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ABSTRACT 
   

An optimized data fusion methodology is presented and makes use of airborne and vessel mounted hyperspectral 
and multispectral imagery acquired at littoral zones in Florida and the northern Gulf of Mexico. The results 
demonstrate the use of hyperspectral-multispectral data fusion anomaly detection along shorelines and in surface 
and subsurface waters. Hyperspectral imagery utilized in the data fusion analysis was collected using a 64-1024 
channel, 1376 pixel swath width; temperature stabilized sensing system; an integrated inertial motion unit; and 
differential GPS. The imaging system is calibrated using dual 18 inch calibration spheres, spectral line sources, and 
custom line targets. Simultaneously collected multispectral three band imagery used in the data fusion analysis was 
derived either a 12 inch focal length large format camera using 9 inch high speed AGFA color negative film, a 12.3 
megapixel digital camera or dual high speed full definition video cameras. Pushbroom sensor imagery is corrected 
using Kalman filtering and smoothing in order to correct images for airborne platform motions or motions of a small 
vessel. Custom software developed for the hyperspectral system and the optimized data fusion process allows for 
post processing using atmospherically corrected and georeferenced reflectance imagery. The optimized data fusion 
approach allows for detecting spectral anomalies in the resolution enhanced data cubes. Spectral-spatial anomaly 
detection is demonstrated using simulated embedded targets in actual imagery. The approach allows one to utilize 
spectral signature anomalies to identify features and targets that would otherwise not be possible. The optimized 
data fusion techniques and software has been developed in order to perform sensitivity analysis of the synthetic 
images in order to optimize the singular value decomposition model building process and the 2-D Butterworth cutoff 
frequency selection process, using the concept of user defined “feature areas”. The data fusion “synthetic imagery” 
forms a basis for spectral-spatial resolution enhancement for optimal band selection and remote sensing algorithm 
development within “spectral anomaly areas”. The methods are applied to imagery intended to support Deepwater 
Horizon oil spill remediation and recovery efforts. Sensitivity analysis demonstrates the data fusion methodology is 
most sensitive to (a) the pixels and features used in the SVD model building process and (b) the 2-D Butterworth 
cutoff frequency optimized by application of K-S nonparametric test. The optimized image fusion approach is 
transferable to sensor data acquired from other platforms, including autonomous underwater vehicles using near real 
time processing.  

Keywords: image analysis, target detection, feature detection, calibration, hydrologic optics, airborne sensors, 
airborne imagery, hyperspectral sensing, multispectral imagery, radiative transfer, subsurface imaging, cameras, oil 
spills, data fusion, image contrast, derivative spectroscopy, data fusion. 
 

INTRODUCTION 
Background 
 
A data fusion technique utilizes information derived from multiple sensing systems in order to derive new types of 
data or bio-geophysical variables. An example, in physical oceanography is the calculation of the dissolved oxygen 
in water. To properly make this measurement a seawater temperature sensor, conductivity sensor and pressure 
sensor is used to calculate the density and salinity of water in addition to the in-situ dissolved gas sensor.  The data 
from the sensors are “fused using a mathematical algorithm” to calculate the dissolved oxygen of a parcel of water.  
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In remote sensing of the water surface and subsurface, sensor outputs can be combined for estimating bio-
geochemical and physical variables. Imaging sensors commonly used in remote sensing however have different 
temporal, spatial and spectral scales. These need to be accounted for in fusing imaging data derived from multiple 
imaging systems.  The application described in this paper is an implementation of a data fusion technique commonly 
referred to as spectral spatial sharpening1. The purpose of the optimized data fusion technique described in this 
paper is to increase the spatial resolution in one imaging sensor’s channels by utilizing the higher spatial resolution 
of another sensor.  The methodology as well as the art of the technique described is an improvement upon 
previously described techniques2, 3, 4, 5 by including “optimization procedures and methods”. These are used to 
improve the “synthetic” spectral signatures obtained in the spectral-spatial sharpening process or resolution 
enhancement4 data fusion approach.  
 
The societal value of this research involves improving the spatial resolution and spectral resolution of satellite, 
airborne, mobile and fixed platform imagery for use in environmental surveillance and monitoring. Outputs from the 
techniques can assist in land and water or littoral zone management and decision making. The imagery utilized in 
this paper was acquired as part of a research program using airborne flights following the Deepwater Horizon 
(DWH) oil and gas release in the Northern Gulf of Mexico in 2010. Flight and vessel data collected during February 
and March, 2011, in the Northern Gulf of Mexico - along the Florida Panhandle, coastal islands south of Alabama, 
Mississippi, and in Barataria Bay, Louisiana are utilized to demonstrate the methods. Additional data along the 
eastern coastal waters in Florida in the Banana River Lagoon, collected during April and May 2011 are also used to 
help test the efficacy of the optimized data fusion techniques. The multispectral (MS) and hyperspectral imagery 
(HSI) both have high spatial and spectral resolution compared to many systems available today. The hyperspectral 
imagery with ≤ 0.5 m pixel size are fused with imagery acquired simultaneously using a large frame aerial camera 
with scanned 9 inch color negative film with ≤ 10 cm pixel sizes. Data collected from a small vessel have MS spatial 
scales of ~5mm and the hyperspectral imagery collected from the vessel has a spatial scale of ≤5 cm. The MS data 
have 3 spectral channels and the HSI data presented has 64-130 spectral channels. Improvements to the data fusion 
process involves the (1) selection of pixels to be used in singular value decomposition (SVD) using “feature areas”, 
(2) optimal SVD model selections, and (3) optimization of parameters used in a two dimensional (2-D) Butterworth 
filter by (3) minimizing the difference between observed, modeled and synthetic spectral signatures using 
nonparametric K-S statistical tests. 
 
The sensing systems utilized are known to provide useful information in environmental surveillance and monitoring 
of land and water features, oil detection, species discrimination, bottom feature detection and vegetation dysfunction 
assessments6, 7, 8, 9 as well as for environmental quality or environmental security issues10.Additional information 
concerning the imagery used in this paper is available at http://www.bostater.info. 
 

2. TECHNIQUES & METHODS  
 
2.1 Imaging Systems, Sensor Systems and Calibration 
   
2.1.a Airborne image acquisition methods: 
 
Multispectral imagery: Mapping camera imagery used in the data fusion process was collected11 at ~1,225 m 
between 10 AM local time to 4 PM local during March, 2011, with a 12 inch focal plane lens and 1/225 second 
shutter speed, with aperture adjusted for optimal contrast and exposure of photogrammetric film. The large format (9 
in2) color negatives were scanned at 2400 dpi using scanners with special glass plates that minimize the presence of 
“Newton rings” in each resulting ~255 megapixel multispectral image. High speed AGFA X400PE1 color negative 
aerial film was used. The aerial negative scanning process is calibrated using a scanned target with known sub-
millimeter scales 0.005 mm to 5 um resolution and follows NIST traceable standards. The film scanning process 
results in three band multispectral images with spectral response curves published by the film manufacturer.  In-situ 
laboratory and field targets are used for calibration of the MS imagery using a combination of white, black or gray 
scale targets as shown in Figure 1. These types of airborne targets are used for calibrating the spatial pixel sizes 
obtained in the film to digital conversion process and are used for spatial resolution assessments, image 
enhancements, DGPS geo-referencing and ground control point location. A georeferenced flight line along Florida’s 
panhandle is shown in Figure 2. 
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Figure 1. Examples of land and water targets used for geo-referencing images and for spatial resolution assessment of acquired 
multispectral and hyperspectral imagery. The spectra shown on the right are radiance signatures of vegetation obtained from the 
hyperspectral imaging system obtained from the hyperspectral airborne sensor image described below and shown in figure 2. 

Additional multispectral digital (3 channel) camera systems include one forward and one aft full high definition 
(HD) video camera recording at 30 HZ to solid state memory with vibration correction. The aft video camera is bore 
sighted with the HSI system. Each system utilizes a dedicated WAAS DGPS with sensor position encoding. A 
forward mounted Nikon D2Sx SLR 12.3 megapixel digital multispectral (3 channel) camera with a vibration 
reduction zoom lens with dedicated WAAS DGPS encoded into image is also used. The forward video camera is 
bore sighted with the Nikon digital camera. Examples of MS imagery taken on March 21, 2011 are shown below in 
Figures 10 and 12. Spectral signatures and in-situ field targets12 typically utilized for processing imagery for 
subsurface or submerged water feature detection13 are shown above. 
 
Hyperspectral imaging system: The HSI system11, 12 used to acquire imagery used in the data fusion process is 
gimbaled mount in order maintain a relatively constant orientation of the camera by using the downward 
gravitational force. Passive dampening due to gravity and minor friction in the bearings are thus used to dampen the 
influence of roll and pitch motions of the moving platform. The gimbaled platform passively reduces or dampens 
roll and pitch motions and does not “correct” for the motions, thus a post processing correction is needed. A 
strapped down IMU provides information in order to correct the pushbroom sensor imagery for platform yaw, pitch 
and roll using the approach depicted in Figures 3, 4 and 5. Platform directional changes are post flight corrected 
using DGPS data. The average ground speed of the platform during the acquisition of imagery (see Figure 2 below) 
was approximately 162 knots (83 m/s). The average altitude above MSL during the acquisition of the imagery was 
approximately 4106 ft. or 1251.5 m. The exposure time was ~4 ms and yielded pixel dimensions of ~ 0.644 m by ~ 
0.332 m. The spectral resolution at FWHH is ~3.77 nm based upon calibration of spectral line sources. All imagery 
was collected under clear sky conditions with flight lines in the plane of the sun’s movement. Additional 
information concerning the hyperspectral imaging system that is capable of 64 to 1024 channels and a swath of 1376 
pixels, has been previously described11, 12, 13. The HS imaging system utilizes Fujitsu ST Pen tablet computer with 
custom software developed at the Marine & Environmental Optics Laboratory. The HS pushbroom system is 
integrated with the computer using a card bus controller card connected to an external PCI bus card chassis for 
operating a temperature stabilized monochrome video camera and analog to digital controller video card. The 
camera is connected via a fiber optic cable to the camera that uses a c-mount SPECIM imaging spectrograph. The 
camera has a ~39 degree field of view lens. The HS system is co-located with a HD 30 HZ video camera. The HS 
system runs between ~20 to ~90 HZ and is also co-located with a strapped down ~60 HZ USB IMU along the axis 
of view of the hyperspectral pushbroom imager. A Garmin 5HZ USB WAAS DGPS sensor is connected to the pen 
tablet with along with the IMU. The scan line imagery, IMU, GPS position and altitude data streams in the custom 
software allows “on the fly” changes to the integration time, and spectral binning capability of the system, while 
recording platform motion and position. The HS system is calibrated for radiance using dual Optronics 18 inch 
calibration spheres (traceable to NIST standards) and with known spectral line sources for wavelength calibration 
across the 1024 spectral channels of the camera CCD. Flights are thus conducted with the 5 cameras in a fashion to 
allow simultaneous and nearly continuous operation using camera intervalometers that trigger the Nikon and 
photogrammetric cameras. Video is recorded continuously during a flight that can extend for several hours. An 
image taken on March 12, 2011 is shown below in Figure 2. Experience suggests the above system provides all 
necessary information in order to correct the pushbroom sensor imagery for platform yaw, pitch rand roll as well as 
position changes during a flight. A laboratory HS system moving track system allows for additional camera post 
processing tests8. 
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Figure 2. Hyperspectral image RGB (684, 529, 488 nm) along the Florida Panhandle near Panama Dunes Pier, in the Northern 
Gulf of Mexico littoral zone, 30 11’11.05”N 85 50’ 1.60” W acquired March 12, 2011. Note that careful selection of flight 
conditions allows for direct sun glint to be minimized in order for subsurface feature detection. 
 
Pushbroom imagery requires geometric corrections16 due to platform motions17,18,19. Corrections use IMU and DGPS 
data in a post processing process using Kalman filtering and Kalman smoothing as depicted in Figures 3, 4 and 5 
below. The approach7,8,9,11,12,13 builds on the simple methods18,19 for roll motion distortions using the concept of scan 
line shifting along with more general and complex methods that utilizes (nearest-neighbor) resampling and adaptive 
Kalman filtering8,11,20. Since the gimbaled HSI camera only passively reduces or dampens roll and pitch motions and 
does not “correct” for the motions, a post process correction is needed to correct imagery for measured yaw, pitch, 
roll and directional changes. The post processing objective is estimate for each pixel on the CCD, the corresponding 
position (x, y, z) on the earth’s surface relative to the position of the imaging sensor on the moving platform. One 
also needs to consider the platform elevation relative to a vertical datum as depicted below.   

 

 

 

 

 
 
Figure 3. This figure depicts various altitudes and heights used in the post processing process, where h is the altitude of the aerial 
platform with respect to a datum (the WGS84). The right image indicates the elevations to be considered where hDEM is the 
surface elevation above MSL, halt is the altitude of the platform with respect to MSL and hH is the true altitude with respect to the 
earth’s surface. In the technique used here, it is assumed that the surface elevation is negligible (hDEM ≈ 0) since images of water 
and the littoral zone are acquired, thus hH ≈ halt and hH is the true (actual sensor) altitude (m) with respect to the earth’s surface or 
water surface at mean sea level (from Bostater, et al., 2011). 
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The Kalman filtering pushbroom image correction approach utilizes knowledge of the platform position (Ox, Oy, Oz) 
as depicted in Figure 4. A rough estimate of this platform position can be obtained directly by the 5HZ DGPS and 
then refined at or above the camera data rate using the 60HZ IMU data.  
 
A unit vector (Sx, Sy, Sz) shown below and is defined and called a “unit scan ray vector” 17. This vector relates the 
HS sensor position (Ox, Oy, Oz) to the position of a pixel on the earth surface ( , , )x y z  as represented in Figure 3. 
The position (x,y,z) of any pixel or ground sampling unit area, on the earth surface is calculated by accounting for 
the motions - yaw, pitch and roll of a moving platform as represented in Figure 3. Note, ( Sx, Sy, Sz ) are the 
components of the unit central scan line ray vector. Position (x, y, z) is the center position of a scan line on the earth 
surface given in meters compared to the origin at the HS sensor and hDEM is the surface elevation given in meters 
with respect to mean sea level (MSL) using the WGS84 datum.  

 

 

 

 

 

 

 

 
 
 

 
 
Figure 4. The above figures depict the position of the sensor at Ox, Oy, Oz and two examples of pixels (left) with their respective 
unit scan ray vectors (sx,sy,sz) and (sx,sy,sz) and their associated position on the earth surface (x,y,z) and (x,y,z)i, α is ½ of the 
angular field of view in radians, i denotes the ith pixel of the scan line (n=1376 pixels in this research) and nN represents the 
number of pixels (ground sampling areas) in a scan line. The position of the sensor (Ox,Oy,Oz) and the unit scan ray vector 
(sx,sy,sz) is in a reference cartesian coordinate system (xref,yref,zref) since short flight lines are used. The sensor platform or “HSI” 
coordinate system (XHSI,YHSI,ZHSI) and the possible platform motions of yaw, pitch and roll are utilized in the pushbroom scan 
line correction process. The earth surface position (x,y,z) is the position that corresponds to a pixel or ground sampling area 
associated with the unit scan ray vector (sx,sy,sz). The field of view (FOV) used here is ~0.68 rad or ~39o (modified after Bostater, 
et. al. 2011). 
 
The results of the Kalman filtering and smoothing allows the calculation of the position on the earth surface at each 
specific pixel using the Kalman17 and navigation equations 11,21. Thus, a Kalman filter control system is used to 
estimate the induced platform motions using the combined sensor data from the GPS and IMU as depicted in Figure 
5. The filtering techniques allows one to obtain the relative position of each scan line and each pixel on the earth’s 
surface after corresponding spatial pixel shifting or rearrangement is applied in order to correct the pushbroom HS 
image channels.  
 
As mentioned above, since a passive gimbaled mounted HSI pushbroom camera is used, the dominant motions that 
cause the original imagery to have geometric distortions are due to slowly varying directional changes of the aerial 
platform and the platform roll motions when the platform uses an independent autopilot. Thus the GPS is used to 
calculate the position of the sensor (Ox,Oy,Oz) at every scan line using a 5HZ data update rate and the roll motions 
calculated using the IMU sensor data at a 60HZ update rate.  The above information is utilized in a software line 
scan correction process depicted in Figure 5 where the use of the IMU gyroscopes, accelerometers and DGPS based 
positions are used to solve for forces acting on the platform. These are then used in navigation equations for 
estimating the scan line center pixel on the ground as the platform moves as described by Bostater, et al., 2011. 
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Figure 5. This figure shows the sensor inputs, data rates and computations used in the Kalman based control system post 
processing used to solve for the position of the center of a scan line on the earth’s surface as shown in Figure 4. Resampling of 
the DGPS and IMU sensor data is applied to match the HS camera data rate. The control system algorithms were developed in 
the Marine and Environmental Optics Laboratory (modified after Bostater, et al, 2011). 
 
The coordinate system used in the post processing algorithms is based upon definition of a local tangent plane with 
the x axis pointed in the along track platform direction. The y axis is 90 degrees clockwise and corresponds to the 
cross track direction as shown in Figure 4.  For the results that are presented in this paper, the imagery and scan lines 
are corrected in the cross track direction first. The corrected HS imagery and MS imagery are then “image to image” 
registered before applying the data fusion techniques described below. The scan line pixel shifts in meters are scaled 
to shifts in pixels as a function of the altitude (given by the GPS in meters), the field of view of the sensor 
(dependent upon the lens used) and the number of pixels in one scan line. The application of the Kalman filter to 
acquire the position and velocity of the HSI sensor is again estimated using a “predictor corrector” Kalman 
smoothing approach. This improves the first order scan line vector position estimations. Use of a gimbaled sensor 
mount allows the control system to be used for most continuous flight lines made during (a) calm wind conditions 
and (b) when an autopilot is used in a platform. Figure 2 shows a corrected image. The methodology is “tuned” 
when flights are made over coastal areas by optimizing the correction to insure that linear features along shorelines 
(e.g. docks and piers) are rectilinear (see Figure 2). Imagery used in this paper required wavelength post processing 
correction due to a sensor misalignment. 
 
2.1.b Shipboard and fixed platform image acquisition methods:  
 
In order to detect and discriminate the presence of weathered oil at or along a shore habitat or the spatial extent of 
weathered oil along a shoreline, a novel and new technique has been developed for collecting HS imagery from a 
small vessel (anchored or underway), or if the sensor mounted on a fixed platform in the littoral zone as shown in 
Figure 6. The resulting HS imagery produces pixel sizes on the order of several mm to cm dependent upon the 
distance between the sensor and the shoreline. The purpose of collecting imagery of this type is to (1) reduce 
atmospheric affects, (2) minimize the influence of the “mixed pixel” and “adjacency effects” in selecting spectral 
regions for detection of weathered oil and for testing algorithms, and (3) to use the same sensor(s) and spectroscopy 
algorithms upon aerial platform imagery. In other words, new resulting remote sensing algorithms are directly 
applicable to low altitude airborne imagery, if the same sensor is used aboard a vessel and airborne platform. The 
sensor used to view a shoreline can be directly mounted on the vessel or can be mounted above the water but near 
the shore using a tripod as shown in Figure 6. In the case of the HS sensor on a vessel, the vessel can be anchored at  
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two points, allowing vessel motion predominantly in one direction – perpendicular to the predominate direction of 
water surface waves. Thus, the boat can be anchored to mainly allow motion in the pitching direction. Fixed 
platform mounting does not require motion correction, however the data collected from the anchored vessel requires 
pitch correction (similar to the roll motion correction in aerial platforms). In order to perform this correction, an 
IMU (inertial measurement unit) is strap down mounted to the HSI sensor and it collects scan lines as the sensor 
sweeps or is rotated (using a rotation stage) along the shoreline being investigated. Thus, it is acting as a pushbroom 
sensor.  Platform correction is applied before any remote sensing algorithms are used, such as optimal contrast 
algorithms reported by Bostater, et al. (2011) for imagery taken in the Northern Gulf of Mexico’s littoral zones and 
shown in Figures 13 thru 16.  An example of the measurement scheme reported below has been used to help detect 
and discriminate weathered oil along a shoreline in Louisiana and data fusion techniques applied to the acquired 
imagery (see Figures 13 thru 16). The method utilizes simultaneously acquired multispectral images from a digital 
Nikon D2Xs camera or from a high spatial resolution video (HD) multispectral camera. Acquired imagery can be 
corrected using IMU data and Kalman filtering and smoothing. Alternatively, if the vessel is anchored at the bow 
and stern perpendicular to oncoming surface waves, imagery can be corrected knowing the field of view of the 
sensor (here ~39°) and pixels in a scan line (here 1376 pixels/line). It is then possible to directly estimate the pixel 
shift needed using the pitch angle (obtained from an IMU) using Equation 1 below which is similar to a method 
described by Yao, Tian and Noguchi17for hyperspectral scan line corrections: 
 

                             
1376

35.28 / deg
[ ] 39

Pixel shift
pixels

Angle
= =

°
    ,                (1) 

 
where each scan line in the image is corrected using the concept of “scan line pixel shifting”. Equation 1 gives an 
example of a one degree change in vessel pitch motion (obtained from the 60HZ IMU) would require a lateral shift 
in the scan line pixels equal to ~35 pixels. Vessel acquired imagery can also be converted to reflectance after 
atmospheric corrections if necessary. A simultaneously collected high spatial resolution MS image is acquired using 
a digital camera and the spectral-spatial sharpening process described below is applied feature and spectral anomaly 
detection in a littoral zone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. A schematic of the littoral zone imaging system developed for use from a vessel or a fixed platform for littoral zone 
surveillance and monitoring. The HSI system is mounted to an optical rotation stage as it scans a shoreline and images the water 
surface22. 
 
2.2. Description of the Data Fusion Methods 
 
An overview of the approach to the multi sensor data fusion methodology is shown in Figure 7 below. The first task 
in the image fusion process is co-registration of the MS and HS imagery. The image to image georegistration  
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process is important and can affect the final sharpened or synthetic data cube in terms of reducing any blurring in the 
synthesized HSI image fusion cube. The effects of poor image to image registration at this stage will result in a 
product that has an out of focus resolution enhanced image. Linear mapping of the MS and HSI imagery is then 
accomplished that essentially consists of a nearest neighborhood resampling as depicted in Figure 8. This is 
followed by definition of “feature areas” of interest. Random pixels are selected from these areas for use in SVD 
model(s) development as shown in Equations 2 and 3. This stratified process results in pairs of pixels selected from 
the multispectral image and co-registered channels from the MS imagery and HS data cube. The SVD results 
provide the coefficients needed to generate a “model image cube” that is predicted from the multispectral channels 
and the vector of SVD coefficients. This research has shown the data fusion method used to select the pixels used in 
the analysis should be selected using user defined “feature regions” within the imagery in order to “optimize” the 
data fusion model building process. This stratified random sampling procedure of pixels to be used in the SVD 
analysis allows desired image features to be optimally modeled. The regions to include would be e.g. “suspected or 
known” surface or subsurface weathered oil areas in this application. Sensor saturated pixels need to be avoided in 
the pixel selection process in order to optimize the results. If this is approach is not followed, the resulting imagery 
will likely result in “saturated bleeding effects” in the sharpened imagery due to saturated pixels used in the SVD 
model building step. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

  

Figure 7. Overview of key steps used in the optimized data fusion methodology. The above schematic indicates the general steps 
to generate the required SVD based modeled HS synthetic data cube. In general, any number of high spatial resolution sensor 
channels (e g. 3 MS image bands) can be combined with any number of lower spatial resolution channels (e g. HS imagery 
ranging from 64 to 1024 channels). The most critical steps are (1) precise image geo-registration, selection of the regions of 
interest (avoid saturated channel pixels) and random selection of pixels using a random number generator seed. Models are 
selected based nonparametric K-S tests.  Coefficients from the selected models can also be averaged for final K-S pixel tests 
before the SVD modeled HSI cube is synthesized and spatial frequency filters are applied. 

The SVD analyses uses pixels obtained from HSI imagery that has been (1) atmospherically corrected using a dark 
pixel subtraction technique23,24, followed by (2) calculation of reflectance (using in scene spectrally known targets, 
features or using spectral calibration targets. The MS imagery is based upon scanned TIFF imagery in digital counts 
obtained from the scanned 24 images shown in Figure 10. The SVD procedure can be described by: 
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where:  
 
H(h,i,j) = predicted  pixel value of the modeled hyperspectral image 
                position i (rows), j (column) and band h (hyperspectral band), 
 B         = the number of bands in the multispectral image, 
 ak(h)    = the coefficient of the  multispectral band for the hyperspectral 
                band h to be estimated, 
M(k,i.j) = the multispectral pixel value at band k and position (i, j). 
   . 
The above results in a simulated or “model” image where equation 1 yields: 
 

( , , ) ( ) ( , , ) ( ) ( , , ) ( ) ( , , ),red green blueH h i j a h M red i j a h M green i j a h M blue i j= + +                 (3) 
 

where modeled high spatial resolution images have spectral signatures at each MS pixel for each h band (red, green, 
blue) from the HSI image cube. The SVD estimated vector of coefficients ak(h) are thus used to predict the model 
sharpened hyperspectral bands using the general linear model analysis. Thousands of pixels are randomly selected 
from the regions of interest or “feature areas” to perform the SVD. This results in a stratified random sample of 
(k,i,j) pixels used in the SVD. Because the multispectral and hyperspectral images have different spatial resolutions, 
their relative location is computed in both MS and HSI images using a linear mapping as depicted in Figure 2 as 
mentioned above. Thus, pairs of pixels (MS images), and HSI spectrums are extracted at selected pixels. A modeled 
HSI data cube is synthesized using these SVD coefficients. The singular value decomposition method25 produces the 
predictive matrix that contains the ak(h) coefficients for each channel. Essential to the process is linear mapping of 
the HSI imagery to the MS imagery using a nearest neighbor resampling algorithm depicted in Fig. 2. 
 
 
 
 
 
 
 
 
 
Figure 8. Graphical representation of the linear mapping or up-sampling process of the hyperspectral image (left) to the spatial 
scale of the MS imagery. The original image is thus stretched to a higher spatial-resolution without altering the spectrum at each 
pixel (using a nearest-neighbor interpolation in order to select pixel pairs in the stratified random sampling process.  
 
The above process results in two different images that have been created: (1) a synthesized or modeled SVD based 
high spatial resolution HSI image cube using the ak(h) coefficients and (2) a georeferenced/coregistered mapped HSI 
image cube. An example is shown below of each image in the image process. After the SVD model cube is obtained, 
the discrete cosine transform (DCT) is applied in order place the modeled HSI image and the original HSI image in 
the spatial frequency domain. This procedure is accomplished using26 a Type II DCT or: 
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  where: 
 
  Fl = the spatial-frequency-domain pixel at position l, 
  N = the total number of pixels to be transformed, 

 jf = the spatial-domain pixel value in scaled non dimensional (digital counts or reflectance or radiance (W/m2 str  
        µm) at position j. 
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The DCT is a separable product26 of two one-dimensional DCTs along each dimension as shown below: 
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where:  
 
      Fk,j = the spatial-frequency-domain pixel at position (k, l), 
  M ,N  = the total number of rows and columns, 
    ,i jf  = spatial-domain pixel value at position (i, j). 
 
Using this approach, Fk,j  can be computed in two steps by successive 1-D operations on rows and columns of an 
image26. An optimized two-dimensional DCT-II is applied to (1) each band of the original mapped, georeferenced 
and atmospherically corrected reflectance hyperspectral image cube and (2) to each band of the same modeled HSI 
image cube. After both of the image types have been converted to the spatial frequency domain, a 2D Butterworth 
filter is applied to each band in order to keep only the part of information that one desires to be included in the 
spectral-spatial sharpened image. A low-pass 2D Butterworth filter is applied to the mapped (low-spatial-resolution) 
HSI images and a high-pass filter is applied to the high-spatial-resolution SVD “model” HSI image (at each 
channel). The purpose of this procedure is to add the high (spatial) frequency content of the MS image to the HSI 
image cube. A 2 dimensional (2D) Butterworth filter is defined below where the high pass filter is equal to 1- B(x, 
y), and the low pass filter B(x, y) is given by: 
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where: 
 
B(x, y)  = is the value of the filter at position (x, y), 
c  = the spatial-frequency of the image to pass (the cutoff), 
w  = the width of the image being filtered, 
h  = the height of the image being filtered, 
n  = the order of the filter. 
 
The order of the filter (n) and the cut-off frequency (c) are “user variables” to be selected when running the software 
developed in our laboratory in parallelized C and FORTRAN programming languages. In essence, this filtering 
process keeps the high-spatial frequency in the SVD model HSI image cube and the low-spatial frequency in the 
original mapped georeferenced HSI image cube in order to “synthesize” a HSI image cube that has the spatial 
resolution of the multispectral image, but the spectral detail of the original hyperspectral signatures. After both 
image types have been filtered, they are combined by addition (in the frequency domain). Resulting coefficients are 
just added in order to produce the sharpened image in the spatial-frequency domain. The high spatial frequencies of 
the final sharpened image have the spatial content from the original MS image. The remainder of the frequency 
domain contains the hyperspectral signature information at each pixel for each spectral channel or band.  
The final spatial domain HSI image cube contains the spectral information in the form of the spectral signatures, but 
at a higher spatial resolution (~10 cm in this example). Note that the resulting synthesized imagery also contains the 
spatial detail originally found in the MS imagery, such as sharp edges or curvilinear features or “patch features” that 
originated in the high spatial resolution MS bands. To place the combined spatial frequency image “back” to the 
spatial domain, a two-dimensional inverse discrete cosine transform26 (IDCT-II) is applied using: 
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where:   
   Fk,l  = the spatial-frequency-domain pixel at position (k, l), 
M ,N  = the total number of rows and columns,   

   ,i jf   = spatial-domain pixel value at position (i, j), 
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Similar to the 2D DCT-II, the 2D IDCT-II is expressed as a separable product of two 1D IDCT-II, one in each 
directions. A flowchart of the optimized data fusion method is shown in Figure 7 and Figure 9 as developed in this 
research. The schematic summarizes the algorithms (modified after Winter, Winter and Beaven, 2009) using this 
optimized fusion methodology. This research has determined the procedure is somewhat insensitive to the 2D 
Butterworth filter order but very sensitive to the cutoff frequency. Thus, cutoff frequency is optimized for each set of 
images analyzed by minimizing the difference between the original selected hyperspectral pixel data used in the 
SVD analysis and the “synthesized” signatures (see Figure 9).  This optimization occurs for each HSI channel for 
pixels selected using the nonparametric K-S test procedure and is performed as a loop in the data fusion program as 
shown in Figure 9. Because the technique is sensitive to pixels selected, a split data validation technique is used 
where random sampling of pixels in user specified image areas are randomly selected and the SVD vector of 
coefficients are recomputed for approximately 10 “significant models” for each HSI channel.  The significant model 
coefficients (based on the k-S test p statistic) SVD models are averaged. In essence, the K-S nonparametric test is 
used to select models (in a program loop) that minimize observed (mapped) and modeled or “synthetic” reflectance 
signature differences and then again to selects the optimal cutoff frequency.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 9. A schematic of the spectral-spatial sharpening algorithms used for enhancing surface and subsurface feature detection 
in littoral zone airborne imagery in Northern Gulf of Mexico. See http://www.bostater.info for examples of imagery acquired and 
sharpened from March, 2011airborne flights. 
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3. RESULTS AND DISCUSSION 
 
3.1 Airborne Hyperspectral & Large Format Photogrammetric Imagery of the Littoral Zone 
 
Figure 10 shows example results between the original HSI spectra, the SVD modeled spectra in terms of the relative 
difference between mapped and synthetic pixel results at 3 selected HSI bands. The graphs are example plots 
showing the relative difference in pixels values in a sharpened image around a HSI pixel. The results show spatial 
and spectral differences as expected. Figure 11 (left) is an example of scaled spectral reflectance signature  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. A Jimmy Bay, Louisiana HSI display (top left), the sharpened image using the scanned aerial MS 3 band image (top 
middle) and a spectral difference image showing the difference between the measured and “synthetic” resolution enhanced 
image. The middle images are zoomed regions in the yellow area (see top right). A MS image (middle left), a simultaneously 
acquired HS 3 band display of the zoomed area (middle) and the resultant sharpened area and a spectral difference image 
(difference between original HSI and sharpened HSI – middle right). The lower three graphs show the spatial distribution of 
percent differences between HSI and sharpened HSI at a center pixel. 
 
comparison between original, modeled and sharpened coastal water. The right image in Figure 11 is an example 
comparison between the HSI spectra using the K-S test where the (1) SVD models and (2) cutoff frequency are 
“optimally selected”. Final spectra are standardized for K-S tests and model comparisons. The optimization  
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procedures are conducted in order to help insure spectral shape (adsorption and backscattering features) are 
preserved in the resolution enhanced spectra. Figure 10 (upper 3 images) shows an example airborne 3 band (RGB) 
original HSI image. The resulting sharpened image and a “pixel difference” map (difference between original and 
sharpened pixel) in an area where weathered oil was known to exist during the airborne flight is shown. The middle 
4 images show the MS, HS, sharpened and “difference image” for the zoomed in area indicated in the top left yellow 
area.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Spectral signature comparison (left) between original HS (black line), SVD model signature (blue) and sharpened 
spectral signature (green). The cumulative signature comparison suggests the spectral signatures are not significantly different 
based upon the nonparametric K-S test. 
 
The optimized sharpened spectral signatures are compared to model and measured signatures as shown in Figure 11 
(left). The optimization procedure for cutoff frequency and SVD model coefficients use the K-S test. Cutoff 
frequency and SVD models are selected to minimize the difference between cumulative signature distribution plots 
as shown in Figure 11 (right). Feature areas used to select pixels for the SVD model building and optimization 
through stratified random sampling of pixels help to insure quality spectral “synthetic images”. Figure 12 shows a 
MS scene (right) along an area of reported subsurface oil along the Florida Panhandle littoral zone. The right image 
in Figure 12 shows the sharpened subarea outlined in black. The resulting sharpened HS image (right) has pixel 
sizes of 10 cm and corresponds to the features in the MS box. These features were nearly unrecognizable in the 
original HS imagery.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. A georeferenced airborne (left) 3 band MS image with ~10 cm pixel size and the right image is the associated 
sharpened HS 3 band display of the same airborne imaged subarea collected March 2011. The dark features are “subsurface” in 
areas of reported subsurface weather oil in the Northern Gulf littoral zone near Navarre Beach, Florida. 
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Figure 13 Imagery acquired from a small vessel (February 23, 2011). The HS image (middle) with < 5cm spatial resolution and 
the resulting sharpened image cube (right) using a MS digital image (left) with < 5 mm spatial resolution clearly shows the 
weathered oil in the sharpened HS image cube. The goal was to enhance the detection of weathered oil residue along a shoreline 
in Jimmy Bay, Louisiana, after the DWH oil spill before further image algorithms are developed and applied to airborne imagery. 
 
Imagery collected from along a shoreline (littoral zone) shown (Figure 14 right) shows the ability to use a MS digital 
image (left) from a Nikon D2Sx and the HS scene collected simultaneously from a small vessel in Jimmy Bay, on 
February 23, 2011. The sharpened shoreline with 5 mm HS pixels is shown (in Figure 13 right). The spectra in the 
“synthetic” image cube have been used to characterize the signatures of weathered oil. Another set of HS images 
were collected as shown in Figure 14 (right) along 2 different littoral zones, using the vessel mounted HS imager. 

Figure 14. HS image acquired from a small vessel anchored at two points. The images have been corrected for the pitching 
motion using a strapped down IMU (left). There is still a residual error in the correction as one can see like a wave movement in 
the image. The left image collected on April 23, 2011 by Bostater and Levaux in the Banana River (FL). A HS image collected 
on February 28, 2011 Barataria Bay, LA) was corrected for vessel motion (right). The images were collected using a rotation 
stage and the vessel pitch motion resulted in a vertical “roll motion”. This right image above was corrected using the features of 
the land-water interface. Note the ability to image small capillary and gravity waves in both images. The areas outlined in yellow 
were used for resolution enhancement analysis described above and below. 
 
3.b Anomaly and Feature Detection 
 
The hyperspectral signatures and imagery shown in Figure 14 offer unique opportunities to detect features such as 
submerged weathered oil, as well as other features or targets along a shoreline at the land-water margin. In order to 
test the resolving capability of the optimized techniques described above, a test was conducted using “embedded 
numerical line targets” in the MS-HS imagery. The approach developed is to numerically imbed a black and white 
line target (see Figure 16, middle image for an example target used) into both the MS and HS imagery channels. 
Image to image registered scenes are used, and the targets are placed at the same location in all bands of both the 
MS and HS imagery. Figure 15 shows the zoomed areas where the line target has been placed in the MS image 
(center), and the HS image (left) for the yellow highlighted area indicated in Figure 14 (left) acquired from a small 
vessel in the Banana River coastal lagoon littoral zone. The MS image below (middle pane) has mm spatial scale 
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 pixels and the HS image (left) has a larger spatial scale. Thus the “line target” in the HS image is only visible as a  
“spectral anomaly” shown in the 2 zoomed in areas below. The optimized data fusion process is applied to the MS 
(from a Nikon D2Sx) and HS imagery (sensor mounted on a fixed platform tripod with the rotation stage) in order to 
test the data fusion technique’s ability to improve target or feature detection of a target.  The data fusion result is 
shown below (right image) and as can be observed in the zoomed areas - the embedded line target is quite visible – 
better than in either the original HS or the MS imagery. 

Figure 15. Shoreline (middle) digital multispectral image (~5 mm pixels) and the (left) hyperspectral image (~1 cm pixels) and 
the resulting sharpened image cube (right) with ~5 mm pixels of the littoral zone image. The resulting sharpened image with HS 
pixels of ~5 mm has associated “synthetic” spectral signatures, and holds promise for use in shoreline environmental surveillance 
and monitoring for land and water features. 

Figure 14 (left) shows a highlighted littoral zone area of a “weathered oiled shoreline” in Jimmy Bay, Louisiana. 
Using a small offshore vessel and the techniques previously described and the data fusion results applied as shown 
in Figure 13. The weathered oil at the land-water margin was readily distinguished as shown in the image cube 
shown in Figure 13. In order to determine if the technique could be reproduced in another location, the scene along 
the Florida littoral zone was again used. The embedded line target was placed in the MS and HS imagery and the 
data fusion process applied again – with similar results as shown in Figure 16, below. The left image is the HS 
image with the embedded target and the inset area is the zoomed area of the HS image show the “spectral anomaly”. 
The middle pane shows the resulting synthetic HS image and the readily observable target. The upper left image is a 
zoom of the “resolution enhanced line target”. The HS image cube is shown in the lower right image below.  

Figure 16. Left, original MS image with the numerically added target spectral anomaly in the upper left. The middle image shows 
the resulting “sharpened” HS cube. A close-up of the area of the resolution enhanced HS image target is shown in the upper right, 
and the “synthesized HS image cube is presented in the lower right. The embedded line target initially seen as a spectral anomaly 
is “resolution enhanced so the features of the line target are spectrally identifiable as a feature in the “synthetic image” (middle 
image). 
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4. SUMMARY AND CONCLUSIONS 
 
The purpose of this paper has been to describe an optimized data fusion methodology applied to airborne, vessel and 
fixed platform acquisitions of MS and HS imagery. The improved or optimized approach is applied to imagery 
acquired as part of Northern Gulf of Mexico and Florida Panhandle airborne remote sensing flights and missions 
following the Deepwater Horizon oil and gas spill. The sensor calibration and image correction approaches and 
techniques used in the development and application of remote sensing imaging systems used to demonstrate an 
optimized data fusion methodology. The optimized data fusion methods have been demonstrated using MS and HS 
littoral zone and shoreline imaging of weathered oil in Louisiana and along the Florida Panhandle. The high spatial 
and spectral resolution imagery shown in this paper is an example of technology for characterization of the water 
surface and subsurface features in aquatic systems. The methods may be useful for continued weathered oil 
detection in support of oil spill remediation and recovery impact assessments in littoral zones in the Northern Gulf 
of Mexico. 
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