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Abstract 
When a physical model is placed in a wind tunnel, aerodynamic forces on 

the model can deform and displace it, making Pressure Sensitive Paint (PSP) ratio 
techniques less accurate, since they rely on pixel-by-pixel comparison of a "wind-
on" image to a "wind-off" reference image. While some of this mis-registration can 
be corrected by whole-image re-projection of the displaced model, local bending 
and twisting cannot be accounted for, resulting in noise in final pressure image. 
One strategy for noise reduction is to track the distortion and displacement of the 
model at many points in the image and resect (i.e. reconstruct) the distorted im
age based on a 2D mesh created by these local motion vectors. This Piecewise 
Linear Resection (PLR) method becomes more accurate as the mesh density and 
the number of accurate motion vectors increases, so it is desirable to maximize the 
number of motion vectors by tracking as many points in the image as is practical. 
This work presents a method to increase the accuracy of PLR by tracking natural 
features in addition to standard fiducial markers, significantly increasing the mesh 
density. The software system presented uses the SURF algorithm to track natural 
features of a model coated in PSP between wind-off to wind-on images, generating 
an initial field of local motion vectors. Mismatched vectors are then filtered using 
a modified disparity gradient filtering technique that integrates weighted fiducial 
marker motion data to improve accuracy. The resulting motion gradient field is 
used as a guide to subdivide the wind-on image into a 2D mesh using Delaunay 
triangulation. Each triangle in this mesh is then independently distorted accord
ing to motion vectors at its vertices, completing the image resection process. The 
ratio between this resected wind-on image and the reference wind-off is used to 
obtain pressure data. This work shows that this method of automatic PLR is feasi
ble on wind tunnel imagery and that the resulting pressure data has reduced mis
registration noise without the need to perform 3D resection using virtual models 
and pre-defined deformation equations. It is demonstrated that a denser resection 
mesh can be generated using a combination of natural features and fiducial mark
ers. It is also shown that the disparity gradient filter using prioritization, subdi
vision, and vector weighting is an effective way of removing erroneous motion 
vectors from motion gradient fields. Finally, it is demonstrated that the work flow 
can be developed using Open Source Software (OSS) libraries, including OpenCV, 
tifLib, freeGLUT. Overall, this work flow for automatically creating a dense 2D 
resection mesh and using it to remove model deformation and displacement is 
demonstrated to be effective in decreasing error in PSP applications where model 
deformation and displacement are present. 
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Chapter 1 

Introduction 

1.1 Wind Tunnel Testing 

Wind tunnel testing is an integral part of aircraft design and development. Al

though computational fluid dynamic techniques have informed preliminary de

signs, these are ultimately verified and tuned using wind tunnel data.1 Measuring 

forces on a wind tunnel model as a whole can be done through its mounting plat

form,2 point pressure can be monitored using static pressure taps on the model 

skin, and air flow surrounding the model can be visualized by methods such as 

particle flow velocimetry3 or airflow density visualization.4 

Monitoring pressure across an model's surface is fundamental to design, 

as it indicates areas of flow compression and separation which directly affect real 

world performance. Pressure data would ideally be continuous across the whole 

model, and by extension pressure sensor size should be as small a possible to max

imize resolution. However surface pressure measurements had been limited to 

static pressure transducers (taps), as shown in Figure 1.2 on page 3 which provide 

1 



2 

Figure 1.1: Scale model of a CF-18 fighter mounted in the 1.9m Trisonic wind tun
nel at Uplands Facility. Wind tunnel testing validates computational fluid dynamic 
methods, so accurate data collection is vital. 
(Courtesy, Institute for Aeronautical Research) 

point-data but are expensive to integrate into the wind tunnel model.5 In addition, 

these taps only cover a specific set of points across the model, numbering at most 

in the hundreds, so pressure data across the model surface must be interpolated. 

Discontinuous pressure features such as transonic shock fronts, which are espe

cially critical to understand in aircraft design, may appear between pressure taps, 

making the feature's precise position ambiguous. Localized pressure features may 

be entirely missed, and pressure tap placement on articulated or thin components 

such as control surfaces can be difficult or impossible. One solution to address this 

problem of sparse surface pressure data is the use of pressure sensitive paint (PSP) 

which can provide continuous, high resolution pressure measurement across ar

bitrary sections of the model. A model coated in PSP is shown in Figure 1.3 on 

page 4. 
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Figure 1.2: Cross section of airfoil model with integrated pressure taps. Each tap 
must have an individual hole in the model surface connected to a static pressure 
line running to a transducer. 
(http //wwwgrc nasa gov/WWW/K-12/airplane/tunpsm html) 

1.2 Pressure and the Registration Problem 

Recently, PSP has been shown to provide pressure information across the entire 

model surface with accuracy approaching static pressure taps.6 PSP contains com

pounds whose fluorescence can be correlated to incident air pressure in a highly 

localized and continuous way.7 PSP has the advantage of being comparatively 

easy to apply to the model in comparison to static pressure taps and can provide 

information about air pressure continuously across the entire painted. This greatly 

reduces cost of testing while increasing data density, however a system of captur

ing and processing this data is required. Specialized illumination, digital cameras, 

and image processing are necessary to extract pressure data from PSP coatings. 

Furthermore, the pressure data can be extracted only as a ratio between a reference 

or "wind-off" image, and a "wind-on" image, a technique that removes variation 
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Figure 1.3: Scale model of an F-18 fighter with PSP applied. 
(http //wwwaerospaceweb org /design/ psp/) 

in the absolute brightness of the PSP coating due to factors other than fluorescence. 

An example of a wind-off and wind-on image pair and the resulting ratio image is 

shown in Figure 2.5 on page 18. 

Because two images separated in time must be used to get a final pressure 

distribution, it is critical that these images are identical with the exception of the 

changes in the PSP reflectivity. Any misregistration or misalignment of the im

ages, the camera and illumination system, or the model will introduce errors into 

the pressure measurement. While camera and illumination systems can be locked 

down outside of the wind tunnel airstream, the model itself is exposed to these 

forces and can undergo displacement and deformation. Displacement due to the 

force of the airflow acting on the model's support structure and distortion due 

to local bending and deformation of the model, which is not completely rigid. 

These distortions of the image from wind-off to wind-on directly affect the pres-
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sure measurements obtained from the ratio of these two images since even small 

misalignments can result in significant measurement errors. Despite this technical 

challenge, the promise of PSP to provide full pressure data across a model makes it 

desirable to find methods of removing image misalignments post-process in order 

to obtain the most accurate data possible. 

1.3 Compensating for Model Displacement 

and Deformation 

There are several existing methods for obtaining approximate realignment of a 

wind-on image to its associated reference wind-off image based on tracking the 

positions of visual marker points (fiducial markers) on the wind tunnel model. 

These markers are typically of minimal size and number so as not to obscure the 

PSP coating. The movement of these markers in bulk and relative to one another 

can provide information about model displacement and deformation, but cannot 

readily differentiate between the two and across the entire model surface; motion 

in the areas between the markers must be interpolated. 

To address this problem, two approaches can be taken. First, a virtual 3D 

model of the wind tunnel model can be created, including predefined deformation 

equations. A system of linear equations for motion and deformation can be solved 

to minimize error between the virtual model and the wind tunnel model imagery, 

providing information on displacement and deformation.8 A second method that 

does not rely on a virtual model is piecewise linear resection (PLR).9 In PLR the 

image is subdivided based on trackable features points such as fiducial markers, 

and each subdivision within the image is independently realigned using the mo-
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tion of these tracking points. This method can operate in 2D and does not require 

a 3D virtual model, however it can exhibit decreased accuracy in areas of the im

age that are distant from any tracking points. It becomes desirable to minimize the 

distance of any given portion of the image from a tracking point in order to have 

the best fidelity to actual model displacement and deformation. 

1.4 Motivation 

The PLR method can be automated; no prior knowledge of model deformation 

characteristics is assumed and no virtual 3D model is needed. It can reduce reg

istration errors greatly in the local image areas around tracking points, making it 

desirable to track as many points across the image as possible. 

The motivation behind the work presented in this thesis is to increase the 

accuracy of PLR by increasing the number of tracking points in the image without 

adding additional tracking markers that obscure the PSP coating. It follows that 

some method of tracking pre-existing features within the images of the wind tun

nel model is needed. Methods of tracking these natural features in an image have 

been established for other image processing applications,10 however they have not 

previously been applied to the wind tunnel resection problem. It is desirable to 

determine their suitability as an accurate method of increasing tracking points for 

the PSP application. 
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1.5 Problem Statement 

In this thesis we set out to investigate if natural feature tracking can improve PLR, 

and by extension the PSP process, in the presence of model displacement and de

formation. In order to accomplish this, we determine if a specific natural feature 

identification algorithm (SURF)11 is suitable for tracking motion in PSP images. 

We seek to determine if combining accuracy-weighted motion information from 

natural feature and fiducial marker tracking improves overall tracking accuracy 

in capturing local and global model movement. We also attempt to determine if 

an extended disparity gradient filtering algorithm can remove erroneous motion 

vectors and improve the fidelity of the overall motion gradient field. 

Natural feature tracking has the potential to improve resection accuracy be

cause the number of tracking points in the image is increased, resulting in a smaller 

distance between any two tracked points and therefore a smaller interpolation er

ror for pixels resampled between these points. The overall resection error should 

decrease because the number of accurately tracked points has increased, resulting 

in more accurate pressure data across the PSP image. 

1.6 Thesis Structure 

Chapter 2 describes the characteristics of PSP and its application to wind tunnel 

testing in addition to a survey of existing methods of removing model displace

ment and deformation. Characteristics and methods of tracking natural features 

are described, focusing on the SURF algorithm. An overview of the disparity gra

dient filtering system is presented in the context of improving the accuracy of the 
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motion gradient field for a wind tunnel model. Finally, a general overview of re

section work flow is given in the context of improving PSP measurement accuracy. 

The chapter concludes with a statement of the questions investigated in this thesis. 

Chapter 3 describes methods and algorithms to be used in the software tool 

chain. Each functional module is detailed in the order of application in the full 

work flow. This chapter concludes with a discussion of the advantages of modular 

software architecture and a graphical user interface for efficient user feedback. 

Chapter 4 includes specific validation and performance tests using the soft

ware work flow, and discusses specific details of implementation. Fiducial marker 

and natural feature tracking accuracies are determined, and the performance of 

the extended disparity gradient filtering algorithm is evaluated. Finally, the resec

tion algorithm functionality and overall system performance is evaluated in the 

context of PSP measurement error. The results of a full resection work flow are 

compared to unresected images and to ground-truth data from pressure tap sen

sors. This Chapter concludes with a discussion of the final graphical user interface 

architecture and the benefit of human-in-the-loop (HIL) work-flow. 

Chapter 5 discusses findings and contributions to the field, and states pos

sible extensions of this work and new problems that can be explored. A discussion 

of best practices for wind tunnel image capture is also presented in the context of 

selecting a resection method based on available data. 

1.7 Contributions to the Field 

• Use of Natural Features to Automatically Improve PLR Performance 

The work described here demonstrates that it is feasible to track natural fea-
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ture using the SURF algorithm for PSP applications and that the resulting 

increase in mesh density results in a higher fidelity resected wind-on image. 

This in turn increased accuracy of pressure measurement from the ratio im

age. 

• Developed a Weighted Extension of the Disparity Gradient Filter Algo

rithm 

In order to combine the highly accurate data from fiducial marker tracking 

with the denser data from natural feature tracking, a weighted, prioritized 

extension of disparity gradient filter was developed as part of this work, 

allowing more accurate vectors to have more influence on the final motion 

gradient field, resulting in a higher quality resection mesh. 

• Developed a Modular, Open Source Workflow for Improving PSP Ratio 

Images using 2D PLR 

This software tool chain for this project was developed using open source 

libraries and demonstrates that relatively complex software for this applica

tion can be developed efficiently without licensing costly analysis tools. 

• Designed Graphical User Interface to Improve Work Flow Efficiency 

An intuitive user interface was developed to manage work flow and focus 

the user on tuning key parameters using a visual feedback system of inter

mediate processed images. The user interface also included measurement 

tools that provide virtual pressure taps and pressure cross sections. 

• Developed Best Practices Guidelines for use of PSP with Natural Feature-

Based Resection 

Test findings were used to assist in the choice of a resection procedure, 

whether it be planar reprojection, 3D model reprojection, or PLR. 



Chapter 2 

Background 

2.1 PSP in Wind Tunnel Testing 

PSPs are partly composed of one or more lumiphor compounds whose reflectivity 

varies with the partial pressure of oxygen at their immediate boundary.12 In wind 

tunnel applications, this oxygen partial pressure varies in proportion with air pres

sure across the surface of the model. The PSP is applied to the model or a section 

of the model using simple spray aerosol method to a minimal thickness, since the 

surface of the PSP is the reaction area to oxygen. PSP coatings are typically made 

as homogenous as possible, however measurement methods described below re

move most variance due to uneven application.13 A review of PSP formulations 

and surface treatments can be found in Gregory et al.6 

The change in PSP reflectivity is primarily in specific wavelengths, and is a 

result of reemission of energy absorbed from other wavelengths. In practice, a high 

signal-to-noise ratio is desirable, so the wind tunnel model is illuminated specifi

cally in the excitation band and the CCD camera incident on the model is equipped 

10 
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with a optical filters transparent to the re-emission band. A sample PSP spectrum 

for absorption and re-emission can be seen in 2.1 on page 11. It is necessary to 

arrange the illumination source, model and camera to best use this characteristic 

of the PSP. 

1.2 
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Figure 2.1: Electromagnetic absorption and re-emission characteristic of a PSP 
sample formulation containing Pyrene-1-butyric acid (PBA). The PSP coating is 
excited by an illumination source centered at 325nm which causes fluorescence 
centered at 460nm. Spectra reproduced from Gregory et al. [2008].6 

2.1.1 Physical Arrangement 

The experimental setup for PSP measurement typically requires that only the 

model itself be in the wind tunnel. The camera and illumination source are sit

uated outside the tunnel with access via optical glass ports or windows. This ar

rangement allows the camera and illumination source to remain static with only 

the model moving due to aerodynamic forces. A diagram of a typical set-up is 

shown in 2.2 on page 12. Illumination sources are mounted where practical to 

provide an even illumination of the model. The camera(s) are placed such that 

the region of interest on the model is approximately perpendicular to the imaging 
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Camera Illumination source 

Figure 2.2: Physical arrangement for PSP experiments. Illumination source(s) and 
camera system are located outside the wind tunnel test section with visibility pro
vided either by optical ports or windows. 

plane, and camera lens and focal length selection is based on projecting this area 

of interest on as much of the image sensor as possible while minimizing depth-of-

field blurring. In cases where optical view ports are relatively small, compromises 

may have to be made in camera and illumination arrangement, resulting in limited 

field-of view or illumination fall-off, both of which can effect post processing. For 

example, model displacement and deformation may move fiducial markers out of 

frame, preventing their use, and uneven illumination can reduce the signal to noise 

ratio in areas of lower illumination. Data is typically captured on-site; wind-off 

reference images are captured with no airflow in the tunnel and full illumination 

while wind-on images are captured when the desired air velocity is reached and 

steady state airflow is established. The images are then processed off-line. 
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2.1.2 Imaging System 

Figure 2.3: CCD camera for PSP experiments. A typical instrumentation-grade 
camera with a dynamic range of approximately 3000:1. Output is 12 bit linear and 
noise levels intrinsic to the camera system are approximately 1 count rms. Lens 
system is replaceable for wider angles of view, and aperture can be set to increase 
depth of field. 

In order to make the workflow in PSP data acquisition efficient and robust, 

the same cameras are used for model motion tracking and PSP imagery.13 Typi

cal cameras used in the PSP application are monochrome charged-coupled device 

(CCD) digital cameras with a standard 2D grid pattern sensor. Each pixel on the 

CCD is digitized to 12 or more bits of linear intensity and stored as a standard 

16-bit per channel, single channel Tagged Image Format (TIF). The camera system 

can introduce artefacts into the image, such as: 

1. Non-linear optical distortion from the lens and CCD system 

2. Blur in near and distant parts of the model due to finite depth-of-field 

3. Per-pixel random variation due to thermal and shot noise in the CCD 
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Item (1) is invariant in this application and since the camera image is not 

being matched to a 3D model mesh or other virtual data, does not have to be re

moved. Item (2) directly effects per-pixel data since higher frequency data com

ponents are effectively lost in areas that are out of the focal plane. This is miti

gated by reducing the aperture of the camera lens to increase depth-of-field. This 

reduces image brightness on the sensor, requiring an increase in exposure time. 

If the model and air flow patterns are static, this is not an issue. Item (3) is an 

electronic property of the CCD and introduces random per-pixel variation in the 

output images. This can be partially mitigated by subtracting a dark-frame im

age from any output image of the camera. This dark-frame image is the output 

of the camera with no light incident on the sensor for an exposure time equal to 

that used in model imaging. Increasing model illumination in turn increases the 

signal-to-noise ratio, reducing the effect of this noise source. 

The illumination system can be LED, laser, or UV-lamp based, since the exci

tation band of PSP is typically in the 300nm range. Illumination must be constant 

between wind-on and wind-off images as any change will be indistinguishable 

from a change in global air pressure. The illumination is ideally uniform across 

the model to maximize the dynamic range of the pressure signal that can be recov

ered, however this may not be the case in high-speed wind tunnels where smaller 

optical port make point sources necessary. 

2.1.3 Processing PSP data 

Once the wind-off/wind-on image pairs have been captured they require pre

processing and merging. The brightness (intensity) of the PSP coating is recorded 

by CCD cameras as gray scale values. The brightness values vary locally with air 
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pressure changes, however the absolute intensity values for a given pixel location 

are not representative of the absolute pressure values for several reasons. For ex

ample, a non uniform illumination field is a practical reality because of the point 

sources used and the 3D geometry of the wind tunnel model. Additionally, the 

PSP coating may be slightly heterogeneous when applied to the model, which can 

result in local differences baseline reflectivity. 

To separate these factors from the pressure data, the ratio of the wind-off 

image intensity (Jo) with no airflow is made with the wind-on image with airflow 

(I). By taking a pixel-by-pixel ratio, local variations in illumination field and PSP 

coating are removed from the final image, and variation in the ratio-image inten

sity can be related to pressure change, as described by in14 using the Stern-Volmer 

equation, where p and po are the wind-on and wind-off pressures, respectively, 

and A and B are coefficients specific to the PSP chemistry and the linear contrast 

characteristics of the imaging pair. 

'-f = A + B>L 

This approach is used to make PSP measurements a feasible tool; however 

there are practical considerations that can influence this result, such as self illumi

nation and PSP response to temperature. Sources of PSP measurement error are 

discussed and modeled by Liu et. al.,7 showing that a critical variable that affects 

measurement accuracy is model displacement and distortion which modifies the 

derived pressure ratio, introducing error where there is displacement or deforma

tion. 

A summary of error sources is shown in Figure 2.4 on page 2.4. Image mis

registration between wind-off and wind-on images plays a role in either increasing 
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Error Sources in PSP Measurement 
Error Source 

Ratio image intensity 
calibration to pressure taps 
Illumination variance over 
time 

Illumination variance over 
camera field of view 

Responsivity of PSP coating 
over model 

Temperature variance over 
model 

Motion blur due to model 
vibration and oscillation 

Camera system shallow Depth-
of-field 

Misregistration between wind-
on and wind-off images 

Also Affected by 

All error and uncertainty sources 

PSP degredation over time 

Image misregistration 

Image misregistration 

Image misregistration 

Image misregistration, camera 
position, aperture and focal-length 

Camera position, aperture and focal-
length 

Model deformation, displacement 

Method of Compensation 

Removing all variables that affect PSP 
intensity other than pressure 

Consistent illumination source 

Ratio image method, reference 
illumination image 

Ratio image method 

Binary PSP additional reference lumphor 
with temperature dependent flourescence 

Reduction of camera exposure time 

Reduction in camera aperture and 
corresponding increase in exposure time 

Image tracking and resection 

Figure 2.4: Sources of Error in PSP Measurement. The Ratio method compensates 
for errors due to illumination and PSP responsivity, and Binary PSP formulations 
can compensate for temperature variations, however these corrective methods are 
less effective in the presence of misregistration; it is therefore desirable to remove 
image registration error to increase the effectiveness of other corrective methods. 
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error and uncertainty or in reducing the effectiveness of correction strategies; it is 

therefore of primary interest to remove this source of measurement error. All error 

sources ultimately impact the calibration of ratio image intensity to pressure val

ues. While Liu's treatment of error sources is analytical, practical approaches to 

reducing the effect of these error sources are described by Crafton et al.13 

2.2 Problem of Model Deformation 

and Displacement 

The aerodynamic loads on a wind tunnel model can be significant enough to dis

place and deform the model. This causes local and global misregistration of the 

wind-off and wind-on images, reducing the accuracy of measured data from PSP. 

LeSant et al. show that model deformation and displacement is a key source of 

pressure measurement error.15 

Model displacement is primarily due to the movement of the mounting ar

mature or "sting" that holds the model stationary within airflow. In the case of 

wall-mounted half-models, there can be slight changes in rotation about pivot 

points used to change the model's angle relative to air flow. These changes are 

global, affecting the model as a rigid body. In the case of a 3D object such as a 

wind-tunnel model, rigid motion typically appears as nonlinear motion when pro

jected on a 2D image sensor. 

In contract, model deformation is local rather than global, since a model is 

not a fully rigid body under load; for example, bending and twisting of wings is 

nonlinear. This introduces local changes in model perspective and geometry from 

the point of view of the camera system which are typically nonlinear. 
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(a) 

J 

Figure 2.5: Deriving pressure change from PSP imagery. The change of pressure 
from static to steady airflow is of interest, and is represented by the intensity ratio, 
taken per-pixel across the image. Images (a) and (b) are the wind-off and wind-
on images, respectively, which are combined to create a ratio image shown in (c). 
The image intensity levels have a linear relationship to pressure changes across the 
model. 
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These two types of motion have the net effect of reducing the pixel-pixel 

alignment accuracy of the wind-off and wind-on images, which in turn reduces the 

accuracy of the ratio images generated from these image pairs. A misregistration of 

even a fraction of a pixel is visually apparent and increasing misalignment reduces 

the accuracy further as shown in Figure 2.6 on page 19. 

(a) (b) 

Figure 2.6: Effects of misregistration due to displacement, rotation and warping. 
In 2.6(a) misregistration is clearly seen at fiducial markers and as noise in the PSP 
coating. In 2.6(b) the wind-off and wind-on images are registered to less than 1 
pixel, reducing noise in the PSP data. 

2.3 Overview of Registration and Resection 

Different techniques have been developed to detect and correct model displace

ment deformation. These typically rely on a process of image registration followed 

by image resection. Registration is the process of determining the relative positions 

of the model and camera for both the wind-off and wind-on images, and deter

mining any difference between the two. Resection is the process of modifying the 

wind-on image to reduce or remove this difference and thereby reducing misreg-
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istration artefacts in the final ratio image generated from the wind-off/wind-on 

pair. 

The registration process uses known landmarks in the images to determine 

model movement and deformation. A typical landmark is a fiducial marker. These 

markers are visible to the cameras monitoring the model during testing and are 

designed to balance ease of application to the model with accuracy of tracking.16 

Changes in the position of these landmarks between wind-off and wind-on im

ages allow partial or complete information about model position and deformation 

changes to be solved for.17 

In this application, the resection process involves distorting the wind-on 

image to remove as much geometric distortion as possible when compared to the 

paired wind-off image; in effect removing model deformation due to aerodynamic 

loads. This deformation process aims to minimize the displacement of landmarks 

such as fiducial markers between the wind-on and wind-off images. Removing as 

much distortion as possible improves the accuracy of the pressure values deter

mined in subsequent ratios of the two images. 

The distortion information recovered from landmarks such as fiducial 

markers is sparse, so the resection process requires assumptions about how the 

wind tunnel model deformed in order to interpolate the intensity values at posi

tions located away from the markers. Various methods have been developed to 

make this interpolation as accurate as possible in the presence of model displace

ment and deformation. 
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2.4 Survey of Registration and Resection Methods 

Several methods have been developed to resect the wind-on image based on the 

motion of a sparse set of landmarks such as fiducial markers. The goal of all these 

methods is to reduce the displacement error of known landmarks in comparison to 

their positions in the wind-off image. This is done by distorting the wind-on image 

according to specific constraints. Throughout this section, "registration error", or 

"error" refers to the displacement between a given landmark in the wind-off and 

wind-on images. 

2.4.1 Global Image Transforms 

This class of resection methods attempts to reduce error by applying an affine or 

perspective transform to the entire wind-on image. If the wind tunnel model was 

a flat plane tilted arbitrarily to the camera, this method can reduce error signif

icantly. In addition, only two to four landmarks need to be tracked by a single 

camera. However, most models are 3D objects projected onto the 2D image plane, 

and residual error is present in any part of the image which is not on the same 

plane as the tracked landmarks. This does not correct local or nonlinear deforma

tion of the model and any camera system distortion such as barrel distortion can 

reduce accuracy and should be removed before resection. 

This method has been extended to include other deformations of the image 

plane, including polynomial-based nonlinear bending using curve-fitting. These 

methods can provide improvement where nonlinear deformation of the model is 

known and is the dominant source of error, however the number of landmarks 

tracked may have to be increased to provide data for the curve-fitting solver. Sam-



22 

pie testing and errors for this 2D distortion methods, including affine, and per

spective are discussed in by Bell.12 Specifically, the required number of tracked 

landmarks is shown to increase as the distortion model becomes more complex 

(i.e. higher polynomial order). 

2.4.2 3D Reprojection Transforms 

Since most wind tunnel models are 3-dimensional, reprojection methods have been 

developed to improve on global image transformations. These methods attempt 

to reproduce the camera-model system in 3D using the 2D image information and 

require that a virtual 3D model of the actual wind-tunnel model be available. This 

model is typically represented as a polygon mesh, and a key requirement for accu

rate reprojection is that landmarks on the actual wind tunnel model are accurately 

located on the virtual model. This method required several more landmarks to 

be tracked, although they do not have to be on the same plane. Solving for model 

pose relative to the camera typically requires 7 landmarks to be tracked.8 The cam

era and model system pose for the wind-off and wind-on images are solved, and 

the 2D wind-on image is back projected through the camera onto the model geom

etry, forming a texture map that is linked to the model geometry in 3D space. The 

model is then transformed to its wind-off pose and a virtual 2D wind-on image is 

generated, which ideally will have all model displacement and rotation relative to 

the wind-off image removed. LeSant [2004] discussed this method with examples 

of registration and resection using 3D virtual models, showing that registration 

error can be reduced if the system is well calibrated.15 

The advantage of this system is the potential to remove all error due to 

model displacement and rotation. There is flexibility in landmark placement since 
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these are not limited to a 2D plane. In terms of visualization, the final image ratio 

can also be projected onto the 3D model to aide in analysis. 

A disadvantage of this method is that camera system distortion must be 

determined and removed for an accurate reprojection. Camera internal and exter

nal parameters can be determined simultaneously with enough landmarks on the 

wind tunnel and virtual model, or a calibration of the camera system can be made 

before testing by imaging a known target. 

Another limitation is the accuracy of landmark registration between the real 

and virtual wind tunnel models. Because the solver attempts to minimize the dif

ference between these two point sets, any error in specifying landmark location on 

the either model will limit the accuracy of the resection process. 

Most critically, this system assumes the wind tunnel model is non-

deformable. The solver can reduce error to zero only if markers are accurately 

placed, the camera parameters are known, and markers have not moved relative 

to one another in 3D space between wind-off and wind-on images. In the case 

model deformation, the markers do move relative to one another, and global rota

tion and displacement transforms of the virtual model will not remove all error. 

In order to account for model deformation, systems have been developed 

which add additional parameters that specify model deformation. For example, 

wing bend along a single axis can be modeled as a second-order polynomial equa

tion describing landmark motion at the wing tip versus the wing root. The addi

tional terms in the polynomial must be solved for, and are added to the RANSAC 

solver system of equations.8 These additional terms require additional data points 

either from another camera, or in the form of more landmarks on the model. 

If deformation is accurately modeled, this can be a viable solution, however 
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the number of additional equations to be solved increases with the number of de

formations described. These deformation models must be determined ahead of 

time, and resection accuracy is limited to the fidelity of these deformation models. 

This system is effective, however requires significant preparation of a vir

tual model, landmark placement and measurement, camera calibration and prepa

ration of deformation equations which balance fidelity with number of unknowns 

introduced into the solver. 

2.4.3 Piecewise Linear Resection 

Using the 3D resection method, the problem of reducing localized, nonlinear dis

tortion of the wind tunnel model requires significant preparatory work. As stated 

by LeSant et. al in,8 the simplest solution is the best in terms of experimental 

setup. A method which uses local solutions to model displacement and defor

mation is piecewise linear resection (PLR), which involves segmenting the image 

into subsections and resecting each of these individually based on local landmarks. 

PLR has a relationship to piecewise linear approximations to continuous functions, 

where line segments are fit to known points of a function that will not easily be fit 

to a polynomial. In practice, the wind-on image is segmented 2D planes segments 

which are distorted to match the wind-off to wind-on displacement of local land

marks. 

This system operates in 2D and has the advantage of becoming no more 

complex to solve as model deformation becomes non-linear. It requires no knowl

edge of the camera system parameters, and no virtual 3D model is required for 

reprojection. Landmarks on the wind tunnel model do not have to have their po

sitions determined in absolute terms. All of the information used for resection is 
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Figure 2.7: PLR applied to an wing image. Each shaded polygon is resected inde
pendently based on motion vectors at its vertices. Pixels on the interior of the poly
gons are linearly interpolated, (b) uses more landmarks and therefore generates 
more polygons than (a), resulting in a smaller amount of interpolation throughout 
the image when each polygon is resected. 
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derived from the displacement of landmarks in 2D from the wind-off image to the 

wind-on image. This has the potential of reducing preparation and calibration time 

while removing the requirement that model deformation modes be estimated. 

Delaunay Triangulation 

PLR relies on subdivision to produce a mesh of the wind-on image before resec

tion. This mesh must be produced using an automated method because of the high 

density of the segmentation. This is done using Delaunay triangulation, which can 

create a triangular mesh using set of landmark locations as vertices. The algorithm 

works to create a mesh where each mesh has triangles has similar interior angles. 

This method will produce the same mesh given the landmark locations, assuring 

repeatability.18 Delaunay triangulation has been shown an effective way of subdi

viding an image for PLR. Cazals et. al. discuss algorithms for creating a mesh from 

a set of points19 demonstrating that Delaunay triangulation is an efficient method 

for subdividing a surface. Devilliers shows that points can be added sequentially 

to a mesh, and that recomputing a mesh as points are added is efficient for the 

densities that would appear in the PSP application.20 

Improving PLR Performance 

The flexibility of PLR is offset by the fact that motion between landmarks is, as in 

other methods, subject to interpolation. Methods described previously interpolate 

image data based on either a 2D model of image distortion or a 3D virtual model 

mesh. These use global constraints on model deformation and motion; however 

PLR has no such constraints and can reduce the displacement error of any land

mark by resecting the local image area. However the confidence in this resection 
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PLR Error Due to Interpolation 

1D section through surface 

-o 
L4 

Landmark positions before surface distortion 

Landmark positions after surface distortion 

Piecewise segmentation of surface based 
on landmark positions 

Ui Interpolation error over surface after 
resection using linear interpolation 

Figure 2.8: Illustration of PLR resection error on a curved surface. Four landmarks 
are used to track the distortion of a surface, shown here as a 1-D cross section. The 
surface undergoes a continuous nonlinear distortion, and linear interpolation be
tween landmarks diverges from actual curvature. Larger distances between land
marks are more prone to this interpolation error. 
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accuracy is reduced as distance from landmarks increases. Performance of PLR 

in sparse landmark testing is discussed by Bell and McLachlan, where scenarios 

used between 4 and 28 landmarks.12 They noted the high accuracy of this method 

near landmarks and its lower accuracy away from them. Venkatakrishnan [2004], 

in a comparative study of 2D image resection techniques, found that PLR was 

the most accurate method near markers, but less accurate away from these land

marks.21 The error in resection of a continuously distorted surface due to linear 

interpolation is illustrated in 2.8 on page 27 as a one-dimensional simplification. 

Interpolation error is proportional to the distortion of the surface and the distance 

between landmarks. The goal then is to reduce interpolation error by reducing the 

distance between landmarks in the image. 

To understand the effect of increasing landmark count on interpolation dis

tance in a two-dimensional image, a simulation was created. Figure 2.9 on page 29 

shows that increased landmark count decreases the required interpolation dis

tance, with the largest gains in accuracy in the first 100 new landmarks. This 

indicates that increasing the number of landmarks beyond the minimal number 

available in standard wind tunnel testing arrangements will provide significant 

initial decreases in the interpolation distance and a corresponding increase in PLR 

resection accuracy. 

Adding more landmarks typically requires more fiducial markers. These 

fiducial markers must be of finite radius and therefore obscure a portion of the 

PSP coating. The fiducial marker itself can interfere with airflow if it is not match 

to the surface height and texture of the surrounding PSP. A practical balance must 

be struck between resection accuracy and density (coverage) of trackable features. 

Ideally, each pixel could be identified and mapped between wind-off 



29 

Maximum Distance to Nearest Landmark 
Image area of 1000x1000, results averaged over 20 runs 
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Number of Trackable Landmarks in image 
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Figure 2.9: Maximum distance to the nearest trackable landmark. As the number 
of trackable landmarks in an image increases, distance of any given pixel to the 
nearest landmark decreases, reducing error due to interpolation. Largest decreases 
in interpolation distance are seen in the initial increase in landmarks count, with 
an asymptotic approach to zero distance. 

and wind-on image pairs, allowing a perfectly accurate resection of the image, 

uniquely identifying pixel motion is difficult because the intensity of each pixel 

containing PSP data can change between wind-on and wind-off due to pressure 

changes as well as model deformation - the two cannot be decoupled at a pixel 

level. 
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2.5 Introduction to Natural Features 

A compromise must be made between the fraction of wind tunnel model image 

area dedicated to fiducial markers and area dedicated to the PSP. This compromise 

exists as long as the fiducial marker has a finite area. The more accurate the desired 

tracking, the more fiducial markers must be tracked across the model, reducing the 

area available to PSP. 

Natural Feature tracking can improve this situation by using image features 

that are already present in the image and not explicitly placed for tracking; this can 

include non-uniformities in the PSP itself. Natural feature identification includes 

a class of algorithms that identify and describe areas of intensity patterns in an 

image such that these areas can be identified in a subsequent image frame, even 

if that subsequent frame includes changes in rotation, scale, skew, brightness, and 

contrast, all of which can occur to some degree between the wind-on and wind-off 

images in the PSP application. 

Natural feature tracking depends on identifying and tracking subsections of 

an image, referred to generally as "features". A feature is typically composed of a 

descriptor and a set of parameters with the aim of making the descriptor minimally 

variant across a wide range of image geometry and intensity transforms while 

maintaining discrimination from other features. Natural feature tracking can be 

divided into three stages: identification, description, and matching. 

2.5.1 Overview of SURF 

"Speeded Up Robust Features" (SURF) is an algorithm for natural feature iden

tification and description within image sequences. SURF is a multistage process: 
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an image is first scanned for suitable features, and responses to a series of con

volution filters are then used to generate a descriptor for each feature. To find 

matching features in sequential images, an element-by-element comparison can be 

made of candidate features' descriptors. These matches are tolerant to scale, rota

tion, brightness, and contrast changes from image to image, and can be localized to 

sub-pixel accuracy.22 Developed by Bay et. al., SURF is a refinement of other nat

ural feature identification algorithms and optimized for image processing speed 

while maintaining robust identification characteristics.11 

This robustness makes SURF suitable for the PSP application, where a fea

ture can undergo both geometric distortion and changes in intensity due to the 

PSP coating's reaction to local air pressure. SURF was chosen as the natural fea

ture identification and characterization algorithm primarily because of its invari-

ance to brightness and contrast changes in the image. Juan et. al. showed in 

testing that SURF has better tolerance to illumination variance than related meth

ods.23 Additionally, it is not covered by non-open source licensing terms like some 

other methods. The speed of SURF is also a desirable characteristic, since the PLR 

method has improved accuracy with more trackable features. 

Identifying Features to Track 

SURF uses the determinate of the Hessian to determine localized areas that are 

suitable for tracking. The Hessian is a 2nd order square matrix in which each ele

ment is the response of the subregion to a specific convolution filter. This method 

of feature identification has been shown to be as robust under affine transforms 

of the image as other feature identification systems.10 These filters are designed 

such that their maximum response is to image areas which are localizable and 
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rotation-variant. SURF has optimized these filters for speed with little or no loss 

in performance. This is used as a measure of an image subregion's suitability for 

tracking.11 This detected is carried out across multiple image scales by varying the 

size of convolution kernels used to determine the Hessian, providing a final loca

tion of the feature in x, y and scale axis. The scale space value is used in descriptor 

generation to decouple the descriptor from the feature's pixel dimensions, making 

it scale-invariant. 

Generating a Feature Descriptor 

A descriptor is generated using a square subregion around an identified feature. 

A reproducible orientation of the descriptor is first calculated, and all descriptor 

array elements are generated with respect to the orientation, increasing rotational 

tolerance. The descriptor itself is a sequence of 64 real numbers. This is generated 

by subdividing a square region surrounding the feature center into 16 square sub-

regions, as shown in Figure 2.10 on page 34. Each of these subregions' responses 

to four Haar wavelet kernels is then added to the descriptor. 

Matching Features Using the Descriptor 

Features can be matched from image to image by comparing their descriptors. The 

descriptor remains similar for a feature under changes in rotation, scale, brightness 

and contrast, so image features can be compared simply as the sum of squared er

rors (SSE) between each element of their descriptor sequences. To match features 

between two images, their descriptors are matched as pairs with minimum SSE. 

A feature pair is only matched once, then removed from the matching pool. Any 

unmatched descriptors constitute unmatched features, which are discarded. Be-
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cause feature similarity is proportional to the Euclidean distance of two features' 

descriptor arrays, matching is a straightforward operation, equivalent to finding 

closest point-pairs in 64-dimensional state space. 

2.5.2 Reducing Feature Mismatches 

Highly localizable, rotation-variant image features yield the best descriptors for 

unique matching. In PSP applications the quality of the descriptor, as measured 

by its Hessian determinant, tends to be less than other in imaging applications. 

This is attributable to the high self-similarity of the PSP coating over the model, 

and the long, straight edges of the model itself, characteristic of aerodynamic bod

ies. Features such as pressure taps and circular fiducial markers also are not ideally 

suited as they have radial symmetry, resulting again in a lower Hessian determi

nant. Prior work in the field of medical imaging processing has shown that these 

types of low-contrast, self-similar images can be challenging to register and match 

by natural features alone without further constraints.24 

If sufficient natural features are to be extracted from a PSP wind tunnel 

model image, it is necessary to accept a lower quality of feature as measured by the 

Hessian determinant h. Typical values may be as low as h = 10, whereas standard 

test images can get sufficient feature counts with a lower Hessian threshold of 

h = 100 or greater. This lower quality implies more similarity between feature 

descriptors, which in turn implies that more mismatches may occur when tracking 

features from image to image. In order to improve the fraction of valid matches, 

additional constraints must be applied during and after descriptor matching to 

yield a satisfactory motion vector field that closely describes the motion of the 

wind tunnel model. 
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Figure 2.10: Generating a SURF descriptor. A visual work flow for generating a 
single SURF descriptor from a specified point in an image. The resulting feature 
descriptor will be invariant under limited changes in rotation, scaling, brightness, 
contrast, and distortion, allowing SURF features to be re-identified in multiple im
ages. 
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One example of a constraint that can be applied is that of limiting maxi

mum feature displacement between images. Since the wind tunnel model system 

is designed to have limited motion between wind-on and wind-off images, a con

straint can be applied that no matches are permitted between features with a large 

displacement between images. In application, this method is typically not suffi

cient to eliminate all mismatches and additional constraints must be applied using 

characteristics of the entire vector field, as described in the following section. 

2.6 Applying Constraints: 

Disparity Gradient Filtering 

2.6.1 Background 

Constraining SURF feature matches based on descriptor similarity and physical 

displacement between images is not sufficient to remove all mismatches. These 

methods do not take advantage of global characteristic of the total motion vector 

field produced between images and a typical result of natural feature matching 

between images can include significant fraction of mismatches. 

In the wind tunnel application images are of physical systems which in

clude only small displacements and deformations; large disparities in direction or 

magnitude between physically adjacent motion vectors should not occur. The goal 

is to determine which vectors represent true model deformation and motion, and 

which are erroneous. Feature motion vectors which do not represent true motion 

between images can be classified as outliers. It is desirable to remove these outliers 

to recover a vector field that represents true motion, and methods of applying con-
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straints to the whole global motion vector field provide a tool for accomplishing 

this. 

Global methods of removing mismatches typically rely on geometric con

straints: assumptions about how features may move collectively between images. 

In the case of a non-deformable object moving between frames, a known set of per

spective changes can occur. Techniques such as RANSAC combined with epipolar 

geometry can be used to recover this motion by attempting to find the motion 

which makes the largest fraction of all features inliers.8 This method is effective 

for motions that are global - the whole scene changes due to a camera motion, for 

example. 

Local changes due to object deformation produce motion fields which may 

not be effectively handled by global methods, however. A class of constraints de

rived from the concept of optical flow25 can be more effective in these cases. Op

tical flow algorithms can constrain feature motion locally within the image - flow 

vectors are compared with their neighbours as opposed to all vectors in the im

age.26 

Dense optical flow techniques rely on the changes in local pixel intensity 

as indicators of frame-to-frame motion.27 These methods of registration use area-

based correlation, which has been shown to be preferable in image matching ap

plications where data is low-contrast greyscale features. Although these are the 

types of textures seen in the PSP application, these methods were found by Aitova 

et. al. to not be suitable in applications where illumination levels change, which 

is also the case in PSP18 . An example of one of these methods, Pyramidal L-K28 

is shown in 4.10 on page 85. Although this method works well for perspective 

motion, as shown in the common 'Yosemite Sequence',29 the method is not tol-
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erant to the local intensity changes due to the wind tunnel model PSP coating, 

resulting in significant prediction error. Another method that is tolerant of PSP in

tensity changes is required, and basing this method on the brightness and contrast 

invariant SURF feature displacement vectors combined with a disparity gradient 

filtering can serve as a foundation. 

2.6.2 Applying Disparity Gradients 

A disparity gradient filter works on a set of motion vectors, filtering outliers based 

on their deviation from the median characteristics of the whole set. The disparity 

between any two vectors describes, as a single scalar value, their differences in 

angle and magnitude in relation to their mutual distance. Two dissimilar vectors 

located a large distance apart (compared with their magnitude) can have a similar 

disparity to two similar vectors that are separated by a smaller distance. Figure 

2.11 on page 38 shows a physical interpretation of disparity calculation between 

two vectors. In application, this means that a filtered vector field will have local 

agreement in local magnitude and direction while allowing smooth changes in 

global magnitude and direction. Furthermore, the algorithm allows the amount of 

local-to-global variance to be adjusted based on a global scalar parameter. 

Disparity gradient is a measure of a set of vectors' mutual disparity. It is 

calculated as a median value from the mutual disparities of all combinations of 

vector pairs in the field. Any one vector in the field can then be classified in terms 

of its variation from this scalar median. A vector with a disparity d times greater 

than the median disparity of the field is classified here as having a disparity of d. 

By filtering out vectors from the field whose disparities exceed a threshold value 

of dt, the field can be effectively smoothed to varying tolerances. 
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Calculating Disparity Between Two Vectors 
And Algorithm for Removing Outliers 

Vector between midpoints 
of flow vectors (Cyclopean) 

^2 Distance between 
endpoints of flow 
vectors given that their 
origins are the same 

o 

Disparity ratio (p1p p2) = d 2 / d . 

START 

Calculate all disparities ratios 
between all combinations of 
vectors pairs in {K) 

For each vector k 
Calculate the median of dispanties 
between k and all other vectors 

Is median less than 
threshold value7 

Delete vector k from {K} 

Were no vectors k in {K} 
deleted this iteration'' 

END 

Figure 2.11: Calculating Disparity and filtering Disparity Gradient Fields. Physical 
interpretation of disparity between two motion vectors for generating their mutual 
disparity. The algorithm for filtering a disparity gradient field is shown on the 
right. 
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Using this measure, vector fields can be filtered to include a subset of vec

tors that represent desired levels of local variance. An iterative process is shown 

in Figure 2.11 on page 38 which can filter a vector field to a desired level of con

sistency, essentially a self-similar local vector flow. 

Disparity gradient was developed originally as a method of quantifying fea

ture correlation between images in stereo vision systems.30 It is demonstrated by 

Triveti et. al. that a vector field with a dt=1.0 represents a stereo vision field of view 

that has no occlusion or overlap in the target scene.31 A value of 2.0 or greater in

dicates occlusion or other discontinuities. The concept is applicable when the two 

images are separated in time rather than in space, and can therefore be applied 

to a PSP wind-on/wind-off image pair. Experimentally it was determined that a 

disparity threshold 1.0 < dt < 2.0 is also suitable for the wind tunnel model de

formation applications where vector field flow varies because of model movement 

and deformation. 

2.7 Fiducial Marker Tracking 

Fiducial markers are designed to appear as distinct, easily identifiable features in 

an image which can be localized to sub-pixel accuracy. The primary purpose of 

fiducial markers is to allow tracking of model movement and deformation in the 

wind tunnel environment using camera systems. In wind tunnel applications in 

general and especially in PSP applications, they are designed to not interfere with 

aerodynamic data gathering; they cannot change the local airflow, nor can they 

cover a significant area of the wind tunnel model that could otherwise be covered 

in PSP. A wind tunnel model with fiducial markers is shown in figure 2.12 on 

page 40. 
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Figure 2.12: Wind tunnel model with fiducial markers. Markers are between 5 
and 15 pixels in diameter to allow best sub-pixel registration without obscuring 
too large an area. In this model static pressure tapes are located at the center of 
some of the markers, creating two types of marker images to track. 
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As a result of these requirements, fiducial markers are typically circular 

marker of a minimum radius such that they appear to the camera system approx

imately 5-10 pixels in diameter. A circular mark is desirable for ease of localiza

tion - the center of a circular marker is readily determined to sub-pixel accuracy 

even when distorted due to perspective changes, which can be approximated as 

affine transformations for small motions. LeSant [2004] describes optimal fiducial 

marker size as proportional to the desired accuracy and camera system resolution, 

with minimal benefit in accuracy beyond 10 pixels diameter.15 

Fiducial markers can be located approximately within the image in a num

ber of ways. Shortis et. al. compare methods of detection and localization, con

cluding that a combination of methods chosen to suit the specific application is 

preferable in terms of balancing speed and accuracy.32 Initial location can be done 

using template matching, in which the wind tunnel image is convoluted with the 

smaller template image containing a single marker, creating a correlation image 

whose maxima or minima represent best match locations. In the case of circu

lar fiducial markers, the template match is rotationally independent, reducing the 

search time. Contrast and brightness-tolerant methods such as normalized cross-

correlation increase the matching success further.33 

Establishing the sub-pixel location of a fiducial marker is desirable in wind 

tunnel applications since model motion and deformations of less than one pixel 

can still degrade the accuracy of techniques such as those used in PSP. A mini

mum radius of circular fiducial marker provides visual information that allows 

localization to sub-pixel accuracy, since the perimeter of the marker tends to have 

a gradual fall-off in intensity that can be fit to a Gaussian model of the marker us

ing a method of least squared error (LSE). The maximum of the Gaussian at the 

point of lowest LSE is taken as the center of the marker. 
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Fiducial Marker Centroid Localization 
Using Orthogonal Gaussian Curve Fitting 

Fiducial marker 
image identified by 
template matching 

^ E ! • 

Error ~2px 

Approximate 
binary centroid 

41^ 

Error ~0.5px 

Sub-pixel 
refinement Vertical slice 

Gaussian fit 

Horizontal slice 
Gaussian fit 

Error <0.1px 

Figure 2.13: Typical fiducial marker with falloff at edges, approximate binary cen
troid localization, and sub-pixel refinement using Gaussian fit to orthogonal inten
sity cross sections. 

This method can provide accuracies of approximately 0.1 pixels for markers 

with a 5-10 pixel diameter,16 however fitting a 2-D Gaussian surface can be com

putationally inefficient. To address this, it is hypothesized that the marker image 

can be fit to a pair of 1-D Gaussian curves orthogonal to one-another, crossing at 

the approximate center of the marker. The concept of template interpolation from 

Frischholz et. al.34 can be used to construct a series of sub-pixel shifted 1-D Gaus

sian curve templates, improving localization speed. An example of marker fitting 

using this technique can be seen in Figure 2.13 on page 42. 
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2.8 Conclusion 

PSP's advantages and disadvantages as a pressure measurement technique in 

wind tunnel applications was described. The problem of misregistration was in

troduced and methods to reduce this through image resection were surveyed. The 

specific method of PLR was introduced as an alternative that can remove misregis

tration due to non-linear model deformation without the need for virtual models, 

camera system calibration, or physical marker- position measurement. The accu

racy of PLR was shown to increase as the number of trackable landmarks within 

the image was increased, and natural feature tracking in the form of the SURF al

gorithm was reviewed as a method of increasing the landmark count. Filtering 

of mismatches was introduced as an issue affecting natural feature tracking an 

a method to remove mismatches based on the disparity gradient filter were de

scribed. The issue of feature tracking accuracy was introduced and sub-pixel fidu

cial marker tracking accuracy described in literature was established as baseline. 

This provides a background to define the problem and select tools and methods to 

address it. 



Chapter 3 

Solution 

This chapter describes the methods used to implement a piecewise linear resec

tion workflow based on the combination of motion data from natural features and 

fiducial markers While natural feature tracking can increase the total number of 

points tracked and the accuracy of resection, it was determined that combining 

the motion vectors from these features with those from potentially more reliable 

sources, specifically fiducial marker tracking, was desirable. First, the SURF nat

ural feature identification system was chosen from those previously developed. 

Second, a method of accurately tracking fiducial markers to sub-pixel accuracies 

was developed and implemented. Third, a robust method of identifying each fea

ture uniquely between the wind-off and wind-on image was developed to produce 

a motion vector field. Finally, a system was devised to combine motion data from 

both sources and filter out any erroneous or inaccurate vectors to create a final 

motion gradient across the image. 

This system allowed the weighting of vector sets for relative reliability and 

accuracy, and provided various degrees of thresholding, allowing more or less dis-
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parity in the final vector field. This allowed a user to balance overall coverage of 

the image with accuracy of tracking. 

3.1 Overview of Work Flow 

In order to test the hypothesis that natural feature tracking could improve PLR, a 

software work flow was developed using open source libraries. This work flow 

was designed to be modular so that performance at each stage of the process could 

be evaluated. An overview of the architecture can be seen in Figure 3.1 on page 46. 

Each module is a discrete executable that has specific input parameters defined 

via standard YML, and output results in the same format. Modules also accept 

images for processing to show graphical results; for example locations of found 

landmarks. 

Once a module is configured and executed, its output data is used as input 

for the next module. Because this data is simply YML formatted files, any other 

software platform that can work with YML can use a subset or all of this work 

flow. The proposed architecture can run automatically as a batch process; however 

the user can set multiple parameters that change the performance of each module 

depending on the specific characteristics of the images being processed. The input 

images are the 16-bit gray scale wind-on and wind-off images, and the output is a 

16-bit gray scale pressure ratio image that has distortion reduced using PLR. 

Each module is described in detail in the following sections. Since the mod

ules operate sequentially, they are described in the order of execution. 
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Software Module Architecture and Work Flow 

Output 

Figure 3.1: Software architecture and work flow. The work flow is handled by sev
eral discrete executable modules that use YML configuration files and TIF images 
as input. The output of each module is a set of processed images and YML data. 
Work flow begins here in the top left and finishes in the bottom right. 
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3.2 Fiducial Marker Detection and Localization 

The "extractFDM" Module locates the fiducial marker position to an accuracy bet

ter than O.lpixel using the a multi-step process of template matching, binary cen

troid localization, and sub-pixel refinement, as shown in Chapter 2, Figure 2.13 

on page 42. Template matching is done using normalized cross-correlation with a 

synthetic marker template that is generated from user parameters, and sub-pixel 

localization accuracy can also be adjusted to trade speed for accuracy by setting the 

range and step-size for Gaussian fitting. The module applies gradient background 

removal to improve accuracy in areas of high model curvature, and applies pre-

blur before determining the sub-pixel center of the marker in order to reduce the 

effect of image noise. The module will output the 2D sub-pixel coordinates of all 

markers found in a single YML file. One file is generated for each of the wind-on 

or wind-off images. 

3.3 SURF Feature Matching Between Wind-On and 

Wind-Off Images 

SURF feature detection and descriptor generation is performed by the "extractNF" 

module and uses the method described in by Bay et. al. [2006]11 on an 8-bit gray 

scale version of the wind-on and wind-off images. The user is able to apply non-

maximal suppression (NMS) to the resulting feature set, filtering based on the max

imum Hessian score in a local area of the image. The module outputs the 2D sub-

pixel coordinates and descriptors of all features retained after NMS filtering in a 

single YML file. One file is generated for each of wind-on or wind-off image. 
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3.4 Motion Vector Field Generation 

The "flow" module performs two related tasks. The first is to generate motion vec

tors from wind-off to wind-on. This is done by matching SURF features and fidu

cial markers using the output of "extractNF" and "extractFDM". Fiducial marker 

and SURF feature motion vectors are determined separately and then combined. 

The second task is filtering of this motion vector field to remove outliers by imple

menting a modified disparity gradient filter (DGF). An overview of each of these 

tasks is provided below. 

3.4.1 Fiducial Marker Matching 

There is no unique descriptor generated for each fiducial marker position extracted 

by "extractFDM" so the constraint of minimum displacement is used to match 

markers between images. This is suitable for the wind tunnel application since the 

displacement of the model typically far less than the distance between any two 

markers. Unmatched markers are discarded from the motion vector set. The user 

is able to adjust the maximum allowable marker displacement in the matching 

algorithm. 

3.4.2 SURF Matching 

Natural features are matched on a combination of constraints. The first constraint 

is that a match must not exceed a specified maximum displacement in the image. 

The second uses the feature descriptor as described in Chapter 2. The difference 

between any two SURF features' descriptors in the entire set of SURF features can 
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be used to determine matches. An algorithm is used to sort pairs SURF features 

from the wind-off and wind-on images based on closest descriptor match. Since 

the descriptor is a vector of 64 float values, a match score is the Euclidean dis

tance between these descriptors with a lower distance giving a better score. Since 

the number of natural feature found in wind-off and wind-on images is typically 

unequal, unmatched features are discarded. The user is able to adjust the maxi

mum allowable displacement in the image and the maximum Euclidean distance 

between feature descriptors in order to minimize mismatches. 

Other methods typically used as constraints in SURF matching cannot be 

used effectively in this application since the Hessian scores of the features tend to 

be lower than in other applications. For example, pre-filtering by the sign of the 

Laplacian was found in initial testing to filter out some potentially good matches. 

The constraint that a feature match must have no more than half the error of the 

next best match also was found to discard too many potential good matches. Con

straints based on similar Hessian score were considered, however it was found 

that the Hessian of a given feature could vary from wind-off to wind-on images. 

3.4.3 Disparity Gradient Filtering 

The two sources of motion vectors - fiducial marker matching and SURF match

ing - yield a set of displacement vectors representing the combined motion and 

distortion detected in the wind tunnel image. Although each motion vector is sub

ject to matching constraints as described in the previous section, no constraint has 

been applied to the entire vector field; this global constraint is valuable in reduc

ing the number of false matches. Given that model motion and deformation yield 

flow vectors which are at least locally consistent due to the relative rigidity of the 
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model, constraints can be applied to remove flow vectors which are significantly 

different from their local neighbours in direction or magnitude. Disparity gradi

ent filtering was proposed in Chapter 2 as this global/local operator and in this 

module is extended in order to account for the two different sources of motion 

vectors. 

3.4.4 Extending DGF With Vector Weighting and Prioritization 

As described in Chapter 2, the disparity gradient filter algorithm can remove out

liers from the vector field in such a way that the remaining vectors are those more 

likely to be part of the actual model motion. However this algorithm assumes that 

all vectors in the field have equal weighting - specifically, all vectors have an equal 

chance of being valid or invalid and no vector is defined to be more reliable or 

more accurate than any other. 

In this application, however, the fiducial markers can be localized to greater 

sub-pixel accuracy and with less mismatch error than SURF features. It follows 

that their motion vectors can be treated as more accurate and reliable than motion 

vectors from SURF features. This can potentially increase the accuracy of the filter

ing process in the local neighbourhood around heavily weighted motion vectors. 

To test the potential benefits of this system, a flexible solution was devel

oped to implement vector weighting and prioritization. The system increases the 

weighting factor of a vector by duplicating it multiple times in the vector field, 

effectively stacking the vector in the same location. This skews the disparity 

averages within the disparity gradient filter algorithm in favour of the heavily 

weighted vector, achieving the same effect as having many parallel local vectors of 

the same magnitude, as shown in Figure 3.2 on page 51 A disparate vector in that 
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local area would be considered an outlier with a lower disparity than would other

wise be the case, resulting in a local vector field that has a lower overall disparity 

from the heavily weighted vector. 

(a) (b) 

Figure 3.2: Effect of weighting on local disparity gradient filter. The filter removes 
vectors which exceed a local disparity threshold, here shown in as lighter-shaded 
vectors. Weighting a given vector by an integral factor of W gives it influence 
within the disparity gradient filter equivalent to W superimposed vectors in the 
field, effectively given the vector more local influence in its locality. In this exam
ple, a vector is assigned a weighting factor of W=3, resulting in an additional local 
vector being classified as an outlier. 

Because some vectors, such as those created from the motions of fiducial 

marker, are considered very reliable, and some, such as those from natural feature 

tracking, are considered less reliable, a method of prioritizing vector subsets within 

the disparity gradient filter was developed. Within the overall gradient field, sub

sets of vectors could be assigned a priority number. Those sets with the higher pri

ority number are included in the disparity calculations for all vectors with lower 

priority number, but not vice versa. Effectively this prevents vectors with a lower 

priority number from filtering out vectors with a higher priority number, creating 

a hierarchy of vector subsets. A visual representation of this can be seen in Fig-
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ure 3.3 on page 52 Vectors having a maximum priority are a special case in that 

they cannot be filtered out of the gradient field at all. In this specific application, 

fiducial marker motion vectors were assigned this maximum priority number and 

vectors from natural feature motion were assigned the same lower priority. 

Motion Vector Subset A 
Weighting X 

a. 
00 
c 
'5! 
ra 
at 

Motion Vector Subset B 
Weighting Y 

n> 

Motion Vector Subset C 
Weighting Z 

Figure 3.3: Hierarchy of vector subsets within a field. Priority levels can be used to 
explicitly prevent subsets of vectors from removing higher priority subsets. Vector 
removal can only operate from highest to lowest priority, which is useful when 
multiple sources of motion vectors are present and have different reliabilities or 
accuracies. Each subset can be independently assigned a weighting factor. 

The "Flow" module also allows segmentation of the image into a regular 

grid in order to test the effect of applying DGF to the image in separate segments. 

Motion vector filtering in each segment is decoupled from all other segments, po

tentially removing more outliers in the overall image without discarding valid lo

cal motions. The user can specify the number of segments vertically and horizon

tally. 

This modified DGF implementation can be tuned by the user based on the 

specific characteristics of the wind tunnel imagery under consideration. The over

all maximum disparity can be specified, and the relative weight of fiducial marker-
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based motion vectors can be specified. The goal is to extract a motion vector field 

that is locally consistent yet flexible enough to allows for distortions in the model 

that are due to bending and warping as well as simple movement. Once this mo

tion vector field is saved as a YML file, it is used to generate an image subdivision 

mesh and to un-distort that mesh to resect the wind-on image, as described in the 

following section. 

3.5 Resection 

As described in Chapter 2 resection is the process of un-distorting an image by 

reprojecting it onto a polygonal mesh. In PLR, the mesh is generated automatically 

from the motion flow vectors extracted by the "flow" module . The end point of 

each motion vector can be used as the vertex of the mesh, and the mesh can then 

be undistorted by moving each vertex along its displacement vector, as shown in 

Figure 3.4 on page 54. 

Because each vertex is displaced individually, the whole image is effectively 

undistorted as many local areas, each based on motion detected in that specific 

region. Because wind tunnel model deformation is a local distortion of the image, 

this method of using many areas allows a more accurate resection of the wind-on 

image when compared to fewer, larger areas. The resection process is carried out 

in sequence by the "subdivide" and "resect" modules, described below. 

3.5.1 Creating the Mesh 

Creating a polygonal mesh from a set of points must be done such that all ar

eas are covered by a polygon and no polygons overlap. For this application, the 
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Figure 3.4: Resection of a polygon within a mesh. A resection mesh is shown 
with a single triangle detailed above it. Each triangle in the mesh is individually 
undistorted by moving each vertex along its respective motion vector. Because 
triangles share vertices across the mesh, the whole image undergoes a seamless 
resection. 

mesh is composed of non-overlapping triangles, which are easily handled dur

ing un-distortion and re-projection operations described in the following section. 

As discussed in Chapter 2, the Delaunay triangulation algorithm for creating a 

non-overlapping mesh from a set of points is an optimal solution. Delaunay tri

angulation maximizes the minimum internal angles for all triangles in the mesh, 

minimizing the number of triangles where any given interior angle is significantly 

less than the others. The subdivision functions within OpenCV35 provide a so

lution for implementing this algorithm on the point set made from the origins of 

all vectors in the image motion field. Each point is added to the subdivision and 

the Delaunay triangulation output as a sequence of vertices, most of which are 

repeated since they can belong to multiple triangles. 

Areas outside this mesh are not assigned any explicit motion by the motion 

vector set and can therefore have significant error in comparison to their true mo-
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Figure 3.5: Delaunay subdivision to include image edges. Original wind-on image 
is seen in the center of a much larger triangle. This large triangle's vertices are also 
vertices in for all edge triangles which are interior to the resection mesh. In this 
way image edges can be included in the resection process. 
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tion.36 In this implementation, an attempt is made to address this by extending 

the mesh beyond the visible portion of the image so that the triangulation covers 

the whole image. Subdivisions of the image which are not contained within the 

defined points of the mesh are instead contained by triangles which have a vertex 

at one of three points off the image. These points are defined as (-3x,-3x), (0,3x), 

(3x,0) where x is the maximum pixel dimension of the image. Any edge triangle 

will have one or two vertices attached to one or two of these points, as shown in 

Figure 3.5 on page 55. Because the points are located well beyond the edge of the 

image, any resection that affects an edge triangle will degrade from a full undis-

tortion of all three vertices to an affine transform using information from one or 

two vertices. This is an approximation of motion that is automatically based on 

the motion of the remaining vectors composing the triangle, and in this applica

tion can be more accurate than simply "pinning" edge triangles to the edges of the 

image. 

3.5.2 Undistortion and Reprojection 

The Delaunay triangulation subdivides the wind-on and wind-off images into a 

triangle-based mesh which can then be undistorted per-triangle, allowing for lo

cal correction of wind tunnel model deformation and bending. The goal is to 

undistort the wind-on image to remove model motion and deformation, align

ing it feature-for-feature with the wind-off image. This alignment process is car

ried out by moving the mesh vertices (each of which represents a tracked feature) 

backwards along the flow vectors describing those vertices' motions between the 

wind-off and wind-on images. The image information within each triangle is lin

early interpolated based on this undistortion. 
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In practice, the FreeGLUT implementation of the OpenGL graphics stan

dard was chosen to implement this process since it provides a facility for import

ing the triangular mesh and projecting a texture onto the mesh at a per-triangle 

level. Using OpenGL, triangles composing the mesh are defined separately by set

ting their vertex positions in 2D space. Each triangle is textured with a subsection 

of a bitmap image - in this case a triangular subsection of the wind-on image. Be

cause OpenGL allows any arbitrary triangular piece of the bitmap to be selected to 

texture a triangle, the texture can be selected such that it uses the endpoints of the 

flow vectors, while the triangle it is projected on uses the start points of those same 

motion vectors. OpenGL includes a bilinear resampling algorithm that smoothly 

distorts the texture triangle to fit the mesh triangle on which it is projected. Bilinear 

interpolation has been shown to have comparable accuracy to more computation

ally intensive methods by Park and Sung [2004], specifically in PSP applications.37 

The net effect is that the wind-on image is distorted at a per-triangle level to fit the 

mesh geometry of the wind-off image, effectively undistorting the wind-on image 

based on motion vectors. This resected wind-on image is hypothesized to have 

reduced distortion because model motion and deformation have been tracked and 

corrected at a per-triangle level, and can therefore provide more accurate local PSP 

pressure data when used to create the final ratio image, as described in the next 

section. 

3.6 Generating Ratio Images 

The procedure described to this point has acted to resect the wind-on image to 

remove detected wind tunnel model distortion and deformation. As described in 

Chapter 2, this directly affects the accuracy of PSP pressure measurements. If the 
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images are not aligned due to wind tunnel model deformation, the resulting pres

sure data is no longer accurate in the areas of the image where this misalignment 

takes place. 

To extract the pressure data the final step in the work flow takes the per-

pixel ratio between the resected wind-on image and the original wind-off image 

using the "Ratio" module. This is a per-pixel division of the wind-off image by 

the wind-on image. Values where the wind-on image is zero are set to zero. This 

procedure is carried out in floating point, single channel image space to maximize 

dynamic range. The resulting image is stored as 16-bit gray scale and the module 

has provision for the user to select the black point and white-point of the image 

for visualization. The pixel intensities of the 16-bit image are correlated with the 

pressure at that point on the wind tunnel model in a process which is carried out 

during final analysis outside this workflow. 

3.7 Interface Design 

This process is fully automated and the software modules described previously 

are designed to run as a batch process in sequence, with an estimated run time of 

approximately 30 seconds for 1 megapixel camera images. 

Each functional module described in the previous section is configured via a 

YML text file and can provide intermediate output as YML data files and imagery. 

This allows integration of some or all of the work flow into other applications, such 

as MATLAB. 

However, the user does have a critical role to play in the work-flow. Since 

fiducial marker detection, natural feature detection, feature tracking and gradient 
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field filtering have several adjustable parameters that affect their performance and 

outcome, a human-in-the-loop iterative process is desirable to tune these parame

ters when new image batches are being processed. In order to make this intuitive 

and efficient for the user, a graphical user interface (GUI) is implemented to allow 

tuning of each software module in the work-flow. Output images and data from 

each module are read back into the interface for display to the user, allowing for 

fast iteration of parameters. A sample interface concept can be seen in Figure 3.6, 

page 60. 

The interface was built on the cross platform GUI toolkit Qt38 with addi

tional interface elements written using OpenCV,39 such as YML file handling and 

16-bit image handling. The GUI works at a project level, where a project is defined 

as a workflow and parameters applied to a specific wind-off/wind-on image pair. 

All working and configuration files are stored under a project folder allowing sim

ple relocation, and all configuration files are human readable and editable as text. 

All feedback images are stored as 8 bit colour or gray-scale TIF files. 

In addition to the work-flow management tools, the GUI provides mask 

and slice tools at the start and end of the work-flow, respectively. The mask tool al

lows the user to select a polygonal region of interest in the images to be processed, 

allowing explicit exclusion of parts of the image which are not part of the wind 

tunnel model. This can improve the performance of the modules when identifying 

features and motion gradients and when applying automatic contrast enhance

ment. 

The slice tool is available at the end of the work flow and operates on the 

ratio image. It allows the user to specify a linear section through the image and 

to view a cross sectional representation of pixel intensities along this section. This 
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allows quantitative analysis of shock fronts or correlation of PSP pressure values 

with pressure tap data. Multiple slices can be stored or recalled for any image set, 

allowing comparison of different wind-off/wind-on image pairs, and effectively 

creating virtual instrumentation on the ratio image. The slice data can also be 

exported in standard text format for further analysis. 

User Interface Configuration 
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Module Configuration & Results 
Allow user to change module parameters, 
run the module, and review numeric results 

Module Access Tabs 
Arranged in order of PLR work flow 

Feedback Image 
Multiple tabbed images including 
'before/after' and algorithm visualization 

Image Controls 
Pan and zoom 

PLR Module Status 
Read and display log files from PLR 
modules during execution 

Figure 3.6: Graphical User Interface design. The user can adjust parameters and 
view visual feedback for each module in the PLR work flow. All configuration and 
file management is automatic, reducing processing time and potential errors. 

This interface is designed to focus the user on the task iteratively extracting 

an acceptable motion field and measuring the final pressure data, while minimiz

ing exposure to the underlying modular nature of the work-flow. Because no text 
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files need be directly manipulated, the interface is primarily visual, taking advan

tage of the user's strengths in image recognition and evaluation. 



Chapter 4 

Tests and Results 

4.1 Establishing Ground Truth in Photogrammetry 

In photogrammetry, ground truth can be difficult to ascertain because of the large 

set of parameters affecting transformation from a real 3D scene to a 2D image pro

duced by a digital camera system. In order to establish the performance of any 

image manipulation process in terms of absolute accuracy, a ground truth must 

be established. In this application, there are several software modules that can be 

tested individually for performance metrics; however the metrics themselves will 

be unique for each module. 

The ground truths used for module testing in this application can be di

vided into two categories: measurement of performance on synthetic imagery, and 

measurement of performance on real imagery against other sensor data. In the case 

of natural feature tracking, synthetic imagery cannot ultimately be used to charac

terize performance since the nature of the simulated imagery (i.e. synthetic PSP 

paint patterns) will have a dominant effect of test results; actual wind tunnel im-
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agery must be used. However in the case of fiducial marker tracking, accuracy 

and robustness can be determined using synthetic imagery. A synthetic marker 

can have realistic parameters which can be accurately generated, and the accu

racy needed in tracking them is high enough to require an absolute ground truth 

generated with the synthetic image. By first establishing fiducial marker track

ing accuracy against synthetic images, that system can then be used as a reference 

against which to measure natural feature tracking accuracy. 

The goal of PSP is to have pressure ratio measurements across the surface 

of the model. Static pressure taps on the model are used to calibrate PSP image 

intensities. This relation to pressure ratio is not required in testing and valida

tion of the system described here when comparing the quality of the PLR-resected 

ratio image to others generated with no correction or with global correction. Im

provements should be seen as visible reduction in PSP noise across the image and 

measurable in any sections of these images. 

4.2 Overview of Testing Process 

The testing process consisted of a sequential series of experiments, such that the 

findings of the prior experiment could provide a basis for the subsequent one. In 

this was ground truths could be established and those findings used for further 

performance measurements. 

4.2.1 Software Implementation 

Testing was conducted using the modular software system described in Chapter 

2. The system was successfully implemented using C++ in the Microsoft Visual 
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C++ Express 2008 development environment40 using open source libraries includ

ing OpenCV 2,41 TIFlib,42 freeGLUT,43 Qt 4, and Qwt graphing extension to Qt.44 

Testing was conducted on consumer-grade PC hardware running Windows 7 SP1, 

typically Core2 Duo 1.8 Ghz with 4GB of RAM. Software was compiled for op

timized Intel instruction set and multi-threading with standard optimization set

tings. A full work flow from raw wind-on and wind-off images to final ratio image 

could be produced in less than 30 seconds without user parameter tuning. 

4.2.2 Testing Order 

Testing order was important so that accuracy of modules could be verified by other 

modules whose performance is measured against absolute metrics. Testing began 

by determining the accuracy of automatic fiducial marker identification and track

ing using synthetic data. Fiducial marker tracking was then tested on wind tunnel 

imagery with deflections in 3D space in order to validate image-to-image track

ing. Once the accuracy of fiducial marker tracking was established, it was used to 

validate natural feature tracking accuracy in the next tests on wind tunnel imagery. 

Natural feature identification and tracking were tested in combination with 

motion vector field filtering throughout. This combined algorithm is referred to as 

"SURF and DGF". The constraints used to match and filter natural features were 

characterized first on synthetic imagery to determine basic accuracy and image 

coverage and to provide absolute error data on image textures similar to those 

seen in wind tunnel images. Testing was then extended to wind tunnel imagery to 

determine the effect of model motion and changes in the PSP local intensity. SURF 

and DGF accuracy on wind tunnel imagery was then measured against the fiducial 

marker tracking module tested previously. 
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In testing the weighted, prioritized extension of the disparity gradient filter, 

performance was characterized on wind tunnel imagery, using changes in overall 

motion gradient field disparity as a metric. The image set chosen for this test

ing had localized nonlinear deformation, so the disparity of the motion gradient 

would decrease as filtering improved. A lower bound on this decrease was indi

cated by the loss of full image coverage by motion vectors, indicating that con

straints were too strict to allow for nonlinear deformation. Understanding this 

general characterization of the image provided a suitable test data set. 

In order to verify that the workflow was improving the quality of PSP data, 

comparisons were made between uncorrected and PLR-resected ratio images us

ing calibrated pressure tap data. Performance improvements could then be mea

sured as reduction in error with respect to pressure ratio readings from an inde

pendent sensor system. 

Once resection data quality was validated using tap data, image resection 

performance away from taps was tested. Ratio images were measured and com

pared to uncorrected and globally resected images. Performance of natural feature 

tracking using residual fiducial marker displacement was first established. This 

was a form of regression testing since the images of the fiducial markers were re

sected with the rest of the image, allowing comparison of their final positions with 

those in reference wind-off images. Image intensity data was also analyzed for 

noise improvement versus uncorrected ratio images. Finally, a test against global 

resection was conducted on wind tunnel imagery. The wind-on image in this test 

had additional nonlinear deformation introduced in order to test more extreme 

conditions than were present in available images sets. 

Further details on testing and results are presented in this chapter. 
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4.3 Fiducial Marker Detection and Localization 

Fiducial Marker detection and localization tests were first carried out on synthetic 

target images to validate accuracy against a known software tool chain. Once ac

curacy was validated, testing on wind tunnel imagery was carried out to verify 

detection and tracking of targets between wind-off and wind-on images. 

4.3.1 Synthetic Target Tracking 

Synthetic test images with arrays of 400 fiducial marker targets were automatically 

generated by the SPOT tool developed at ONERA. Its method of synthetic marker 

generation was described by LeSant et. al. [2005]8 Each image had a specified 

contrast level, random noise level, target size variation, and target aspect varia

tion (affine warping), as well as a known sub-pixel center location for each of the 

400 targets. This provided an absolute baseline for measuring the fiducial marker 

location and localization procedure. 

Testing and Results 

The first step in testing the fiducial marker tracking software was to determine if 

template matching would detect the relatively dense target arrangement without 

multiple detections or false detections. The results on the ONERA test targets are 

shown in 4.2 on page 68, and indicated that template matching resulted in a 100 

percent detection rate with no false matches or duplication detections over a the 

full range of noise, contrast, blur and distortion parameters. No change in detec

tion parameters was needed over the image set. 
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Figure 4.1: ONERA test target tracking results. The orthogonal Gaussian match
ing system's accuracy was compared to that of AFIX2 for the ONERA test target 
patterns. AFDC2 is a purpose-designed PSP resection software system and the test 
patterns were generated to validate its performance. Accuracy of the two software 
systems was comparable across a wide range of noise, contrast, blur, and distortion 
levels. 
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Figure 4.2: ONERA target template matching results, The template matching al
gorithm successfully detected all targets with no false detections or duplicate de
tections over the full range of noise, contrast, blur, and distortion parameters with 
no change in detection parameters. 

Figure 4.3: Gradient background removal before fiducial marker sub-pixel center 
localization. From left to right: marker before background removal, after back
ground subtraction (inverted by the algorithm), and after the pre-blur step which 
precedes Orthogonal Gaussian sub-pixel refinement. In this extreme test case the 
gray scale edges of the marker were preserved and refinement error was reduced 
from 0.3px to 0.2px compared to the same marker with no background noise. 
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Testing then moved to the orthogonal Gaussian sub-pixel refinement algo

rithm. Results are shown in Figure 4.1 on page 67. The tests were conducted 

with the same ONERA synthetic marker set since an absolute sub-pixel center for 

each marker was known. When configured with the correct parameter range, the 

software successfully detected all markers and localized their centers to sub-pixel 

accuracies comparable to AFIX2, a software package designed in part to detect and 

track fiducial markers in wind tunnel PSP applications. Performance was compa

rable over a range of noise, contrast, blur and distortion levels indicating that the 

software met accuracy requirements. During testing it was noted that accuracy 

values were robust for a given set of similar images. In practical terms this indi

cates that extensive fine-turning of parameters is not required to achieve sufficient 

accuracy for this application. Localization accuracy was affected most at high noise 

levels and very low contrast levels. Both of these conditions affected the quality 

of the information available at the fiducial marker perimeter, which in turn had an 

impact on the Gaussian fitting process. 

The gradient background removal process developed for this application 

was also tested on synthetic imagery, as seen in 4.3, page 68. Steep background 

gradients like these can occur in wind tunnel imagery near areas of high model 

curvature, such as wing leading edges where fiducial markers tend to be placed, 

so this performance metric is of practical importance. Accuracy was improved sig

nificantly when compared to displacement versus the same marker image with a 

solid background. In this extreme test case the gray scale edges of the marker were 

preserved and refinement error was reduced from 0.3px to 0.2px compared to the 

same marker with no background noise. In practical applications, the gradient 

would typically not vary from to this degree between wind-on and wind-off im

ages, so the low absolute accuracy found in the boundary test is acceptable, since 
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Figure 4.4: Matching fiducial markers by displacement. Images (a) and (b) show a 
wing section rotated about its center horizontal axis 10 degrees such that the lower 
edge is approaching the camera and upper edge is receding. Five fiducial markers 
of a radius of approximately 2 pixels are present and all are identified in both 
images without false matches. The resultant motion tracking vectors are shown in 
(c). In this application the fiducial marker displacement is small enough that there 
is no possible transposition or rotation ambiguity, making minimum-displacement 
a robust matching method. 
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it demonstrates a significant improvement. 

Discussion 

On actual wind tunnel imagery, the fiducial marker detection was robust within 

a dataset once the appropriate detection parameters had been manually set to ap

proximate marker characteristics. Marker detection success rate was most directly 

affected by the synthetic template marker radius and the detection threshold pa

rameters. Rejection of false matches was controlled by increasing the size of the 

template around the synthetic marker; however this technique is limited near the 

edges of the wind-tunnel model where markers tend to be placed. Enough tuning 

parameters were available to get acceptable detection results on a range of syn

thetic and real images. 

Marker localization to sub-pixel accuracy was most directly affected image 

pre-blur and the step-size used when fitting a Gaussian curve to the orthogonal 

fiducial marker image slices. The accuracy of this localization did not vary ap

preciably with the shape or magnitude of the Gaussian, but was affected by the 

amount of pre-blur applied to the image before fitting. Up to an image-specific 

threshold, increasing the pre-blur was found to increase accuracy. 

Results Summary 

Testing of the fiducial marker tracking module on synthetic targets showed that de

tection and localization was robust over several simulated image distortions and as 

accurate as AFIX2, a purpose-built software tool.15 Tests on wind tunnel imagery 

demonstrated successful localization of markers over a broad range of image sets. 

The three-stage approach to fiducial marker location and localization was shown 
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to be efficient, taking less than 5 seconds to localize approximately 20 markers in 

a single 1-megapixel image. The system was shown to be flexible enough to locate 

both fiducial markers and pressure taps, which have similar visual characteristics. 

Gradient background removal was shown to be effective in enhancing localiza

tion accuracy in synthetic test cases where the fiducial marker was modeled on a 

surface of high curvature. 

In summary, this module met the fiducial marker tracking requirements of 

the PLR application work flow. In practical application it was found that setting 

synthetic marker template radius to the same value as the markers in the PSP im

age was most effective in locating markers, and that setting a Gaussian step size 

equivalent to half the center accuracy desired yielded satisfactory results. Increas

ing Gaussian pre-blur of the marker image before curve fitting was found to in

crease center accuracy up to the point where the marker image was clipped by the 

edge of the curve fitting subregion. 

4.4 Natural Feature Detection and Localization 

Natural feature extraction and tracking is used to increase the number of triangles 

used in the resection mesh, thereby increasing the local accuracy of resection. This 

will only be valid if natural features can be tracked to a sufficient accuracy. Since 

natural feature detection and tracking can result in mismatches which yield false 

motion vectors, testing was conducted with the disparity gradient filter as part of 

the filtering and matching process. 

Testing addressed three aspects of natural feature detection using the SURF 

algorithm. Synthetic imagery was used to determine tracking error against ground 
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truth values. Feature identification and matching on wind tunnel data determined 

how natural feature tracking worked with actual wind tunnel imagery. Finally, 

fiducial marker tracking data was used as a ground truth to determine natural 

feature tracking accuracy in wind tunnel imagery. 

4.4.1 SURF Natural Feature Matching with PSP 

This set of tests used wind tunnel imagery in order to characterize SURF feature 

detection, tracking and filtering over a range of parameters. The matching algo

rithm between SURF features creates motion vectors from pairs of features with 

minimum error between their descriptors arrays. Methods suggested by Bay et 

al. [2006] provide additional constraints on this method initially comparing the 

Laplacian of the descriptors and by discarded matches that are not significantly 

between than the next best match.11 In initial testing it was found that these con

straints resulted in few feature matches on wind tunnel imagery, primarily because 

of the low-contrast, self-similar PSP texture. Since additional constraints would be 

introduced by disparity gradient filtering after feature matching, the constraints 

during the matching stage were adapted for the PSP application. The following 

tests measure the performance of these modified constraints on wind tunnel im

agery. 

Generating SURF Features from PSP Imagery 

High quality features (i.e. those with a high Hessian score) have distinct descrip

tors which in turn provide improved discrimination between matches and mis

matches of features between images. Figure 4.5 on 74 shows the distribution of 

SURF Hessian scores in a sample wind tunnel image. The majority of features have 
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a lower Hessian score, attributable to the low contrast and lack of hard edges in the 

PSP texture. This implies that modified approaches to identifying and matching 

SURF features are required. 

SURF Feature Hessian Distribution 
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Figure 4.5: Hessian Score Distribution of PSP Texture. Hessian scores for a wind 
tunnel image, primarily based on PSP texture. Extremely large values are consid
ered outliers. The distribution is skewed towards lower scores due to lack of high 
contrast local features. 

In order to provide a set of high quality features across the whole image 

and remove lower quality features, a non-maximal suppression (NMS) filtering 

process was applied to the full set of SURF features. The software allowed the user 

to specify a radius of exclusion in the image which defines the minimum distance 

between any two filtered SURF features. These features were filtered based on 

maximum Hessian score (excluding extreme values) within their neighbourhood, 

defined by the NMS radius. The resulting feature distribution was consistent but 
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Figure 4.6: Non-maximal suppression on SURF features. The algorithm is shown 
to select the SURF feature with the highest Hessian determinant in its local area, 
as defined by a radius value. The resulting distribution is uniform without being 
regimented or grid-based. Images (3) and (4) show the results of matching between 
wind-on and wind-off images. The fraction of erroneous vectors is not decreased 
by increasing NMS for either image. 
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not constrained to an artificial grid, as shown in Figure 4.6 on page 75. 

Images (3) and (4) of Figure 4.6 show two test cases. Various combinations 

of NMS radii in both the wind-on and wind-off images were tested, and the results 

were consistently in favour of a minimal NMS radius of approximately 5 pixels or 

less. This yielded the best combination of vector density and lower gradient field 

disparity. 

Results Summary for SURF Feature Detection and Quality Measurement 

These tests determined that filtering out lower quality SURF features did not im

prove the quality of the resulting motion field density or accuracy, and in fact had 

the opposite effect. The results indicate that the Hessian score of a given matched 

feature does not strongly correlate with the accuracy of the resulting motion vec

tor, and that generating the maximum number of features for matching and sub

sequent filtering is desirable in the PSP application. 

Effect of Varying Descriptor Error Threshold 

Once testing established the subset of SURF features that were best used for match

ing, the matching constraints developed specifically for the PSP application were 

tested. The first constraint parameter that was tested was the maximum allowable 

Euclidean distance between valid matches. This value set a limit on how much 

error there could be between any two SURF feature descriptors before they were 

discarded as a potential match. Figure 4.7 on page 77 plots the fraction of features 

matched as the maximum allowable error is increased for a wind tunnel image 

pair. 

The matched fraction of features increases with the allowable error until all 
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features are matched. As allowable error approached 1.0 many of the new matches 

were erroneous, however there was no indication in the trend that further increase 

in the matched fraction was due to false matching. Reducing the maximum allow

able error did not reduce the average disparity of the vector set, which could have 

been used to establish a threshold beyond which most matches were false. Instead, 

the average disparity remained relatively constant, and in fact increased at lower 

error thresholds primarily because the number of vectors was very low, resulting 

in a small sample population for disparity average calculation. As the number of 

threshold was increased, match count increased, however there was not a signifi

cant change in average gradient field disparity. Coverage of the image by motion 

vectors did became more homogeneous as the threshold was raised towards 0.1, 

especially in areas of high PSP reflectivity change. 

Natural Feature Matching using SURF Descriptor Cartesian Distance 
Effect of Increasing the Maximum Cartesian Distance Allowable 

For Valid SURF Feature Matching 
Image Pair WTEY 46726-4 Maximum feature displacement 5 pixels 

1 6 

0 001 0 010 0100 1000 

Maximum Allowable Cartesian Distance Between SURF Descriptors 

Figure 4.7: Number of valid SURF feature matches between wind-off and wind-on 
images as maximum descriptor error threshold is increased. 
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In summary, this lack of a clear transition point between primarily valid 

and primarily false matches indicated that additional filtering of SURF matches 

was required and that additional constraints were desirable in feature matching. A 

typical matching threshold of approximately 0.1 yielded the best balance between 

matched feature coverage of the image and fraction of false matches. 

Effect of Varying Feature Displacement Threshold 

Figure 4.8: Number of matched SURF features as maximum allowable displace
ment is increased. The number of matches continues to increase even past the 
maximum actual displacement in the image, indicating additional invalid matches 
beyond 5 pixels. Selecting a radius that is slightly greater than the maximum ex
pected displacement or distortion is critical, however an overly large value can 
result in mismatches due to to self similarity of the PSP coating. 
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An additional matching constraint was developed and tested which limited 

the maximum displacement of any SURF feature pair between the wind-off and 

wind-on images. This constraint is viable in the PSP application since all model 

motion and deformation is expected to be relatively small in comparison with 

the overall image dimensions. Figure 4.8 shows the resulting fraction of features 

matched as the maximum allowable feature displacement is increased. It was de

termined before the test that the maximum displacement of any part of the model 

was no more than 5 pixels, and this point is labeled in the plot. Any increase in 

the matched fraction of features beyond this displacement were erroneous matches 

due to self-similarity of the PSP texture. An exponential relationship was noted, 

and was expected since the search area for a matching feature increased with the 

square of allowable maximum search radius. 

Unlike the relatively constant average disparity in the previous plot, a clear 

increase is seen immediately after the actual maximum feature displacement is ex

ceeded. This is confirmation that new matches are increasing the average disparity 

and are most likely false matches. This result indicates that placing an upper limit 

on the displacement allowed between matched features is a viable constraint that 

can reduce false matches. This maximum displacement can however vary across 

the image, for example from wing rot to wing tip, and setting a single maximum 

value across the whole image may be too lenient in some areas resulting in in

creased false matches, indicating that additional filtering of matches is required. 

In summary, the results showed that assuring a high proportion of valid 

matches required setting the maximum displacement parameter just above the 

maximum observed displacement between the wind-on and wind-off images. The 

maximum-displacement constraint was found to be an effective method of reduc

ing the fraction of mismatches, however additional filtering for false matches is 



80 

still required as a subsequent step. 

Discussion and Summary of SURF Feature Tracking 

Natural feature tracking using SURF with modified matching constraints was 

found to meet the requirement of increasing the number of valid motion vectors 

across the wind tunnel model when applied to several real data sets. Tracking 

was independent of shifts in contrast and brightness due to PSP reflectivity, and 

was tolerant of the limited changes in feature distortion due to wind tunnel model 

bending, distortion, and motion. 

As expected, SURF tracking was not as consistent or accurate as fiducial 

marker tracking. Specifically, relocation of the same feature from wind-off to wind-

on could be in error; however these errors tended to be large and readily filtered 

as outliers. Tuning the algorithm parameters to remove sufficient outliers resulted 

in a motion field that matched closely to that of the fiducial marker tracking. Syn

thetic image testing showed that absolute accuracy of feature tracking is approx

imately 0.2px which is approximately 10 times less accurate than typical fiducial 

marker tracking. This accuracy is sufficient for this application, therefore it was 

critical to strike a balance between sufficient image coverage and sufficiently strin

gent outlier removal. 

SURF tracking vector density was reduced in areas of high local contrast 

change such as shock fronts. This is not necessarily of concern since SURF fea

tures on either side of a shock front are still tracked successfully, implying that a 

resection mesh will include triangles which will simply cross over the shock front, 

allowing resection and un-distortion to proceed. 

It was found that wind tunnel images where illumination decreased to-
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wards the edges of the frame, tracking vector density decreased. This is attributed 

to the reduced contrast in these areas. Additional tests conducted to flatten the 

illumination field in post processing showed an increase in number of tracking 

features near the edges of the frame; however the most effective method would 

be assuring that the illumination field during testing, since post processing can 

increase noise levels and operates on a reduced image intensity dynamic range. 

A non-homogeneous PSP paint application may be of benefit for natural 

feature tracking. Since the image ratio process at the end of the PSP work flow 

removes artefacts due to inconsistent reflectivity of PSP, it follows that inconsis

tencies could be deliberately introduced into the PSP application to facilitate nat

ural feature tracking. A method similar to this was explored by Park [2005]45and 

Sung [2005],46 where a speckle pattern was applied on top of the PSP to facilitate 

dense optical flow tracking. The disadvantage of that solution was the necessity 

to filter out the speckle signal from the final PSP data and the requirement to ap

ply the coating as an additional step. Several data sets had PSP coating that var

ied enough in local intensity to allow SURF feature tracking, demonstrating that 

methods could be developed to intentionally vary the coating reflectivity without 

resorting to applying a specific pattern. 

SURF tracking was initially hypothesized to work best with high quality 

features, as measured by the Hessian determinant. This metric is suitable for ap

plications with high contrast, distinct features, however the PSP application deals 

primarily with lower contrast, non-distinct features; a wind tunnel model has sig

nificant self-similarity when considered as sub-images. Based on this hypothesis 

a non-maximal-suppression algorithm was implemented to pre-filter the natural 

features detected by their Hessian score before matching wind-off and wind-on 

images. It was found that a given feature's Hessian score can vary significantly be-
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tween the images, potentially reducing the number of available features to match 

between images. Better coverage of the image with motion vectors was achieved 

by allowing the Hessian to be very low, and instead using a combination of max

imum feature displacement and disparity gradient filter constraints to maximize 

the number of valid motion vectors. 

In summary, SURF feature identification and tracking met the requirement 

for a natural feature tracking system. Tracking was found to be robust under PSP 

imaging conditions and more features were tracked than with fiducial markers 

alone. However, additional filtering to remove outliers was found to be required 

as a subsequent step to feature matching. 

4.4.2 Disparity Gradient Filter Testing on Synthetic Imagery 

In the previous section matching accuracy and constraints to limit mismatches 

were examined. It was found that erroneous motion vectors tended to be a sig

nificant fraction of matches. It is therefore necessary to apply a constraint that acts 

on the motion vector set as a whole. As described in Chapter 3, disparity gradient 

filter was chosen as a potential solution because of its characteristics in removing 

local outliers while allowing the overall motion vector field (i.e. "gradient field") 

to vary. This closely models the expected behaviour of a rigid wind tunnel model 

that exhibits some continuous, non-linear deformation and perspective change. 

Motion Tracking with Synthetic PSP Texture 

Synthetic imagery provided a tool for testing feature tracking accuracy against 

exact known displacements and motions. Initial testing on synthetic images was 

used to verify sub-pixel accuracy of SURF feature tracking with imagery having 
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no distinct edges or corners. 

SURF Tracking on Synthetic PSP Pattern 

Image A Image B Image C 

Image A Image B Image C 

Actual Image Displacement (pixels) +1.000 

Measured Average Displacement (pixels) 1.000 

Error (pixels) 0.000 

Standard Deviation (pixels) 0.000 

Synthetic Image Details. 
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Figure 4.9: SURF feature tracking on synthetic PSP texture generated using super-
sampling and bilinear interpolation to minimize synthetic artefacts. Tracking ac
curacy is independent of feature displacement, although mismatches increase due 
to the self-similar pattern of the Perlin noise. 

Images of Perlin noise were used to simulate PSP patterns seen on wind 

tunnel test models. These Perlin noise images were generated at double resolution 

and translated by odd numbers of pixels before being downsized using bilinear in

terpolation. The resulting images were then tracked using SURF feature detection 

followed by disparity gradient filter as seen in Figure 4.9 on page 83. 

Image displacements of 0.5 pixels and 10.5 pixels were tracked using SURF 

with DGF, resulting in an average tracking error of 0.02 pixel or better, independent 

of the displacement distance of the features. The larger translation distance at 10.5 
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pixels resulted in more feature mismatches; however these were effectively filtered 

by the disparity gradient filter. This increase in matching errors can be attributed 

to the larger image area over which a feature could be matched, increasing the 

probability of a false match due to the self-similarity of the Perlin noise pattern. 

This indicated that motion vector gradient filtering is a necessary constraint in 

determining accurate model motion. 

The reduction in matches as displacement increases indicates that a large 

set of initial motion tracking vectors is desirable. Vector density across the image 

was increased by reducing the NMS radius to approximately 10 pixels. Although 

lowering the NMS radius potentially results in less distinct SURF feature descrip

tors and an increased chance of mismatches, it was found that gradient field had 

improved image coverage after tracking and filtering. 

In summary, this test of SURF tracking accuracy on simulated PSP texture 

demonstrated high tracking accuracy is possible despite the lack of high quality 

features. Larger feature displacements resulted in more mismatches, which were 

effectively handled by subsequent disparity gradient filtering. This indicates that 

SURF in conjunction with DGF can provide accurate motion data without explicit 

tracking markers. 

Comparison to Pyramidal L-K Optical Flow Tracking 

Tracking of motion in a flat translational plane is a subset of the types of motion ex

pected in wind tunnel model deformation and perspective changes. In order to ex

tend testing of SURF feature tracking and disparity gradient filter performance to 

a more complex motion environment, the standard Yosemite image sequence was 

used.29 This synthetic image sequence of a fly-over of terrain is typically used to 
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(a) Pyramidal L-K (b) SURF with Disparity Gradient Filtering 

(c) Pyramidal L-K on PSP wind-on/wind-off image pair 

Figure 4.10: Motion tracking of the Yosemite sequence, frames 0 and 3. Pyra
midal L-K performance is shown in (a) with good tracking of perspective motion 
and rejection of the random sky noise pattern. SURF feature tracking combined 
with disparity gradient filter is shown in (b) with filtered outlier vectors darkened. 
Tracking and rejection performance is similar to Pyramidal L-K. Image (c) shows 
Pyramidal L-K applied to a PSP wind tunnel image pair. Variations in PSP image 
intensity cause significant tracking error. 
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compare the performance of dense optical flow algorithms, as described in Chap

ter 3. Motions include perspective shift and parallax as well as extraneous random 

noise in the sky portion of the image. A large image displacement was chosen, 

specifically between images 0 and 3 which would best reflect the displacements 

seen in wind tunnel imagery. The results can be seen in Figure 4.10 on page 85. 

This also offered the opportunity to compare SURF and DGF performance to that 

of an established motion tracking algorithm, specifically Pyramidal L-K. 

Results showed that both algorithms identified and tracked features across 

the entire landscape portion of the image, and both rejected extraneous motion 

vectors due to the random cloud region. The SURF and DGF successfully filtered 

erroneous motion vectors due to mismatches, shown as darker vectors in image 

(b). Identification and tracking of valid motion were comparable for both algo

rithms. Total time for calculating motion was under 0.5 seconds for SURF and 

DGF . This demonstrated that the combination of SURF feature tracking and dis

parity gradient filter filtering, when combined, could track nonlinear motions with 

discontinuities, such as those due to perspective changes combined with a noise 

region with similar performance to a combined global/local dense optical flow 

algorithm. 

Because the performance of synthetic data was comparable, a test on PSP 

data was carried out to note any differences that might appear in this application. 

Figure (c) shows as demonstration the performance of the same Pyramidal L-K 

algorithm on wind tunnel data. When tested on a wind-on/wind-off image pair, 

this motion tracking algorithm was unable to distinguish between the motion of 

the model and variations in local intensity due changes in the PSP reflectivity. The 

calculated motion vector field was mainly random or erroneous, indicating that 

conventional dense field motion tracking is likely not a suitable candidate for the 
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PSP application. 

In summary, this test demonstrated that SURF and DGF had similar motion 

tracking performance to an established dense optical flow motion tracking algo

rithm, successfully discriminating perspective motions from noise. The test also 

showed that the same dense optical flow technique is not suitable for PSP image 

motion tracking, indicating that SURF and DGF is a preferable algorithm for this 

application. 

4.4.3 Testing SURF with DGF on Wind Tunnel Imagery 

The goal of SURF with DGF is to produce an accurate motion gradient field over 

the surface of the model with sufficient density and coverage. What is 'sufficient' 

and 'accurate' is partially subjective when only using a single source of motion 

data, such as SURF feature tracking. For this reason the effect of adjusting the 

maximum allowable disparity threshold (Dmax) of the DGF was tested, as it di

rectly affects the sub-set of motion vectors retained for subsequent PLR workflow. 

Figure 4.11 on page 88 shows the effect of adjusting this threshold parameter on 

the final motion gradient field. The number of vectors filtered as outliers drops as 

the threshold was increased, however there was no clear indication in this trend 

that would indicate at which setting the highest fraction of erroneous vectors was 

filtered out. This indicates that the filter setting was partially dependent on re

quirements of the user and the specific image set. This result was the motivation 

for developing a weighting and prioritization extension of the disparity gradient 

filter algorithm, as described later in this chapter. 

In summary, this test showed that the optimal filtering strength of the DGF 

is at least partially dependent on the users requirements and on the specific wind 
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Figure 4.11: Effect of increasing the disparity gradient filter's maximum disparity 
threshold (Dmax). Image series (a) shows an increase in the number of retained 
vectors at three Dmax values. The fraction of the initial gradient vector field that 
is retained as Dmax is increased shows a nonlinear characteristic, as plotted in (b). 
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tunnel being analyzed. In practical application it is straightforward to quickly se

lect a Dmax which balances motion vector density with erroneous outliers, but be

cause model motion and deformation are not known, the definition of 'erroneous' 

is based on the user's experience and expertise. This tool provides a useful tuning 

parameter to adjust filtering based on user experience. 

Effect of Model Motion and PSP Intensity Changes 

A test was conducted in order to determine model motion tracking performance 

independently from PSP intensity changes. This test was conducted using by 

tracking motion between two wind-off images. These images showed different 

model positions relative to the camera, specifically a different rotational position 

along the horizontal axis. Projected onto the 2D image plane, model motion was 

nonlinear, and included perspective changes across the 3D surface, distortion from 

the camera system and changes in illumination due to rotation of the wing with 

respect to the illumination source. The results are shown in Figure 4.12(a) on 

page 90. 

With SURF and DGF parameters coarsely adjusted for the image set, fea

tures were tracked across the whole model image and the filtered motion gradient 

field agreed qualitatively with the fiducial marker motions. Even with large dis

placements (i.e. large changes in aspect resulting in occlusion of some portion of 

the wing), the number of filtered features still remains large enough for this appli

cation. The SURF motion vectors clearly showed additional motion information in 

areas not covered by fiducial markers and showed perspective changes due to the 

curvature of the wing surface. This demonstrated that SURF and DGF can track 

3D model motion projected into 2D images, in this case a type of motion which 
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Figure 4.12: SURF feature tracking of wind tunnel under rotation. Darker vec
tors have been filtered out of the final motion gradient. Figure (a) shows feature 
tracking between two wind-off images rotated with respect to one-another, show
ing motions of the 3D wing about its horizontal axis. The PSP texture is readily 
tracked. Figure (b) uses a mismatched wind-on and wind-off image pair to show 
tracking with a combination of a smaller 3D motion as in (a) as well as tracking 
with local PSP intensity change and local deformation of the right wingtip. The 
resulting motion gradient shows tracking of both the smaller rotation about the 
horizontal axis as well as the wing tip deformation towards the camera. 
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was locally consistent but globally variant. 

A test using the same data set with wind-off and wind-on image pairs was 

conducted to determine performance in the presence of local changes in PSP re

flectivity. The image pair included wing rotation, non-linear wingtip deformation 

on the right side of the image, and PSP intensity changes, including a significant 

transonic discontinuity. The results are shown in Figure 4.12(b) on page 90. In this 

case, the motion of the wing rotation was significantly less than image (a) and the 

resulting motion vectors across the wing have a lower magnitude. Because of the 

filtering characteristic of the DGF, these vectors appear to have a higher directional 

variance than in (a), however their disparity with respect to the motion field me

dian was below the specified threshold. At the right of the image wing tip bending 

was detected and filtered successfully by SURF and DGF. The PSP coating exhib

ited significant intensity changes across the model surface; however a sufficient 

number of motion vectors were retained, with the exception of a local disconti

nuity running horizontally along the wing span. This discontinuity was due to 

a transonic shock front that was highly localized, reducing the feature matching 

rate in this local area. However features on either side of this discontinuity were 

successfully matched and tracked, indicating that PLR work flow will still be able 

to create a dense mesh that effectively bridges this discontinuity. 

In summary, this test shows that SURF and DGF can track model motions 

due to rotations towards and away from the camera, as well as nonlinear model de

formations. Tracking coverage was shown to remain acceptable even when signif

icant, localized PSP intensity changes are present, such as those found near shock 

fronts. 
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Tracking Performance on Different Wind Tunnel Models 

Several image sets were compared with varying amounts displacement distortion, 

as shown in Figure 4.13 on page 93. In all these tests only SURF features were 

tracked, not fiducial markers. These tests were used to evaluate tracking density 

in a range of conditions. In all tests, the wind-off image is shown under the motion 

vectors for texture reference. 

The "WTEY" model deformation is primarily a wing tip bend towards the 

camera on the right of the image. This test set images also showed changes in the 

PSP pattern due to transonic flow shocks and stall patterns, both of which result 

in significant changes in local and global PSP reflectivity. These changes in PSP 

pattern resulted in standard optical flow algorithms failing, as shown in the pre

vious section. There was no prior knowledge of the type of motion, illumination 

changes, or model distortion that would be present in these images sets; the soft

ware package was tasked with automatically identifying these issues and resecting 

the wind-on image to match the wind-off image with only minimal parameter tun

ing for feature detection and motion vector filtering tolerance. 

Two delta-wing models with less local distortion and more fiducial markers 

were also tested to show the flexibility of the tracking work flow. There was less 

deformation because of the model geometry, but significant global motion due to 

changes in angle of attack of the models. SURF tended to track the outer edges 

of the model and areas which combined features from model seams and pressure 

taps. The filtered motion field shows the change in angle of attack towards the 

camera, with the nose of the model having more motion. As before, there was no 

a priori knowledge of the model motion and distortion. 

Finally, tracking performance using a 2D wing section was evaluated. This 



Figure 4.13: Tracking of wing bend and motion for a range of PSP-coated wind 
tunnel models with SURF and DGE Approximate rotation axis is indicated with 
the types of motions. Motion gradient field vectors show detected motion and are 
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section underwent rotation about an axis located on the section, creating a local 

motion discontinuity through the rotation axis. SURF and DGF tracked the mo

tion successfully, removing outliers while maintaining tracking coverage across 

the entire section. This demonstrated the flexibility of the tracking algorithm near 

areas of discontinuous motion. 

In summary, these tests demonstrated that SURF and DGF could track a 

range of model motions and deformations using wind tunnel imagery from several 

different test scenarios. Motions including global rotation and local bending were 

tracked, and motion vector coverage of models was shown to exceed the number 

of fiducial markers. This result demonstrates that in comparison to fiducial marker 

tracking, additional tracking information can be extracted using SURF and DGF. 

4.4.4 Testing of Weighted, Prioritized DGF With 

Fiducial Marker Data 

The disparity gradient filter was extended to allow assignment of weighting fac

tors and priorities to subsets of the gradient field. This provided a tool for combin

ing flow vectors from multiple sources. The system of weighting and prioritization 

of vector sub-sets described in Chapter 3 was tested using wind tunnel model im

agery. 

The goal of the test was to determine how vector weighting works in con

junction with the disparity threshold. It was hypothesized that increasing the 

weighting of more accurate flow vectors would smooth the gradient field locally 

around the weighted vectors, acting as a localized decrease in disparity gradient 

threshold. This would effectively improve resection accuracy in the local area sur

rounding more accurate motion vectors. 
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Effect of Weighted Disparity Gradient 

Image Area 

A B C D 

Figure 4.14: Local decrease in outlier tolerance near weighted vectors. Four sam
ple regions of an image centered on fiducial markers vectors weighted relative to 
surrounding natural feature vectors. The top row shows a weighting of 0 (no fidu
cial marker vectors) for 4 regions and the bottom row shows a weighting of 200 for 
those same regions. Global Dmax is adjusted to maintain the same gradient field 
vector count for the entire image. The local area around the fiducial marker mo
tion vector has significantly reduced disparity tolerance, and as a result a higher 
proportion of surrounding vectors classified as outliers and removed. 
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In these tests, the priority value for the fiducial marker motion vectors was 

set to zero, meaning they could not be filtered out of the vector set by the disparity 

gradient algorithm. Their weight relative to SURF-based motion vectors was then 

varied across a range larger than what would be expected in practical application 

in order to test extremes. Figure 4.15 on page 96 shows the result of increasing 

fiducial marker vector weighting while holding maximum disparity constant at 

three different values. 

Disparity Gradient Filter 
Effect of Increasing Fiducial Marker-Based Motion Vector Weighting Factor 

Image Pair WTEY 46726-4 

100 200 300 400 500 

Fiducial Marker-Based Vector Weighting Factor (versus Natural Feature Vectors) 

600 

Figure 4.15: Effect of increasing fiducial marker-based vector weight relative to 
natural features. Increasing vector weight in turn increases the number of natural 
feature vectors classified as outliers in the vicinity of fiducial markers, reducing 
overall field disparity. 

The effect of changing weighting was determined by observing the max-
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imum disparity in the filtered gradient field. Tests were conducted at different 

Dmax settings to determine how Dmax and Weighting were coupled. Increasing 

the weighting factor was found to decrease the disparity of the overall field, in

dicating that at even small weighting factors, the effect of filtering was increased 

across the image. The similarity of the plots show that increasing Dmax or the 

weighting factor have similar effect if the fiducial marker distribution was homo

geneous in the image. 
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Figure 4.16: Comparing the effect of Dmax to weighting for a given filtering effect. 
Vector weighting is increased while in coordination with Dmax such that the total 
number of vectors in the filtered field is constant, effectively shifting the filtering 
role from weighting to global disparity threshold. The average disparity of the 
gradient field remains constant for this image set, indicating that the two methods 
have similar effect when the fiducial marker distribution is homogeneous. 
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In all cases a minimum disparity value was reached after which increasing 

weighting has little effect. This minimum can be interpreted as the disparity be

tween the fiducial marker vectors since these vectors will not be in agreement and 

cannot remove one another from the field; the disparity of the overall field cannot 

be improved beyond the mutual disparity of these vectors. The overall disparity of 

the field was based on this and Dmax, so as Dmax was decreased, this minimum 

was also decreased. 

These results indicate that a balanced approach to local fiducial marker 

weighting and global maximum disparity should be taken to get the best filter

ing performance. 

Further testing was done to determine which of these filtering methods was 

more effective at creating a high density gradient field with low disparity. Figure 

4.16 shows the average disparity of the gradient field for combinations of maxi

mum disparity threshold and weighting factor which filtered the same number of 

vectors. 

If one method were preferable to the other throughout the image there 

would be a variation in average disparity. This was not shown to be the case, with 

average disparity staying relatively constant, indicating that at the global image 

level, the two methods yield the same quality of gradient field, given a relatively 

homogeneous fiducial marker distribution. 

On visual inspection of the gradient fields, it was noted that more vectors 

were classified as outliers in the local areas around the heavily-weighted vectors 

even though the final vector count in the field was held constant. The local area 

around several fiducial markers is shown in Figure 4.14 on page 95, where the 

overall vector count between the two tests was kept the same. This demonstrated 
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that weighted vectors have the effect of locally decreasing the disparity threshold. 

Discussion and Summary of Vector Weighting Test 

These tests demonstrate that weighted-vector filtering was an effective local-region 

complement to global disparity gradient filtering. With a distribution of fiducial 

markers across the whole image, as was typically the case in practical testing, the 

effect of increasing their relative weight can effectively act across the whole image. 

It was visually determined that the filtering effect was greater near the region of 

the weighted vectors. 

Prioritization of vector subsets was found to have the effect of presenting 

a floor or minimum disparity that was dependent on the disparity between these 

prioritized vectors. This applied in the case these vectors are assigned a maximum 

priority, preventing them from filtering one-another. In practical applications this 

indicates that a balance must be struck between weighting factor and global Dmax 

to obtain the best filtering of the gradient field. 

In terms of practical use, it was of benefit to more heavily weight vectors 

with a better accuracy, since this did decrease the tolerance for erroneous vectors 

in their local vicinity. This had the practical effect of allowing more accurate mo

tion vectors to have a more dominant role in the resection process in their local 

vicinity. Using a weighting allowed the global Dmax to be raised, which allowed 

more local disparity in areas not dominated by the effect of the weighted vectors. 

For example, a weighting of 200 and a Dmax 2.0 had a similar filtering effect to a 

weighting of 1 and a Dmax of 1.7, but with less disparity in the local areas around 

weighted vectors. This indicates that weighting is a practical local-effect comple

ment to setting Dmax globally. 
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In summary these tests show that weighted, prioritized DGF can improve 

filtering performance near tracked fiducial markers without significantly affecting 

the overall disparity of the gradient field. The user of the system can reduce the 

DGF filtering threshold, Dmax, if the fiducial marker weighting factor is increased. 

In PSP applications, a starting point for tuning of these parameters is a fiducial 

marker weighting factor of 100 and Dmax of 1.7. 

4.4.5 Testing the Effect of Image Segmentation on DGF 

The method of dividing the image into sections and applying filtering to each sec

tion independently was described in Chapter 3. The goal was to maintain a high 

vector count in areas with have significantly different motion magnitude or di

rection from adjacent areas. Without a method of separating these areas, filtering 

could remove valid motion vectors in areas with significantly different motions. 

Examples include areas of high deformation or articulation, such as wing tips and 

control surfaces. 

Testing involved separating the wind tunnel imagery into a regular grid 

with varying grid density vertically and horizontally. Each grid sector was filtered 

independently by the weighted disparity gradient method. The hypothesis tested 

was that better overall gradient field coverage of the image can be maintained if 

areas of different movement can be separated. This would allow the local disparity 

threshold Dmax in each sector to be decreased, removing more outliers. 

Test results are shown in Figure 4.17 on page 101. The same image pair 

was tested increasing segmentation. Horizontal subsections were chosen since it 

was known the the right are of the image exhibited bending towards the camera, 

and had significantly different motions than the left side of the wing. When the 
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Figure 4.17: Effect of segmentation on gradient vector field disparity. For all im
ages Dmax and weighting are held constant at 2.5 and 100 respectively. The same 
image is tested with 1,2 and 4 segments seen here from top to bottom with a vi
sualization of the slice lines. The average disparity of each segment is labelled. 
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image was segmented, it was found that the average disparity within each segment 

decreased relative to the same are when it was unsegmented. Areas of minimal 

motion, where vector direction was determined primarily by tracking error, had 

the largest decrease in disparity. Areas with significant motion, such as the wing 

tip, also improved in terms of disparity, though not as significantly. 

In terms of the global image, more erroneous vectors were removed while 

preserving vectors reflecting model deformation, improving the quality of the 

overall gradient field when compared to no segmentation. Segments with mini

mal motion had the greatest number of vectors classified as outliers; although this 

decreased the mesh density in these areas, a dense mesh was not necessarily de

sirable in areas with minimal motion, especially when the motion vectors were 

primarily based on tracking noise. In areas of large motion and deformation, more 

vectors were preserved while decreasing the local average disparity, indicating an 

increase in the local gradient field quality. Together, these two effects were effec

tive in simultaneously removing more erroneous errors in stable areas of the image 

while improving vector field quality in areas undergoing more deformation. 

Discussion and Summary Segmentation Test Results 

In these tests the image was segmented according to an approximation of the pri

mary deformation motions. Segmentation performance can likely be improved 

further through better understanding of motions in the image, possibly through 

an iterative process. 

It was shown that segmenting does have a practical limit beyond which the 

number of motion vectors within a segment is not large enough to create a sig

nificant consensus in the disparity gradient filter. Segmentation was found to be 
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more effective when each segment included one or two weighted fiducial marker-

based vectors. Since each segment is independently filtered, a segment with only 

one weighted vector can be primarily influenced by that vector, whereas multiple 

weighted vectors in the same segment create a lower limit in segment disparity as 

seen in previously in Figure 4.15. Together with the results in from weighted and 

prioritized vectors, this indicates that a combined approach of segmentation and 

weighting would be effective. If the image is segmented in such a way that each 

segment is centered on a weighted vector, it could yield an improved overall gra

dient field with better discrimination of erroneous vectors and improved tolerance 

to large local deformations. 

Wind tunnel model imagery can have regions of intentional vector field dis

continuity, specifically where articulated section of the model move relative to one 

another. This case is an extension of what was measured in Figure /refsegmen-

tationsample, where wing tip deformation was significant compared to the wing 

root. In this case, the test results indicate that segmenting the articulated area from 

the main area of the image can yield improved gradient field coverage with re

duced disparity. 

In summary, performing image segmentation before applying DGF im

proved local filtering performance compared to global filtering in images with 

model deformation. In practical application, it was determined that too many seg

ments should be avoided, as this can prevent the filter from forming a meaningful 

median disparity, resulting in filtering of good vectors. If fiducial markers are 

heavily weighted, no more than one should be included in any segment. 
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4.5 Image Subdivision and Resection 

After a gradient field has been generated, the PLR work-flow must resect the 

wind-on image. As discussed in Chapter 3, resection involved the per-triangle 

un-distortion of this image to realign tracked features to their wind-off locations, 

resulting in reduced ratio image misregistration error due to model displacement 

and distortion. This section tests the two software modules which work together to 

use motion vector data to undistort the wind-on image: subdivision and resection. 

4.5.1 Subdivision Using Delaunay Triangulation 

As described in Chapter 3, the motion vector field was used as a guide for un

distortion of the wind-on image. Each vector was mapped to a vertex in a trian

gular mesh covering the wind-on image, and these triangles are used to subdivide 

the image in the Resection module. The triangles are created from the vector field 

by constructing a Delaunay Triangulation using the endpoints of each vector. Fig

ure 4.18 on page 105 shows the resulting triangulation on wind tunnel imagery 

using flow vectors from fiducial markers. 

The mesh based on fiducial markers only was composed of relatively large 

triangles. As described in Chapter 3 the edge of the mesh between the fiducial 

marker and the edge of the image was subdivided based on points well outside 

the image, effectively appearing as parallel line segments. 

Including motion vectors from natural feature tracking, the mesh became 

significantly denser, as seen in 4.18. Triangulation time is less than 1 second, even 

with several hundred vertices. In summary, this module met requirements for 

subdivision of the image bases on motion vector origins. 
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(a) 

(b) 

Figure 4.18: Dealunay Triangulation to create resection meshes. Figure (a) shows a 
coarse mesh generated from fiducial markers only and (b) shows a mesh generated 
from natural features. Polygon counts are 18 and 650 respectively. 
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4.5.2 Resection 

As described in Chapter 3, resection subdivides the wind-on image into triangular 

texture patches and their vertices are shifted along their associated motion vectors, 

effectively un-distorting each triangle in the mesh. 
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(a) Original image (b) Bicubic resampling (c) Bilinear resampling 

Figure 4.19: Effect of resampling algorithms. The original image in (a) is reduced 
then enlarged using two resampling methods. Bicubic resampling, seen in (b), 
introduces artificial brightness halo artefacts at contrast boundaries which could 
be misinterpreted as pressure data. Bilinear resampling, seen in (c) does not exhibit 
this characteristic. 

Initial tests verified sub-pixel performance of the OpenGL routines in dis

torting triangles and displaying the resected image. As shown in Figure 4.20 on 

page 107, some blurring of the texture was evident due to bilinear resampling of 

the texture. 

Although bilinear resampling was considered inferior to bicubic resampling 

for applications where the final result was evaluated by perceived image quality, it 

did not introduce any halo effects which would appear as additional pressure data 

in this application, as demonstrated in Figure 4.19. 
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(a) (b) 

Figure 4.20: Resampling blur due to bilinear interpolation. A grid pattern is re
sected in the PLR work-flow using a motion gradient field generated from wind 
tunnel imagery Image (a) is uncorrected, and image (b) has been resected with 
several polygon boundaries in this image section. Although blurring is visible due 
to non-integer pixel motions in parts of the image, no halo artefacts are created. 

Discussion and Summary of Resection Test 

Resection module testing demonstrated that sub-pixel resampling of the un

distorted mesh is feasible using OpenGL. The bilinear pixel interpolation intro

duced some sub-pixel blur the image as expected, but did not introduce any signif

icant image artefacts that could be mistaken for pressure differences, and no seams 

between triangles were visible. The smoothing of the image due to resampling was 

at the sub-pixel level, and because the image features of interest are much larger, 

this will not have an impact on the final ratio image. In practical application, the 

resampling artefacts from un-distortion were an acceptable trade-off in order to 

produce the more accurate resected ratio image. 
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4.6 Resection Performance Using PLR 

As described in Chapter 3, taking the ratio between the wind-off and wind-on 

images produces an intensity change map across the PSP-covered area of the wind 

tunnel model. This procedure effectively removes image intensity variation due 

to illumination and PSP coating non-homogeneity, producing a cleaner data. The 

intensity of the ratio image can then be directly correlated with a pressure value at 

any point in the image. 

4.6.1 Visualization and Measurement of Misregistration 

Without high-accuracy alignment between the wind-on and wind-off images, the 

ratio image does not represent the true pressures across the model. To visually 

observe the effect on wind tunnel imagery, a 10 pixel translation misalignment 

between a wind-on/wind-off image pair was generated and the ratio image pro

duced. The results can be seen in Figure 4.21 on page 109. The effect was qual

itatively visible image (a) as noise in the PSP coating that was not present in the 

correctly registered image seen in (b). The offset was also visible in the black and 

white circular fiducial marker pairs. The black marker image was from the wind-

off image fiducial marker location, and the white image from the same marker's 

wind-on location. When these were correctly aligned, as in image (b), the images 

overlapped and the contrast was reduced. The same effect was seen in a vertical 

row of pressure taps at the center of the image. Finally, linear features such as a 

wing edge, shown in the bottom of these images, became very dark or very bright 

depending on the misregistration direction. 

In summary, this test demonstrated that local intensity of the image devi-
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Figure 4.21: The effect of misregistration on pressure data. Image (a) shows the 
ratio image of a PSP coated wind tunnel model with an wind-on image offset of 
approximately 10 pixels to the right of the wind-off image. Noise is lower in an 
aligned image pair in (b). A comparison of an image intensity slice shows the 
increase in noise due to misregistration. 
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ated significantly in the unaligned image pair, directly affecting measured pressure 

data via PSP intensity. This demonstrated the importance of correct registration of 

wind-on and wind-off images. 

4.6.2 PLR Using Natural Feature Tracking Only 

To test the accuracy of resection based on natural feature tracking only, a test 

was conducted using fiducial marker tracking information to determine natural 

feature-based motion tracking error. This test does not use fiducial marker track

ing data for resection, only natural feature data, allowing the error to be evaluated 

using fiducial marker positions. 

Figure 4.22 on page 111 shows the results. The uncorrected image (a) 

exhibits registration errors in fiducial markers position towards the wingtip (on 

right) which are visible as partially overlapping black and white marker images. 

The same image based on SURF-based resection is shown in (b) with reduced reg

istration error and the alignment is improved compared to no resection. As shown 

in Figure 4.23 the error in fiducial marker centers averages 0.36 pixels with a max

imum of 0.79 pixels and a standard deviation of 0.26 pixels. Comparing tracking 

error against feature displacement indicates there was a weak or minimal correla

tion between, indicating that accuracy was not affected by feature displacement. 

In summary, this test showed that SURF tracking alone provided good mo

tion tracking data for realignment, successfully reducing mis-registration error in 

PSP images without the use of fiducial marker tracking. As expected, tracking ac

curacy for any given SURF feature was not as accurate as tracking of any given 

fiducial marker. In practical application, this result indicates that a combination of 

sparse, accurate fiducial marker data and dense, less accurate SURF data would be 
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(b) 

Figure 4.22: Resection using natural feature only, crops of full images. Image 
(a) shows a the ratio image without resection. The registration error in fiducial 
markers position towards the wingtip (on right) is visible as overlapping black and 
white marker images. The same image based on natural feature-based resection is 
shown in (b) with reduced registration error. 
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Figure 4.23: Alignment error after natural feature-based resection. Fiducial marker 
residual error is used as a measure of natural feature tracking accuracy. Tracking 
accuracy is better than 1 pixel, and there is a weak (-0.2) correlation between image 
deformation and tracking accuracy. 
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more accurate than either alone. 

4.6.3 Validating Workflow Using Pressure Tap Data 

Pressure taps are distributed across the model, typically linearly across wing 

chords or other areas of interest. The tap data is reported as a ratio between pres

sure between wind-off and wind-on conditions, and this ratio has a linear rela

tionship to the PSP response ratio. In order to calibrate pressure tap readings the 

PSP ratio image is used. As shown in Figure 4.24 on page 114, the image inten

sity values in the immediate vicinity of each pressure tap is correlated with the tap 

pressure ratio, and the resulting data is used to determine the linear transform be

tween image intensity and pressure ratio. This allows image intensity throughout 

the image to be converted into pressure values. 

To validate the SURF-PLR workflow against the ground-truth data from 

pressure taps, this calibration was used to measure the accuracy of SURF-PLR re

section in the vicinity of a different pressure tap station in the same ratio image. 

This test station was chosen in an area of the model that shows moderate defor

mation. The results are shown in Figure 4.25 on page 115. The reduction in image 

noise due to SURF-PLR resection is visible in figure (a), notably where taps have 

become less visible due to improved image alignment. Figure (b) compared the 

resected and unresected PSP data to the calibrated pressure tap data. The sum of 

squared error of image ratio at the pressure taps is reduced from 0.104 to 0.043, a 

59% improvement. In this test process, no data smoothing or interpolation of data 

was done in either the calibration or measurement steps. 

The results of this test show that the SURF-PLR work-flow is valid when 

compared to ground-truth data. The image slices used for calibration and mea-
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Figure 4.24: Calibration of PSP using pressure tap data. Figure (a) shows tap sta
tion locations along wing chord. The slices intersect several pressure taps (referred 
to collectively as a "station"). Station 2 intensity data was used to calibrate tap 
pressure ratios to image intensity ratios. The resulting linear transform is used to 
relate pressure tap readings to image intensity readings throughout the ratio im
age. No data smoothing or manual correction is used for the calibration. Figure (a) 
image is gamma-corrected (1.5) for clarity. 
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Unresected SURF-PLR Resected 

Station 4 Station 4 

(a) 

WTEY 46276 Station 4 
Tap Pressures and PSP Ratios 

(Tap pressures calibrated using Station #2, no data smoothing) 

o Calibrated Tap Data 
—Iref/I without resection 
—Iref/I After SURF-PLR 

91 101 111 121 

Slice Position 

(b) 

Figure 4.25: Calibration of PSP using pressure tap data. Data is shown for an 
image slice through Station 4 of 4.24(a). Both SURF-PLR-resected and unresected 
intensity data are compared to tap data. The sum of squared error of image ratio 
at the pressure taps is reduced from 0.104 to 0.043, a 59% improvement. No data 
smoothing is used, so tap locations are visible in PSP data. Figure (a) images are 
gamma-corrected (1.25) for clarity. 
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surement each pass through at least 10 resection triangles without noticeable dis

continuity or deviation from the unresected image data, demonstrating that re

section is not introducing significant distortion. The improvement in measure

ment accuracy, though small in absolute terms, demonstrates that resection does 

improve measurement accuracy. This calibration and measurement was done us

ing unsmoothed PSP data, showing that resection can potentially reduce the data 

smoothing steps required in the pressure measurement workflow. 

In summary, this test shows that SURF-PLR provides an improvement to 

ratio image fidelity when compared to pressure tap data. It validates the SURF-

PLR workflow with ground-truth data from pressure taps and provides confidence 

in further tests on image areas away from pressure taps. 

4.6.4 Analyzing Spanwise Ratio Image Slice Data 

The effect of PLR on cross-sections through ratio image data are shown in 4.26. 

Spanwise slices were chosen to visualize the increasing wing deformation from 

wing root to wing tip. Several span-wise slices of intensity data were sampled 

near the wingtip area, where model deformation ranged from 1.2 to 6.0 pixels, 

with maximum deformation near the outboard trailing edge of the wing. These 

slices are compared before and after SURF-PLR resection, showing a reduction in 

noise, especially near the trailing edge of the wing. As expected, in areas of lower 

deformation, such as the leading edge of the wing at Slice [1], there was closer 

agreement between the two ratio images. Slice [2] and [3] are relatively close on the 

wing chord, and display approximately the same level of disparity. Slice [3] cuts 

through a nonlinearity in air flow, specifically a flow separation, and the compar

ison of uncorrected and corrected intensity data shows that model distortion can 
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(a) (b) 

Image Ratio l/lref Un-Resected versus PLR Resected 
WTEY 46276-4, data smoothed using 5-sample moving average 

Slice Offset (Pixels) 

(c) 

Figure 4.26: Resection effect on ratios cross sections (a) shows the ratio image 
without resection, (b) has been resected. Comparison between these images using 
specific slices of intensity data are shown in (c) 
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change the apparent location and magnitude of this discontinuity. Slice [4] shows 

an overall increase in intensity disparity between uncorrected and corrected ratio 

images, notably near the wing tip on the right of the images. This was expected 

since the ratio is being determined in these areas using a wind-on image which 

was offset towards the left of the image due to wing bend towards the camera; 

this moves higher-intensity pixel values left of their actual locations, effectively 

increasing the local intensity of wind-on image. 

Discussion and Summary of Spanwise Slice Test 

It was noted that the fiducial marker in the top-right of these images was partially 

out of frame in the wind-on image, however natural feature tracking provided data 

to resect this area of the image nonetheless. This demonstrates that in practical 

applications where fiducial markers cannot be used, natural feature tracking can 

provide good tracking data. 

In summary, this test showed improvement in fidelity of PSP pressure data 

when SURF-PLR was compared to unresected ratio images, notably in areas of 

higher misregistration. Both higher frequency noise and global drift in pressure 

readings towards the wingtip were reduced. Areas with little misregistration were 

effectively left as found, indicating that local, accurate resection was taking place 

throughout the image. This demonstrates that SURF-PLR improved measurement 

accuracy across large areas of the image which had undergone nonlinear distortion 

with no prior knowledge of the deformation modes or 3D model geometry. 
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Figure 4.27: Natural feature-only resection of delta wing. The model is sting-
mounted and relatively non-deformable, and motion is primarily a rotation of the 
nose towards the camera, with a center of rotation at approximately one-third of 
the model length, (a) shows motion vectors as determined from natural feature 
tracking, lengthened by a factor of 5 for visibility. Four subregions are used for out
lier filtering.(b) shows the resulting resection mesh.(c) shows the ratio image with
out resection, (d) has been resected, showing reduced registration error around the 
fiducial markers and pressure taps. Image gamma in (c) and (d) increased to 1.5 
for clarity. 
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Analyzing Ratio Images for a Delta Wing Model 

A similar test was completed on a supersonic delta wing model, as shown in Fig

ure 4.27. This model differs from the transonic wing in the previous test in that 

it was sting-mounted and relatively stiff, so the majority of registration error from 

wind-off to wind-on was due to displacement of the model in the air stream. The 

PSP paint pattern was more homogeneous, providing less local texture contrast for 

natural feature tracking. It also had a higher density of fiducial markers allowing 

a distribution chart of natural feature tracking error magnitudes to be generated, 

as seen in Figure 4.28. 

Initial natural feature tracking indicated this motion was a rotation towards 

the camera, with the greatest displacement at the nose of the model. Resection 

using only natural features resulted in reduced error as measured by residual dis

placement of fiducial markers. Average residual displacement error was reduced 

from 0.51 pixels in the uncorrected image to 0.16 pixels, and maximum error was 

reduced from 0.71 to 0.47 pixels. 

Discussion and Summary of Delta Wing Test 

This improvement as a percentage of initial misregistration was found to be rela

tively small, however the initial displacement of the model was less than 1 pixel, 

demonstrating that natural feature tracking can improve reduce even this sub-

pixel displacement. Because error was measured across the entire surface of the 

model due to the large number of fiducial markers, this test demonstrated that 

resection with the dense natural feature-based mesh was viable for small global 

perspective changes of the model as well as local deformations. It also demon

strated that with a different, more homogenous PSP coating, natural features were 
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still be found and tracked with a high density. 
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Figure 4.28: Natural feature tracking error on supersonic delta wing. Tracking 
error is the residual displacement error on fiducial markers in the image. 

Some of the SURF features at least partly incorporated fiducial marker im

agery, however a fiducial marker alone would not be considered a good feature 

to track by the SURF algorithm, since it was rotationally invariant. Many tracked 

natural features included a combination of the linear seams near the perimeter 

of the model and the adjacent pressure taps, demonstrating that SURF can track 

model features other than PSP texture. In comparing the tracking accuracy results 

between the delta wing and the straight wing it was observed that the tracking of 

surface features such as pressure taps and seams has similar accuracy to tracking 
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PSP paint texture, with a median error of approximately 0.2 pixels. 

In summary, this test demonstrated that SURF-PLR was effective at reduc

ing misregistration due to global model rotation towards the camera even without 

fiducial marker tracking data. SURF successfully tracked features which were not 

part of the PSP coating demonstrating the flexibility of this tracking method. In 

conjunction with earlier testing on models with significant PSP texture and mini

mal fiducial markers, this indicates that SURF-PLR can reduce misregistration un

der a wide range of conditions. 

4.6.5 Comparing Local and Global Resection on 

Highly Deformed Imagery 

PLR is a local resection method, since each triangle of the mesh created from natu

ral features is undistorted individually. Global resection methods act on the whole 

image, distorting it using perspective and affine transforms in order to minimize 

a metric such as fiducial marker residual displacement between the wind-on and 

wind-off images. In order to compare these two methods in a visually apparent 

way, an existing wind tunnel data pair was modified to introduce additional defor

mation. The wind-on image of the pair was distorted using a Photoshop displace

ment tool to introduce localized, non-linear displacement into the image such that 

a global correction method would be unable to remove much of the deformation 

error. Displacements of approximately 10 pixels were made at select control points 

which varied image distortion continuously in direction and magnitude both ver

tically and horizontally. This extreme deformation was chosen to test boundary 

performance of the two methods such that any advantage of PLR would be imme

diately visible. 
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Figure 4.29: Comparison of global versus local resection using a non-linearly 
distorted wind-on image. Image (a) shows the ratio image with no resectioning 
(uncorrected). The wind-on image is corrected using a single global correction in 
(b). Misregistration is visible in the residual fiducial marker displacements and 
the PSP noise. The wind-on image is processed using the PLR system, with (c) 
and (d) showing the filtered gradient field and resection mesh, respectively. The 
PLR-corrected ratio is shown in (e) with reduced PSP noise and residual marker 
displacement compared to (b). Image gamma increased to 1.75 for clarity. 
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Resection Error Comparison 
Global Resection versus Natural Feature-Based PLR 

WTEY46276-4 with additional non-linear distortion added 
Measured as residual displacement at fiducial markers 

Residual Distortion (pixels) 

Uncorrected 

Global Resection 

Peicewise Linear Resection 

Average 

9.6 

8.3 

1.1 

Maximum 

23.9 

16.3 

3.5 

Std. Dev. 

7.9 

3.8 

1.0 

Figure 4.30: Comparison of global versus local resection using a non-linearly dis
torted wind-on image. Based on the image series in Figure 4.29, performance is 
measured as residual displacement error for fiducial markers in the resected im
ages. Global resectioning provides some improvement in both the average and 
maximum residual errors, however PLR reduces errors further in this nonlinear 
distortion test. 

Figure 4.29 on page 123 shows the results of this test. Figure (a) shows 

the ratio using the uncorrected wind-on image with synthetic distortion. Noise is 

immediately apparent due to mis-registration o the PSP coating, appearing as local 

brightness variations. Correction in (b) is done through global distortion of the 

image as a single plane, using fiducial markers as a reference. The displacement of 

marker errors is reduced by the global method, but because distortion is local and 

nonlinear, realignment of some areas comes at the expense of misaligning others. 

Figures (c) through (e) show the process of PLR for comparison. In this instance, 

fiducial marker tracking is not used to resect the image and is used instead as a 

reference for measuring performance. The filtered motion vector field is shown in 

(c) with the image segmented into 3 sections, and (d) shows the resulting resection 

mesh. The resulting ratio with the reference image is shown in (e) with reduced 

misregistration noise across the majority of the image. A summary of resection 

accuracy is given in Table 4.30 on page 124. These measurements confirm what is 
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visible in the images; specifically that global resection does not perform as well as 

PLR when distortion is nonlinear. 

Discussion and Test Summary 

This method of introducing additional distortion into wind tunnel imagery re

quired resampling of the original image in an intermediate software package and 

potentially reduced the natural feature matching performance. Original camera 

image data is preferable in cases where natural feature tracking is used, however 

artificial distortions of these types were not practical to replicate with a PSP coated 

model. Despite this, enough features were tracked to demonstrate the strength of 

PLR in handling nonlinear distortion; error was significantly reduced at measured 

control points (fiducial markers). 

It was noted in this test that it was critical to filter the disparity gradient 

field of outliers, since the distortions in the image were large. Any mesh trian

gle resected based on erroneous tracking data introduced increased local error and 

misregistration. A method of providing an accuracy confidence value in any given 

area of the resected image would be desirable, since the accuracy of PLR can vary 

across the image. This could be based a combination on the local disparity in the 

gradient field and characteristics of the local natural features used in tracking, such 

as their Hessian determinant or quality of match between wind on and wind-off. 

For example, areas where tracking vectors have a lower local disparity and higher 

natural feature Hessian determinant could be assigned a relatively higher confi

dence rating. 

In summary, this test demonstrated that SURF-PLR outperforms planar 

global resection when model distortion is highly localized and nonlinear. In prac-
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tical application, this indicates that SURF-PLR can be used in cases where global 

resection methods are insufficient, specifically where deformation is significant, 

localized, and nonlinear. 

4.6.6 Comparison of SURF-PLR to 3D Global Resection 

As discussed in Chapter 2, 3D global resection projects the wind-on image onto 

a virtual 3D mesh of the wind tunnel model, then applies a global rotation and 

translation to this mesh in order to minimize displacement error between fiducial 

markers in the wind-on and wind-off images. A test was conducted to compare the 

performance of SURF-PLR with that of 3D global resection in order to determine 

relative performance in a case where model bending and twisting were present.5 

Figure 4.31 on page 127 compares a span-wise and chord-wise slices of the 

ratio images from SURF-PLR and 3D global resection. The wing model had un

dergone nonlinear wingtip bending and twisting towards the right hand side of 

the image, both of which were local deformations. The global resection workflow 

acted to minimize the total residual displacement error of all tracked fiducial mark

ers; however residual marker displacements were noted in the resected wind-on 

image from the workflow, with an average residual error of 0.7 pixels and a stan

dard deviation of 0.5 pixels. This can be attributed to the constraint that global 3D 

resection was acting on a rigid model, whereas local deformation is a non-rigid 

model motion. SURF-PLR was able to make nonlinear, local corrections to the 

image, and no meaningful fiducial marker error was noted, due to the algorithm 

aligning the local marker-areas explicitly. Both data sets showed similar improve

ment over uncorrected image ratio data. 

Pressure tap data was next compared to these resected ratio images at Sta-
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Comparison of SURF-PLR to Global 3D Resection 
(WTEY-46276-4,1 px smoothing, tap discontinuities removed) 
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Figure 4.31: Comparison of SURF-PLR to 3D Global Resection. Model deforma
tion took place as a spanwise bend towards the right wing tip, and as a chord-wise 
twist, again mainly at the right wing tip. Chord-wise slices at Stations 2,3, and 
4 indicate that SURF-PLR reduced registration noise in comparison to global re
section span-wise slices show the same result, with reduced misregistration noise 
especially towards the trailing edge of the wing. 
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WTEY 46276 Station 4 
Tap Pressure and PSP Ratios 

(Tap pressures calibrated using stations 2,3,4, 
Ipx data smoothing, tap location smoothing) 

Slice Position (fraction of wing chord) 

Figure 4.32: Comparison of SURF-PLR to 3D Global Resection. Sum of squared 
error adjacent to the pressure taps was determined for both methods. SURF-PLR 
showed an improvement over 3D global resectioning of SSE=0.07 versus 0.13. 

tion 4 near the wing tip. Figure 4.32 on page 128 shows the results. The sum of 

squared errors of PSP intensity ratios adjacent to the pressure taps was determined 

for both methods. SURF-PLR showed an improvement over 3D global resectioning 

of SSE=0.07 versus 0.13. 

In summary, these tests demonstrate that in a situation where model de

formation was nonlinear the global 3D resection method produced a ratio image 

with more misregistration noise than SURF-PLR. The noise improvement using the 

SURF-PLR was noted in areas of higher local deformation, confirming that local 

correction for deformation can improve on global methods which use virtual 3D 

models. The SURF-PLR was simpler to set up and calibrate as it required no 3D 

model mesh, camera system calibration, or fiducial marker registration between 

the physical and virtual models. 
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4.6.7 Visual Analysis of SURF-PLR Work Flow Results 

on a Range of Models 

Because the improvement in wind-off/ wind-on image registration is visually ap

parent, the full SURF-PLR workflow was run on wind tunnel models to visually 

assess the work flow performance. The results of running PLR on three models 

are shown in Figure 4.33 on page 130. In each case a different type of motion and 

different set of variables affects performance, providing a wide range of test condi

tions. The first model exhibits nonlinear wingtip deformation, which was success

fully tracked and reduced by PLR despite large changes in local PSP reflectivity 

due to discontinuous pressure changes. The second model exhibited displacement 

due to rotation towards the camera, resulting in sub-pixel mis-registration which 

was successfully tracked and reduced. This model's PSP coating exhibited very 

uniform texture, demonstrating tracking of model features such as combinations 

of seams and pressure taps. The third model was an airfoil section with a hori

zontal rotation axis through the model representing a complex nonlinear motion 

with a discontinuity. This image pair was composed of two wind-off images, so a 

perfectly resected ratio image would have had a uniform intensity with minimal 

noise. Again it was shown that noise was reduced after PLR resection. In all cases a 

combination of all techniques in the work flow are used, including natural feature 

tracking, fiducial marker tracking, and vector weighting. 

Discussion: Approximating Motion at Mesh Outer Edge 

The motion gradient vector data in all tests did not extend to the edges of the 

models due to masks applied in the work-flow. This forced the PLR algorithm to 
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Figure 4.33: Sample results of PLR resection. Three model resections are shown 
from top to bottom with each model exhibiting a different type of motion and 
deformation. Three steps of the resection are shown from left to right: the resection 
mesh, the uncorrected ratio image, and the PLR resected image. Image contrast 
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use an image resection approximation at the edges of the model, specifically an 

affine, or skew, transformation. The resection accuracy in these areas was reduced 

compared to areas inside the explicitly defined mesh; however it was still visibly 

improved over the uncorrected ratio in terms of noise level. The 'mesh edge prob

lem' is a limitation of PLR methods that has been noted in previous work,21 and 

was dealt with here by the method of affine approximation. This approximation 

used known motion vectors for one or two vertices of the boundary triangles, and 

extended the remaining vertices a large distance from the center of the image to 

pin it at a fixed coordinate. This approximated an affine transform that used as 

much motion data as was available at the boundary of the mesh. The result was 

an improvement over using no motion data at all on the outer boundary of the 

motion gradient field area. 

Summary of Test Results 

In summary, these tests showed that SURF-PLR was effective at visibly reducing 

image noise due to misregistration on several different wind tunnel models when 

compared to unresected ratio images. This method increased the polygon count 

considerably over what was available using fiducial markers alone, and success

fully combined SURF and fiducial marker tracking information. SURF-PLR was 

also shown to reduce registration errors outside the resection mesh area by us

ing an affine motion approximation, an improvement over unresected imagery. 

In practical application this demonstrated that SURF-PLR can be used to reduce 

misregistration error in a range of model geometries and motions including half-

models with wind-bend, sting mounted models with global rotation, and 2D sec

tions with changing angle of attack. 
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4.7 Interface Design 

Although this software work-flow can operate automatically from feature identi

fication through resection and ratio image generation, there are several parame

ters within each module that can be tuned with user intervention (or by system-

level closed loop tuning software). Specifically, fiducial marker identification and 

flow vector filtering affect the quality of the final pressure data significantly, tun

ing these processes quickly using visual feedback is desirable. Human-in-the-loop 

systems are efficient in image processing applications, since a level of intuition and 

experience can be used to produce a more accurate final result. 

The work-flow was designed to operate on a single pair of images at a time: 

a wind-off reference image and a wind-on image, however once parameters are 

tuned for a specific data gathering run, the parameters can typically be used for all 

image pairs in the run. For this reason, the user interface was designed to quickly 

save and reapply parameter settings to multiple image pairs. Screen shots of the 

user interface can be seen in Figure 4.34 on page 133 

4.7.1 Project Level Parameters and Extensibility 

The software tool chain was tested successfully both with the user interface front 

end and as standalone PLR executables managed by batch and YML configuration 

files. Any scripting language or external scripting system can conceivably use the 

modules. For example, any or all of the modules can be used via MATLAB, which 

can read and write YML configuration and data files. Since the natural feature and 

fiducial marker data are generated by their own modules and used as input to the 

motion vector 'Flow' module, it is possible to use other fiducial marker localiza-
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(a) Fiducial Marker Detection 
"extractFDM" Module 

(b) SURF Feature Detection 
"extractNF' Module 

(c) FeatureMatching and Vector Filtering 
"flow" Module 

(d) Mesh Generation 
"subdivide" Module 

(e) Ratio Image Generation and Measurement 
"ratio" Module 

(f) Image Intensity Slice Data Tool 
"ratio" Module Data Visualization 

Figure 4.34: PLR user interface screen shots. Each stage in image pair analysis 
and resection was managed through the interface. Parameters and numeric results 
were presented on the left and visualizations are presented on the right. A tab 
system allowed parallel access to every stage of the work-flow and the ability to 
quickly switch between wind-on and wind-off images at any stage. A dedicated 
'slice' tool provided direct visualization of specified ratio image sections. 
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tion or natural feature extraction methods, allowing the tool chain to be selectively 

integrated with other software. Examples of the YML configuration and output 

files are shown in Figure yml on page 135. 

4.7.2 Slice Tool 

PSP imagery provides quantitative 2D surface pressure data, however it is often 

necessary to extract a specific pressure cross section set from an image, as shown 

in the previous section tests. Slices effectively act as virtual point or line segment 

pressure transducers that are repeatable in position across multiple ratio images. 

For example, mapping intensity over a single slice that intersects several pressure 

taps allows absolute PSP pressure data verification. 

A slice tool was created which plots intensity across an arbitrary line or line 

set on an image. The slices positions could be saved and applied to other images, 

allowing comparisons at the same pixel locations for multiple ratio images. Slice 

data was exported as YML data that could be plotted in other applications. 

4.7.3 Findings From User Testing 

The software was designed to leverage the human capability for pattern recogni

tion which provides the outermost feedback loop in the resection process. For this 

reason visualization of each step was found to be critical in minimizing the total 

processing time for a given image pair project. This informed some additions to 

the interface during development, including a before/after visualization compar

ing the PLR-resected ratio image with an unresected ratio image. Overall, an image 

pair could be processed within 30 seconds, including basic parameter tuning for 
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Sample Output of SURF Feature 
Finder "ExtractNF" 

Sample Configuration for Motion 
Tracker "Flow" 

%YAML 1 0 
module extractNF 
version' 0 2000000000000000 
description locates natural features in 
an image using SURF algorithm 
# SURF feature extraction on file 
file "wtey46726-4/images/WTEY46726-4_ref tif" 
# Features extracted 
total 1073 
# extraction parameters used 
nmsRadius 2 
# features -{i, y, -hessian, -decriptor[real 64]>) 
features 

x 41 0835762023925780 
y 78 9590682983398440 
size 1118325044 
hessian 86 1891098022460940 
descriptor 

- 2 8036765288561583e-003 
- 2 7403724379837513e-004 
- 2 8036765288561583e-003 
- 3 9891185588203371e-004 
- 0 0695258080959320 

x 137 6676330566406200 
y 84 1429748535156250 
size 1118593235 
hessian 86 7850875854492190 
descriptor 

- 5 0178513629361987e-004 
- -4 2759733332786709e-005 
- 5 0178513629361987e-004 
- 3 2600099802948534e-004 

%YAML.l 0 
# Flow extraction parameters 
parameters 

maxDisparityRatio 1 5000000000000000e+000 
maxCartesianDistance 2 0000000000000001e-001 
maxCenterDistance 7 
segments!! 3 
segmentsV 1 
displayScale 10 
targetMedian: 0 
fdmweight 10 

Sample Input/Output File for Ratio 
Image Slice Tool 

%YAML 1 0 
totalSlices 3 
imageWidth 1024 
imageHeight 471 
slices 

xl 

yi 
x2. 
y2 

735 
333 
835 
336 

data 

xl 

yi 
x2 
y2 

- 735 
- 333 
- 6 3024902343750000e-001 

735 
333 
835 
336 

data 
- 275 
- 199 
- 6 66384870000000000e-001 

Figure 4.35: Sample configuration and output YML files. YML files are used to 
configure each functional module in the workflow and to store output results. The 
files start with optional global information for test tracking and are editable as text 
and human-readable. These files can be read an written by external software tools, 
providing options for integration of all or part of the SURF-PLR workflow. 
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fiducial marker detection and disparity gradient filtering. The ability to duplicate 

an existing project was also found to increase overall efficiency when dealing with 

multiple image pairs from the same wind tunnel experimental run. 

In summary, the user interface was found SURF-PLR workflow efficiency 

by automatically managing image files, parameter input, and intermediate im

agery and used for visual feedback. In practical application, this user interface 

successfully leveraged the user's strength in pattern recognition to accelerate pa

rameter tuning and image processing, and was found to be a valuable tool for 

rapid resection and measurement of PSP wind tunnel imagery. 



Chapter 5 

Conclusion 

5.1 Summary of Findings 

PLR using a combination of natural feature and fiducial marker tracking has been 

shown to reduce wind tunnel model motion and deformation errors in the PSP 

application. In cases of local and nonlinear deformation and motion, it was shown 

to remove these artefacts better than global resection methods. It was shown to 

operate with no prior data about the 3D model geometry, deformations, or cam

era calibration parameters. The software tool-chain written to perform this task 

successfully and automatically determined model motion and deformation to sub-

pixel accuracies using a combination of SURF natural feature and fiducial marker 

tracking. 

It was shown that SURF natural feature were tolerant of the types of small 

3D transformations that occur between a typical wind-on/wind-off image pair. 

SURF natural feature were also tolerant of illumination changes due to model as

pect change with respect to the illumination source and due to changes in reflec-

137 
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tivity of the PSP itself. Good coverage of the wind tunnel model by motion vectors 

could be achieved by allowing the Hessian score of the SURF features to approach 

a lower bound of 5-10. 

SURF matching used a three stage process. Matches were discarded if their 

displacement between wind-on and wind-off images exceeded a specified thresh

old or if the total error between their descriptors exceeded a separate threshold. 

This was found to remove more false matches that other matching methods, with

out removing potential inliers. The resulting motion gradient field was found to 

require further global filtering by a disparity gradient filter. 

Tracking of fiducial markers using an efficient 3-step method was demon

strated. This algorithm used a configurable synthetic fiducial marker template to 

detect markers and a two-stage center localization algorithm that was shown to 

be as accurate as currently used systems on synthetic marker test targets. The 

sub-pixel localization method of orthogonal one-dimensional Gaussian fitting was 

shown to be as accurate as existing algorithms in the presence of noise and low 

contrast. A novel background gradient detection and subtraction method to im

prove localization accuracy was developed specifically for this application since 

many fiducial markers are located near areas of high curvature, such as wing lead

ing edges. 

Matching of SURF features and fiducial markers was shown to produce a 

motion gradient field with good coverage that required additional filtering of mis

matches. A disparity gradient filter was implemented to provide a combination of 

local and global motion gradient filtering that was shown to effectively reduce the 

fraction of erroneous motion vectors. It was demonstrated that these motion vec

tors could be split into subsets which could be weighted and prioritized based on 
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the accuracy of their tracking method, which could in turn provide an improved 

distribution and quality of motion gradient field throughout the wind tunnel im

age. It was further demonstrated that this algorithm supported segmentation of 

the motion gradient field into geometrically discrete sections, which allowed for 

parts of the wind tunnel model to move independently of others while still being 

filtered for outlying motion vectors. 

This motion gradient field was used to subdivide wind-on and wind-off 

images into a mesh by Delaunay triangulation to provide a basis for performing 

piecewise linear resection of the wind-on image, reducing model motion and de

formation. The resected image was shown to be sub-pixel accurate when using the 

OpenGL framework. Bilinear interpolation of the individual triangles of the mesh 

was not found to contribute significant image artefacts that would adversely af

fect pressure measurements. The resection portion of the tool-chain was shown to 

function with a 16-bit dynamic range, assuring significant headroom for cameras 

with dynamic ranges. 

Ratio images generated from the PLR-resected images showed a significant 

decrease in misregistration error due to misalignment and deformation when com

pared to uncorrected ratio images. A combination of fiducial marker and natural 

feature tracking was found to provide better overall results that either alone, since 

the more accurate fiducial marker tracking data was successfully combined with 

the denser natural feature data to produce a final resection mesh. The tool-chain 

was shown to function in several different wind tunnel test image sets with dif

ferent qualities of illumination, PSP coating, fiducial marker distributions, and il

lumination fields, as well as different model motions and deformations. The sys

tem successfully tracked motions such as model rotations towards the camera and 

wing bending and twisting motions from both natural feature and fiducial marker 
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sources. 

The system was measured to run in less than 30 seconds from start to finish 

on pairs of images in the 1 megapixel, 16-bit resolution class with approximately 

20 fiducial marker features and 500 natural features tracked. The modular archi

tecture of the tool-chain and reconfigurability using text-based files was demon

strated using both a graphical user interface and batch files, demonstrating a range 

of user interaction or automation options. 

This software tool chain was developed with open source software includ

ing OpenCV, freeGLUT, TIFFlib, Qt, and Qwt. These open source libraries were 

found to streamline development by providing functions such as template match

ing, SURF extraction, image and file management, and user interface frameworks. 

In conclusion, natural feature-based tracking combined with an extension of 

the disparity gradient filter algorithm was found to improve 2D piecewise linear 

resection in pressure sensitive paint applications where model deformation and 

motion would otherwise degrade measurement accuracy. This system was shown 

to have equivalent performance to 3D global resection methods without the need 

for 3D models and associated fiducial marker registration and camera calibration 

steps with improved performance where local deformation was present. Although 

natural feature tracking was less accurate than fiducial marker tracking, the two 

motion vector sources could be combine, weighted, and segmented using an ex

tension of the basic disparity gradient filter algorithm to produce a higher density 

motion gradient field. This field in turn provided a basis for a denser resection 

mesh for the PLR algorithm, resulting in a reduction in ratio image measurement 

error. It was demonstrated that a modular, open source framework could be lever

aged to create an automated resection tool-chain that allowed various levels of user 
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interaction and integration with other software. 

5.2 Contributions to the Field 

5.2.1 Used Natural Features to Automatically Improve 

Resection Performance 

PSP as a wind tunnel tool is dependent on the accuracy of the ratio image. This 

image is highly sensitive to errors caused by misregistration between wind-off and 

wind-on imagery due to model deformation. Eliminating this deformation using 

image resection of the wind-on image has been developed using various methods. 

The most flexible of these methods is PLR, which requires no prior knowledge of 

model geometry or expected deformation and is as accurate as the model motion 

tracking method used. A common method is tracking of dedicated fiducial mark

ers which provide high accuracy tracking. The more markers used, the denser the 

PLR mesh, and the higher the fidelity of the wind-on image resection. However 

these fiducial marker markers cover the PSP and can produce aerodynamic dis

turbances. An alternative it to track natural features in the image to increase the 

density of the mesh without increasing the marker density. The work described 

here demonstrates that it is feasible to track natural feature using the SURF algo

rithm for PSP applications and that the resulting increase in mesh density results in 

a higher fidelity resected wind-on image which in turn increases accuracy of pres

sure measurement from the ratio image. This method was shown to track model 

motion and deformation with sufficient fidelity when combine with disparity gra

dient filter as described below. 
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5.2.2 Demonstrated a Method for Improving Mesh-Edge 

Resection Accuracy 

PLR is most accurate when the vertices of each triangle in an image mesh can 

be tracked; however image areas outside the mesh lack full motion information. 

These areas typically consist of the perimeter of the image including a portion of 

the wind tunnel model. It was demonstrated that extending the Delaunay triangu

lation to include stationary vertices well outside the image area allowed the image 

edge to be resected based on adjacent mesh vertices motion. This resection was 

an affine approximation of the motion at the mesh edge, however was more accu

rate than leaving the image perimeter stationary. This addressed an issue stated in 

prior literature in which PLR accuracy suffered outside of the mesh area.,1236 

5.2.3 Developed a Weighted Extension of the Disparity Gradient 

Filter Algorithm 

Tracking additional features via SURF can work independently of fiducial marker 

tracking or in conjunction with it. In order to combine the highly accurate data 

from fiducial marker tracking with natural feature data, a weighted, prioritized 

extension of disparity gradient filter was developed. The results show that this 

extension allows motion vector sets from different sources to be weighted for ac

curacy and prioritized in terms of their effect on one another, allowing more accu

rate vectors to have more influence on the final motion gradient field, resulting in 

higher resection fidelity 
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5.2.4 Developed a Modular, Open Source Workflow for 

2D Resection and Ratio Image Generation 

This software tool chain for this project was developed using open source libraries, 

including OpenCV, freeGLUT, tiffLib, and Qt. This demonstrates that relatively 

complex software for this application can be developed efficiently without pro

prietary licensing and analysis tools. The software tool chain was developed as a 

series of stand-alone modules configurable using YML test files, providing output 

in standard TIF images and YML data files. This modular architecture allows for 

batch processing and integration with other tools and software such as MATLAB. 

The software is developed entirely in C and C++ and is available to the research 

community for download and extension in the future. 

5.2.5 Designed Graphical User Interface to Improve 

Workflow Efficiency 

The software Tool chain developed as part of this work can be run fully automati

cally; however additional tuning parameters are exposed to the User via YML con

figuration files, providing a HIL capability. This leverages the pattern and feature 

recognition strengths of the User to verify motion gradient fields, for example. As 

part of this work, an intuitive user interface was developed to manage work flow 

and focus the User on tuning key parameters using a visual feedback system of 

intermediate processed images. This increased the overall efficiency of resection. 

The GUI also included measurement tools that provide virtual pressure taps and 

pressure cross sections that can be saved, exported, and repeated for multiple tests. 
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5.2.6 Findings Applicable to Methods of PSP Coating 

The PSP process relies on image ratios to remove inconsistencies in illumination 

field and PSP coating response. This can be used to the advantage of the SURF 

tracker, which relies on distinct, non-uniform features in an image. These incon

sistencies in PSP coating response do not have to be structured or patterned, but 

can be effectively random, as shown in Chapter 4 where Perlin noise was used as 

an approximation of an inconsistent PSP application. It follows that optimizing 

a wind tunnel model for SURF feature tracking benefits from non-uniformity of 

the PSP coating, and that this non-uniformity should be maximized. A further re

finement may be the addition of a random speckle pattern in the PSP coating, as 

initially demonstrated in image correlation work by Park and Sung.46 The speckle 

pattern could be a second coat of PSP, removing the distinction between tracking 

landmarks and sensor. The effort to implement this is minimal, as the pattern can 

and should be random. Potential methods for testing are described in the Future 

Research Topics section. 

5.3 Criteria for Choosing a Resection Method 

The PLR method described in this work addresses specific shortcomings in ex

isting PSP applications. Existing methods can be sufficient or superior in other 

circumstances. These other methods can also be informed by the results of this 

tool-chain, making it a complementary tool rather than a replacement. As a prac

tical guideline, the circumstances under which each method is preferred are listed 

here. 
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Where SURF-PLR may be preferred: 

• No 3D virtual model is available 

• No camera calibration information is present 

• Model deformation or displacement is present, especially localized, nonlin

ear, undefined distortion 

• Insufficient fiducial markers are present 

• Model motion and deformation need to be estimated for use in other meth

ods 

• Model structure is highly flexible or nonrigid (ornithopters, helicopter 

blades, parachutes, airships, inflatable structures) 

Where 3D reprojection methods may be preferred: 

• A virtual 3D model is available 

• Camera parameters are known 

• Fiducial markers are present in sufficient quantity and distribution to solve 

unknown parameters 

• Fiducial markers are accurately registered between virtual model and real 

model 

• Model deformation can be sufficiently described by a small set of deforma

tion equations, or distortion is minimal 

When 2D global resectioning using polynomials may be preferred: 

• Area of interest on wind tunnel model is relatively planar and fiducial mark

ers lie on that plane. 



146 

• No 3D virtual model is available. 

• Camera parameters are known 

• Distortion is can be adequately described as a first-, second- or third-order 

polynomial. 

• Sufficient fiducial markers are present to solve for the polynomial equation 

above. 

Summary of Method Selection 

SURF-PLR is a rapid method of reducing model displacement and distortion that 

requires little input information other than the image pair to be resected. It is 

this flexibility under a wider variety of practical circumstances that makes it an 

effective complement to existing systems. 

5.4 Future Research Topics 

In the process of developing the solutions and tool-chain described here, several 

new avenues for exploration were noted. Those with the most potential to improve 

performance are listed here in order of interest. 

5.4.1 Confidence Map for Resection Result 

Of key interest is not just the final output of the work-flow, but the confidence in 

this result. Because a ground truth is not available for comparison, a confidence 

measure is desirable. In the case of PLR, confidence in the resection accuracy can be 

measured and displayed per-triangle. It is hypothesized that a confidence measure 
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can be generated based on the Disparity Gradient Filter algorithm. The disparity 

calculation would be made using the set of three motion vectors at the vertices 

of each triangle in the resection. A larger disparity between these vectors implies 

more interpolation (i.e. potentially motion error), reducing confidence in that tri

angle's validity. A small disparity indicates general agreement about the motion of 

the triangle and implies less interpolation (i.e. a translation as opposed to a rota

tion or perspective transformation). Because of the structure of the DGF algorithm, 

this confidence rating implicitly includes vector angles, magnitudes, and the trian

gle area. This would be a straightforward implementation and addition to the 

"Resection" or "Subdivide" modules. In conjunction with this, improved methods 

of 'pinning' the exterior of the resection mesh could be explored, including use 

of more than three pin points so as to improve resection performance outside the 

tracked mesh area. 

5.4.2 PSP Coating Methods to Improve Natural Feature Tracking 

In the work described here, the pattern of the PSP coating (i.e. its visible non-

homogeneity) was a variable present in the data, but not explicitly controlled. In 

future applications it is feasible to tailor the PSP coating to have a pattern that 

provides better natural feature tracking. Methods of tracking such as SURF can 

remove the distinction between tracking landmarks and the PSP sensor, since the 

trackable features can be created using PSP instead of non-varying fiducial mark

ers. This implies that PSP coatings can be tailored for denser, more accurate natural 

feature tracking. Furthermore, these features can be random, reducing labor and 

planning time. Further research could focus on optimal PSP patterns and applica

tion techniques for improved SURF feature tracking. 
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5.4.3 Arbitrary Disparity Gradient Filter Segmentation 

Based on the results of grid-based image segmentation before the DGF is applied, 

it is hypothesized that an improved automatic segmentation can be achieved by 

dividing the image such that each segment centered on a single fiducial marker. 

This could be achieved using the Voronoi graph complement of the Delaunay tri

angulation of these markers. This would provide a 'cell' structure in which a single 

highly accurate fiducial marker could influence the SURF-based vectors in its local 

area, improving the effectiveness of weighted DGF. 

5.4.4 Additional Matching and Filtering Constraints on Motion 

Vector Field 

SURF feature matching was found to create a significant amount of outliers which 

were subsequently filtered using DGF. Reducing these mismatches using addi

tional constraints can potentially lead to more valid matches, since more features 

would be freed up for additional matching attempts. Constraints which compare 

candidate matches with respect to their scalar space, difference in Hessian score 

or difference in dominant orientation could be explored. Additional constraints 

using calibrated stereo cameras and the epipolar geometry could also be explored 

as a method of removing outliers. 

The DGF algorithm could potentially be further modified for this applica

tion. In the current implementation, the disparity between any two vectors is a 

scalar function of their mutual distance, magnitude and difference in angle. It may 

be beneficial to provide a method of tuning the DGF disparity score to be more or 

less sensitive to each of these parameters. This would effectively change the single 
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"maximum disparity threshold" parameter into three parameters: angle weight

ing, magnitude weighting, and distance weighting. This parameter space could be 

explored for optimal weighting combinations for PSP applications. 

Finally, the weighted DGF algorithm, as a proof-of-concept, uses an algo

rithm that increases computation time by the square of the weighting factor. A 

modified method which does not have this penalty should be tested against the 

current method in order to supersede it. Such a method has been developed and 

requires validation. 

5.4.5 Extension to Multi-frame Tracking 

Transient model deformations are of increasing importance. For example: heli

copter rotor active damping, elastic composite structures, deformation-based con

trol surfaces, and active vortex control. As aerodynamic understanding moves 

into the realm of transient control, it becomes necessary to track transient events. 

Multi-frame tracking at high speed is one solution; however this requires either 

specialized equipment and techniques, and still can require a wind-off reference 

image. PSP formulations and application techniques for high speed imaging have 

been studied Gregory et al.6 and response times in the tens of microseconds are 

possible. An appropriate high speed camera system is required, for example a line 

transfer CCD camera with suitable high intensity illumination sources. With issues 

of PSP responsivity and imaging time addressed, it is possible to minimize error 

from motion blur and PSP response time constants. The methods described here 

have been shown to resect images based on landmarks in a reference image, and 

this can be extended to use a single reference image and multiple wind-on images, 

separated in time. This would allow visualization of airflow as a movie sequence, 
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enhancing understanding of transient events. The software tool chain developed 

for this work can be automated with simple script files to add this functionality, 

since the tool chain, once tuned for the specific image set, can automatically resect 

any specified pair of wind-on/wind-off images.. In the case of a constant defor

mation and displacement in the wind-on condition but varying PSP response, the 

same resection mesh can be used for all images in the wind-on series with a similar 

script file configuration. 

5.4.6 Integration of Calibration Data from Binary PSP 

PSP with a combination of two lumiphors, one of which has no response to pres

sure changes, is be used to calibrate pressure ratio readings which may be coupled 

with other variables such as local temperature or illumination changes. Integrat

ing these additional images into the SURF-PLR workflow could produce improve

ments in pressure measurement accuracy. 

5.4.7 Automated Optimization of Work-Flow Parameters 

The current tool-chain allows user adjustment of parameters to find and match 

SURF features and fiducial markers. This iterative process is amenable to automa

tion. Fiducial marker location and Disparity Gradient filtering are good examples 

where the work-flow efficiency could be optimized by a system that adjusts spe

cific parameters and re-runs the modules. Pre-caching a set of results would allow 

the user to very quickly evaluate the effects of parameter adjustment and choose 

the best settings. 
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