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Model Attitude Determination in Wind Tunnel
with a Luminescent Paint Data System

Wim Ruyten¤

Sverdrup Technology, Inc., Arnold Air Force Base, Tennessee 37389-4300

The question is addressed how registration targets in luminescent paint images can be used to determine model
position and attitude (P&A) of the test article in a wind-tunnel test. The theory for such P&A determinations is
developed and applied to data from a pressure-sensitive paint test in Arnold Engineering Development Center’s
16-ft Transonic Wind Tunnel. It is shown that the camera system is capable of resolving pitch and yaw angles to
within 0.005 deg rms. However, systematic differences as large as §§ 0.05 deg are found between the camera-based
angles and angles determined from a sting-mounted balance. By analyzing the motion of the cameras relative to
the tunnel walls, the observed discrepancies may be explained by rotation of the cameras relative to the test article.
In some cases, these rotations are clearly correlated to operating conditions of the tunnel.

Nomenclature
ac1 ¢ ¢ ¢ ac11 = camera calibration coef� cients with respect

to model coordinate system
a ¤

c1 ¢ ¢ ¢ a ¤
c11 = camera calibration coef� cients with respect

to tunnel coordinate system
f (t) = yaw history vs time
Ntot = number of registration targets in least-squaressum
R11 ¢ ¢ ¢ R33 = rotation matrix elements
Uci , Vci , Wci = quantities used in imaging equations
uc , vc = image center for wall-rotation analysis
uci , vci = image coordinates of registration target
u i , vi = image coordinates of wall target
xi , yi , zi = model coordinates of registration target
x ¤

i , y ¤
i , z ¤

i = tunnel coordinates of registration target
a , b , u = pitch, yaw, roll of test article
b ck = camera yaw angle for camera k
b wk = wall yaw angle for camera k
D u, D v = camera-wall displacement parameters
D u i , D vi = image centroid shifts
D x , D y, D z = displacement of test article with respect to tunnel

coordinate system
d = camera-wall rotation angle
r rms = residual � t error
v 2 = to-be-minimized error sum from Eq. (6)
v 2

w = to-be-minimized error sum from Eq. (7)

I. Introduction

L uminescent paint measurements are assuming an increasingly
prominent role in aerodynamic testing.1 ¡ 3 This is especially

true at the Arnold EngineeringDevelopmentCenter (AEDC), which
has upgraded its pressure-sensitivepaint (PSP) system for the 16-ft
Transonic Wind Tunnel to one that employs eight cameras in the
test section.To perform PSP measurements, a luminescent coating,
whose luminescentyieldunder suitable illumination is a functionof
the pressure or temperature at the surface, is applied to a test article.
By imaging the surface, it is thus possible to determine the pressure
or temperature distributionon the test article. Most importantly, the
PSP systemis expectedto reducecycle time for test anddevelopment
projects by providing faster and more comprehensivedata than can
be obtained by traditional techniques.

A common task in luminescent paint measurements is resec-
tion.4 ¡ 7 This is the process of mapping two-dimensional image
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data onto a three-dimensional grid of the test article. To accom-
plish this task, registration targets are placed on the test article. The
desired mapping transformations are then inferred from the coor-
dinates of these targets in three-dimensional object space and in
two-dimensionalimage space. This process presents the interesting
opportunityto use the imagecoordinatesof the registrationtargetsto
calculate the positionand attitude (P&A) of the test article optically.
By contrast, traditional measurements of model attitude involve a
complex procedure for combining and calibrating data from sting-
mounted balance sensors and strain gauges. The accuracy of such
measurements is estimated to be in the range of 0.02–0.05 deg.
The motivation for the present study was to investigatethe possibil-
ity of using the optical data system to improve these accuracies to
0.01 deg or better, as desired with increasing frequency by AEDC
test customers.

The organizationof this paper is as follows. In Sec. II, principles
of optical P&A determination are formulated for the problem at
hand. In Sec. III, these principles are applied to image data from
three cameras that were used in a PSP test, i.e., before the upgrade
to an eight-camerasystem. Section IV concludeswith a comparison
of the results achieved at AEDC with optical data obtained in wind
tunnels elsewhere.7 ¡ 10

II. Theory
Determination of model P&A parameters by optical means is a

well-known problemin photogrammetry.10 ¡ 12 Consider the process
of imaging a test article (the model) on which are placed a num-
ber of registration targets. Let (xi , yi , zi ) be the three-dimensional
coordinates of these targets in a coordinate system that is tied to
the model, and let (uci , vci ) be the corresponding two-dimensional
image coordinates for camera c. If lens distortion is neglected, the
relation between these two sets of coordinates may be expressed
as4,5,10 ¡ 15

uci = Uci / Wci , vci = Vci / Wci (1)

where

Uci = ac1xi + ac2yi + ac3zi + ac4 (2a)

Vci = ac5xi + ac6 yi + ac7zi + ac8 (2b)

Wci = ac9xi + ac10 yi + ac11zi + 1 (2c)

Here ac1 ¢ ¢ ¢ ac11 are camera calibration coef� cients. Equations (1)
and (2) may be interpreted either as a direct linear transform or
as a projective transform. In the � rst case, ac1 ¢ ¢ ¢ ac11 are treated
as independent parameters. In the second case, ac1 ¢ ¢ ¢ ac11 are con-
strained by the interior and exterior coordinatesof the camera.10 ¡ 15

In both cases, the coef� cients ac1 ¢ ¢ ¢ ac11 may be obtained by � tting
measured values of the image coordinates (uci , vci ) to a known set
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Fig. 1 De� nition of coordinate systems.

of model coordinates (xi , yi , zi ). This is the standard approach for
performing resection in luminescentpaint measurements.Although
adequate for mapping two-dimensional image data onto a three-
dimensionalgrid, the resulting coef� cients ac1 ¢ ¢ ¢ ac11 provide little
insight into the position and attitude of the test article, even though
they depend on them.

In the alternative scheme consideredhere, a third coordinatesys-
tem is introduced,namely that associated with the wind tunnel (see
Fig. 1). The orientationof the test article, i.e., the model coordinate
system, with respect to the tunnel coordinate system can now be ex-
pressed in terms of a displacementvector ( D x , D y, D z) and a set of
three Euler angles a , b , and u . The relationship between the model
coordinates (xi , yi , zi ) of a registration target and the associated
tunnel coordinates (x ¤

i , y ¤
i , z ¤

i ) is then given by

x ¤
i

y ¤
i

z ¤
i

=

D x

D y

D z

+
R11 R12 R13

R21 R22 R23

R31 R32 R33

xi

yi

zi

(3)

where16

R11 = cos a cos b (4a)

R12 = sin b cos u + sin a cos b sin u (4b)

R13 = ¡ sin b sin u + sin a cos b cos u (4c)

R21 = ¡ cos a sin b (4d)

R22 = cos b cos u ¡ sin a sin b sin u (4e)

R23 = ¡ cos b sin u ¡ sin a sin b cos u (4f)

R31 = ¡ sin a (4g)

R32 = cos a sin u (4h)

R33 = cos a cos u (4i)

Now reinterpret the imaging equations from Eqs. (1) and (2) in
terms of the tunnel coordinates(x ¤

i , y ¤
i , z ¤

i ). The result from Eqs. (2)
can then be rewritten as

Uci = a ¤
c1x ¤

i + a ¤
c2 y ¤

i + a ¤
c3z ¤

i + a ¤
c4 (5a)

Vci = a ¤
c5x ¤

i + a ¤
c6 y ¤

i + a ¤
c7z ¤

i + a ¤
c8 (5b)

Wci = a ¤
c9x ¤

i + a ¤
c10 y ¤

i + a ¤
c11z ¤

i + 1 (5c)

Asterisks in Eqs. (5) indicate that the coordinates and camera cal-
ibration coef� cients are expressed with respect to the tunnel co-
ordinate system. By combining Eqs. (1–5), an explicit expression
may be obtained for the image coordinates (uci , vci ) in terms of the
model coordinates (xi , yi , zi ), the camera calibration coef� cients
a ¤

c1 ¢ ¢ ¢ a ¤
c11, and the model P&A parameters D x , D y, D z, a , b , and

u . Given the image coordinatesof a suf� ciently large set of targets,
it is possible to determine the unknown parameters by minimizing
the least-squares sum

v 2 =
c,i

(uci ¡ ũci )
2 + (vci ¡ ṽci )

2 (6)

In Eq. (6), tildes are used to distinguish the measured image coor-
dinates from the predicted ones. As indicated, the sum in Eq. (6)

Fig. 2 Processing steps.

may include image coordinates from multiple cameras. The model
coordinates (xi , yi , zi ) are presumed known through the use of a
digitizing measurement arm. Minimization of Eq. (6) may thus be
used either for calibrating the camera coef� cients a ¤

c1 ¢ ¢ ¢ a ¤
c11 for

a known set of model P&A parameters, or for determining model
P&A parametersonce the coef� cientsa ¤

c1 ¢ ¢ ¢ a ¤
c11 are known. In both

cases,minimizationof v 2 requires an iterativealgorithm.A simplex
algorithm17 was used in this work. (In subsequent work it has been
shown that a more ef� cient iteration may be obtained by use of the
Levenberg–Marquardt method, which offers the additional advan-
tage of yieldingestimates of the precision of the � t parameters.18,19 )
Starting values for the � t parameters were obtained by � rst mini-
mizing the error sum

v 2
w =

c,i

(Uci ¡ ũci Wci )
2 + (Vci ¡ ṽci Wci )

2 (7)

which is obtained from Eq. (6) by multiplying the terms in paren-
theses by the terms Wci from Eq. (5c). Substituting the results from
Eqs. (3) and (5) into Eq. (7) yields an expression for v 2

w that is
quadratic in the camera coef� cients a ¤

c1 ¢ ¢ ¢ a ¤
c11 , in the model posi-

tion parameters (D x , D y, D z), and in the nine elements R11 ¢ ¢ ¢ R33

of the test article rotation matrix. Setting to zero the derivatives of
this expanded form of Eq. (7) with respect to the unknown parame-
tersleadsto a systemof linearequationsfromwhichmay be found,in
the case of camera calibration, the coef� cients a ¤

c1 ¢ ¢ ¢ a ¤
c11 (by solv-

ing 11 equations) or in the case of model P&A determination,the 12
P&A parameters from Eq. (3) (by solving12 equations). At least six
coordinatepairs (ũci , ṽci ) are required in either case for these equa-
tions to have a unique solution. From these parameters, starting
values for the iterative minimization of Eq. (6) may be constructed.

Figure 2 shows a � owchart of the resulting� ttingprocesses.Cam-
era calibrationand model P&A determinationare shown as separate
processes.Both involve a linear step to obtain startingvalues for the
� t parametersand an iterativestep for theiroptimization.In all cases,
the preeminentmeasure for the quality of the resulting � ts is the rms
deviation, in pixels, between � tted and measured image coordinates
given by

r rms = v 2 Ntot

1
2 (8)

where Ntot is the total number of image coordinate pairs in the sum
v 2 from Eq. (6).

The P&A determination technique described here differs from
techniques used in stereo-photogrammetrybecause it is not neces-
sary to obtain explicit values for the tunnel coordinates (x ¤

i , y ¤
i , z ¤

i )
of the registration targets. The technique can be used with a single
camera and offers the opportunity to combine measurements from
multiple cameras even if their � elds of view do not overlap. These
advantagesderive from the fact the relative locationsof the registra-
tion targets are known through the use of a digitizing measurement
arm.

III. Application to Wind Tunnel Data
The theory from Sec. II is now applied to image data from a

PSP test in AEDC’s 16-ft Transonic Wind Tunnel. The test was
performed on a 1:10 scale model of a German Dornier Alpha jet,
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Fig. 3 Experimental setup.

Fig. 4 PSP images of TST model at wind-off test point 16301.

known as the TST model.20,21 Nominal pitch angles in the test were
0, 2, 4, 5, and 6 deg. No intentional yaw or roll angles were intro-
duced. Registration targets were placed only on the painted right
half of the model. Three 1024 £ 1024 £ 16-bit charge-coupledde-
vice (CCD) cameras were used, as shown in Fig. 3. Figure 4 shows
representative images from the three cameras. Registration targets
(white circles) and image sizes, in pixels, are indicated.Camera fo-
cal lengths were in the range 50–60 mm, with aperture settings of
f/8. Image exposure times were in the range 1–3 s.

The registration targets consisted of black circular dots, with di-
ameters of 6.4 mm in model space, or about � ve image pixels in
image space for all three cameras. This is about the optimum target
size (4–6 pixels) for PSP measurements; slightly larger targets (6–8
pixels) would be preferred for model attitudemeasurementsper se.8

Of the forty-two registration targets on the model, only those that
were viewed less than 30 deg off-normal were used. Thus, 10 tar-
gets were used in conjunction with the side-mounted camera and
16 targets each were used in conjunctionwith the top- and bottom-
mounted cameras. Larger off-normal viewing angles may be used,
as long as the minimum width of an imaged target is at least several
pixels.

A total of 344 images was used for P&A analysis:90 for the side-
mounted camera, 127 each for the top- and bottom-mounted cam-
eras. Imagecoordinatesof the registrationtargetswere calculatedby
the PSP analysis program using an intensity-weightedcentroiding

algorithm with baseline offset.22 Analysis of the data was focused
on two tasks: determination of pitch angles from the side-mounted
camera, and determination of yaw angles from, separately, the top-
and bottom-mountedcameras.Traditionalvalues for pitch,yaw, and
roll of the model were also available from digital angle sensors and
straingauges on a sting-mountedbalance.These angles includecor-
rectionsfor stingde� ectionsunderdynamicloadingandarebelieved
to be accurate to about 0.02–0.03 deg. All pitch angles quoted here
excludea Mach-number-dependent� ow-anglecorrection(a number
in the range 0 to ¡ 0.26 deg), which cannot be measured optically.
No � ow-angle corrections were considered for yaw.

A. Calibration and Data Analysis
The model xyz coordinates were determined in � ve steps. First,

the TST model was positioned at 0-deg pitch, yaw, and roll. Sec-
ond, to calibrate the digitizing measurement arm, the tip of the arm
was placed on selected pressure taps whose three-dimensional co-
ordinates were assumed to be those from an engineering drawing
of the TST model. Third, having established a coordinate system
for the measurement arm in this way, the xyz model coordinates
of the registration targets on the top of the model and the fuselage
were measured. Fourth, to access the targets on the bottom of the
model, the model was rolled over 180 deg and the second and third
steps were repeated. Fifth, the model coordinates of the registra-
tion targets were � ne-tuned using the back-projectionmethod from
Ref. 23, which uses image coordinates from a series of luminescent
paint images to update the model coordinatesas measured with the
digitizing measurement arm.

To de� ne the tunnel coordinatesystem x ¤ y ¤ z ¤ from Fig. 1, wind-
off test point 16301 was selected as a reference. At this point, yaw
and roll angles were assumed to be zero by de� nition. The pitch
angle was taken to be equal to the value reported by the wind-
tunnel data system ( ¡ 0.09 deg). The position of the test article,
( D x , D y, D z), was de� ned to be (0, 0, 0) at this point. At the refer-
ence point, the tunnel coordinates (x ¤

i , y ¤
i , z ¤

i ) of all 42 registration
targets could thus be calculatedusing Eqs. (3) and (4), allowing cal-
ibration of the camera coef� cients a ¤

c1 ¢ ¢ ¢ a ¤
c11 . One consequenceof

a single-point calibration of this sort is that any deviation between
actual and assumed angles at the calibrationpoint introduces a bias
error in the de� nition of the tunnel coordinate system. An example
of such a bias error is encounteredin Sec. III.C, in which a roll mis-
alignment on the order of 0.5 deg is identi� ed between the assumed
and actual pitch planes of the model support system. In Ref. 18, a
multipoint calibration procedure is described that may be used to
mitigate the introductionof such bias errors.

Projective transform equations were used for both camera cali-
bration and P&A determination.Following determinationof the co-
ef� cients a ¤

c1 ¢ ¢ ¢ a ¤
c11 for each camera, model P&A parameters were

determined for all images by successive minimization of Eqs. (7)
and (6). Residual � t errors from Eq. (8) were about 0.09 pixels rms
for all three cameras.

B. Pitch Angle Results
Image data from the side-mounted camera (cam2) were used to

calculatemodelpitch.The resultsareplotted in Fig. 5 as a functionof
image sequencenumber. In this format, the data merely reveal the 0-
to 6-deg range of pitch anglesused in the test. To assess the accuracy
of the data, Fig. 5 also shows the differences between the camera-
based pitch angles and the pitch angles that were derived from the
wind tunnel balance. Differences in the range ¡ 0.06 to +0.06 deg
are found,with an rms deviationfrom zero equal to 0.028deg.These
differences are surprisingly large and are clearly not randomly dis-
tributed. The big jump in pitch angle difference between the eigh-
teenth and nineteenth data points coincides with a change from a
wind-on condition to wind off. During this process, an adjustment
had to be made to the cam2 camera. Thus, the large jump between
the eighteenthand nineteenth data points may have been caused by
bumping the camera. To check for this effect, the cam2 images were
reanalyzed to check for rotation of the camera relative to the tunnel
wall in the background of the cam2 images. As an example, Fig. 6
shows a greatly enhancedversionof the cam2 image at the reference
test point, point 16301 (cf. Fig. 4), in which holes and other features
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Fig.5 History ofpitch anglesand pitch angledifferences between cam2
data and balance-derived values.

Fig. 6 View of tunnel wall opposite of cam2 camera. Circles indicate
image features used for camera-wall rotation analysis.

in the perforated tunnel walls are clearly visible.Black circles indi-
cate features that were selected to serve as registration targets. The
image centroids of these features were calculated for all cam2 im-
ages. For each image separately, the centroidswere then � tted to the
expression

D ui

D vi
=

D u

D v
+

1 ¡ d

d 1

u i ¡ uc

vi ¡ vc

(9)

where D ui and D vi are the shifts in image coordinates of the i th
feature in a given image relative to the reference image (at test
point 16301), and u i ¡ uc and vi ¡ vc are the displacements of the
image coordinates in the reference image from the image center.
The three � t parameters in Eq. (9) are the image shifts D u and
D v , and the image rotation angle d , which is assumed to be small.
Table 1 lists typical residual � t errors [cf. Eq. (8)] and image shifts,
both in terms of image pixels and millimeter displacements relative
to the tunnel wall. Most importantly, Fig. 7 shows d as a func-
tion of image sequence number. Unmistakably, the same jump in
pitch angle is found as that which is seen between the eighteenth
and nineteenth points in Fig. 7. This indicates that the discrepancy
between the camera-based pitch angles in Fig. 7 and the balance-
derived values is based, at least in part, on motion of the cam2
camera.

In addition to the big jump between points 18 and 19, the rotation
angles in Fig. 7 show a distinct correlation to tunnel Mach number,
which is also shown in Fig. 7. Four of the � ve changes in Mach
number are clearly re� ected in the camera-to-wall rotation data.
It does not follow that the wall is stationary and only the camera
moves. As will be seen in Sec. III.C, it is in fact likely that the
tunnel walls move as well. The rotation effect in Fig. 7 is likely a
composite effect of camera motion and wall motion. As a result, the
rotation angles from Fig. 7 do not necessarilyaccount for all of the
observed discrepancies between the cam2-based pitch angles and
the balance-derivedvalues in Fig. 5.

Table 1 Wall-camera displacement analysis
for cam2

Parameter Value

Number of images 90
Number of registration features 11
Fit error r rms , pixels 0.15 to 0.25
D u range, pixels 0.5 to ¡ 4.5
D v range, pixels 0 to ¡ 2.5
D u range, mm on wall ¡ 2 to ¡ 12
D v range, mm on wall 0 to ¡ 7

Fig. 7 History of observed wall rotation angles as seen by cam2, along-
side tunnel Mach number.

Fig. 8 Yaw vs pitch for wind-off data.

C. Yaw Angle Results
No deliberate yaw angles were introduced in the test. Still, the

procedures from Sec. II were followed to determine yaw angles for
the top- and bottom-mounted cameras. Yaw angles in the range of
0–0.1 deg were found. The direction of yaw is “nose to the left,”
or right wing swept forward, relative to the wind-off reference test
point, point 16301.The observedyaw anglescorrelate stronglywith
model pitch. Figure 8 shows this correlationexplicitly for the wind-
off data. A linear dependence of yaw vs pitch is found for both
cameras.This indicates that the true pitch axis of the tunnel is rolled
with respect to the y ¤ axis of the assumed tunnel coordinate system
in Fig. 1 by an angle whose tangent is given by the slope of the
curve � ts. Actually, different roll misalignment angles are found
for the two cameras, namely 0.50 deg for cam1 and 0.36 deg for
cam3. Apparently, this discrepancy traces back to the fact that two
orientations of the TST model were used (see Sec. III.A) to mea-
sure the xyz model coordinates of the 42 registration targets. The
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Table 2 Results of further wall
displacement analysis

Value

Parameter cam1 cam3

Number of images 127 127
Number of features 11 10
Fit error r rms , pixels 0.15 to 0.60a 0.15 to 0.25
D u range, pixels 0 to ¡ 4.5 ¡ 1.5 to 3
D v range, pixels 0 to ¡ 1 ¡ 0.5 to 2
D u range, mm on wall 0 to ¡ 12 ¡ 4 to 8
D v range, mm on wall 0 to ¡ 3 ¡ 1 to 5

aResidual� t errors can be reduced,withoutan appreciable change
in the calculated rotation angles, to 0.22 pixels rms by including
a � t coef� cient to allow for thermal expansion of the tunnel wall
in the � ow direction.

Fig. 9 Histories of pitch-corrected yaw and dynamic pressure.

data from Fig. 8 imply that the model coordinates of the targets
on the top of the model (those imaged by cam1) are rolled relative
to the bottom targets (those imaged by cam3) by the difference of
the two misalignment angles, i.e., by 0.14 deg. In addition, Fig. 8
suggests that the model may have been mounted at a roll angle in
the range of 0.36–0.50 deg relative to the true pitch axis of the wind
tunnel.

Figure 9 shows a history of yaw angles for both wind-off and
wind-on data points in which the measured yaw angles have been
corrected for the misalignment effect from Fig. 8. Angles in the
range of 0–0.06 deg remain. The corrected yaw angles correlate
strongly to dynamic pressure (“Q”), which is shown in the bottom
of Fig. 9. Such Q-dependent yaw effect would not be implausible
in the presence of a suf� cient side force or yawing moment on the
model. However, yaw angles calculated from the measured side
forces and yawing moments are less than 0.01 deg. It thus appears
that the yaw angles in Fig. 9 may have to be interpreted in terms of
camera motion.

To check for the existenceof such camera motion,wall-to-camera
rotationangles were calculated for all of the cam1 and cam3 images
using the procedure described in Sec. III.B. Table 2 summarizes
the � t results in the format from Table 1. Camera-to-wall rotation
angles for both cam1 and cam3 are shown in Fig. 10. The two
sets of data are almost identical, with an rms difference of only
0.007 deg. In addition, the camera-to-wall rotationangles in Fig. 10
are matched almost perfectly by the differences in the model yaw
angles from cam1 and cam3 in Fig. 9. Allowing for a constant

Fig. 10 Rotation angles for bottom and top tunnel walls, alongside
model-based yaw-angle difference between top- and bottom-mounted
cameras.

Fig. 11 Suggested mech-
anism for apparent model
yaw with increasing dy-
namic pressure.

offset of 0.014 deg, this difference angle agrees with the average
of the cam1 and cam3 camera-to-wall rotation angles in Fig. 10
to 0.0072 deg rms. The following argument can now be made to
suggest that the top tunnel wall is yawing with respect to the bottom
wall. Let b c1(t ) and b c3(t ) be the time-dependent yaw angles of
the top and bottom cameras, respectively, relative to a presumed
absolute reference system. Likewise, let b w1(t ) and b w3(t ) be the
time-dependent yaw angles of the top and bottom walls. Then the
three sets of data in Fig. 10 may be thought of as de� ning the
following three relationshipsbetween these angles:

b c1(t ) ¡ b w3(t ) = f (t ) (10a)

b w1(t) ¡ b c3(t ) = f (t ) (10b)

b c1(t ) ¡ b c3(t ) = f (t ) (10c)

where f (t ) is the history of the three sets of data in Fig. 10. By
combining Eqs. (10b) and (10c), it follows that b c1(t ) = b w1(t), i.e.,
the top camera yaws at the same rate as the top wall. Likewise, by
combining Eqs. (10a) and (10c), it follows that b c3(t) = b w3(t), i.e.,
the bottomcamera yaws at the same rate as the bottomwall. Finally,
by adding Eqs. (10a) and (10b) and subtractingEq. (10c), it follows
that b w1(t) ¡ b w3(t ) = f (t ), i.e., the top wall and the bottom wall
yaw relative to each other.Because the model itself does not yaw (as
follows from the force and moment data), it thus follows that the Q-
dependentyaw effects in Fig. 9 are those of the top and bottomwalls
of the tunnel, with the bottom wall displaying the largest amount of
yaw. This effect is illustrated in Fig. 11.
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IV. Conclusions
The results from Sec. III suggest that a more rigorous mounting

scheme is desirable for the CCD cameras if these are to be used for
determining model pitch and yaw angles with an absolute accuracy
of 0.01 deg or better. This will not be an easy task if the whole
structure of the test cell � exes under dynamic and thermal loading,
as is suggested by the data from Sec. III. Such � exing may not be
easy to resolve and would have equal impact on other optical atti-
tude measurement systems. Independent measurements of camera
motion, e.g., through the use of gravity-sensingaccelerometers,are
desirable to resolve remaining ambiguities.

On the positive side, the data from Sec. III suggest that the sen-
sitivity of the pitch- and yaw-angle determinations is on the order
of 0.005 deg rms or better. For example, the residual � t errors in
the yaw-vs-pitch curve � ts from Fig. 8 are 0.0029 deg rms for the
cam1 data and 0.0034 deg rms for the cam3 data. Also, the dif-
ferences of 0.007 deg rms for the three sets of curves in Fig. 10
imply random errors in the individual rotation angle measurements
of 0.007/

p
2 =0.005 deg rms. Generally, 0.005 deg rms appears to

be about the component of noise in most of the data from Sec. III. It
thus appears that, if the problems caused by camera motion can be
resolved,absolutemeasurementsofmodel yaw andpitchwith an ac-
curacy of better than 0.01 deg rms should be possible.This was also
con� rmed by Monte Carlo simulation, as described in Ref. 23. The
sensitivities of 0.003–0.005 deg rms for pitch and yaw determina-
tions compare favorablywith numbers quoted by other researchers.
For example, in Refs. 7–9, resolutions in the range “sub-0.01” to
0.05 deg are quoted for the measurement of wing twist by optical
means. A direct comparison is dif� cult, as the results depend on a
host of factors, including camera optics, target size, target place-
ment, and data processing.

Two possible sources of error that have not been considered are
lens distortionin the imagingopticsand modeldeformationat wind-
on test conditions relative to wind-off conditions. In the case of
lens distortion, correction terms need to be added to the imaging
equations from Eq. (1).10 ¡ 14 These are accompanied by additional
coef� cients that need to be determined during the camera calibra-
tion process.Likewise, in the case of model deformation,additional
terms can be added to Eq. (3) to account for a nonlinear depen-
dence of the wind-on tunnel coordinates of registration targets on
their wind-off model coordinates. The associated deformation co-
ef� cients then become additional � t parameters during the model
P&A determination step from Fig. 2.

The inclusion of both lens distortion effects and model deforma-
tion effects in the theory from Sec. III warrants further study. For
the TST test from Sec. III, both effects must have been small, given
the small residual � t errors (0.09 pixels rms) between the predicted
and measured coordinates of the registration targets.

A subtle point uncovered in this study is the practical dif� culty
of aligning the camera coordinate systems to the coordinate system
of the wind tunnel. As demonstrated, yaw measurements during a
pitch sweep may be used to calibrate roll angle misalignment of the
tunnel pitch axis and the body y axis of the model. Likewise, roll
measurements during a pitch sweep might be used to calibrate yaw
angle misalignment of the pitch axis.

Improvements that are being contemplated for the AEDC optical
data system include on-line data processing to provide position and
attitude information in real time. A key element to such on-line
processing is automatic image registration,as described in Ref. 22.
Finally, P&A determinations are not limited to PSP tests. Rather,
they should be applicable in most cases in which it is possible to
place registration targets on the surface of the test article.
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