factor] x sine([rotation angle]), and A and B are offsets for the cen-
ter of rotation in output coordinates (translation).

The minimum number of marker pairs required for this trans-
formation is just two; however, this transform does not yield good
results unless the model is a very basic geometric shape and under-
goes no deformation.
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D. Polynomial Transform

Polynomial transformations are commonly used as the higher-
order polynomials can account for nonlinear local deformation com-
bined with model movement.> However, with increasing order the
accuracy is limited because of to the inherent unstable nature of
such polynomials. A first-order transformation requires only three
targets, but second- and third-order polynomial transforms need a
minimum of 6 and 10 targets, respectively. This takes the form of a
polynomial series expansion?:

2 2
X = ag + ax’ +any + apx” +any? +anx'y + ...

y = boo + biox’ 4+ b1y + bax? + by +byx'y +... (4

E. Piecewise Linear

This transform is based on Delaunay triangulation.? In this tech-
nique, each image is divided into triangles whose vertices are at
chosen markers in the image. The location of any point in the wind-
on image can be defined in terms of parametric coordinates in to the
corresponding triangle in the wind-off image. This technique was
first adapted for PSP image registration by Shanmugasundaram and
Samareh-Abolhossani.”! Although this is an accurate fit even when
model distortion is nonuniform, it performs poorly when the model
motion is nonlinear. This is because it is a piecewise linear fit, and as
the individual triangles grow larger it will less accurately represent a
surface that is fundamentally nonlinear. This technique needs a min-
imum of four pairs of marker, but accuracy improves considerably
as the number of pairs are increased to 14°.

F. Local Weighted Mean

In this technique, the local information is used with user-defined
weighting at each point. The method?? creates a mapping, by infer-
ring a polynomial at each control point using neighboring control
points. The mapping at any location depends on a weighted average
of these polynomials.

For each control point in the base (wind-off) image, the N closest
control points are found. Using these N points and their correspond-
ing points in the input (wind-on) image, a second-order polynomial
is inferred. The radius of influence of this polynomial is the distance,
from the center control point to the farthest point used to infer the
polynomial (using points in the wind-off image). The number of
points used to define each polynomial can be set; hence, the radius
of influence extends out to the farthest control point used to infer
that polynomial. This is highly useful when the distortion varies
locally and the piecewise linear method is not sufficient. Although
a minimum of six pairs is required, small (<10) numbers of pairs
can lead to ill-conditioned polynomials.?

III. Resection onto a Surface Grid

The transformation from model space coordinates (X, Y, Z) to
image plane coordinates (x, y) is required in order to be able to
determine the surface pressure at a physical point of interest in the
model. This is termed as resection of an image onto the model
surface grid.

A. Surface Grid

Figure 1 shows the body-fitted surface grid for the model used,
generated using the GRIDGEN® software from Pointwise, Inc. Al-
though only a representative grid has been shown in the figure for
clarity, the multiblock grid used had a physical resolution of 2.5 mm
in the streamwise and 1.3 mm in the spanwise direction, respec-
tively. The grid was mirrored, with the mirror axis plane being the
XY plane and composed of 12 blocks (or zones) with a total of
111,880 points. Figure 1 shows the number of points for zones one
side of the mirror axis.

The availability of an accurate three-dimensional model for the
surface grid is an important requirement, which is difficult to achieve
when the model deforms under air loads. The resection approach
outlined here is applicable to perfectly rigid models. Although model
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Fig. 2 Pinhole camera model.>

deformation could be a source of error and needs to be taken care
of in the resection process, it is extremely difficult to characterize
the actual model deformation under aerodynamic loads in a wind
tunnel without actual measurements.

B. Camera Model

We first need to obtain a camera model, based on perspective
projection, which, though nonlinear as opposed to the linear ortho-
graphic projection, provides an idealized mathematical framework
and is quite accurate for high-quality camera systems. The camera
model incorporating lens distortion proposed by Heikkild? is used
here along with his three-step approach. (Details of this model and
the method of solution given by Samtaney'? are given for reference
in the Appendix.) Figure 2 shows a pure perspective projection (pin-
hole camera) camera model.>* The lens of the camera is modeled by
a single point called perspective center (X,, Y., Z.), which is also
the origin of the image coordinate system (center of projection O)
in model coordinate space. The camera model uses six exterior and
eight internal parameters. The lens distortion terms can be modeled
as the sum of radial distortion and decentering distortion as outlined
by Slama.?* The first step involves an initial guess for the camera
exterior parameters (camera location and orientation), which are ob-
tained either by the direct linear transform method® or by using the
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nominal values of the focal length and image plane (CCD) size. The
second step estimates the parameters of the forward camera model
(which are intrinsic to the camera) by minimizing the weighted sum
of squared differences between the observations and the model.
The Levenberg—Marquardt method is then used for the optimiza-
tion problem. Although this optimization approach necessitates the
use of more than one image in order to obtain the observation error
statistics, it results in very few (typically <50) iterations to reach the
minimum as a result of the sophistication of the method. Liu et al.”
use a sequential golden section search, which uses just a single im-
age but does not work well for two-dimensional objects. Further,
in this step, bias correction for circular control points is used. This
is necessary because the usual assumptions of unbiased observa-
tions, identically distributed random noise in the image coordinate
observations, and an ideal camera model for the mapping between
the three-dimensional object and its image do not necessarily hold
well. The third step is a nonrecursive step for reversing the distortion
model for backward projection from the image plane (see Appendix
for details).

IV. Experimental Data Utilized for the Assessment
of Different Image Registration Methods

Experimental PSP data obtained on a generic aircraft wing-body
configuration’®?” in the 1.2-m trisonic wind tunnel at National
Aerospace Laboratories are used to assess the accuracy of the dif-
ferent approaches and methods.

The model, having a span of 400 mm and a length of 430 mm,
was coated with Optrod B1 binary paint (Fig. 3a). The lee side of
the model was instrumented with 12 static pressure ports along the
span (at a streamwise station of 344 mm from the nose) and four
Cr-Al thermocouples on the model surface for the measurement of
surface temperature during a blowdown. The PSP tests were made
at freestream Mach numbers of 0.6 and 0.8 and at model incidence
of 6 and 10 deg.

To perform the transformation, 32 markers (Fig. 3a) were pro-
vided on the model. The pressure ports were not used as markers.
The imaging area of the model was slightly restricted (wing tip
area cut off on one side) in order to maximize CCD resolution, and
so only 30 of these markers were used. The physical locations of
these markers were determined to an accuracy of 0.1 mm by using
a three-axis coordinate measuring machine.

The paint emission data were acquired by two air-cooled scientific
grade 12-bit CCD slow scan cameras (Model Sensicam SVGA) with
resolution of 1280 x 1024 pixels. The sensor size was 16.9 mm
(2/3 in.) and pixel size 6.7 x 6.7 um. The schematic of the setup
detailing camera locations and dimensions is shown in Fig. 3b.

The image coordinates of the marker centroids was found man-
ually. This involved prescribing an 8 x 8 pixel square around the
marker, and then an optimal intensity threshold using the histogram
of this image area detected the marker area in the square. Thereafter,
the extended-minima transform of the image is computed using the
optimal threshold found. This returns a binary matrix, from which
all of the connected pixels (marker) in it are found and the centroid
computed. The error in determining centroid is <0.1 pixel.

To compare the accuracies of the different image registration
methods, we utilize here only one test case, namely, PSP results
at M = 0.6 and o = 10 deg. The pressure is obtained from the inten-
sity by use of a calibration function obtained by a priori calibration
of the paint on a coupon. PSPs are temperature dependent. The tem-
perature sensitivity of the Optrod B1 is about ~0.35%/°C. Because
the measurements were made in a blowdown wind tunnel,?’ there
was a drop of a few degrees in model surface temperature during
a blowdown. The experimental test case used here (see Ref. 23 for
details) involved only a 2-3-deg drop in model temperature, and
the spatial nonuniformity on the wing was within £1.5°C . Channa
Raju and Viswanath?’ have suggested a temperature correction to
PSP results based on the mean temperature of the model during
PSP data acquisition. This methodology is used here as well; more
details on the experiments and validation are available in Channa
Raju and Viswanath.”’ The model mean temperature was 22°C for
the test case analyzed.

a) Aircraft wing-body model coated with Optrod-B1 paint

—» Schlieren Window

— Camera Window

Side view

— [llumination Window
0

Direction of model&
motion (0.1°)

Cameras

b) Schematic of measurement setup

Fig. 3 Experimental setup for PSP tests.?’

V. Results and Discussion

A. Transformation Errors Using Image Warping

Figure 4, which is a ratio-of-ratios, shows the misalignment when
no registration is performed. The four markers sets are clustered as
groups of two, and the difference between the wind-off and wind-on
condition is very small (very few pixels) compared to the difference
(approximately 43 pixels) caused by the two camera perspectives.
This followed from the fact that the experimental model utilized
in the test case was fabricated from high-strength steel (EN-24)
and had a wing thickness of 12 mm except in the vicinity of the
beveled edges. Engineering estimates have shown that for the loads
experienced by the model (freestream dynamic pressure 32,230 Pa
for test conditions) the deflection is <0.1 deg, which is extremely
small. It is very likely that the model deformation is negligible in
this case. The misalignment of markers therefore is largely caused
by differing camera perspective.

Figures Sa—5f show the field image obtained by using the differ-
ent image-warping methods along with the maximum and average
errors in each ratio. For each transformation the minimum number
of markers needed was used, and the error computed from the rest.
The centroids of these markers were determined in the same way
as described in Sec. IV. Although it is common practice to filter out
the markers prior to ratioing, here marker removal has not been ef-
fected in order to demonstrate the magnitude and spatial distribution
of the error in transformation. We see that the clusters of markers
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Fig. 4 Superimposed images showing marker misalignment when no
registration is performed.

Max error =22 pixels
Avg error = 14 pixels

Max error = 35 pixels
Avg error = 22 pixels

b) Affine

Max error = 18 pixels
Avg error = 10 pixels

¢) Polynomial (order 3)

are closely spaced on the flat areas of the model, but spread out on
the curved surface of the fuselage, showing that the maximum errors
are always on the fuselage curved surface, for reasons discussed in
Sec. I and by other studies.”

The maximum error (approximately 35 pixels) is observed for
the affine and linear conformal methods. Although these two meth-
ods require only two and three pairs of markers respectively, they
have the constraints of being suitable only for shearing deformation
(affine) and simple geometric shape (linear conformal). Similarly,
the error decreases to 22, 18, and 12 for the projective, polynomial
(order 3), and local weighted mean methods, respectively. Thus,
with increasing number of spatially distributed marker pairs used
by a method, the error decreases correspondingly. This implies that
for a complex geometry, which is not the simple combination of ba-
sic geometric shapes, methodologies that assume straight lines and
simple shearing or combination of deflection and rotational move-
ments are insufficient. The maximum error on the wings, which are
flat two-dimensional bodies, is less than five pixels for all cases,
which confirms the preceding conclusion.

The piecewise linear method that divides a surface into triangles
for better representation of a fundamentally nonlinear surface thus

Max error = 35
pixels
Avg error =20

d) Linear conformal

Max error = 12 pixels
Avg error = 9 pixels

e) Local weighted mean

Max error = 3 pixels
Avg error = 1.5 pixels

f) Piecewise linear

Fig. 5 Field image obtained through different transformation methods.
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performs better with an error of only three pixels, as seen in Fig. 5f.
However, the piecewise linear method performs very poorly where
there are inadequate markers (e.g., near the peripheries), and the
size of the triangle for mapping has to increase. This is in line
with the observations of Bell and McLachlan.® Hence a third-order
polynomial has been chosen for comparison of the image-warping
approach to the resection approach,

B. Comparison of Results on the Surface Grid

The resection-before-ratio approach is used to directly obtain C,
on the grid using the camera model outlined in Sec. IIl.A and de-
tailed in the Appendix. The error in pixel location for each grid point
was about 0.34 pixels. Although the camera calibration model used
here has been shown to give an accuracy of 1/50th of a pixel with
computer-generated random noise,?® errors in locating the markers
on the three-dimensional model seem to reduce this accuracy. A
2 x 2 filter (binning average) was used to reduce the spatial reso-
lution of the PSP image to be comparable to conventional pressure
port data (approximately 1 mm). This also helps in attenuating the
inherent noise associated with pixel-to-pixel variations in the CCD
array and helps to compare with pressure port data.

The image-warping approach uses the polynomial (order 3) trans-

form, which is then ratioed in the normal way. This method was
chosen because the polynomial is the commonly used approach in
processing PSP data. The ratioed image is then resected onto the
grid with the same 2 x 2 filter as for the direct resection approach.
Figure 6 shows the C, on the surface grid obtained by the direct
resectioning of each image onto the surface grid, followed by ratio-
ing. The x and y coordinates have been normalized by the length
of the model. The pressure ports (image diameter: two pixels) on
the model are visible in the ratioed image. This implies that the
resection of each image onto the grid has been accomplished with
an error lesser than two pixels. This illustrates the accuracy of the
data. Comparisons of the data with pressure port measurements
made in the following paragraphs will prove this point. However,
the resection-before-ratio approach is computationally more inten-
sive. The computation time per image was about 8 s/image on a P4
at 1.8 GHz with 1 GB of RAM as compared to 3 s/image for produc-
ing the field image by the polynomial (order 3) method. The total
time was hence 32 and 17 s (3 s/image x 3 images + resectioning of
field image on to grid) for the resection and polynomial approaches
respectively.

Figure 7, which is the resection of the image warped and ratioed
field image (which is also Fig. 5c) onto the surface grid, illustrates
the lesser accuracy of the polynomial approach. Here, in contrast
to Fig. 6, we see that the pressure ports and markers are not clearly
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Fig. 8 Comparison of mean pressure at a section from PSP methods
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visible, despite the same resection process used to map the ratioed
image on to the surface grid. The third-order polynomial used has
a smoothing effect, and the subsequent filtering has erased out the
markers and pressure ports.

Figure 8 shows a comparison with pressure port data with the
two approaches. The data shown are for half the fuselage and the
wing containing the pressure ports. The uncertainty of the pressure
port measurements is within +0.02C, (Ref. 27), which is about the
size of the symbol in the figure. Both approaches appear to yield
similar accuracies and show agreement with the port data, though the
resection prior to ratioing (second approach) gives better results over
the body and towards the wing tip and also on the fuselage section.
Further, the PSP data in both cases indicate a minimum C,, lower
than that captured by the ports; the results suggest that the minimum
occurs between two ports and a larger number of pressure ports on
the model would have captured the same more accurately. The rms
deviations from the pressure port data are 0.0939 and 0. 0353in C,
for the polynomial and resection approaches, respectively.

For the freestream Mach number and incidence chosen here, the
streamwise pressure gradients are relatively low in the region of the
pressure ports, and hence, the two approaches seem to yield com-
parable accuracy. Figure 9 compares data from the two approaches
at an axial station across the entire image (both wings and fuselage)
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Fig. 9 Comparison of mean pressure near leading edge of wing from
the two PSP approaches.

of x/L =0.35, which is near the leading edge of the wing. Here
the differences in the resolution of the two methods are clearly visi-
ble. The minimum C,, obtained for the direct resection case is lower
than for the resected polynomial case. The wing-body intersection is
clearly picked up in the former case. This is caused by the smoothing
effect of the image registration step using the polynomial approach.
Although there are no pressure ports at this station for comparison,
this conclusion is supported by the fact that the resection approach
provides better spatial resolution.

VI. Conclusions

This paper has attempted a systematic comparison of the two well-
known approaches of image registration, namely, image warping and

camera system (binary luminophore), even a single-camera system
(single luminophore) undergoing rigid-body rotation or translation
under wind loads could be a suitable candidate for the resection
approach.

The successful application and favorable results from the resec-
tion approach promise improved applicability of pressure-sensitive
paint to complex configurations and accuracy comparable to con-
ventional pressure measurements.

Appendix: Camera Model

Figure 2 shows a pure-perspective-projection (pinhole camera)
camera model.>* The lens of the camera is modeled by a single
point called perspective center (X, Y., Z.), which is also the origin
of the image coordinate system (center of projection O) in model
coordinate space.

The image plane is parallel to XY plane and at a distance f (focal
length) along the z axis. The orientation of the image coordinate
system with respect to the model system is given by a 3 x 3 rotation
matrix R, whose nine terms are not independent and can be reduced
to three parameters by taking the Euler-angle approach. This implies
that R is a calculation of three separate rotations about three principal
axes. If the rotations about X, Y, Z are denoted by w, ¢, and «,
then

1 0 0
R = R, (k)R (¢)R,(w), Ri(@w)=]10 cosw —sinw

0 sinw cosw

[ cos¢p 0 sing]
Rip)=| 0 1 0
| —sing 0 cos¢ |
[cosk —sink 0]
R.(k) = | sink cosk O (A1)
0 0 1]

‘We note that the rotations are not commutative:

COS¢Ccosk —coswsink + sinwsing cosk  sinw Sink + cos w sin ¢ cos k
R = | cos¢sink coswcosk + sinwsingsink  —sinw cosk + cos w sin ¢ sin k (A2)
sin ¢ sin  cos ¢ COS w COS ¢

resection. PSP test data obtained on a generic wing-body model at
a freestream M of 0.6 and incidence of 10 deg (taken from earlier
work) along with conventional static port data are utilized to assess
critically the accuracy of the two approaches. A comprehensive
camera model, which takes into account the lens distortions as well
as errors in identifying marker locations, is used to resect each of
the wind-on and wind-off images from both cameras onto a three-
dimensional body surface grid, prior to ratioing. This is compared
with image warping employing a third-order polynomial transform
and ratioing prior to resecting the ratio onto the surface grid, using
the same camera model.

A comparison of different image warping methods has shown
that the misalignment on a wing-body combination varies from
3 to 35 pixels depending on the surface and the method used.
The largest misalignment was generally observed on the fuselage.
The error in alignment using a third-order polynomial method was
found to be around five and 15 pixels on the wings and fuse-
lage, respectively, whereas for the resection before ratioing ap-
proach, it was less than a pixel everywhere on the model. The re-
section approach yields much higher resolution in regions having
large pressure gradients or on bodies that are significantly three
dimensional and is to be preferred, despite slightly larger com-
puting time. Although the comparison was carried out for a two-

Consider a point XY Z in model space. For an ideal camera the
projectionis at (x, y), but because of distortion the image of the point
is at (x’, y"). The relation between image and model coordinates
is expressed via the projective equation of photogrammetry, also
known as the collinearity equations®*:

x—x, =x"—x,+ Ax

rmX —X) +rpY =Y) +ris(Z - Z.)
r31(X — X)) +rY =Y) +ra(Z - Zo)

y=yp =Y —yp+Ay

(X = X) + (Y —Y) +rs(Z - Z0)
31X — X)) +rY = Y) +rs(Z - Zo)

(A3)

where X, Y., Z. is the origin of the camera frame, also known as
perspective center; f is the focal length of the lens, also known as
principal distance (the distance of the image plane from the perspec-
tive center parallel to z axis); and x,, y, is the principal point, which
is the intersection of the perpendicular from perspective center to
image plane and subscripts r;; are the elements of the rotation matrix
R. Ax and Ay are the terms that model the effects of symmetric and
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asymmetric lens distortion. This is because in real cameras perspec-
tive projection is not sufficient for modeling the mapping precisely.
Ideally, the object point, perspective center, and image point lie
along a straight line. However, in practice lens systems are com-
posed of several optical elements introducing nonlinear distortion
to optical path and resulting images.

The lens distortion terms can be modeled as the sum of radial
distortion and decentering distortion>:

dx = dx, + dxy, dy =dy, +dy,

dx, =k (x' — )c,,)r2 + ko (x' — )c,,)r4 — k3 (x’ — x,,)r6
dy, = ki (0" = y)r* + k(Y = yp)r* — ks (v — y,)r
dry = Pi[r? + 20 = x,)° | + 2P (x" = x,) () — 3,)

dys = Pi[r? +20/ = 3,)’] + 2P = x) (Y = )

r=y @ = x)2+ (' — yp)? (Ad)

where ki, k,, k3 are the radial distortion coefficients that cause the
image point to be displaced radially in the image plane and P, P,
are coefficients for decentering and tangential distortion that occur if
the centers of curvatures of the lens systems are not strictly collinear.
The affinity distortion parameters that are used if the image axes are
not orthogonal have been neglected as most CCD arrays are almost
perfect rectangles and the distortion component is less than 0.01
pixels.?

The parameters (X, Y., Z., w, ¢, k) are called the extrinsic or
exterior projective parameters, and (ki, k2, k3, P1, P>, x,, y,, f) are
called intrinsic or internal projective parameters.

If the number of markers in the model is m, the camera images
m points; the total number of unknowns are 6n + 8 (where n is
number of camera locations, here single; eight is the number of in-
ternal parameters). This results in 2 m number of equations; hence,
a minimum of seven marker points is needed at each camera loca-
tion. The system is usually overdetermined and is hence solved in a
least-squares sense. We thus need to first correct for the distortion
and then estimate the camera parameters. However, the distortion
coefficients are not usually known in advance and because of strong
coupling cannot be reliably estimated without knowing the other
camera parameters. This results in a nearly singular normal equa-
tion matrix of the least-squares problem.

A commonly used approach in photogrammetry? to avoid the
singularity is to use the least-squares estimation for only the ex-
ternal parameters, while the interior orientation and lens distortion
parameters are calculated separately using an optimization method.
For the initial guess, the direct linear transform (DLT)?! is used:

CLiX+LY+L3Z+ Ly _ LsX+LeY +L,Z+ Ly
T LeX+Lyw+LnZ T LoX+ LY +LnZ
(AS)

where L1...L11 are called the DLT coefficients and are related
to the external and internal parameters. This ignores Ax and Ay
and gives poor estimates of the principal point (x,, y,), but it can
provide an initial estimate to the optimization method. Heikkils>?
points out that the major shortcoming is that it is not an optimal
estimator, as it does not produce minimum variance estimates and
thus rather sensitive to observation noise. He concludes that for
the initialization step it is more reliable to use the nominal values
for the focal length, aspect ratio, and image center as the intrinsic
parameters.

The solution in the least-squares sense is obtained by first re-
casting the equations in a convenient form.'> Let £ be a vector of
unknowns:

€=, @, W) (A6)

where x. = (X,, Y., Z.), ® = (w, ¢, k) are the camera external pa-
rameters and W = (ky, ko, k3, P, P2, x,, yp, f) is the vector of the

camera internal parameters. Then we can rewrite the equations as'?

F&) =

Fé) = (X} F+Ax; —x) (X — Xe) - F3+ f(x;—x) 71 =0
Gi(&) = (¥ + Ay; = vp)(Xj — X) P+ f(xj — Xo) 71 =0

(A7)

where x; =(X;,Y;, Z;) is the position vector of the jth target,
X, is the position vector of the camera, and 7; is the unit vector
corresponding to the kth column of R and a function of the camera
angles (w, ¢, k). This is solved in an iterative fashion. Assume £ is
known at iteration k. The left-hand side of the preceding equation
can be expressed as a truncated Taylor series at iteration k + 1:

) JoF
FH(E) =F@) + (¥>A§" (A8)
where A&k =gk+! — gk T is a column vector with 2m elements,
the Jacobian 0IF/0& is a matrix with 2m rows and 6n + 8(= 14)
columns, and A is a column vector with 14 elements.

Solving for £¥*1 using Newton—Raphson iteration, we get

9F k-1
gl =g - [(E) ] F (§) (A9)

where [(0F/3&)*]7! is the pseudoinverse of the Jacobian. The ele-
ments of the Jacobian can be determined analytically in the manner
detailed by Samtaney.'? The solution is iterative, solving a system
of linear equations at each step. As pointed out already, in most
cases the system is overdetermined, and the solution is in least-
squares sense. The convergence criterion |[F* ' —FX| = ¢, where ¢
is a “small enough” number (here chosen as 10™%), is used.
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sequel to the author’s earlier text, Space Transportation: A

Systems Approach to Analysis and Design. Reflecting a wealth
of experience by the author, both texts represent the most comprehen-
sive exposition of the existing knowledge and practice in the design and
project management of space transportation systems. The text discusses
new conceptual changes in the design philosophy away from multistage
expendable vehicles to winged, reusable launch vehicles, and presents
an overview of the systems engineering and vehicle design process as
well as the trade-off analysis. Several chapters are devoted to specific
disciplines such as aerodynamics, aerothermal analysis, structures,
materials, propulsion, flight mechanics and trajectories, avionics, com-
puters, and control systems. The final chapters deal with human factors,
payload, launch and mission operations, and safety. The two texts by the
author provide a valuable source of information for the space transporta-
tion community of designers, operators, and managers. A CD-ROM
containing extensive software programs and tools supports the text.
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