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Videogrammetric Model Deformation Measurement Technique

A. W. Burner* and Tianshu Liu"
NASA Langley Research Center, Hampton, Virginia 23681-2199

The theory, methods, and applications of the videogrammetric model deformation (VMD) measurement tech-
nique used at NASA for wind-tunnel testing are presented. The VMD technique, based on nontopographic pho-
togrammetry, can determine static and dynamic aeroelastic deformation and attitude of a wind-tunnel model.
Hardware of the system includes a video-rate charge-coupled device camera, a computer with an image acqui-
sition frame grabber board, illumination lights, and retroreflective or painted targets on a wind-tunnel model.
Custom software includes routines for image acquisition, target-tracking/identification, target centroid calcula-
tion, camera calibration, and deformation calculations. Applications of the VMD technique at five large NASA

wind tunnels are discussed.

I. Introduction

HE videogrammetricmodel deformation(VMD) measurement

techniqueis an optical method for measuring aeroelasticdefor-
mation and attitude of a model during aerodynamic testing. Based
on the principles of close-range photogrammetry, the VMD tech-
nique is used to determine the spatial coordinates of targets on a
model surface from the target centroidsin a series of images. From
these spatial coordinates,the model deformationinduced by aerody-
namic loading is computed. Model deformation may be defined as
the change in shape of a wind-tunnel model (particularly the wings
and control surfaces) under aerodynamic loading. This change in
the design geometry can cause differencesbetween the acquired and
computational predictions of wind-tunnel results if the predictions
are based on rigid-body assumptions. Therefore, it is advantageous
to measure deformations of wind-tunnel models to compare prop-
erly computational fluid dynamics (CFD) predictions to experimen-
tal measurements, particularly in high Reynolds number facilities
where dynamic pressure is typically higher than for other facilities.
In addition, it is essential to calibrate and validate computational
methods such as the finite element method (FEM) with experimen-
tal measurements of deformation to ensure accurate predictions.

The model deformation measurement capability at NASA in-
cludes both single-camera and multiple-camera videogrammetric
measurement systems, with emphasis on the measurement of the
change of wing twist due to aerodynamic loading.!=3 A descrip-
tion of the automation of the videogrammetric model deformation
technique, experimental procedure and data reduction, description
of software, and targeting considerations are given in Ref. 4. Ex-
amples of variations of the model deformation technique used for
the measurement of angle of attack, sting bending, and the effect of
varying model injection rates are presented in Ref. 5.

A comparison of the VMD measurement technique with
other methods for deformation measurements such as projection
moiré interferometry’ and the light-emitting diode (LED) track-
ing photogrammetric system made by Northern Digital known as
Optotrak’-® may be found in Ref. 9. An electro-optical deflection
measurement system developed by Grumman'® has been used at
NASA Dryden Flight Research Center for flight tests.!" The Opto-
trak system and the Grumman system use synchronized LEDs as
active targets. Rotating blade deformation measurements have been
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made at NASA John H. Glenn Research Center at Lewis Field'?
with a nonintrusive optical system consisting of a photodiode and a
singlelaserthatis used to illuminatethe leading and trailingedges of
the blade. Model deformation measurements have been made with
stereo observations with camera measurement systems at ONERA
in France.'>!* Optical fibers and quadrantlight detectors in addition
to a polarization torsionometer have also been used in the past at
ONERA for model attitude and deformation measurements.'>
The technical aspects of the VMD measurement technique are
described, including nontopographic photogrammetry, image ac-
quisition, target tracking/identification, target centroid calculation,
camera calibration, and deformation calculation. Hardware compo-
nents and requirements for large wind tunnels are also discussed.
Typical applications of the VMD measurement technique in NASA
wind tunnels are presented.
II. Collinearity Relation Between Image
Plane and Object Space

In the VMD image-based measurement technique, data are ex-
tracted from two-dimensional images and then mapped into three-
dimensional object space. Photogrammetry provides a relationship
(known as collinearity) between three-dimensional coordinates in
object space and corresponding two-dimensional coordinates in
images.!®!” The collinearity equations relating the target location
(X, Y, Z) in object space to the corresponding point (x, y) in the
image plane are

my (X —X)+mp¥ —Y)+mu(Z—-2,)
m3 (X — Xo) + mp(Y —Yo) + mu(Z - Z,)
my (X — X))+ mpp(Y —Y)+mys(Z—Z.)
m3 (X — X)) + m(Y = Y.) + ms3(Z — Z,)
(1)

X—x,—dx=—c

y—y,—dy=—c

In Eq. (1), a parameter set (c, x,,, y,) is the interior orientation of
a camera, where c is the principal distance of the lens and x, and
¥, are the principal-pointcoordinates on the image plane. Another
parameter set (w, ¢, k, X., Y., Z.) is the exterior orientation of a
camera, where w, ¢, and « are the Euler rotational angles and X,
Y., and Z. are the coordinates of the perspective center in object
space. The coefficients m;;, i, j =1, 2, 3, are the rotation matrix
elements that are functions of w, ¢, and «,

M| = COS¢ COSK, mi, = sinwsin ¢ cosk + cosw sink
M3 = —COS w Sin ¢ cosk + sinw sink, My = —Cos ¢ sink
My = —sinw sin ¢ sink + cosw cosk
M3 = CcOSw sin ¢ sink + sinw cosk, msy; = sing

M3y = —sinw cos @, M33 = COS @ COS P 2)
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The terms dx and dy in Eq. (1) are the image coordinate shifts
inducedby lens distortion. The lens distortionterms can be modeled
by the sum of the radial distortion and decentering distortion,'®

dx = dx, + dx,, dy = dy, +dy, (3)
where
dx, = K, (x' —x,)r* + K, (x" — x,)r?
dy, = K\ (Y = yp)r* + K2 (9 = yp)r
dx, = P [r2 +2(x" — xp)z] +2P,(x" = x,)(y = ¥p)

dys = Po[r? +20 = 3| + 2P (x" = x,) (Y = ¥p)

= —x) 4+ =y,

where K| and K, are the radial distortion parameters, P, and P,
are the decentering distortion parameters, and x’ and y’ are the
undistorted coordinates on the image plane. If the image plane is
not perpendicularto the optical axis of the lens, the principal point
in Eq. (3) is replaced with the point of symmetry for distortion.
The third-order radial distortion can be either barrel (K| <0) or
pin-cushion (K, > 0) distortion. For barrel distortion, the image is
displaced toward the principal point, whereas for pin-cushion dis-
tortion, the image is displaced away from the principal point. When
the lens distortion is small, the unknown undistorted coordinates
can be approximated by the known distorted coordinates, that is,
x"~x and y’' ~y. For large distortion, an iterative procedure has
to be employed to determine the appropriate undistorted coordi-
nates to improve the estimate. The following iterative relations are
used: (x)° =x and (y")° = y and (x")* ! = x +dx[(x")*, (y')*] and
O =y +dy[(x)*, (')*], where the iterationindex is k =0, 1,
2....

The camera parameters (o, ¢, k, X., Y., Z.) and (c, x,, ¥,,
K\, K,, P, P, S,/S,) can be determined from camera calibration,
where the additional parameter S;, /S, is the ratio between the hor-
izontal and vertical pixel spacings for a digital image. When the
camera parameters are known, the image-plane coordinates x, y
can be transformed to object-space coordinates X, Y, Z using the
collinearity equations. To obtain deformation in three dimensions,
X, Y, Z, multiple cameras are needed because there are only two
independent equations for three unknowns. For the single-camera
implementationof the VMD technique,one of the coordinates X, Y,
Z of the targets must be given to calculate the remaining two coordi-
nates. The known coordinate for the single-camera VMD technique
is typically the semispan coordinate of a row of targets placed in the
streamwise direction.

III. VMD Hardware

Figure 1 shows a schematic of a single-camera VMD measure-
ment system that includes a charge-coupleddevice (CCD) camera,
a computer with a image acquisition frame grabber board, light
source, and targets distributed on a model. The subcomponents of
the VMD system are described next.

A. Cameras

A broad spectrum of CCD cameras is available, from scientific-
grade CCD cameras to standard video-rate CCD cameras. At the
low-cost end of the spectrum, standard CCD cameras with inter-
laced analog outputs have been used routinely for model deforma-
tion measurements in wind tunnels. However, one disadvantage of
these cameras is blurred imaging of a moving object such as a vi-
brating wing, as a result of the two fields making up an interlaced
video frame being exposed at different times. This disadvantage
is eliminated (but the spatial resolution in the vertical dimension
is reduced by one-half) by analyzing video fields instead of video
frames. Recently, progressive-scan CCD cameras have been used
for VMD measurements to maintain vertical resolution, without the
added complication of interlaced video fields. It is expected that

Fig. 1 Schematic of a single-camera VMD system.

scientific-grade CCD camera with a gray scale of from 10 to 12 bit
and with a framing rate of at least 30 Hz will be utilized in future
enhancements.

B. Image Acquisition Frame Grabber Board and Computer

A video image acquisition frame grabber board, either with on-
board memory or utilizingsystemmemory, isused to digitizea series
of images from a video-rate CCD camera. For target tracking, a live
video stream is digitized into main system memory and tracked in
real time at 15 Hz. On receipt of a trigger, centroids are determined
and are output to a file for every other frame. An alternativeto target
tracking is the use of blob analysis to find targets automatically in
the field of view after a series of images are digitized. After blob
analysis of the image series, centroid calculations with background
removal, photogrammetry to determine X and Z coordinates, and
computations of deformation and attitude can be accomplished be-
fore a trigger for the next data point is received, to enable a truly
automated measurement system. However, the target-tracking ver-
sion of the VMD technique is more robust when spurious glints
appear in the field of view and where lighting is difficult to control,
but requires user intervention if target track is lost, such as occurs
when a model is rolled 180 deg.

C. Targets and Lighting

Targets are placed on a model surface at locations where defor-
mation measurements are desired. The distribution of the targets is
dependent on whether the single-camera or multiple-camera pho-
togrammetricmethodsare used. For a single-cameraVMD measure-
mentsystem, the targets should be placedin rows on the wing (Fig. 2)
at known spanwise location to obtain a solution of the collinearity
equations with two equations in two unknowns, X and Z. Both
retroreflective targets and white diffuse polished paint targets have
been used. The retroreflective targets yield a high-contrast image
when a light source is placed near the camera and are the targets
of choice if aerodynamic considerations will allow the additional
thickness and roughness. The white diffuse polished paint targets
require a dark background to achieve high contrast. A black wall
seen in reflection from highly polished metal models produces suffi-
cient contrast of the white diffuse targets, although the contrastand
ability to discriminate false targets is much less than for retroreflec-
tive targets. Ideally, the thickness of the targets should be small to
reduce their intrusiveness to flow. Retroreflective targets are typi-
cally 0.004 in. thick, with a surface roughness of 200 pin., whereas
the polished paintdiffusetargets are typically0.0005 in. thick, with a
surfaceroughnessofless than 10 pin. Ordinary lights (nonlaser) can
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Fig. 2 Target rows on a model.

Image Acquisition

Target identification/tracking
& centroid calculation

Convert target centroids to Camera calibration
object space coordinates

Compute deformation

Fig. 3 Flowchart of VMD data acquisition and processing.

provide sufficient illumination for retroreflective (when placed near
the camera) and for white diffuse targets. In addition to retroreflec-
tive and white targets, black targets have also been used, particularly
when the VMD technique was used simultaneously with pressure-
sensitive paint (PSP) and temperature-sensitive paint. Model de-
formation data can be used not only to understand the aeroelastic
properties of the model, but can also be used to generate a deformed
surface grid of the model for improved CFD calculation and PSP

mapping.

IV. Software

Software for the VMD technique includes a suite of routines for
image acquisition, target tracking, identification and blob analysis,
centroid calculation, camera calibration, photogrammetry, and de-
formationcalculation. The structureof the customsoftwareis shown
in Fig. 3. The software is used to acquire images, locate targets and
calculate their centroids, convert target centroids to spatial coordi-
nates in object space, and compute deformation. Camera calibration
provides the interior and exterior orientation parameters of a cam-
eranecessaryforsolutionof the perspectivecollinearityrelationship
between object space and image space.

A. Image Acquisition

For the VMD technique used in major NASA wind tunnels, stan-
dard analog video cameras and personel computer-basedimage ac-
quisition frame grabber boards are utilized. The standard RS-170
video signal has an interlaced analog format, with a vertical resolu-
tion of 240 pixels per field and a horizontal resolution determined
by the frame grabber. Horizontal resolutions of 640 or 752 are com-
monly used. However, two fields are combined to give a total vertical
resolution of 480, with the added complication that adjacent rows

in the final image may have been exposed at different times. This
potential problem (for dynamic situations) can be avoided by using
single video fields in the model-deformationmeasurement process,
but with reduced vertical resolution. Progressive-scan cameras are
noninterlaced and may be more suitable for dynamic conditions.
The target-tracking implementation of the VMD technique uses
a double-buffer strategy for image acquisition and processing. At
the completion of a single image acquisition,a new image is strored
in a second buffer at the same time the first buffer is processed. Be-
cause the frame grabber board employs a bus-mastering peripheral
component interconnect (PCI) interface, the main processor of the
host computer is free to perform the processing even while a grab
is in progress. On the completion of each frame, the acquisitionand
processing operations are switched between the two buffers. In the
free-running mode, the buffer-switching and processing operations
are triggered automatically by the end of a video frame through the
use of callback functions. The double-buffermethod implementedin
software yields a throughputof 15 frames per second using standard
video-rate CCD cameras. With a high-speed, progressive-scanCCD
camera, a system throughput of 60 images per second is possible.

B. Target Tracking/Identification and Centroid Calculation

Once a video frame has been acquired, the targets must be identi-
fied and located. This is done with a gray-scale centroid calculation
to subpixelresolutionafter subtractingan automatically determined
background level in the neighborhood of each target. The target
centroid x, y is defined as

S xI(x, y) 5= Do vl (x, )
D3 I,y 2o T,y

where I (x;, y;) is the gray level. While target tracking, only regions
in the image plane in the immediate neighborhood of the targets
are utilized, which reduces problems associated with stray image
features away from the tracking regions.

Once target tracking is initiated by the user, the system will con-
tinuously track the position of the selected targets, returning a live
stream of target position data on trigger. The size parameters and
thresholds are maintained in real time for each target, so that the
system is relatively insensitive to lighting changes that may occur
with changes in model attitude. Anomalies in target tracking may
result from bright surface reflections that interfere with a particular
target in the image, high-speed model motion that blurs the targets,
or loss of image due to severe lighting changes or obstruction in
the viewing field. Target tracking is improved for such cases by
memorizing the last good position of targets in the target-tracking
process. Once tracking is lost on a particular target, the system will
recoverthe target based on memory of the last known position of the
lost target. The memory-based target-tracking technique has been
implemented and significantly enhances the robustness of the target
tracking against the anomalies.

X =

C. Camera Calibration

Camera calibrationis akey elementof videogrammetricmeasure-
ments. Analytical camera calibration techniques have been used to
solve the collinearity equations (1) for determinationof interior and
exterior orientation parameters and lens distortion parameters of the
camera/lens system.'?"?° Because Eq. (1) is nonlinearfor the orienta-
tion and additional parameters, the iterative method of least-squares
estimation has been used as a standard technique for solution of the
collinearity equations in photogrammetry. However, direct recov-
ery of the interior orientation parameters including c, x,,, and y,, is
often impeded by inversion of a singular or ill-conditioned normal
equation matrix, which mainly results from strong correlation be-
tween the exterior and interior orientation parameters. To reduce the
correlationbetween these parameters and enhance the determinabil-
ity of ¢, x,,, and y,, the use of multiple camera stations, varying
image scales, different camera roll angles, and a well-distributed
target field in three dimensions has been suggested by Fraser.2!:?2
These schemes for selecting suitable calibration geometry improve
the properties of the normal equation matrix. For applications in
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wind tunnels where optical access and preparationtime are limited,
however, an automatic, single-image method of on-the-job camera
calibration is desirable that is simple to implement and less time
consuming to have a minimum impact on productivity?

One of the more popular methods in the machine vision commu-
nity is known as the direct linear transformation (DLT). The DLT
equations, originally proposed by Abdel-Aziz and Karara,?* can be
obtained by rearranging the collinearity equations and combining
terms into a new set of variables,

LiX+L,Y+L,Z+L,

x+dx =
LoX + LY +L,Z+1

LiX+LY+L,Z+L
yhdy = P “)
LoX+ LY +LZ+1

where L;, k=1-11, are the DLT parameters, which are related to
the camera orientation parameters. When the lens distortion terms
dx and dy are neglected, the DLT Eqs. (4) are linear for the DLT pa-
rameters and can be solved directly by a linear least-squaresmethod
without an initial guess. Because of its simplicity, the DLT is widely
usedinbothclose-rangephotogrammetryand machine vision. How-
ever, when the lens distortion cannot be ignored, the iterative solu-
tion method must be used such that the DLT loses the simplicity.
Also, the standard DLT gives poor estimates of the principal-point
locationeven when the lens distortionis small. The value of the DLT
is that it offers initial approximations of the orientation parameters
for more accurate methods.

An optimization method developed by Liu et al.>* contains two
interacting procedures, least-squaresestimation for the exterior ori-
entation parameters and optimizationfor the interior orientationand
other parameters. The optimization method can give, with reason-
able precision, the exterior orientation parameters (w, ¢, «, X., Y,
Z.), andtheinteriororientationand lensdistortionparameters (c, x,,
Yy K1, Ko, Py, Py, S,,/S,), from a single image of a step calibration
target plate (Fig. 4). Here an additional parameter S, /S, is the ratio
between the horizontaland vertical pixels for a digitizedimage. The
optimization method (combined with DLT for exterior orientation
start values) allows automatic camera calibration for the interior
and exterior orientation parameters and additional parameters. This
feature particularly facilitates VMD measurementsin large produc-
tion wind tunnels due to time constraints during videogrammetric
setup and calibration. The optimization method has been used to
calibrate a number of CCD cameras with different lenses. Calibra-
tion results are in good agreement with measurements by optical
techniques.

Besides the analytical camera calibration methods, optical lab-
oratory techniques are available for camera calibration?*® These
includethe laserilluminationtechniqueto determinethe photogram-
metric principal point and point of symmetry for distortion, the dis-
placed reticle technique to determine horizontal and vertical pixel
spacing, and space resection combined with linear least-squares
solutions to determine radial and decentering distortion terms.

Fig. 4 Step calibration target plate.

D. Deformation Calculation

The data-reduction procedures for the VMD technique include
object-space coordinate calculations and deformation calculations.
Once the target centroids are computed and the camera orienta-
tion parameters are determined, the image-plane coordinates x and
y can be converted to object-space coordinates X, Y, and Z us-
ing the collinearity equations. A solution for X, Y, and Z is not
possible using a single set of image coordinatesx and y unless ad-
ditional information is available. In a single-camera VMD system,
the spanwise locations of the targets are usually fixed to reduce the
number of unknowns and to calculate the remaining two coordi-
nates. In other words, the collinearity equations can be solved for
X, Y, and Z under a constraint ¥ = const (normally the semispan
coordinate). The geometric explanation of the single-camera solu-
tion is shown in Fig. 5. The solution X, Y, Z is the intersection
point between the plane Y =const and a line from the image point
passing through the perspective center of the lens. When the an-
gle between the plane Y = const and the optical axis is zero, there
is no unique solution. Therefore, this angle must be large enough
(>20 deg) to obtain an accurate single-camerasolution. The single-
camera approach works very well for pitch-only sweeps, where a
streamwise row of the targets on a wing will basically remain at
the same spanwise location, but would fail or require additional in-
formation, for yaw sweeps. This method is also directly applicable
to the angle-of-attackmeasurements and bending measurements on
high-liftsystems. Although a two-camerasystem enables a more di-
rect solution in more general cases, the single-cameraapproach has
an advantage in simplicity. For a two-camera system, simultaneous
images are acquired using two video cameras viewing the same set
of targets. Thus, for each target, two sets of collinearity equations
are sufficient to determine the spatial coordinates X, Y, and Z based
on two sets of image coordinatesx and y from the two cameras. The
least-squares method is used to solve the four equations for three
unknown coordinates X, Y, and Z.

Two methods are used to calculate twist and bending of a wing.
One is the linear fitting method used only for twist calculation. The
local angle of attack (AOA), defined as § = —tan™! (AZ /A X)), is
calculated by a linear fit to the target coordinatesin the X, Z plane
at a given spanwise location, as shown in Fig. 6. In the wind-tunnel

Camera

Optical Axis

\

Y = const. Plane

Fig. 5 Geometric illustration of the single-camera solution.

z
Target
-
=
T
-
-
_—T O

X o

Fig. 6 Wing deformation at a spanwise location.
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coordinatesystem X, Y, Z, the X axisis in the flow direction, the Z
axis is in the upward direction on the wing surface, and the Y axis
is in the spanwise direction following the right-handrule. The local
wing twist due to aerodynamic load is defined as

twist = Oyise = on(n) - eoff(n) (5)

where 6,,(n) and O.¢(n) are the local AOAs in the wind-on and
wind-off cases at the normalized semispan location 7. In practical
wind-tunnel tests, direct calculation using Eq. (5) is not applicable
because the model may not be at the same pitch angle in the wind-
on and wind-off cases. Thus, a correction method is used for twist
calculation. First, the angle difference A6 (0,) = 6o — Arer in the
wind-off case s fitted using a polynomial as a functionof 6,5, where
o 18 the reference AOA and 6, is the local AOA obtained by the
VMD system in the wind-off case. The reference o,.¢ could be the
AOA readoutfrom a wind-tunnel system or other reliable AOA data.
The corrected AOA (Bon)corr in the wind-on case is calculated using
(Bon)corr =Bon — A (0,,). Finally, the wing twist is obtained using
the following relation:

twist = elwis[ = (GOII)COIT — Oref (6)

A transformationmethod can be used to calculate both wing twist
and bending. When it is assumed that the cross section of a wing
does not deform, a conformal transformation between the wind-on
and wind-off coordinates X, Z,, and X, Zog 1S

Xon _ CO.S elwis[ Sil’l elwis[ Xoff + Tx (7)
Zon _51n9[wis[ cos elwis[ Zoff TZ
where T, and T, are the translationsin the X and Z directions, re-
spectively.Given the coordinates X, Zo, and X ofr, Zogr 0f a number

of targets, the twist 6, and translations 7, and T, can be determined
using a least-squares method. Wing bending is

bending = Tz - (Tz)ref (8)

where (7)) is the reference Z translation in a reference location
such as the fuselage.

V. Uncertainty

The uncertainty of the VMD techniqueis related to the uncertain-
ties in target centroid measurements, camera calibration, and data
reduction (calculations of coordinates, twist, and bending). The un-
certainty in target centroid measurement is associated with camera
noise, centroid calculation schemes, target size, and spatial quan-
tization of a CCD sensor. The random errors associated with the
camera noise can be collectively represented by the centroid vari-
ations for spatially fixed targets. Statistics of the target centroid
variations have been measured using a standard video-rate CCD
camera with a 75-mm lens viewing an array of %—in.—diam circular
targets. Figure 7 shows typical histograms of the centroid varia-
tions in the horizontal x and vertical y coordinates on the image
plane. The standard deviations of the centroid variations in the x
and y directions in images are 0.0081 and 0.0043 pixels, respec-
tively, for the CCD camera with a format of 640 x 480 pixels. The
centroid uncertainties limit the accuracy of VMD measurementsin
the object space. When the image plane is approximately parallel
to the X, Y plane in the object space, estimates of the limiting un-
certainties in the spatial coordinates associated with the centroid
random variationsare (8 X /L x)min =0.0081/640=1.3 x 1073 and
(BY/Ly)min =0.0043/480=0.9 x 107>, For example, when the
characteristic lengths in the object space are Ly =7 in. and Ly =
9 in., the corresponding measured length differences are (§ X)min =
182 win. and (8Y) i, = 162 pin.

A bias error occurs in the centroid calculationdue to perspective
imaging and lens distortion because the center of the target image
does not coincide with the geometrical center of the target.?’ This
deviation may be as large as 0.3% of the target diameter and is
dependent on the viewing angle of the camera, target size, sensor
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Fig. 7 Histograms of centroid variation.

size, and focal length. Another error in centroid calculation is as-
sociated the sensor quantization, which is inversely proportional to
the square root of the number of pixels in the target image.?’

The uncertainty in camera calibration is associated with the cor-
rectness of the mathematical model (1) and the accuracy of the
numerical methods to solve it. To examine the accuracy of camera
calibration, one can compare the calculated camera orientation and
lens distortion parameters with more accurate values obtained using
other independenttechniques (that are too time consuming or diffi-
cult to implement in large production wind tunnels). The aforemen-
tioned optimization method for camera calibration has been com-
pared against the optical techniques described by Burner et al.?
and Burner?® The optical techniques may be more accurate, but
require special laboratory equipment that may not be available or
may be unsuitable for on-site calibration. The results obtained by
the optimization method are in reasonable agreement with the op-
tical techniques for several lenses.>* A common figure of merit for
camera calibration is represented by the standard deviation of the
residuals of the image coordinate calculation. These residuals are a
convenient measure for goodness of the least-squares fitting. Typ-
ically, the residuals of camera calibration are less than 1 pum (less
than 0.1 pixel) on the CCD array, depending on the accuracy of the
given coordinates of a calibration target plate.

The uncertainty in data reduction includes contributions from
calculations of the target coordinates, wing twist, and bending. In a
single-camera VMD system, the fixed spanwise locations of the tar-
gets (Y = const) are assumed to be known to calculate the remaining
two coordinates from the collinearity equations. However, Y is not
constantduring wind-on conditions due to model yaw dynamics and
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wing bending.For example, lateral model motion as large as =3 mm
has been noted at one facility. Recording an image sequence to de-
termine mean image coordinatesreduces this error due to varying Y.
In addition, wing bending causes the Y coordinate of wing targets
to decrease, which causes a bias error in the computation of X and
Z. Assuming an approximate second-order wing bending, a wing
tip deflection of 20 mm, and semispan equal to 580 mm, the change
in Y value due to wing bending would be approximately 0.5 mm for
targets at the tip. The shiftin Y for targets inboard of the tip would
decrease rapidly. Note that targets at the same semispan station will
experience only slight differences in both bending and shifts in Y
value. In fact, it is this small difference in bending between fore
and aft targets that produces wing twist for swept wings under load.
For instance, fore and aft targets in the streamwise direction at the
wing tip of the precedingexample would experiencea wing twist of
almost —2 deg for a 30-deg swept-back wing. For two targets at the
tip separated by 50 mm, the differencein bending would be 1.7 mm
out of a total bending of 20 mm with a correspondingdifferencein
the shift of the Y value for the two targets of 0.06 mm. A shift in
Y value of 0.06 mm will cause a difference in image scale between
the fore and aft targets of only 1.00003 for typical object distances
at wind tunnels (~1.8 m). The error in angle caused by this small
differencein scale is negligible compared to other error sources for
this typical example.

The repeatability in VMD measurements (which includes other
error sources such as effects of glass window, tunnel vibration, and
change of the gas refractionindex) was determined with repeat tests
at the National Transonic Facility (NTF).! The run-to-run repeata-
bilities of wing twist measurements of a high-speedresearch model
duringair runs are presentedin Table 1 for M = 0.3 and Q =153 psf
(4 runs with 30 data points perrun) and M = 0.9 and Q =965 psf (4
runs with 23 data points per run), where M is Mach number and Q
is dynamic pressure. Wing twist 6yyisc Was computed at normalized
semispan stations 0.635, 0.778, and 0.922 using the linear fitting
method (6). The mean and maximum of the computed sample stan-
dard deviation of each repeat set of four data points are denoted as
Omean and oy, in Table 1. The arcsector AOA sensor (ARCSEC) is
affected less by dynamics than the onboard accelerometer so that
Omean fOr the ARCSEC variable may be taken as an indicator of
model pitch angle variability for repeat points. Tables 1 and 2 show
that the mean standard deviation in 6y, for repeat points was less
that 0.02 deg in air mode. In general, the standard deviation of the
wing twist Oyis 1S less than the standard deviation of the angle 6
because any real variations in AOA settings between repeat points
present in 6 are subtracted out when 6,y is computed. However,
note that any error and variability in the reference AOA for o, will
be added to the O,y value. A plot of the repeatability vs o pre-
sented in Fig. 8 for n=0.922 shows worse repeatability at higher
oyef, especially at the higher Mach number and dynamic pressure Q.
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Fig. 8 One sigma repeatability for air runs in NTF at two different
Mach numbers and dynamic pressures at a wing spanwise location 1) =
0.922.

Table 1 Run-to-run repeatability in degrees for four repeat air runs

n=0635%  n=0778  n=0.922°

o AARCSEC  Adon  Abwise A0 Abuwist AO Abuwist AO

M=0.3, Q=153 psf
Omean  0.010 0011 0.008 0.009 0.007 0012 0.006 0.018
omx 0015 0019 0019 0.018 0.024 0029 0.017 0.018

M=0.9, Q=965 psf
Omean  0.006 0.011 0.016 0.016 0.013 0.015 0.014 0.016
Omax 0.012  0.015 0.029 0.032 0.025 0.033 0.037 0.051

*Spanwise location.

Table 2 Test-to-test repeatability in degrees during air runs

n=0.635* n=0.778" n=0.922%
M Q, psf Mean o Mean o Mean o
0.3 154 —-0.012 0.022 -0.013 0.030 —0.006 0.027
0.6 534 —0.004 0.059 0.013  0.071 0.011  0.049
0.3 805 0.022  0.093 0.017 0.109 0.026  0.087
0.9 967 0.001 0.027 -0.016 0.026 —0.005 0.047

#Spanwise location.

Data for the other two semispan stations behaved similarly. Com-
parisons of repeat runs from two tests separated by over five months
are presented in Table 2. The mean and standard deviation o of the
differences are presented as a function of semispan location, Mach
number, and dynamic pressure. The number of data points used for
these comparisons varied from 18 to 26.

VI. VMD Applications in Wind Tunnels

Aeroelastic deformation measurements have been made for a
number of tests at five large production wind tunnels at NASA.
These facilities are the NTF, the Transonic Dynamics Tunnel (TDT),
the Unitary Plan Wind Tunnel (UPWT) at NASA Langley Research
Center, the 12-Foot Pressure Tunnel at NASA Ames Research Cen-
ter (12-FT), and the NASA Langley Research Center 16-Foot Tran-
sonic Tunnel (16-FT). The location of the data-recording camera
varies with the tunnel due to window location constraints, com-
petition with other instrumentation for viewing ports, and ease of
mounting. VMD measurements on sting-mounted horizontal mod-
els have been made at the NTF, UPWT, 16-FT, and TDT. VMD
measurements have been made on wall-mounted semispan mod-
els at the NTF and TDT. Measurements have been made on floor
mounted semispan and bipod supported full models at the 12-FT.

A. NTF

The NTF is a fan-driven, closed-circuit,continuous-flow pressur-
ized wind tunnel. The 8.2 by 8.2 by 25 ft long test section has a
slotted-wall configuration. The wind tunnel can operate in an ele-
vated temperature mode up to T = 140°F, normally using air, and in
acryogenicmode, using liquid nitrogen as a coolant, to obtain a test
temperaturerange down to about —250°F. The design total pressure
range for the NTF is from 15 to 130 psia. The combination of pres-
sure and cold test gas can provide a maximum Reynolds number of
1.2 x 10® at Mach 1.0, based on a chord length of 9.75 ins. These
characteristicsafford full-scale Reynolds number testing for a wide
range of aircraft. A major instrumentation challenge at the NTF
is the requirement to make measurements over the wide range of
temperature from 140°F down to —250°F. Aeroelastic deformation
measurements have been made at the NTF for both high-speed re-
search (HSR)' and advanced subsonic technology (AST)?> models.
Figure 9 shows typical wing twist of an HSR model at differentdy-
namic pressures for n =0.922. The Mach number and total pressure
were varied to give the desired dynamic pressure.

B. TDT

The TDT is used for acroelasticresearch and flutter clearance and
other aeroelastic-verifcation tests of fixed-wing and rotary-wing
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Fig. 9 Typical wingtwist of a HSR model at varyingdynamicpressures
for n = 0.922,NFT.

flight vehicles and launch vehicles. The TDT is a continuous-flow,
variable-pressure wind tunnel with a 16 x 16 ft test section. The
tunnel uses either air or a heavy gas as the test medium and can
operate at Mach numbers up to about 1.2 while obtaining Reynolds
numbers per foot of approximately 3 x 10° in air and 10 x 10° in
heavy gas.

The firstautomated videogrammetricmeasurementsof wing twist
and bending at NASA Langley Research Center were made at the
TDT in 1994 where the application of high-contrast targets on the
wing made possible the use of image processing techniques to de-
termine automatically the image coordinates of the targets. Image
sequence record lengths at a 60-Hz rate of up to 8 s per data point
have been taken for dynamic studies. Videogrammetry has been
used at the TDT for a number of tests of semispan models, both
rigid and flexible, and one sting-mounted full model. Measure-
ments have been made on the Defense Advanced Research Projects
Agency/U.S. Air Force Research Laboratory/Northrop Grumman
Smart Wing that had variable twist and adaptive control surfaces
to provide continuous wing contour and variable camber2® Tests
were first conducted on a conventional wing model without smart
structures for comparison to the smart wing and to validate the
model deformation system. The system was used to determine the
trailing-edge deflection angles of the smart wing, which were em-
bedded with shape memory alloy (SMA). The system was also used
to measure model wing twist when the SMA torque tubes were
activated. The system provided near real-time model control sur-
face deflections and twist. The measurement system at the TDT has
also been adapted for displacement measurements during a test of a
piezoelectric wafer actuator to alter the upper surface geometry of

a subscale airfoil to enhance performance 2%-3

C. UPWT

The UPWT is a closed-circuit,continuous-flow, variable-density
tunnel with two 4 by 4 by 7 ft test sections. One test section has a
designMach numberrange from 1.5 t0 2.9, and the other has a Mach
number range from 2.3 to 4.6. The tunnel has sliding-block-type
nozzles that allow continuous variation in Mach number while the
facility is in operation. The maximum Reynolds number per foot
varies from 6 x 10° to 11 x 10°, depending on Mach number. A
VMD measurement system has been used at UPWT for aeroelastic
studies to assess Mach number and Reynolds number effects in
addition to comparisons of models with flapped and solid wings.
For example, data for the aerodynamically induced wing twist and
bending of an HSR nonlinear cruise vehicle (NCV) model near the
wing tip (n =0.992) for Reynolds number sweeps at Mach = 2.4
are plotted in Fig. 10. Reynolds number variations were obtained
by changing the dynamic pressure, thus the plot in Fig. 10 reflects
the dynamic pressure effect on the change in aeroelastic wing twist.
The maximum wing twist of —1.25 deg at Mach 2.4 occurs at a
Reynolds number of 4.9 x 10°. The nearly linear change in twist
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Fig. 10 Typical wing twist of a HSR NCV model at different dynamic
pressures for n = 0.922, UPWT.

and displacement as a function of alpha has been observed for a
number of HSR models.

D. 12-FT

The restored 12-FT is a closed-return, variable-density tunnel
with a continuously variable Mach number from 0.05 to 0.60. Max-
imum Reynolds numberis 12 x 10%/ft. The 12 ft diam, 28.5-ft-long
test section has 4-ft-wide flats on the ceiling, floor, and sidewalls.
The 12-FT is the only large-scale, pressurized, very low-turbulence,
subsonic wind tunnel in the United States. It provides unique ca-
pabilities in high Reynolds number testing for the development of
high-lift systems for commercial transport and military aircraftand
high AOA testing of maneuvering aircraft. Aeroelastic model de-
formation measurements have been made for full models supported
on the bipod and semispan models floor mounted vertically. For the
bipod-supportedmodel, the deformation system viewed retroreflec-
tive targets placed at various semispan locations along the right wing
and body. The CCD camera was installed for protection in a pres-
sure vessel with window. An incandescentlamp was placed near the
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Fig. 11 Twist and displacement of a 4% Arrow Wing low speed high
lift model at Mach = 0.225, Re = 8.51 x 10,° and Q = 435 psf, 12-FT.

camerain the same viewport to illuminate the retroreflective targets.
Part of the wing had to be painted flat black to eliminate specular
reflections where the surface normal bisected the camera and light
source locations. Aerodynamically induced wing twist and change
in vertical displacement near the wing tip (7 =0.99) vs alpha for
the 4% Arrow Wing HSR model at the 12-FT are shown in Fig. 11.
The Mach number was 0.225, the Reynolds number per foot was
8.51 x 10°, and the dynamic pressure was 435 psf. Data for flaps
deflected and undeflected are presented, which clearly indicate ef-
fects of the flaps on the twist and vertical displacement. In addition,
simultaneous tests using the VMD measurement technique with
PSP3! and transition detection using temperature-sensitive paint*?
were performed at the 12-FT.

E. 16-FT

The 16 Ft is a single-return atmospheric wind tunnel with a slot-
ted transonictest sectionand a Mach numberrange of 0.2-1.25. The
octagonal test section measures 15.5 ft across the flats. Models are
mountedin the test section by sting, sting-strut, or semispan support
arrangements. The dedicated VMD system for the facility is suitable
only for sting-mounted models at present. The CCD camera, light
source, and power supply are currently mounted on a movable flat
of the test section, which must be compensated for with wind-off
polars at the various flat angular settings. A flat mirror is used to
direct the light from a 150-W lamp around the camera and out the
same window. The light outputis variable from the controlroom. A
vortex cooler requiring a pressurized air supply is used to reduce the
temperature near the camera, which may reach 170°F without cool-
ing. The model center of rotation is located near to the wing area,
which enables a smaller field of view to increase resolution. Fig-
ure 12 shows aerodynamic-load-induced wing twist vs normalized
semispan location for an HSR technology concept airplane (TCA)
model tested at Mach 0.6 and Mach 1.1. Data for the baseline con-

Twist (deg)

Twist (deg)

0 01 02 03 04 05 06 07 08 09 1
Semispan

Fig. 12 Spanwise twist distributions of a HSR TCA model at Mach =
0.6 and Mach = 1.1, 16-FT.

figuration without deflected flaps are shown for the AOAs —2, 1,
4, and 7 deg. Data taken at the test section wall flat settings for the
various Mach numbers indicate that the flat setting has little effect
on the measured twist, but causes a zero shift in displacementof up
to 0.07 in. that varies with semispan station.

F. Orientation and Deformation Measurements of a Probe

A two-camera VMD system has been used to measure the ori-
entation angles of a seven-hole probe during the calibration in the
Probe Calibration Tunnel at NASA Langley Research Center. The
orientation angles of the seven-hole probe are controlled by two ro-
tational stages. The orientationangles & and § of the probe and the
coordinate system are shown in Fig. 13. During the calibration, the
probe deforms due to aerodynamic load. Thus, the rotation-stage
readings do not accurately represent the orientation angles. Two
CCD cameras with 35-mm lenses were used to image the probe
through a wind-tunnel window. Four retroreflective targets were at-
tached to the blackened probe surface along the probe centerline.
Three-dimensional coordinates of the targets were obtained, and
the probe orientation angles were calculated from the coordinates
of these targets. Measurements were made at Mach numbers 0.4,
0.5, 0.6, and 0.7 and total pressures 32 and 60 psi. The probe orien-
tation angles o and g vary from —50 to 50 deg. Figure 14 shows the
distributionsof angle deviations generatedby aerodynamicforces of
VMD-measured « and 8 from the rotation-stagereadings in the pa-
rameter space «, B, for a Mach number of 0.5 and the total pressure
of 60 psi.
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Fig. 13 Probe orientation angles and coordinate system.
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Fig. 14 Distributions of probe orientation angle deviations from the
rotational stage readings at Mach 0.5 and total pressure of 60 psi.

G. Aeroelastic Divergence Measurements of an Airfoil

Aeroelastic divergence testing of an airfoil section has been con-
ductedin the Flutter Researchand ExperimentDevice (FRED) Wind
Tunnel. FRED is an open-circuittable-top wind tunnel with a max-
imum operating velocity of 85 mph. The plexiglass test section
of 6 x 6 in. provides excellent optical access for model viewing.
A rigid wing was mounted to a mechanism that allowed only a
pitching motion of the airfoil with a single degree of freedom, gov-
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20 4 ; ; : ;
) 5 10 15 20 25
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Fig. 15 Time history of the AOA of an airfoil in an aeroelastic
experiment.

erned by a torsional spring. Measurements made using the VMD
technique are shown in Fig. 15 showing the time history of the
AOA as the flow velocity was decreased. The elastic AOA varied
as a function of the flow velocity, emulating the development of
wing twist as an aircraft changes flight condition. The time his-
tory of the AOA of the airfoil shows initial statically unstable,
divergent behavior indicated by a maximum airfoil deflection of
—17 deg at a limit stop. A stable dynamic mode of the system pro-
duced the oscillatory behavior. As the flow velocity was decreased,
the airfoil became statically stable, indicated by the AOA return-
ing to 1 deg, which was the prescribed AOA for the experimental
setup.

VII. Conclusions

A videogrammetric technique has been found to be very useful
for the measurement of wind-tunnel model attitude, deformation,
and displacement measurements. The single-camera, single-view
implementation of the VMD technique, even though restricted to
pitch polars, offers operational and setup simplicity that make the
technique particularly useful in large production wind tunnels. The
multicamera VMD technique can provide three-dimensional infor-
mation and is not restricted to pitch polars, but has additional setup,
viewport, synchronization, and lighting requirements. Model de-
formation measurements have been made with the single-camera,
single-view VMD technique at five large NASA wind tunnels.
Model deformation data can be used not only to understand the
aeroelastic properties of the model, but can also be used to gen-
erate a deformed surface grid of the model for more correct CFD
calculation and PSP mapping.
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