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INTRODUCTION

This report is the Imagery Assessment and Processing Procedures document (Deliverable item 2, under  Project Element 1) that MARSHALL and Associates is required to provide to the sponsor (King County, WA).  It contains an analysis of the three types of remotely sensed data – or imagery data sets – that have been provided to produce the Land Cover product for the County.  In particular, we have analyzed the opportunities and potential problems for each type of data that need to be considered in generatng the required product.  The three types of data that were provided will be referred to in this report as the EMERGE, IKONOS, and DAIS data sets.  The EMERGE and DAIS data were acquired using airborne sensors; the IKONOS data were acquired by a satellite mounted sensor.

This document analyzes the potential to manage unwanted radiometric variability due to several factors, including:  1) shadows; 2) temporal variation; and 3) variation in dynamic range, radiometric balance, and illumination consistency.  This document also addresses the issues associated with variation in spatial resolution between data sets. Also as a result of this analysis, a procedure is proposed for processing each type of data to achieve the specified land cover classifications.

We view this report as a "living document," which may need to be revised as more is learned about the data in the course of performing the pilot projects for each data set.  This document also suggests the possibilities afforded by using alternative data sets (e.g., Landsat TM data).  However, an objective analysis of the potential trade-offs between minimum mapping unit spatial resolution and higher categorization accuracy would probably require an additional pilot project involving the potential alternative data sets.

General Technical Considerations 

There are several complex properties of remote sensing data that determine how well such images are suited to providing certain types of information.  These properties include the radiometric, spatial, spectral and temporal attributes of the data.  To explain further:

· Automated and semi-automated processing of digital remote sensing data are dependent on different terrain features having unique spectral reflectance properties.  They are also dependent on remote sensing data having a consistent correlation between reflectance and radiance (the radiometric signal captured by the remote sensing system) over the entire data set.  If these conditions hold to certain levels of consistency, then the entire data set can be effectively categorized using a single set of spectral signatures. 

· The spectral and spatial resolution of the sensor needs to be appropriate for observing the terrain features of interest. 

· Temporal variation can be either a problem or a potentially useful attribute, depending on the circumstances.

These principles underlie all attempts to categorize the provided remote sensing data for the King County Land Cover project.  The following material describes the relevant attributes of the available EMERGE, IKONOS and DAIS data sets vis-a-vis the above principles, and suggests a processing procedure that accommodates the observed characteristics of the available data.

I. EMERGE DATA SET

The EMERGE data, as received by MARSHALL and Associates, has a variety of characteristics which affect our ability to use automated procedures to categorize these data into the terrain categories specified by King County.  Some of these characteristics are described here.

A. Characteristics of EMERGE Data

In preparation for the EMERGE pilot and full implementation projects, MARSHALL conducted in-depth investigation relative to how the EMERGE data set was acquired and processed for original delivery to the County.  Technical references we studied include the following:

Quackenbush, Lindi J., Paul F. Hopkins, and Gerald J. Kinn, 2000.  Developing Forestry Products from High Resolution Digital Aerial I\Imagery.  Photogrammetric Engineering & Remote Sensing, 66(11):1337-1346.

M.J. Duggin, and G.J. Kinn.  Digital Camera As a Multiband Sensor.  White Paper from TASC/EMERGE, 900, Technology Park, Bldg 8, 2nd Floor, Billerica, MA 01821

M.J. Duggin, N.E. Carr, R. Loe, and G.J. Kinn.  Field Radiometry Using a Digital Camera.  White Paper  WSI/EMERGE, 900 Technology Park Drive, Bldg. 8, Bilerica, MA 01821

After conferences with staff at the EMERGE corporation, we gained a more detailed impression of potential use of the data:

The original EMERGE data was collected in a fixed-frame format, with nominally 20 % overlap (along the flightline) and 30 % sidelap (across flightlines).  There are "manual" gain settings on the camera, but these are not changed very often.  For example, gains might be changed between a June flight and a December flight, or between a terrestrial site and an aquatic site.  However, there is also an "automatic" gain control device that may make more frequent changes.  This device uses a downward-looking sensor that is sensitive to visible radiance only (not near-infrared).  It probably has a wide-angle field-of-view (e.g., equivalent to the size of the frame), and may only change gains when the sensor passes from one terrain type to another that is very different in terms of radiance (e.g., urban to water, water to forest, etc.).  Thus, frames collected over Lake Washington may have higher gains than those collected over Seattle.

Because of the above factors, the gains should be identical or very similar along a flightline, unless there is a major change in terrain type.  Thus, land cover type signature extension along a flightline may be trivial (e.g., no need to “babysit” the signature set), and the flightline should be the first order "stratification" unit with respect to radiometric normalization.  There are more likely to be differences between flightlines, due to data collection at different times of day and/or date (which could affect irradiance, and hence radiance, and hence digital number (DN) values).  We noted in the flight log data that the higher elevation areas with more terrain variability were flown at lower illumination hours of the day than the flatter terrain.  This means that shadows cast by hills, cliffs and vegetation in the forested areas were more pronounced.

The EMERGE Corporation can apply two different types of  pre-processing "drivers” depending upon delivery specifications.  The linear "driver" does not saturate at zero, whereas the log "driver" saturates at both zero and 255.  One of the functions of these drivers is to compress the original data from 12 to 8 bits.

The data provider has attempted to normalize the data for the different responses of the individual detectors in the EMERGE instrument detector array, but each detector has a "noise" rating of up to 2 % of its dynamic range.  So a DN of 100 might actually have more accurately been 99 or 101.  In addition, CCD detectors do not respond well to low signal levels (dark areas), so that the spectral signatures of dark objects may be very noisy.  This condition complicates our ability to detect shadows, water and other dark objects as separate terrain features.  The EMERGE data has also been corrected for lens falloff effects, look-angle (bi-directional reflectance), etc.

The EMERGE data provider states that the instantaneous-field-of-view (IFOV) of an individual detector is 0.321 milli-radians (0.3 foot at 1000 feet above terrain).  They also state that they do what they can to account for variation in actual ground size distance (GSD) of the individual pixels by correcting for flight altitude and terrain elevation (they used a 30 m DEM to geo-reference this data set).  Nevertheless, they believe that they may still have pixels that are  positionally mislocated by as much as 7-9 meters.  It may be possible to correct extreme mis-registration like this by rubber sheeting an EMERGE frame using road intersections or other distinct terrain features to another more geometrically consistent data set or product.

We have also observed cloud shadows and other illumination variations within a frame, which seem to indicate that some of the data were collected underneath partial cloud cover.  This greatly complicates categorizing the data.

We consider an image data set “anomaly” to be anything that reduces the usefulness of a data set.  The principal radiometric anomaly of the EMERGE data is that there is not a constant relationship between radiance and reflectance both within frames (tiles) and between frames (tiles).  There are many causes for this anomaly, including different radiances for examples of the same terrain type, depending on:  1) whether they are sunlit or shadowed, or 2) the solar incidence angles are different (e.g., as on the opposite sides of a roof).  Other causes of anomalies are temporal variation, where the solar irradiance has changed with the time and/or date, or various pre-and post-processing procedures, which have affected the relationship between radiance and terrain reflectance (e.g., log compression of the original data to 8 bits).  

1. Radiometric Issues

We have attempted to deal with the radiometric anomalies of the EMERGE data in several different ways, including several "normalizing" pre-processing procedures, and stratification of frames into radiometrically similar bundles.

a) Algorithm-Based Normalizing Pre-Processing Procedures

We had initially intended to normalize radiometrically dissimilar frames by making them radiometrically (or categorically) equivalent, based on examination of the "overlap" and "sidelap" between frames.  This approach is further discussed under the IKONOS and DAIS data processing.  Unfortunately, it was impossible to use these same procedures effectively with the EMERGE data as provided, because it had all of the overlap and sidelap removed.

Three other pre-processing procedures were examined in order to see whether they provided an effective way of radiometrically normalizing between-scene variability in the EMERGE data.  The effectiveness of the procedures was evaluated by how well processed frames matched at the edges, as well as how they affected within-scene radiometric anomalies.  

1)  Kinn Procedure.  This is a radiometric "normalizing" procedure suggested by the data provider (Quackenbush, et al., 2000).  This procedure "normalized" the data for brightness variations by creating new spectral bands by: 

1) computing the ratio of the original spectral band divided by the sum of the three bands, and 

2) multiplying the ratio by 255; e.g., (B1/(B1+B2+B3))*255.  

Kinn et al., hoped that this procedure would normalize shadows within an otherwise radiometrically equivalent scene.  They found some success with "shadow normalization," but the overall effect on the whole image was not examined.  When we examined the overall effect, we found that any benefits in "shadow normalization" were counter-balanced by a loss of some important "brightness-related information."    We concluded that, while the Kinn procedure might help in normalizing specific within-scene irradiance (e.g., differences between solar illuminated and shadowed asphalt), it could also result in the loss of important brightness-related information (e.g., the brightness difference between solar illuminated herbaceous vegetation and tree crowns).

Even if brightness information were not critical to categorically separating two or more terrain classes, there are indications that chromatic differences, which are crucial to differentiating most terrain classes, are not stable from frame to frame, and may even be distorted within a frame.  Evidence of this is that the NDVI, which normalizes for brightness, and which we are using to separate pervious from impervious materials in the proposed EMERGE procedure, has to be thresholded at a level where some vegetated terrain is included with mostly non-vegetated terrain in order to capture all of the impervious pixels.  This is phenomenologically impossible, based on our experience, unless there are chromatic artifacts in the data.

There are several things that we believe may be causing chromatic artifacts in the EMERGE data.  These include a variable and unknown amount of saturation at zero in each channel, so that we don’t know the location of the true origin (zero radiance), which makes it impossible to accurately characterize the true chromatic aspects of the data.  Observed high-end saturation at 255 could also cause chromatic anomalies.  Furthermore, the log transform that was applied to the data can alter chromatic relationships.  In addition, the degree of these chromatic distortions varies from frame to frame and from panel to panel.  Evidence of this effect is that the NDVI threshold for separating impervious from pervious terrain is not constant from frame to frame and panel to panel, as it should be.  In fact, in the EMERGE pilot project work that has been done so far, the threshold between panels has varied from 0.0 to 0.27, approximately 25% of the total range of values of NDVI (-.2 to +.8).  These apparent chromatic anomalies suggest that each panel must be treated as though it is potentially unique, requiring its own set of signatures to categorize the various terrain types.

2)  Colwell Procedure.  A second radiometric normalization procedure we investigated was proposed by Dr. Colwell.  It relies on completely eliminating brightness variation within- and between-frames.  This procedure calls for first converting the three-band RGB information into its spectral equivalent variables of hue, saturation and intensity.  Then the intensity band is set to a constant value (e.g., the mode of the intensity histogram).  Finally, the data are converted back to RGB space.  

The benefit of this procedure was also its worse detriment.  It completely normalized the brightness effects (which could be caused by illumination variation), but it also destroyed brightness information that could distinguish between chromatically similar (same hue and saturation) terrain types.  This is a serious problem because in the spectral bands available some terrain types can only be distinguished by their variation in brightness (e.g., conifer forest – dark, and grass – bright).  Therefore, while this procedure was somewhat helpful in categorizing shadowed and sunlit versions of the same terrain feature, as well as examples of the same terrain feature with different solar incidence angles (e.g., the two sides of a sloping roof), the loss of all intensity information resulted in mis-categorization of different terrain features that varied only in their inherent brightness.  On the basis of these results, this procedure was also ruled out as an effective radiometric normalization procedure for anomalous within-scene or between-scene variation.

3)  Ratio Procedure.  A third radiometric normalization procedure was also tried.  This procedure used all combinations of two-band ratios as the input data (e.g., green/red, green/NIR, and red/NIR).  Ratioing has been known for many years to be helpful in normalizing irradiance variation because it corrects for any changes in the multiplicative factor associated with the irradiance of all the bands.  Ratio processing has been used with some success to pre-process forest terrain in areas with significant topographic variation (and hence variation in irradiance).  It would be expected to have similar results for houses with parts of their roofs at different angles to the sun, as well as multiplicative changes in the relationship between irradiance and reflectance (e.g., a change in the "gain" of all of the spectral bands).  However, it is also expected to normalize essential information regarding relative brightness, which might be the only way to distinguish between some terrain types that are chromatically similar, but differ in brightness (similar to the Colwell procedure).   Results again show that the benefit of this approach is less than the loss of essential brightness information.

b) Signature-Based Normalizing Approach

After trying three algorithm-based radiometric normalization procedures which turned out to have deficiencies greater than their benefits, we resorted to a different approach for radiometric normalization.  This alternative approach uses multiple spectral signatures for the same terrain feature to achieve within-frame normalization with respect to brightness (i.e., correct identification of both sunlit and shadowed sides of a roof or a tree crown).  Similarly, it calls for "equivalent" labeling of categories derived from separate between-scene categorizations at join lines between radiometrically dissimilar frames where the terrain type does not change to "normalize" the radiometrically dissimilar data.  For example, if a continuous road crosses the boundary between two frames, the signatures associated with the road in both frames are given the same label, as are patches of forest, bodies of water, and other required features.  Phenomenological knowledge of feature space is also used to help categorize two radiometrically dissimilar frames equivalently.

This procedure seems to produce the best results of those investigated.  Its chief advantage is that it permits “selective” normalization of brightness where desired (e.g., roof tops) by selective labeling of signatures.   Its chief disadvantage is that it is a much more analyst intensive activity, and hence, costs more and takes longer to account for within- and between- frame irradiance variability. Correcting broad-area, spatially varying within-frame radiometric variation, like cloud shadows, is something that was beyond the scope of the project.

The procedure for processing the EMERGE data that we currently are following separates a frame or radiometrically similar group of frames into two strata.  These two strata are:  1) primarily impervious, and 2) entirely pervious.  One potential advantage of this approach is that it furnishes an efficient way of generating a file containing only impervious surfaces.  The details of this procedure and results from implementing it are discussed in the EMERGE data processing procedure section below.
2. Spatial Issues

The spatial resolution of the data used to categorize terrain features should be appropriate to the type of terrain features.  For categorization of impervious features, some of which can be "small" (e.g., driveways, houses, sidewalks, etc.), high spatial resolution is certainly desirable.  Therefore, EMERGE data at 0.6 to 1.0 meter GSD is a good choice for categorizing this terrain type.

For categorization of terrain that is composed of many radiometrically different components (e.g., trees or a stand of many trees), there is some evidence that using coarser spatial resolution data that integrates all of the radiometric components (e.g., sunlit crown, shaded crown, sunlit and shaded understory, etc.) produces more accurate categorization.  Therefore, we experimented with degrading EMERGE data to 4 meters GSD (similar to IKONOS data) to see if it improves categorization of this type of terrain category.  The results were inconclusive.  In all likelihood, even coarser spatial resolution (e.g., 10 to 30 meters) may be required before the integrating effects really make a demonstrable difference, at least for terrain types like stands of trees.  However, we have not yet performed any experiments with more severely degraded EMERGE data with which to assess this hypothesis.  

3. Spectral Issues

The spectral resolution of the data used to categorize terrain features should also be appropriate to the type of terrain features.  For categorization of impervious surfaces, our experience has shown that both a "blue" spectral band and a "short wave infrared" or SWIR spectral band (1.5 – 3.0 microns) are important for spectrally distinguishing between certain impervious surfaces and some non-constructed bare surfaces (e.g., gravel, compacted soil, and exposed subsoil).  Our experience has also shown that a SWIR band is useful for distinguishing between herbaceous and woody vegetation, which is one of the distinctions required for this project.  A SWIR band is sometimes also helpful for detecting wetlands, by making it possible to separate wet areas from dark soils or burned areas.  Since the EMERGE sensor has neither a blue or a SWIR band, the sensor is not optimal for distinguishing between some of the terrain types of interest.  Landsat TM data, SPOT data, and ASTER data all have one or both of these spectral bands.

B. EMERGE Data Assessment Summary

EMERGE data appears to be adequate for detecting most of the illuminated (not shadowed), and not too bright (e.g., some roof tops) impervious surfaces.  However, because of data saturation, both very dark terrain features (associated with zero’d pixels) and very bright terrain features (associated with 255s) can not be reliably spectrally categorized using automated techniques.

Given the many potential advantages of some types of satellite multispectral data for some of the categories of interest, their use as a supplement to the EMERGE data (e.g., for categorizing some or all of the pervious categories) should be considered.  Of course, this would require a relaxation of the MMU requirements because of the coarser spatial resolution of the ancillary data.

C. EMERGE Data Processing Procedure

This section describes a procedure that will create the required products, we feel to the best of the EMERGE data set’s ability.  Our research into possible approaches for radiometrically normalizing the EMERGE data indicates that a clustering-based approach works best, given the observed properties of the data.  Tests revealed, however, that a total “clustering”-based approach was also very time-consuming to implement.  To shorten classification time, we investigated the possibility of isolating most of the pixels in the impervious category into a single image by appropriate stratification.  Our goal was to create two strata:  one that contains all impervious features and one that contains all pervious features.  We found that we could come close to this goal by thresholding an NDVI (Normalized Difference Vegetation Index) and then using both unsupervised clustering and supervised signature selection within the strata to refine the strata into the required categories.

The key features of the procedure are that it uses stratification and separate categorizations within the two strata to create the final product.  The benefits of this approach are its capability to put most effort towards extracting the categories of greatest interest with the highest accuracy, and that it minimizes the amount of supervised training that is required.  

The procedure we describe here appears to be the most effective way to obtain the information required, given the type of data available and its quality.  However, because the data are non-optimal for the intended purpose, the procedure must rely more on a certain amount of subjective analyst intervention and less on automated or semi-automated processes.  Accordingly, the time effort required to analyze these data may exceed the resources that were originally allotted for the task.  Whether the sponsor wants to proceed and potentially bear the burden of the increased cost, re-negotiate the task (e.g., relaxing the MMUs), or consider the use of alternative data sources should be considered.

STEP 1:  IDENTIFICATION OF VALID DATA

The purpose of this activity is to:  1) stratify a frame into valid data and data that has been inappropriately clipped (saturated), and 2) flag the affected pixels so that we can keep track of them during processing.  This will make it possible to assess their effects on results.

A.  Write an ERDAS Spatial Modeler script that will identify every pixel in a frame that has a DN value of 0 or 255 in one or more spectral bands.  These pixels are considered invalid data.  

B.  Create a new "channel" of data in which the 0 and 255 pixels are identified by unique codes (e.g., 100 for the 0 pixels and 200 for the 255 pixels).

C.  Add this new channel to the three radiometric channels for each frame.  Use the new four channel frame as the input to all resampling and degrading operations.  Do not use the new channel in any other activities (e.g., ratioing or clustering).  By carrying flags for these pixels along we can tell which pixels had clipping problems after the categorical processing is completed.

D.  An option might be to add the value of the invalid to the categorical results to easily identify which pixels are affected.  A pixel with a category code less than 100 would indicate it wasn't affected.  a 1XX code would indicate a pixel contaminated with a zero value.  a 2XX code would indicate a pixel contaminated with a 255 value.  

STEP 2: CREATION OF 1 M  DATA

The  purpose of this activity is to create 1 meter data for each frame, or panel. 

A.  Resample the original EMERGE frame from a nominal 0.6 m to 0.5 m spatial resolution using cubic convolution.

B.  Degrade the spatial resolution of the 0.5 m version of the frame to 1 m.

STEP 3:  IDENTIFICATION OF THE IMPERVIOUS SURFACES STRATUM 

The purpose of this activity is to identify all of the pixels in a frame containing impervious surfaces.   

A.  Create an NDVI image for the frame.

B.  Threshold the NDVI to create an "impervious surfaces stratum" containing all possible types of impervious surfaces with as few commission errors as possible (e.g., vegetated surfaces and non-constructed  bare surfaces).

C.  Note:  Once pixels are assigned to one of these strata they remain in that stratum, permanently.  They are not physically re-assigned, even if they are found to actually represent terrain types that belong in the other stratum.

STEP 4:  REFINEMENT OF THE IMPERVIOUS STRATUM

The purpose of this activity is to refine the impervious stratum created in the previous step.

A.  Run unsupervised classification (suggest 50 clusters) on the subset of pixels in the impervious surfaces stratum.  It is possible, though unlikely, that one or more of these clusters could be uniquely associated with a pervious surface.  If such clusters are found to exist within the impervious stratum, identify and label them.  Clusters that should be looked for are those that contain categories such as water, gravel, disturbed soil, shadowed pervious, etc.    

B.  If there remain clusters in the impervious stratum that contain mixtures of pervious surfaces and impervious surfaces ("salad" clusters), extract supervised signatures for the pervious and impervious surfaces of these mixtures. Label these supervised signatures, and append them to the 50 cluster signature file.   At the same time, remove the salad unsupervised clusters that they replace. Such a salad cluster might include shadowed vegetation and shadowed impervious surfaces.  Re-categorize the image using the composite signature set (supervised signatures for each terrain type added to the original clusters, minus the salad cluster of which they were originally part).  Perform this categorization using the supervised categorization tool and the maximum likelihood rule.

STEP 5:  CATEGORIZATION OF THE PERVIOUS SURFACES

The purpose of this activity is to map all of the remaining categories.  For the same frame, apply the following procedure:

A.  Run an unsupervised clustering (75 clusters) on the pixels in the pervious stratum. 

B.  Assign labels to the 75 unlabeled clusters.  Note that some pervious surfaces may already be categorized by the supervised signatures added in Step 4.

C.  If  two or more required categories are represented by the same "salad" pervious cluster, extract supervised signatures of the required categories to improve category separation.  As with the Impervious Stratum, append the new supervised signatures to the 75 signature file and remove the salad clusters that they replace. Re-categorize the data set based on the composite signature set (supervised signatures and clusters) using the supervised categorization tool and the maximum likelihood rule.  Aggregate the categorized results based on signatures to produce the required categories.

D.  Determine if any patches of required cover types are smaller than the appropriate MMU for a cover type by the applying the GIS procedure "clump."  Histogram the size class frequency distribution to obtain this information for each cover type.  If no clumps are less in size than the MMU for the category in question, then go to the next step.  It there are clumps that are smaller, edit them out using the "eliminate" command so that all the terrain patches for a category meet the MMU requirements.

STEP 6.  MERGE THE PERVIOUS AND IMPERVIOUS STRATA CATEGORIZED FILES INTO A SINGLE CATEGORIZED FILE

The purpose of this activity is to re-integrate the pervious and impervious strata into one file. This can be accomplished with the ERDAS Interpreter:  Utilities: Operators: "+" tool.

STEP 7:  FRAME-TO-FRAME IMPERVIOUS SURFACES AND PERVIOUS SUFACES STRATUM  CREATION AND NORMALIZATION

The purpose of this activity is to normalize, match or make equivalent the mapping of  pervious and impervious surfaces between frames. 

A.  Try to determine the direction of the flightlines within a segment (group of flightlines) of EMERGE data.

B.  Examine each flightline and divide them up into radiometrically similar blocks.  We believe that frames should be radiometrically similar unless there are major differences in the radiometric properties of cover types from one frame to the next, (for example, going from an urban area to a large lake, forest, or an agricultural area).

C.  Within each radiometrically similar block, pick a reference frame that appears to contain a representative sample of the all of the cover types of interest.  Create the  impervious and pervious surfaces strata using the approach described in steps 1-6.

D.  For each new frame in a radiometrically similar block of frames, use the NDVI and unsupervised clusters or combination of unsupervised and supervised clusters developed on the reference frame to categorize the pixels associated with impervious and pervious materials in the new frame.

E.  Try to match the categorization of terrain types as they extend across the boundary between frames.  How well this is being accomplished can be assessed by examining the contiguity of categorization of unchanged materials between frames.  Examples of features to use for this purpose include roads, parking lots, the roof tops of large buildings, etc.

F.  Initially continue this process for all the frames in the pilot area.  Operationally, continue this process until you  run out of radiometrically similar frames, or the accuracy of the categorization visually appears to decrease below an acceptable level.

G.  Start the categorization process over again for each block of radiometrically different frames.

H.  Repeat the process for each group of radiometrically similar blocks within a panel, until all panels are completed and a wall-to-wall categorization exists for all of the area covered by the EMERGE data.

I.  A variation of this approach that might reduce the amount of time required for processing is to treat an entire set of radiometrically similar frames that have been mosaicked together as the reference file and other sets of radiometrically similar frames that have been mosiacked together as the adjacent frames.

STEP 8:  FINAL EDITING 

The purpose of this activity is to prepare the “edited” final product.

A.  Flag the pixels affected by clipped data using the channel created in Step 1.  These pixels may be labeled uncategorized or with a category label, but an "uncertain" prefix.

B.  Remove boats, bridges, floating piers, etc. from large bodies of water by a process TBD, which may consist of on-screen analyst editing.

C.  Isolated mis-categorized pixels may be removed by using the ERDAS functions clump and eliminate or similar procedures TBD.  This activity may already have been accomplished in the MMU adjustment process.

D. Where scene illumination varies within a frame due to cloud shadow, it may be necessary to sub-divide a frame into one or more sub-frames based on AOIs in order to get acceptable categorization.  This way the shadowed areas could be processed separately, as if they were separate frames, if required.  Alternatively, the cloud shadow could be given a unique code and be left uncategorized.  This whole step, however, may beyond the scope and capabilities of this project

STEP 9:  ORGANIZE THE CATEGORIZED DATA INTO USEFUL BUNDLES

The purpose of this activity is to organize the results of our work into files that have a geographic coverage that is useful to the sponsor.

A.    Aggregate the frames into appropriate bundles.

B. Deliver the bundles to the sponsor, along with appropriate documentation.  

D. Processing Procedure Used for Delivered Pilot Products  

The methods used for the Pilot were similar, but not identical to those proposed above.  Following consultation with the County and their assessment of the Pilot results, MARSHALL will modify and/or provide further detail as to how the final products will be accomplished.

EMERGE Pilot –  General Digital Product Compilation Steps

1. Once the Pervious and Impervious strata were processed through the hybrid unsupervised/supervised classification method (Steps 1-7) each file is recoded into the appropriate LU-ID codes.   Relative to the specified Land Cover categories,1-11, we assigned  these pixels a Category “12”  in  the pilot study products in order to demonstrate the data limitations and to assist the County’s assessment of the results

2. The strata are also appended into one contiguous file as a precurser to the LCCATEDP product.

3. The final step in the creation of the LCCATEDP file was the overlay of the Lake Washington boundary created by the KC DNR on the Western Pilot categorization, flagging all pixels within this boundary to water.

4. The LCCATEDP file was then smoothed with a 3 by 3 pixel focal filter in which the majority value within the focal window was assigned at each focal analysis pixel.  This filter was not applied at background values.  The filter also did not utilize the unknown/unclassified class (11), saturated pixel value class (12)  or background values in the computation of the majority value.  The results of the filtering process, the LCFILEDP product, produced a file in which LU-IDs 11 and 12 were preferentially replaced by one of the other categories if these Unknown pixels shared a pixel edge or corner with the 11 or 12 classified pixel.  Also within a feature the filter removed small numbers of pixels categorically different from the majority of their neighbors.  

5. The creation of the Impervious Surfaces product,  ISURFEDP, was performed by extracting the Impervious category from the recoded LCCATEDP categorical product.  These impervious files were then clumped and sieved to pixel clumps of 29 or greater to meet the specified MMU.  Finally the sieved product was recoded back to the LU-ID code 

.

II. IKONOS DATA SET

IKONOS data has characteristics that present new issues and new opportunities compared to the EMERGE or DAIS data.  Some of the relevant attributes of the IKONOS data set are summarized here, and then a procedure for processing these data is described.

A. Characteristics of IKONOS Data

IKONOS data has slightly different characteristics than EMERGE data (spectral bands, spatial resolution, etc.), some of which make it better suited for terrain categorization, and some of which make it not as good.  For example, the availability of a blue spectral band could be helpful in distinguishing impervious terrain from non-constructed bare terrain.  On the other hand, some small impervious features (e.g., sidewalks) may be less readily detectable.

The major advantage of the IKONOS data is that a large area (50-100 sq. mi.) is contained in a "typical" scene, and the irradiance is essentially constant over this whole area.  It takes ten IKONOS images to cover the area of King County east of the area covered by the EMERGE data.  Fortunately, there is some scene overlap between the IKONOS images.  The solar elevation angle is nearly the same for some of the images, as is the look angle off nadir.  The look azimuth, however, can be up to nearly 180 degrees apart, and this may cause some problems because of different bi-directional reflectance (and hence radiance) properties of the terrain.
B. Proposed IKONOS Data Processing Procedure

The following steps are expected to be implemented in order to categorize the IKONOS data and make the product "compatible" with the categorized EMERGE thematic product.

STEP 1.  CATEGORIZE ONE IKONOS IMAGE

The purpose of this activity is to categorize an IKONOS scene to use as a reference to which to normalize the other IKONOS scenes.

A.  Separate impervious from pervious strata using a level slice of a spectral feature (TBD in Pilot project; NDVI is default).  The impervious stratum must include all impervious pixels, even if some pervious pixels are included.

B.  Generate 50+ unsupervised clusters from the impervious stratum pixels and label them using the "click-and-drag" technique.  Try to make this labeling compatible with the EMERGE categorization.  This can be checked where a terrain feature extends across the boundary between an EMERGE frame and an IKONOS image.  

C.  Identify "salad" clusters, which include both impervious and pervious pixels, and establish supervised signatures to separate the pervious from impervious pixels.  Label the supervised signatures, add them to the 50+ unsupervised clusters, and delete all of the salad (mixed) unsupervised clusters.

D.  Categorize all the pixels in the impervious stratum.

E.  Generate 70+ unsupervised clusters from the pixels in the pervious stratum, and label them using the "click-and-drag" technique.  Try to make this labeling compatible with the EMERGE categorization.  Check compatibility where terrain features extend across the boundary between IKONOS and EMERGE frames.  

F.  Identify "salad" clusters, which include pixels from two or more terrain types, and establish supervised signatures to separate the pervious terrain types form each other.  Label the supervised signatures, add them to the 70+ unsupervised pervious stratum clusters, and delete all of the salad (mixed) unsupervised clusters.

G.  Categorize all the pixels in the pervious stratum.

H.  Merge the pervious and impervious strata.

STEP 2.  Radiometrically correct a second IKONOS image to the first IKONOS image, based on a regression relationship between selected pixels in the region of overlap between the two scenes (TBD).

STEP 3.  Categorize both the pervious and impervious strata in the new frame using the final set of signatures from the first frame  Add one additional sub-step, which is to adjust, if necessary, the categorization results by changing signature labels for the categorized new data so that they produce an equivalent categorization in the area of overlap between the two IKONOS images.

STEP 4.  Repeat Steps 2 and 3 on the eight other IKONOS images, using the bootstrap procedure.

STEP 5.  Rescale the IKONOS data to whatever spatial resolution is required and deal with MMUs in a manner TBD.

III. DAIS DATA SET

DAIS data has characteristics that present new issues and new opportunities compared to either EMERGE or IKONOS data.  Some of the relevant attributes of the DAIS data set are summarized here, and then a procedure for processing these data is described.

A. DAIS Data Characteristics

DAIS images have spectral and spatial resolution that potentially make them more suitable for extracting information on impervious features than with either the EMERGE or IKONOS data.  In particular, DAIS images contain four spectral bands, including a blue band, that facilitates categorical separation of impervious material from non-constructed bare surfaces.

The four spectral bands are:  1) 0.45-0.53 microns; 2) 0.52-0.61 microns; 0.64-0.72 microns; and 4) 0.77-0.88 microns.  The data were collected and stored in 12 bit format, and were subsequently expanded to 16 bits.  Therefore, these data potentially have greater radiometric resolution (i.e., better signal to noise and smaller change in radiance per DN bin) than either the EMERGE or IKONOS data.  However, some saturation of bright objects has been observed in the data. 

The data are radiometrically calibrated and geo-referenced for mosaicking.  Image products are nominally corrected for systematic distortions, including lens distortions, optical vignetting and detector-to-detector variation.  The data also have a dark noise correction.  

The data have a nominal spatial resolution of 0.5 m, the best of all three types of data available for the project.  There is no dynamic range adjustment, which presumably means the DN values have a constant relationship with radiance, but not reflectance.  However, the data were all collected on a single day of flying, which probably normalizes some potential radiometric variability, such as atmospheric haze.  However, it may also mean that there is some variability due to changes in sun elevation and azimuth angles.  There is both endlap and sidelap of approximately 30%, which should help with radiometric normalization.  No data merging with EMERGE or IKONOS data is required, because it is the only one of the three data sources that covers Vashon Island.  There may however, need to degrade the spatial resolution of the data in order to create products with the same spatial resolution as the products from the other data sources.
B. DAIS Data Processing Procedure

The  DAIS data set has characteristics that are a blend of the characteristics of the EMERGE and IKONOS data.  In particular, there is fortunately image overlap as there is with the IKONOS data, but there are also numerous frames, as with the EMERGE data, each of which was collected at a different time.  Because each frame was collected at a different time, each could have been collected under different irradiance conditions (e.g. clouds or haze moving over the acquisition area), and have a different relationship between radiance (DN value) and reflectance.  As a result, the proposed processing procedure is a hybrid of the EMERGE and IKONOS procedures, as described in the following steps.  Similar to the IKONOS data set , the bootstrap  procedure should be started by selecting one frame at one end of a flight line.

STEP 1:  RESOLUTION DEGRADATION

Degrade the 0.5 m spatial resolution data to 1.0 m, to match the EMERGE data and to improve the radiometric fidelity (i.e., reduce "noise").

STEP 2:  CREATE IMPERVIOUS AND PERVIOUS STRATA

Develop a spectral feature that can be (differentially) level-sliced so as to include all of the impervious terrain (plus probably some pervious terrain) in one stratum.  The other stratum (pervious) will thus contain no impervious terrain.

STEP 3:  REFINEMENT OF THE IMPERVIOUS STRATUM

The purpose of this activity is to refine the impervious stratum created in the previous step.

A.  Run unsupervised clustering (perhaps 50 total clusters) on the subset of pixels in the impervious surfaces stratum.  It is possible, though unlikely, that one or more of these clusters could be uniquely associated with a pervious surface.  If such clusters are found to exist within the impervious stratum, identify and label them.  Clusters that should be looked for are those that contain categories such as water, gravel, disturbed soil, shadowed pervious, etc.

B.  If there remain clusters in the impervious stratum that contain mixtures of pervious surfaces and impervious surfaces ("salad" clusters), extract supervised signatures for the pervious and impervious surfaces of these mixtures. Label these supervised signatures, and append them to the 50 cluster signature file (now known as the 50+ signature file).  At the same time, remove the salad unsupervised clusters that they replace. Such a salad cluster might include shadowed vegetation and shadowed impervious surfaces.  Re-categorize the data set using supervised signatures for each terrain type and add them to the original clusters, minus the salad cluster of which they were originally part.  Perform this categorization using the supervised categorization tool and the maximum likelihood rule.

STEP 4:  CATEGORIZATION OF THE PERVIOUS SURFACES

The purpose of this activity is to map all of the remaining categories.  For the same frame, apply the following procedure:

A.  Run an unsupervised clustering (70+ clusters) on the pixels in the pervious stratum. 

B.  Assign labels to the 70 or so unlabeled clusters.  Note that some pervious surfaces may already be categorized by the supervised signatures added in Step 4.

C.  If  two or more required categories are represented by the same "salad" pervious cluster, extract supervised signatures of the required categories to improve category separation.  Append the new supervised signatures to the 70+ signature file and remove the salad clusters that they replace. Re-categorize the data set based on the combined supervised signatures and clusters using the supervised categorization tool and the maximum likelihood rule.  Aggregate the categorized results based on signatures to produce the required categories.

D.  Determine if any patches of required cover types are smaller than the appropriate MMU for a cover type by the applying the GIS procedure "clump."  Histogram the size class frequency distribution to obtain this information for each cover type.  If no clumps are less in size than the MMU for the category in question, then go to the next step.  It there are clumps that are smaller, edit them out using the "eliminate" command so that all the terrain patches for a category meet the MMU requirements.

STEP 5:  COMBINE THE PERVIOUS AND IMPERVIOUS CATEGORIZED FILES

The purpose of this activity is to re-integrate the pervious and impervious strata into one file. This can be accomplished with the Interpreter:  Utilities: Operators: "+" tool.

STEP 6:  FRAME-TO-FRAME NORMALIZATION

The main factor that could cause a significant lack of radiometric consistency which might require normalization is time, because the passage of time creates different solar elevation and azimuth angles and associated differences in irradiance and the corresponding radiance.  The purpose of this activity is to remove such anomalies.

A.  Map the flightlines.

B.  Continue to use the strata (spectral feature threshold) and spectral clusters developed on the first frame in the flightline until performance can be seen to deteriorate, or after a passage of 15 minutes in acquisition time, which ever comes first.

C. Try to match the categorization of cover types that extend into the overlap between the frames, in order to make the frame-to-frame categorization seamless.

D.  For the first frame collected that either subjectively has different radiometric properties, or after 15 minutes in acquisition time, radiometrically normalize this frame to the previous frame using a regression relationship between DN values in the 30% overlap area.  Then apply the spectral feature threshold and spectral signatures from the first frame to this new, radiometrically normalized frame.  Take care to fine-tune the categorization so that it matches in the overlap region.

E.  Whenever you start a new flightline, regardless of whether 15 minutes of acquisition time has elapsed, start over with the procedure at STEP 2.  Try to fine-tune the categorization so that it is "equivalent" to the frame with sidelap in the previous flightline.

F.  Continue this procedure until all of the data is processed, starting over with STEP 2, whenever any one of the following occurs:

1) subjective deterioration in categorization due to significant radiometric change; or

2) 15 minutes of acquisition time has elapsed; or

3) you are beginning a new flightline.

G.  Once all of the data has been categorized, mosaic it all together, "feathering" the boundary between different radiometric blocks, as required.

H.  This data set is discontinuous from the EMERGE and IKONOS data sets, because it covers only Vashon Island.  Therefore, no matching of spatial resolution is required.

IV. OTHER CONSIDERATIONS

Aspects of remote sensing data that contain potentially useful information are:  1) the time of data collection (e.g., summer or winter); 2) whether more than one observation is available; and 3) the timing of multiple acquisitions.   The repetitive coverage available from commercial satellite remote sensing data may provide an enhanced temporal analysis capability, generally at modest additional cost to the overall project.  Terrain categories that are more easily detected with temporal (multi-year) data than single observations are clear –cuts (< 2 years old) and conifer regeneration (10-12 years old), both of which are categories of interest in this project.  Satellite multispectral data are also frequently much easier to accurately categorize over large areas because there is "constant" irradiance over the whole scene.

V. CONCLUSIONS & RECOMMENDATIONS

The procedure we will be using on the IKONOS and DAIS data contains many of the elements that we suggested in our proposal.  Specifically, we will account for scene- to- scene radiometric differences by using regression normalization and feature matching in the overlap regions.  We will account for within-scene radiometric variation on an individual terrain type (e.g., a roof or a tree crown) by selecting more signatures than normal. The EMERGE data has no overlap between scenes, and has what appear to be radiometric anomalies due to both saturation and log compression.  Therefore, the procedure we are currently proposing to implement on the EMERGE data will account for the effects of shadow, temporal variation, and radiometric variation (dynamic range, etc.) by selecting more signatures than normal, aided by a stratification into impervious and pervious terrain categories, and by reselecting new signatures as necessary (e.g., on a panel by panel basis).   We can account for spatial differences between data sets in a variety of ways, depending on the sponsor's requirements.  We could resample to the most limiting source of data ( IKONOS 4 m) or we could resample to the best spatial resolution data (Emerge and DAIS at 1 m).

The procedures we describe here appear to be the most effective ways to obtain the information required, given the characteristics of these data sets and their quality.  However, because these data are non-optimal for some of the intended purposes, the procedures must rely more on analyst intervention and less on automated or semi-automated processes, especially for the EMERGE data. Accordingly, the time effort required to analyze these data may exceed the resources that were originally allotted for the task. 

We believe that we can categorize most of the impervious categories with an accuracy approaching 90%, excluding pixels that are saturated or “mixed”.  However, we don’t believe that we can categorize all of the required pervious categories with high accuracy, due to spectral, spatial and data quality constraints.  Thus, it may be appropriate to use the current data sets to categorize the impervious terrain (which requires the high spatial resolution that the data has), and consider using other sources (e.g., Landsat TM data) to obtain the pervious categories, which may not require such high spatial resolution. 

 We recommend that the County’s expected MMUs for the pervious catetgories be relaxed so that alternative sources of data can be used for mapping these categories.  These alternative data sources could include previous TM categorizations, a current multi-date TM categorization, existing land cover maps, including the NLCD  from USGS, etc.  

ADDENDUM  A:  Landsat Thematic Mapper Data 

A. Description of Procedure

Given the difficulty of extracting pervious land cover information accurately and efficiently from the high spatial-resolution data sets, we propose to obtain the pervious category information from Landsat Thematic Mapper (TM) data.  Although we have not found a way to effectively radiometrically normalize the individual EMERGE data tiles as provided by the County, it is our belief that we can accomplish the overall objectives of this project at approximately the proposed original cost, given the efficiencies in deriving the pervious land cover information from Landsat TM.

The first step in obtaining the pervious land cover categories will, again, be a stratification that separates all of the impervious land cover categories from the pervious land cover.  We will then use a combination of unsupervised and supervised signatures to obtain differentiation of the pervious categories.  Sponsor-provided "ground truth" sites, visual reference to the high-resolution images, and ancillary data provided by the County, will be used to help in labeling of the land cover categories.  Any pervious categories that are contained in the impervious stratum will be categorized into their appropriate pervious category, and will be added to the other pervious categories.  Our experience suggests that most of the pervious categories are likely to be categorized with an average accuracy of approximately 80 %.

The pervious land cover categories will then be merged with the impervious land cover category obtained from the various high-spatial resolution data sources.  This can be resampled to whatever spatial resolution the County desires, from 1 meter to 10, 20, or more meters.  However, the pervious land cover categories will, of course, only be resolvable at the original Landsat resolution (e.g. 28 meters).  This will thus be the MMU of the pervious data.  Geometric discrepancies between the fine spatial resolution data and the TM data will be resolved with the aid of current digital road maps, and by "rubber-sheeting" the variable spatial fidelity of the fine spatial resolution data to fit the relatively constant spatial fidelity of the TM data. 

B. Special Categories

Certain pervious categories will require special procedures in order to be obtained accurately.  The Young Conifer Plantation and Recent Clearcut classes, for example, will be obtained by using the temporal information inherent in the repetitive coverage afforded by the Landsat data. This procedure has previously been shown to work with greater than 80% accuracy (Londo et.al., 2001).  We propose to generate these classes using the August 1999 and July 2000 TM images provided by the County.

The wetland category is also likely to require special procedures.  Most wetlands, especially forested wetlands, can best be obtained by the processing of winter TM data, when leaves are off of deciduous trees and shrubs, and the wetlands are at their maximum wetness.  We anticipate using a variety of methods and ancillary data to help guide the categorization of these wetlands:

NWI vector coverage provided by the County

10m  DEM 

Training sites provided by the County

C. Change Detection


Since the County has expressed an interest in frequently updating their land cover database (e.g., every 3-5 years), the use of Landsat data to obtain the original (base) pervious and impervious land cover information affords additional benefits.  Foremost among these advantages is that the data and processing for future updating are relatively inexpensive.  In addition, one does not need to start all over again in the categorization.  Radiometric change detection techniques have been found to be highly effective at detecting all types of land cover change – for an example, Figure 1.  Thus, the original map of pervious categories only needs to be updated in those areas of change, rather than the whole image.  This means that areas of unchanged categories will remain the same.  This would not be the case if the entire area was re-classified, where the 80+% categorization accuracy would result in some unchanged areas being relabeled due to random categorization error.
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Figure 1:  King County area, WA.  1984-1992 TM Change Vector Analysis showing all radiometric change.  Note evidence of clearcutting at the right side of the image.

In addition, Landsat change detection has been found effective at detecting significant areas of new impervious, for example, Figure 2 on the next page.  This information could be used to update the impervious categorization for relatively large features (10-30 meters).  Alternatively, it could act as a "queuing" device to detect where significant impervious change has taken place.  These areas could then be selectively imaged at high spatial resolution, and updated at high spatial resolution, using procedures such as those described in the main body of the Procedures Document.  
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Figure 2:  Seattle area, WA.  1984-1992 TM  Hybrid Change Detection product showing urban expansion of the metropolitan area.  Areas of new urban cover are shown in red overlain on a true color TM background.
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VI. Addendum B:  EMERGE Data Pilot Followup

Saturated Pixels:  As of this revision, the EMERGE data pilot using the Gamma processed data has been completed and delivered to the County for review.  The initial production of the required elements followed very closely the processing steps outlined in section II.C, except for spatial resampling noted in II.C Step 2.  At the request of the County, MARSHALL re-engineered the process to include the saturated pixels (II.C Step1) in the classification.   Upon re-delivery two conclusions were reached regarding inclusion of the saturated data:

1) Accuracy of the pervious classes was reduced

2) Accuracy of the impervious class was increased

Given the County’s priority for a highly accurate Impervious theme, the saturated pixels were classified with additional attention to refined signature development.  We feel this was somewhat successful, however, we caution that because of the ambiguous spectral information caused by saturation, there is some amount of commission error where highly reflective vegetation (saturated at the high end of the dynamic range) and shadowed surfaces (saturated at the low end of the range) were classed as Impervious.  The County’s second review will indicate if this approach successfully meets accuracy expectations.

Wet Areas:  The County’s review of the first Draft of this document requested clarification on how the Wet Areas product was developed from the EMERGE data.  

1) As with the other Pervious classes, the saturated pixels were not included in the analysis.

2) Signatures for supervised classification were gathered from three sources:  

a) clusters from the unsupervised classification of the Pervious stratum identified as Wet Area and 

b) training sites provided by the County to guide collection of additional signatures

c) visual indentification of Wet Areas for collection of additional supervised signatures based on narrow eigen value range

3) The supervised classification result was highly unsatisfactory, assigning the Wet Area category  to shadows and coniferous trees in the urban areas.

Following discussion of these issues and the option to incorporate TM data (joint meeting January 8, 2002), it was decided that only the Impervious theme would be extracted from the three high-resolution data sets.  Thus, the Steps described under II.C concerning processing of Pervious features no longer apply.  As described in the Scope of Services, a detailed set of classification procedures will be supplied to the County upon completion of the project.







MARSHALL & Associates

Page 18 of 19

