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Presenter
Presentation Notes
In this presentation I wish to review color and multiattribute display.




After this section you should be able to:

• Identify good and bad color display practices,

• Display multiple attributes in a single image, and

• Apply color schemes that allow you to effectively communicate these features 
to others.

Multiattribute display  
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Presenter
Presentation Notes
This is a list of the learner objectives for this section.



Cone and Rod receptors
Cone: 3 types, each being sensitive to a different range of wavelengths

Rod: for night vision, sensitive to a broad range of light intensities

(Thomson and Macpherson, 2017)

Color perception: Humans
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Presenter
Presentation Notes
The photoreceptors along the retina in the human eye are shaped like rods and cones. There are three types of cones that are sensitive to different range of wavelengths, giving us color vision. Rods are sensitive to a broad range of light intensities, and are more sensitive to motion and detecting edges in an image.  (After Thomson and Macpherson, 2017). (After Thomson and Macpherson, 2017)



(email communication on 10/18/2011. Origin unknown)

Color perception: Men vs. women
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Presenter
Presentation Notes
As you might imagine, I bring my work home with me and have discussed color with both of my daughters. One daughter sent me this image back in 2011 that shows the variation of color perception between men and women. Some of this is cultural; however because the color gene resides on the X-chromosome, and because women have two X-chromosones while men have only one, women often have higher sensitivity to color than men, while men suffer from color deficiency at a greater rate than women. Origin unknown.



Alternative color models  

The additive RGB color model
Mixes light
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The subtractive CMY color model
Mixes pigment

(Chopra and Marfurt, 2021)3a-6

Presenter
Presentation Notes
3D color space representation in terms of (Left) the red-green-blue, or RGB model, (Right) the cyan-magenta yellow, or CMY model. If you are less familiar with the CMY color model, open up top of your hardcopy printer. Then open up your wallet! Most printers also include a black cartridge, giving a cyan-magenta-yellow-black, or CMYK model.

 (RGB image courtesy of Wigglepixel, Interactives & Code-based Animations, accessed at www.Wigglepixel.nl on March 6th, 2020. CMY image from Purves and Basford, 2011).
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Defining 24-bit color on a computer 

(Chopra and Marfurt, 2021)3a-7

Presenter
Presentation Notes
Most computer graphics and digital cameras define color using RGB triplets, with each color channel defining an axis in 3D color space. Here, we use common computer implementation where the color values range between 0 and 255. 



3a-8 https://youtu.be/E-9wCFby5XE

A very recent (2022) color model based on human perception

Presenter
Presentation Notes
Roxana Bujack at Los Alamos National Lab states that her team’s “research shows that the current mathematical model of how the eye perceives color differences is incorrect. That model was suggested by Bernhard Riemann and developed by Hermann von Helmholtz and Erwin Schrödinger—all giants in mathematics and physics—and proving one of them wrong is pretty much the dream of a scientist." 

So our understanding is still changing.



(Dao and Marfurt, 2011)

Color Depth (the number of colors)

Only a few interpretation packages provide 24-bit color. Most are still limited to 8-bit color (256 colors)

16,777,216 colors
R=256,G=256,B=256

(24-bit color)

4096 colors
R=16,G=16,B=16

216 colors
R=6,G=6,B=6
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Presentation Notes
A common image in a high-school yearbook in North America shows the graduate looking towards the future. A common image in Egyptian papyrus is of an old man looking west towards the setting sun, and his not-so bright future. The image on the left is the original from a 24-bit color camera, resulting in 16,777,216 colors with 256 levels of red, green, and blue. To illustrate color depth the left image is decimated to  16 levels or R, G, and B in the center image, resulting in4096 colors. The last image uses only 6 levels of R, G, and B resulting in 216 colors similar to the 256 colors used in most seismic interpretation workstations. . Note that artifacts starts to appear on the wall and the blazer. On the right image I take on a color-by-numbers appearance. Color depth is different than lateral resolution, where the lateral resolution, or number of pixels, is the same for all three images.   (After Dao and Marfurt, 2011). 






Reflector convergence 
(magnitude vs. azimuth)

(Central Basin Platform, Texas)

Color depth – how many colors are enough?

(Dao and Marfurt, 2011)

256x256=65,536 colors
256 levels of hue
256 levels of saturation 

2 mi
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Now let’s do the same thing for two seismic attributes – dip-magnitude vs dip azimuth for a seismic survey acquired over the Central Basin Platform of west Texas. In this first image I’m using 256 levels for hue and 256 levels for saturation, giving a total of 65,536 colors. The results of this and the next two images are co-rendered with coherence which is plotted using transparency.  



Reflector convergence 
(magnitude vs. azimuth)

(Central Basin Platform, Texas)

Color depth – how many colors are enough?

(Dao and Marfurt, 2011)

2 mi

16x16=4,096 colors
64 levels of hue
64 levels of saturation 
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Presentation Notes
Here are the same two attributes plotted using 64 levels for hue and 64 levels for saturation, giving a total of 4096 colors. The image has reduced color depth, but is still acceptable.



Reflector convergence 
(magnitude vs. azimuth)

(Central Basin Platform, Texas)

Color depth – how many colors are enough?

(Dao and Marfurt, 2011)

2 mi

8x8=256 colors
16 levels of hue
16 levels of saturation 
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Presentation Notes
Here are the same two attributes plotted using 16 levels for hue and 16 levels for saturation, giving a total of 256 colors, which is the limit on the number of colors for many interpretation workstation software packages. This image is clearly inferior to the previous two. 256 colors is simply insufficient to show two attributes at the same time.




• Overplotting

• RGB- and CMY-blended (“stacked”) images 

• HLS color modulated images

• Color blending/transparency/opacity

• Bump maps

Multiattribute display tools
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Presentation Notes
The are at least five ways of displaying more than one attribute in a single image. I’ll go through them one at a time.



0

10

2

4

6

8

Envelope

© SEISCOM Limited
1971, 1972

(Anstey, 2005)

Multiattribute display using overlays
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Presentation Notes
The first method a simple overlay, typically with a variable area seismic trace on top of a polychromatic attribute. This one from Anstey in the early 1970s, shows reflection strength or envelope (which in early days was the most popular attribute) overlaid by the seismic amplitude section. These early images were made as hardcopies and required four passes of printing using cyan, magenta, yellow, and black.  Today we can generate the same kind of image on a workstation by plotting the seismic data using transparency, where zero crossing are transparent, and post and negative peaks and troughs opaque.  (After Anstey, 2005).




   
 

 
  

 

  
 

            

 
 

 

 
   

 

 

 

 

 
 

Multiattribute display of vector data using color icons

(Simon, 2005)
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A variation of the previous figure is to overlay a polychromatic background image with icons (sometimes called glyphs). In this image, the background polychromatic image is of maximum curvature/ The icons are arrows that represent the an anisotropic velocity field. Here, the length and orientation of the arrows indicate that of the fastest P-wave velocity. The color of the icon represents the degree of anisotropy of the difference between the fastest and slowest P-wave velocity at any voxel. After Simon (2005).




• Overplotting

• RGB- and CMY-blended (“color stacked”) images 

• HLS color modulated images

• Color blending/transparency/opacity

• Bump maps

Multiattribute display tools
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The second and perhaps most common ways of displaying more than one is through RGB or CMY blending of three different attributes.



RGB color stack 

Red=16 Hz

+ +

2 km

=

(Guo and Marfurt, 2007)

Green=32 Hz Blue=48 Hz
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Presentation Notes
In this image, time slices through a low frequency, 16 Hz spectral magnitude component is plotted against red, a middle 32 Hz component is plotted against green, and a  higher 48 Hz component plotted against blue. Each component exhibits slightly different geologic information. An example of RGB color stacking of three spectral magnitudes, with 16 Hz plotted against red, 32 Hz against green, and 48 Hz against blue. The three channels indicated by the block arrows appear as cyan, indicating that they are tuned between the green and the blue components, or at about 40 Hz. (After Guo and Marfurt, 2007).



(McArdle et al., 2011)

RGB color stack 

Jurassic Channels
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Presenter
Presentation Notes
This image by McArdle shows a more recent implementation of RGB blending using commercial software. Here the spectral magnitude components are at 19 Hz (plotted against red), 26 Hz (plotted against green) and 39 Hz (plotted against blue). The RGB blended image shows variations in tuning thickness of a suite of Jurassic channels.

The image in the lower left shows the 3D RGB color space. The image in the lower right a simpler image of the color space, reminding us how the three primary colors, red, green, and blue, combine to form cyan, magenta, yellow, and white. (After McArdle, 2011).




(McArdle et al., 2011)

RGB color stack 

Triassic Horizon Slice Jurassic Horizon Slice
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Presentation Notes
Frequency decomposition RGB blend showing (Left) Triassic spit system (Right) Jurassic channels. In the Triassic section transgression of beaches is evident from the change in frequency response expressed as a change in color in the RGB blend. In the Jurassic similar color differences show individual channel elements that would otherwise be hard to distinguish. (After McArdle et al., 2011).




CMY color stack 

(Courtesy ffA)

Eigenvalues of gradient 
structure tensor 
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Presentation Notes
The good folks at Foster-Findlay have also popularized corendering three attributes using the cyan-magenta-yellow color model. The first time slice at the reservoir level shows an edge-sensitive attribute constructed from the eigenvalues of the gradient structure tensor similar to chaos and will be plotted against cyan. (Image from the Norwegian Sector of the North Sea courtesy of ffA).



Semblance

CMY color stack 

(Courtesy ffA)3a-22
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Presentation Notes
The second time slice at the same location through a structure-oriented semblance volume will be plotted against the magenta.   



Dip Magnitude

CMY color stack 

(Courtesy ffA)3a-23
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Presentation Notes
The third time slice at the same level through the dip magnitude volume will be plotted against yellow.  




Eigenvalues of gradient 
structure tensor 

Dip Magnitude

Semblance

CMY color stack 

(Courtesy ffA)3a-24
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Presentation Notes
We now “color stack” the three previous time slices by corendering them using a CMY color model. If all three attributes exhibit a strong response at the same voxel, the resulting edge appears black. Areas that appear blue exhibit a strong eigenvalue of the GST (or chaos) as well as a  strong semblance response, but little or no dip magnitude response. This Image is displayed using 8 bits (256 levels) for cyan, magenta, and yellow, resulting in 24-bit color depth. (Image courtesy of ffA).



(Payton et al., 2014)

CMY color stack – Australia data example 
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Presentation Notes
Another CMY display from Australia showing the three different edge attributes – a semblance estimate of coherence plotted against cyan, a discontinuity attribute based on amplitude statistics plotted against magenta, and a GST attribute similar to chaos plotted against yellow. Where all three attributes align, the faults appear as black. The colored boxes indicate areas where only one or two attributes delineate the fault. (After Payton et al., 2014, http://www.geoteric.com/uploads/downloads/PESGB1Apr2014.pdf)




Computing the “negative” of a photo using Microsoft Paint

An RGB image A CMY image=(255,255,255)-RGB image

(Chopra and Marfurt, 2021)

White 255 255 255

Blue 0 0 255

Yellow 255 255 0

3a-26
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Presenter
Presentation Notes
If you take each of the three components of an RGB image and subtract it from 255, you will end up with a CMY image. For example, if we subtract blue from white, we obtain yellow. Careful examination of the two color wheels shows that  “flipping” the color bar (subtracting each component from 255) converts an input RGB triplet into the  CMY values on the opposite side of the color wheel. This process can be generated in Microsoft Paint by selecting a photographic image and “inverting” it. (After Chopra and  Marfurt, 2021).
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An RGB image A CMY image=(255,255,255)-RGB image

(PetroExplorers and dGB Earth Sciences)

Emphasizing low amplitude RGB anomalies by converting to CMY 
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Presentation Notes
Three spectral components combined using an  additive RGB color model (on the left) and a subtractive CMY color model on the right. Note that white becomes black and black becomes white. The yellow arrow indicates a yellow = (255,255,0) event that becomes blue = (0,0,255). The green arrow indicates a green event (0,255,0) that becomes magenta = (255,0,255).The cyan arrow indicates a cyan = (0,255,255) event that becomes red. The authors used this trick to examine the weaker events in the black area of left image which  become more apparent against a white background in the right image. 



• Overplotting

• RGB- and CMY-blended (“stacked”) images 

• HLS color modulated images

• Color blending/transparency/opacity

• Bump maps

Multiattribute display tools
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Now let’s combine three attributes using a hue-lightness-saturation (HLS) color model.



The HLS color model

Hue: the wavelength contrast aspect of color

Lightness: the level of illumination

Saturation: the degree to which the hue differs from  
neutral gray
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(Chopra and Marfurt, 2007)3a-29

Presenter
Presentation Notes
In this image, I’ve mapped the HLS (hue-lightness-saturation) color model to cylindrical coordinates. Here we link the hue, 0 < H < 360, to azimuth; the lightness, 0.0 < L < 1.0, to the vertical axis; and saturation, 0.0 < S < 1.0, to the radius. Hue is a measure of the wavelength of light. The color magenta is not a physical color in optics, but rather is the response obtained by stimulating the blue and red cone in the human eye. This observation allows us to define hue as being cyclical. Lightness is the level of illumination in an image resulting in midnight colors, pure colors, and pastel colors. Saturation is the degree from which hue differs from neutral gray.



Examples of 2D color bars

Peak frequency

Cyclical

Non-Cyclical

(Chopra and Marfurt, 2007)3a-30

Presenter
Presentation Notes
Here are some examples of 2D color bars using the HLS model. In the dip azimuth-dip magnitude color bar, reflectors with strong dip magnitude appear as pure colors while flatter reflectors with a dip magnitude near zero appears as gray for all azimuths. The same concept can be used to corender instantaneous phase and instantaneous envelope. In spectral decomposition, we may wish to represent the tuning frequency from spectral decomposition by plotting low frequencies against red, high frequencies against blue, and modulating the saturation by the spectral magnitude at the peak frequency. In this 2D color bar, weak reflectors would appear as neutral white.



Multiattribute display using 2D color tables
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Presentation Notes
In this example, envelope is plotted against lightness and phase against hue. We can combine these two images by using the 2D color shown below using 256 colors. This technique, originally presented by Knobloch (1982), emphasizes the phase of the stronger reflection events and provides an effective tool for tracking waveforms across faults. Using an explicit 2D color bar requires first mapping the two input volumes to a single output volume with values ranging from 0 to 255 as well as multiplexing 2D color bar in order to display the results using commercial software.




(McArdle et al., 2011)
Modulating envelope by coherence

Multiattribute display using 2D color tables
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Presenter
Presentation Notes
A commercial implementation of 2D color bars, in this example displaying coherence and envelope at two different stratigraphic levels (Left) a Triassic spit system and (Right) Jurassic channels. By combining these two complimentary seismic attributes, a greater level of constraint is attained as to the extent and infill of the stratigraphic features of interest. These two images have much greater color depth than that on the previous slide and uses 256 x256 or 65,536 colors. (After McArdle et al., 2011).




• Overplotting

• RGB- and CMY-blended (“stacked”) images 

• HLS color modulated images

• Color blending/transparency/opacity

• Bump maps

Multiattribute display tools
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The next way to combine more than one attribute in a single image is to use color blending, which is called by some vendors transparency and others opacity.



Alpha Blending of 2 or 3 images
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Blending a and b:

Blending a , b, and c:

(Marfurt, 2015)3a-34

Presenter
Presentation Notes
It is natural for a geophysicist to think of the RGB models as the components of a seismic image. In this example we wish to blend three images, a, b, and c by taking the weighted average of their color components. α and β are called opacities whiles (1-α) and (1-β) are called transparencies. If we want all three images to contribute the same, we need to set the opacity α=0.5, and hence the transparency (1-α)=0.5, and the opacity β=0.33, and hence the transparency (1-β)=0.67. (After Marfurt, 2015).




Using Transparency in PowerPoint

α

(Marfurt, 2015)3a-35

Presenter
Presentation Notes
In this image, I’m going to use transparency to blend three previously published images (In this case from Chopra and Marfurt, 2007) in PowerPoint: (Top Left) coherence, (Bottom Left) most-positive curvature, and (Bottom Center) most-negative curvature. 

(Step 1) Construct a box of the desired size. 
(Step 2) Copy the desired image to overlay onto the clipboard. Here I use most-positive curvature).
(Step 3) Right click the previously defined green box and select “Format Shape”. 
(Step 4) Select “Fill” in the pop-up menu. 
(Step 5) Select the image to use in the fill, in this case the image on the clipboard. 
(Step 6) Slide the transparency bar to the desired level (in this example 50%). 
Repeat the process for the most-negative curvature image, but this time with a transparency of 67 %. 
(After Marfurt, 2015).






Using Transparency in PowerPoint

50% transparent k1 on top of 
opaque gray background

Transparent k1 and k2 on top of 
opaque coherence

67 % transparent k2 on top 
of opaque gray background

(Marfurt, 2015)3a-36

Presenter
Presentation Notes
The (Left) most-positive and (Middle) most-negative transparency images are plotted with 50% and 67% transparency. In this manner each image will be equally weighted when co-rendered. Note that the black background is now gray since we see through the image into the white background. (Right) Co-rendered coherence, most-positive curvature, and most-negative curvature obtained by aligning the two curvature images with the opaque coherence image shown in previous image. Coherence anomalies bracketing positive (red) curvature anomalies indicate horsts while coherence anomalies bracketing negative (blue) curvature anomalies indicate grabens. (After Marfurt, 2015).
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(Marfurt, 2015)
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Replicating the HLS color model by blending monochrome gray, black, 
and white color bars.
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Presentation Notes
The cyclical hue color bar defined with yellow=±1800, green=-1200, cyan=-600, blue=00, magenta=+600, and red=+1200. (Left) Hue vs. lightness plotted using PowerPoint. In this image I took the azimuth color bar and overplotted it with six black bars and five white bars of variable transparency indicated as shown. (Right) Hue vs. saturation using PowerPoint. In this case the overlain color bar is monochrome gray. (After Marfurt, 2015).
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Replicating the HLS color model by blending monochrome gray, black, 
and white color bars.
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Hue vs. saturation vs. lightness using PowerPoint. Each image is a constant lightness slice. To simulate lightness the image in the previous hue-saturation image is overlain by either a white or black box using the  binary color bar and opacity shown in the image to the right. Note that for L=0%, the overlay is a completely opaque black box, L=50% a completely transparent box, and for L=100%, a completely opaque white box. (After Marfurt, 2015).
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(Marfurt, 2018)3a-39

Presenter
Presentation Notes
Now, let’s apply this technique to a time slice at t=1.280 s through a dip-azimuth volume computed from a Great South Basin survey, New Zealand. (After Marfurt, 2018).
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Presenter
Presentation Notes
Here is the corresponding structural dip magnitude time slice at the same level plotted against a gray scale. The northwest part of this survey has moderate dip and appear as light gray whereas the reflectors adjacent to the faults in the southeast part of the survey exhibit stronger dip and appear as black. There is no indication of the direction of dip, which is measured by the dip-azimuth attribute volume shown in the previous figure.. (After Marfurt, 2018, Figure 2.13).
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Presenter
Presentation Notes
Now, let’s map dip magnitude against a monochrome gray color bar and set the higher dips to be transparent and flat dips opaque as shown on the lower right. We note that the northwest part of this survey is gently dipping to the southeast and appears as a dirty orange color. In contrast, the southeast part of the survey is highly faulted, with fault blocks dipping to the southwest (in green), northwest (in cyan), and northeast (in magenta). (After Marfurt, 2018, Figure 2.13).
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Presenter
Presentation Notes
I now add a third level, coherence, which I plot against monochrome black. I set the highest coherence values to be transparent, allowing me to “see through” the coherence layer revealing the underlying dip-azimuth/dip-magnitude slices. I set lower values of coherence to be opaque, resulting in black faults that outline the previously imaged rotated fault blocks. (After Marfurt, 2018, Figure 2.13).



• Overplotting

• RGB- and CMY-blended (“stacked”) images 

• HLS color modulated images

• Color blending/transparency/opacity

• Bump maps

Multiattribute display tools

3a-43

Presenter
Presentation Notes
The final way of displaying two or more attributes in a single image is through the use of bump maps.



Seismic amplitudeCoherenceShaded relief of coherenceBump map

Bump maps

(Lynch et al., 2005)3a-44

Presenter
Presentation Notes

This image shows one of the first bump maps integrating seismic amplitude and attribute data. (a) Seismic amplitude time slice plotted using a variable intensity color bar. (b) A coherence slice use a gray-scale variable intensity color bar. (c) shaded-relief map of the coherence slice shown in (c). (d) Bump map display combining the variable intensity of (a) and the shaded relief image of (c). Notice that the 3-D effect visible on Figure (c) persists. (After Lynch et al., 2005). The bump map capability is commonly available in many software packages, including everyday PowerPoint.



http://www.absolutearts.com/cgi-bin/portfolio/art/your-art.cgi?login=suhas&title=Bass_Fish-1153601214t.jpg


1D Color bars for effective attribute display
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single polarity 
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(Chopra and Marfurt, 2007)3a-45
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Presentation Notes
The 1D color bars used to display (a)–(d) single-polarity attributes, such as time and structure, horizon slices along seismic amplitude peaks or troughs, envelope, RMS (root-mean-square) amplitude, coherence, curvedness, and dip magnitude. (e) A specialized color bar used to provide a “contoured” appearance. (f)–(h) Dual-polarity attributes used to plot attributes such as seismic data and attributes having both negative and positive polarity, including seismic time and vertical slices, most-positive and most-negative curvature, coherent amplitude gradients, and apparent reflector dip. (i) A single gradational 1D color bar that also is used commonly to plot dual-polarity-attribute data, particularly when the interpreter wishes to plot interpreted faults and horizons. (j) A 1D cyclical color bar that is useful for displaying phase and azimuth. 




EW gradientLaplacian filter

Amplitude Discontinuity

(Barnes, 2011)

Effective 1D colorbars

Use monochromatic 
colorbars for edges

Use polychromatic 
colorbars for internal 

behavior

3a-46

Presenter
Presentation Notes
Highlighting channels along a seismic time slice (1444 ms). (a) Seismic data. (b) Discontinuity computed with 9 traces in an 11 sample window. (b) The discontinuity of (c) with Laplacian filtering. (d) Relative amplitude change computed along constant time in the direction of the yellow arrow, smoothed with a 7 sample vertical median filter. (e) Sweetness; red corresponds to strong sweetness values, blue to weak values. (f) Sweetness blended with bump-mapped discontinuity. (g) Sweetness blended with bump-mapped Laplacian-filtered discontinuity. (h) Strong sweetness values blended with relative amplitude change. The channels are clearer on the blended displays. Relative amplitude change has higher resolution than discontinuity but looks noisier. Data from southern Louisiana. (After Barnes, 2011).




Sweetness with Laplacian filtered discontinuity Sweetness with relative envelope gradient

Sweetness Sweetness with bump map discontinuity

(Barnes, 2011)

Effective blended colorbars

Use monochromatic 
colorbars for edges

Use polychromatic 
colorbars for internal 

behavior

3a-47

Presenter
Presentation Notes
Highlighting channels along a seismic time slice (1444 ms). (a) Seismic data. (b) Discontinuity computed with 9 traces in an 11 sample window. (b) The discontinuity of (c) with Laplacian filtering. (d) Relative amplitude change computed along constant time in the direction of the yellow arrow, smoothed with a 7 sample vertical median filter. (e) Sweetness; red corresponds to strong sweetness values, blue to weak values. (f) Sweetness blended with bump-mapped discontinuity. (g) Sweetness blended with bump-mapped Laplacian-filtered discontinuity. (h) Strong sweetness values blended with relative amplitude change. The channels are clearer on the blended displays. Relative amplitude change has higher resolution than discontinuity but looks noisier. Data from southern Louisiana. (After Barnes, 2011).




An effective blending scheme

(Hadler-Jacobsen et al., 2010)

Use polychromatic color bars 
to represent seismic properties

Use a grayscale color bar to 
represent seismic edges 

3a-48

Presenter
Presentation Notes
In this example Halder-Jacobsen et al. (2019) use a “fire” color bar to highlight high RMS amplitude anomalies associated with sand-filled channels. Variance (Petrel’s implementation of coherence) highlights the channel edges. By apply opacity to make the low variance values transparent, we obtain the image in the lower right that outlines hypothesized sand-filled (high RMS amplitude) and mud-filled (low RMS amplitude) portions of the channel system. Note how variance better outlines the extent of a small channel incisement in the broader valley than RMS amplitude. 



An effective blending scheme

(Hadler-Jacobsen et al., 2010)3a-49

Presenter
Presentation Notes
A larger view of the channel features shown in the previous slide. Such images provide the basis for a more complete interpretation of the environment of deposition. (After Halder-Jacobsen et al., 2019)



• Displaying continuous data with colors that are not adjacent in RGB or HLS space 

• Using a dual gradational color bar to display single polarity data

• Not using a neutral color to display zero values

•  Using a single gradational color bar to display cyclical data
 
• Defining display limits assuming a normal distribution histogram

• Interpolating discontinuous color bars 

Common display pitfalls

3a-50



Single gradational
Examples of good and bad color maps

Double gradational

Good Good

Bad Good

Always use a neutral background color for zero values!
(Chopra and Marfurt, 2007)3a-51

Presenter
Presentation Notes
Examples of good and bad color bars used in displaying seismic data. (a)–(b). Single-gradational color bars. (c)–(d) Dual-gradational color bars. (a) An excellent choice for displaying single- or dual-polarity seismic data or attributes, with colored faults or other interpretation superposed. The background color is a neutral gray. (b)A good choice for displaying single-polarity data, such as a horizon slice through picked seismic peaks. However, this is a poor choice for displaying dual-polarity seismic data or attributes, because the image is dominated by green. A good color bar should assign a neutral color (white, gray, or black) to data that have little informational content. (c)– (d) Excellent color bars for displaying dual-polarity seismic data, or attributes, such as curvature, that have both positive and negative values.




•  Displaying continuous data with colors that are not adjacent in RGB or HLS space 

• Using a dual gradational color bar to display single polarity data

• Not using a neutral color to display zero values

• Using a single gradational color bar to display cyclical data
 
• Defining display limits assuming a normal distribution histogram

• Interpolating discontinuous color bars

Common display pitfalls

3a-52

Presenter
Presentation Notes
Just like you have colleagues who dress poorly, you will meet colleagues who use poor color bars. In this next section, we will examine some of the more common display pitfalls.



Maximum curvature, kmax Maximum curvature, kmax 
(with values near zero set to background!)

(Roberts, 2001)

Examples of good and bad color maps
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Presenter
Presentation Notes
The paper by Rorberts (2001) is the first to compute curvature from seismically derived horizons. While this is one of most important attribute papers, the left image is an example of a poor color bar. The colors are not continuous, resulting in a “color contour” overprint that emphasizes some values over others. The values about zero jump from light blue-green to a brick red color, emphasizing the acquisition footprint seen on low curvature values. The right image uses black as a neutral color to display low values of curvature and more clearly delineates the (curved) faults of interest. (After Roberts, 2001).



•  Displaying continuous data with colors that are not adjacent in RGB or HLS space 

• Using a dual gradational color bar to display single polarity data

• Not using a neutral color to display zero values

• Using a single gradational color bar to display cyclical data
 
• Defining display limits assuming a normal distribution histogram

• Interpolating discontinuous color bars

Common display pitfalls

3a-54
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Presentation Notes
Just like you have colleagues who dress poorly, you will meet colleagues who use poor color bars. In this next section, we will examine some of the more common display pitfalls.
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Presenter
Presentation Notes
Time slice at t = 1.28 s through the inline dip component, highlighting changes in dip 25° from North (in the direction of the orange arrow).



Crossline dip component, q
Crossline dip
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Let’s display the dip components as 
a dip magnitude and a dip azimuth:

s=(p2+q2)1/2

φ=ATAN2(q,p)

3a-563a-56

Presenter
Presentation Notes
Time slice at t = 1.28 s through the crossline dip component, highlighting changes in dip –65° from North (in the direction of the orange arrow). The units of p and q are in m/m. It is more common to represent the dip of a stratigraphic reflector by its dip magnitude from the horizontal and its dip azimuth measured from North.
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Pitfall in interpolating cyclical attributes
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An interpreter’s 
view of a  

cyclical colorbar
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Presentation Notes
In general, the number of samples or bins in a survey is different than the number of bins. In this simple cartoon, I’ve assumed that there are two times as many pixels than samples (or bins), requiring the software to estimate the values of the data that falls between the samples. The default way to display such values in almost all commercial software is through either linear (or for 2D images, bilinear) interpolation. 

Cyclical colorbars allow us to represent attributes such as phase and azimuth. A double cyclical color bar (where the colors cycle twice between values of -180° and +180°) allows us to represent strike. In both cases, the color displayed at values approaching -180° from less negative values and +180° from less positive values are displayed as yellow in this example. Unfortunately, most commercial software does not store the colorbar as the circle shown on the left, but rather as a linear array as shown on the right. When we interpolate, the values are interpolated to the intermediate pixels using a linear interpolation, giving us -2° (blue) rather than +178° (yellow). To circumvent such a display artifact, we need to disable the default interpolation option and simply display the value of the nearest neigbor.
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Presentation Notes
(a) A time slice at t = 1.28 s through structural dip-azimuth. Whereas the overall dip azimuth is to the southeast (orange), notice the absence of yellow (φ = 180°) in this image, with a higher than expected representation of blue (φ = 0°). This artifact is caused by interpolation of the cyclic color bar, wherein the computer software incorrectly interpolates between azimuths of ±180°. Specifically, if a given pixel on the computer monitor falls between a value of say +175° and –175°, the interpolated value will be 0° and appear as blue instead of ±180° and appear as yellow. (b) The same time slice, but now displayed with interpolation turned off. Note the increase of dip about φ = 180° (in yellow) and a decrease in erroneously interpolated values about φ = 180° (in blue). With the corrected color bar, many small faults also appear. This dip azimuth volume is quite useful because of the predominant dip to the southeast (appearing as orange). In contrast, when the dips are relatively flat, the values of dip azimuth become meaningless, like the directions of a compass at the magnetic poles of the earth.
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Presentation Notes
A time slice at t = 1.28 s through corendered structural dip-azimuth, dip-magnitude, and energy-ratio coherence. The northwest part of this survey is unfaulted and gently dipping to the southeast, whereas the southeast part of the survey consists of rotated fault blocks delineated by low-coherence faults. Modulation by dip magnitude shows that areas that approach gray are relatively flat, where the azimuth is meaningless. (After Marfurt, 2018, Figure 2.13).



Pitfalls in interpolating envelope and phase
Original amplitude

(Continuous)
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(Discontinuous when e→ 0)
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61 (Marfurt, 2021)
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Presentation Notes
25 samples of 4 ms data (100 ms) showing the (Left) original seismic amplitude, (2nd from Left)  Hilbert transformed amplitude, (3rd from Left) instantaneous envelope, and (4th from Left) instantaneous phase. Note that even when using a simple two-point linear interpolation that the original amplitude and Hilbert transformed amplitude are continuous, crossing zero when necessary. The instantaneous envelope is close continuous at all points except where both the original data and its Hilbert transform are both zero. These locations are relatively rare, and in general do not cause problems with simply interpolated results. In contrast, note the multiple cycle skips (jumping to either side of ±180°) in the instantaneous phase. By turning the interpolation off on display and by using a cyclical color bar, the results are quite good (the piecewise constant color trace display). In contrast, if we wish to use the interpolated values in constructing a horizon, stratal, or chronostratigraphic slice, the results will be full of interpolation errors.  The same issues arise when interpolating azimuth. Much more difficult is the interpolation of the integer sample values associated with facies classification.



A better way to interpolate envelope and phase

Generate real and imaginary traces (using an attribute calculator) 
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Interpolate the continuous attributes (using the default parameters)

Recompute the envelope and phase (using an attribute calculator)
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62 (Marfurt, 2021)
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Presentation Notes
Correcting for errors in interpolating discontinuous envelope and phase (dip magnitude and dip azimuth) volumes is simple but does require multiple steps. First, compute the continuous real and imaginary (north apparent dip and east apparent dip) components of the data. Second, interpolate these continuous values onto horizon, stratal, or geochronostratigraphic slices using the default linear or spline interpolation built into your interpretation software package. Third, use your attribute calculator to recompute the envelope and phase (dip magnitude and dip azimuth) of the previously interpolated components on the horizon, stratal, or geochronostratigraphic slices. 

An astute reader will recognize that the uRe  is the original seismic data and uIM is its Hilbert transform, thereby simplifying the workflow.
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(Infante-Paez and Marfurt, 2015)

Pitfalls and corrections in interpolating envelope and phase

Interpolation of phase
Interpolation turned off

63

Presenter
Presentation Notes
Representative vertical slices through (Top Left) seismic amplitude, u(t), (Top Right) instantaneous envelope, e(t), (Bottom Left) instantaneous phase, φ(t), displayed with pixel interpolation turned on, and (d) instantaneous phase , φ(t), with pixel interpolation turned off. (Data courtesy of NZPM). Since the software does not know that the instantaneous phase is cyclical, it incorrectly linearly interpolates values that fall between magenta values near -180° and magenta values near +180° to generate green values near 0°. Turning interpolation off removes these display artifacts. The blue pick indicates the base of the Oligocene section corresponding to a trough. (After Infante-Paez and Marfurt, 2016).
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Phase computed from the interpolated 
amplitude and Hilbert transform volumes

Pitfalls and corrections in interpolating envelope and phase

Time-structure Amplitude

Base Oligocene 
horizon slices

64

Presenter
Presentation Notes
(Top Left) Time structure map of the base Oligocene corresponding to the blue pick in shown in the previous figure. These picks corresponded to a trough and should have a phase that appears as magenta. (Top right) Horizon slice through the seismic amplitude, where the values are mostly negative and appear as red, consistent with the trough pick. (Bottom Left) Horizon slice through instantaneous phase without vector interpolation. Since we picked a trough corresponding to φ=±180°, the interpolation is highly inaccurate, resulting in a useless image. Notice how the interpolation creates erroneous values beyond ±200°. (Bottom Right) Horizon slice through instantaneous phase using the vector interpolation workflow described in a previous figure. Here, the phase appears as magenta, corresponding to φ=±180° . The anomalous phase values correspond to radial faults associated with the volcanic plug. There are very few artifacts in linearly interpolating the phase about a peak. Note the white arrows show improvement of artifacts.�
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Presentation Notes
The dip-magnitude vs dip-azimuth volume shown above was computed in external software that allowed a 2D color bar. When loading the data into a commercial software package, the 2D color bar was stored in 1D format. Because the survey bin size was coarser than the pixel size, the commercial software interpolated the result, resulting in the image on the top. Disabling the default interpolation provided the correct image.



In Summary:

•  The best color scales are those that have analogues to everyday human perception and/or experience (e.g. hot/cold 
colors, shaded relief maps, …) 

• Hue is a natural choice for attributes that are cyclic (e.g. phase, azimuth, strike, …)

• Lineaments or discontinuities show up best in monochrome (gray scale, sepia,…)

• Choice of  discontinuous color scales prevent the data from speaking for themselves. Rather use single or double 
gradational scales (Brown, 1999)

• Use a  neutral background color for data having low information content! (e.g. white or black for zero curvature) (Kidd, 
1999).

Single Attribute Displays

3a-66



• The RGB model works best for attributes that are of the same type and have similar amplitude ranges
• 3 spectral components
• 3 adjacent horizon slices through amplitude
• Coherence computed from 3 spectral components

• Blending works best when one of the attributes is plotted against the black-white lightness axis, rendering 
easy-to-interpret pastel images

• The HLS model is the method of choice in plotting vector data
• Dip magnitude vs. dip azimuth
• Most positive curvature and its strike
• Fault plane dip magnitude and azimuth
• Degree of anisotropy and its strike

•The HLS color model provides a means of displaying ‘confidence 
• The probability that a voxel belongs in a given polychromatic facies
• Confidence in azimuthal anisotropy estimates

Multiattribute Display

3a-67



Full sense interpretation

(Harding et al., 2000)3a-68

Presenter
Presentation Notes
This is a photo of Chris Harding who completed a PhD degree in computer science and geophysics using haptic devices to help interpret seismic data. The haptic device provides the interpreter with a tactile feedback, which augments binocular vision and stereo sound. Clearly, Chris was anticipating the use of smell in his future research now being carried out at Ames National Lab in Iowa, U.S.A. and later at Shell.

Scratch and sniff books were popular with children in the 1990s. I liked the Roman Aromas that taught history at the same time.





Background attribute 
(against hue)

Modulating attribute (against 
saturation)

Calibration attribute (against 
lightness) References

Dip Azimuth Dip magnitude Coherence on time slices. 
Amplitude on vertical slices.

Rijks and Jauffred 1991; Marfurt et al., 
1998.

Strike of most-positive 
principal curvature

Positive value of most-positive 
principal curvature

Coherence on time slices. 
Amplitude on vertical slices. Guo et al., 2013.

Strike of most-negative 
principal curvature

Positive value of most-negative 
principal curvature

Coherence on time slices. 
Amplitude on vertical slices. Marfurt, 2010; Guo et al., 2011

Reflector shape index Reflector curvedness Coherence on time slices. 
Amplitude on vertical slices.

Marfurt, 2011; Mai et al., 2010; 
Marfurt, 2010.

Peak spectral frequency Peak spectral magnitude Coherence on time slices. 
Amplitude on vertical slices. Guo et al., 2008, 2011.

Azimuth of reflector 
convergence

Magnitude of reflector 
convergence

Coherence on time slices. 
Amplitude on vertical slices.

Marfurt, 2010; Marfurt and Rich, 2010; 
Chopra and Marfurt, 2011.

Azimuth of HTI anisotropy Magnitude of HTI anisotropy

Confidence of fit, coherence, most-
positive curvature, most-negative 

curvature on time slices. 
Amplitude on vertical slices.

Guo et al., 2010, Zhang et al., 2011

Azimuth of vector 
correlation Magnitude of vector correlation Coherence on time slice. 

Amplitude on vertical slices. Guo et al., 2013

Most likely facies number none Probability of facies Espersen et al., 2000

Partial list of attributes that can be plotted against HLS

(Marfurt, 2015)3a-69

Presenter
Presentation Notes
A partial list of attributes that can be effectively displayed against an HLS color model



Partial list of attributes that can be plotted against 
(x,y) then converted to (r,φ) and plotted against HLS

x axis y axis Calibration attribute 
(against lightness) References

lambda-rho mu-rho Coherence on time slices. Amplitude on vertical 
slices. Microseismic events as icons. Perez and Marfurt, 2013

Latent space axis 1 Latent space axis 2 Coherence on time slices. Amplitude on vertical 
slices.

Strecker and Uden, 2002; Wallet 
et al., 2009; Roy et al., 2011.

(Marfurt, 2015)3a-70
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Presentation Notes
A partial list of attributes that can be plotted against x and y axes, converted to radial coordinates to generate an azimuth and magnitude centered in the 2D histogram. The azimuthal component is then plotted against hue and the radial component against either lightness or saturation.
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