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 2 

Thresholding by experts 1 

Expert 1   2 

This individual declined to work on the Pathway image, claiming a lack of experience with color 3 

image processing. The other two images were manipulated using the software ImageJ 1.41 (NIH, 4 

Bethesda, Maryland). Expert 1 considered that the greyscale histogram of image Thinsect exhibits a 5 

peak at large greyscale values, which was considered caused by the pores. The left arm of this peak is 6 

not straight but has a kink (inflection) at a greyscale value of 224, which was therefore chosen to 7 

threshold the image. In the case of the Nanotom image, contrast was first enhanced to get a larger 8 

difference of grey values between the resin and the solids. For this contrast enhancement, the 9 

minimum was set visually at 160, and the maximum at 245. Then the image was filtered, using a 10 

median filter with a radius of 4. This filter smoothed the image without blurring the edges. The 11 

resulting histogram exhibited 3 peaks. The first and second were thought to be associated with dark 12 

and light-grey solids, respectively, whereas the third, at lighter greyscale values, was clearly the resin. 13 

At that stage, two different approaches were adopted. In the first, based on De Gryze et al. (2005), 14 

four areas of light-grey values and 4 areas of resin were selected. From each area, the histogram was 15 

copied and pasted to a spreadsheet. In this spreadsheet, each count of the 256 grey values was 16 

divided by the sum of all the counts for that area. This resulted in 8 histograms with relative counts, 4 17 

for the resin and 4 for the light-grey solids out of which two average histograms were calculated. The 18 

means and standards deviation of the 2 histograms were used to calculate the two associated normal 19 

distributions. The threshold value was selected as the intersection of the two normal distributions, 20 

and was found to be 156. In the second method, the histogram of the whole image was used. The 21 

threshold value was chosen to be the grey value, 138, of the second peak. Even though method 1 was 22 

the standard method in Expert 1’s group, this second approach yielded a “visually better” threshold. 23 

Expert 2 24 

Image manipulation was carried out with the software package Image-Pro Plus version 5.0 (Media 25 

Cybernetics, Inc., Bethesda, Maryland). For the Pathway image, the hue channel was extracted in the 26 



 3 

HSD (hue-saturation-darkness) color decomposition. The greyscale values of pixels deemed to be 1 

part of the background were replaced by a value close to the mean background intensity, according to 2 

the formula 3 

 CIx,y = Ix,y − BIx,y + M  (1) 4 

where CIx,y is the new pixel value in the corrected image at location (x,y), Ix,y is a pixel value of the 5 

original image, BIx,y is a pixel value of the background image, and M is the average pixel value of the 6 

background image. Following background correction, the image was thresholded using Image-Pro 7 

Plus’s default, global, histogram-based algorithm. In the resulting image, some plant roots presented 8 

at the upper-left corner of the profile were mistakenly identified as preferential flow path, which 9 

requires visual inspection and further manual correction. Processing of the Thinsect image also 10 

involved the use of Image-Pro Plus’s default histogram-based algorithm, without any additional 11 

manual fine-tuning. For the Nanotom image, manipulation involved a transformation from RGB to 12 

HSD color decomposition, followed by extraction of the hue channel and global thresholding as 13 

described earlier. 14 

Expert 3 15 

To verify the results of automated segmentation, this expert first requested information to clarify 16 

what one should consider to be foreground, transition, and background in the images. Each test 17 

image was sent back with one or more areas circled in different colors, and the expert asked for 18 

confirmation by the senior author that the proposed classification of these areas was correct. On the 19 

basis of that information, thresholding of the various test images was carried out. For the Pathway 20 

image, the initial RGB format was converted to YCrCb (luminance and chrominance) color 21 

decomposition (also often referred to as the YUV standard). The Cb (blue) chrominance channel was 22 

extracted. Denoising was carried out via anisotropic diffusion, using the noise distribution from the 23 

circled area associated with the background. Then, Otsu’s (1979) algorithm was applied to the filtered 24 

image. In a second approach, Otsu’s (1979) algorithm was applied after filtering the Cb chrominance 25 

channel using a 3x3 Wiener filter to remove noise (instead of using the noise distribution from the 26 
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circled background area, the noise was presumed to be Gaussian across the whole image). In the case 1 

of the Thinsect image, an identical approach to denoising and thesholding leads to two thresholded 2 

images, the second one again resulting from the use of a 3x3 Wiener filter. For the Nanotom image, 3 

the same general procedure was followed once again, except that in this case, four different noise 4 

reduction techniques were tried. Approach 1 consisted of applying Otsu’s (1979) algorithm to the 5 

anisotropic-diffusion filtered image. In approach 2, the image resulting from approach 1 was filtered 6 

with a 3x3 median filter to reduce salt and pepper noise. Approach 3 was identical to approach 2 7 

except that a 5x5 median filter was used. In approach 4, the original image was filtered with a 3x3 8 

Wiener filter, and the resulting image was then thresholded with Otsu’s (1979) algorithm. 9 

Expert 4   10 

The software analySIS (Soft Imaging System, GmbH) was used for all image manipulations. For the 11 

Pathway image, the first step was to use the automated optimize contrast tool to allow the stained 12 

area to be more easily identified. The image was then transformed from RGB to the HSI 13 

(Hue/Saturation/Intensity) colour space so the individual Intensity (I) channel image could be 14 

acquired. Previous research by expert 4 suggested that this approach is usually successful in 15 

highlighting the dye tracer, Brilliant Blue. Following this, because of the successful image 16 

enhancement obtained by the previous steps, no further processing was required and the image was 17 

thresholded manually (the auto tool under-estimated the dye stained area). This process involved the 18 

use of the “include pixel” and “exclude pixel” options in the software to clearly segment stained areas 19 

from non-stained areas. Using this method no areas of overlap, i.e., stained areas appearing as non-20 

stained, or the converse, were identified. In the case of the Thinsect image, the automated ‘enhance 21 

constrast’ tool was applied, which promoted the separation of the pore and solid material observed 22 

from the greyscale histogram. A series of further filtering operations available as standard options 23 

within the software, including median, low-pass and edge enhancement, were evaluated. However 24 

these all appeared to decrease separation of the pore and solid space quality rather than enhance it. 25 

Therefore the original image with just one pass of the ‘enhance contrast’ tool was thresholded using 26 



 5 

the ’auto’ algorithm of analySIS to generate the binary image. The Nanotom image was first 1 

converted to greyscale and the contrast was also optimised using the automated tools in analySIS. 2 

Again, the standard enhancement filters were tested but did not enhance the segmentation results 3 

therefore the analySIS auto algorithm was again used for thresholding. However, it was considered 4 

(by comparison with the original image) that the thresholded binary image contained a significant 5 

portion of noise which was leading to an over-estimation of pore space. Therefore further binary 6 

morphology image processing was undertaken to remediate observed artefacts. An erosion filter set 7 

to a 1 pixel radius was applied on two occasions to the original thresholded image to arrive at the 8 

final result.   9 

Expert 5   10 

This expert only worked on the Pathway image. To maximize the contrast between stained and 11 

background soil material, the storage format of the Pathway image was changed from RGB to cyan-12 

yellow-magenta-black (CYMK), and the cyan channel was retained for further analysis. This channel, 13 

with no other pre-treatment, was thresholded separately in method 1, using the intermeans algorithm 14 

(Ridler and Calvard, 1978; Trussel, 1979), and in method 2, with the minimum-error algorithm (Kitler 15 

and Illingworth, 1986). 16 

Expert 6   17 

This expert used the commercial software package ENVI 4.6.1 (ITT Visual Information Solutions, 18 

Boulder, Colorado) for all image manipulations. In the case of the Pathway image, a simple band 19 

ratio (red/green) was calculated, followed by isodata unsupervised classification with 5-10 classes, 20 

using ENVI’s default settings for the parameters associated with this procedure (maximum 21 

iterations= 95, % change threshold = 5, min # of pixels in a class = 10, max class stdv = 1.000, min 22 

class distance = 5.00, max # merge pairs = 2). In the output map, the 5 classes identified were 23 

combined into 2 classes after visual comparison with the original image, to produce a binary 24 

representation. For the Thinsect image, ENVI’s procedure for density slicing was used, with default 25 

settings. Two groupings of the resulting classes appeared equally plausible, after visual comparison 26 
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with the original image. One involved considering only the last density slice (with greyscale values 1 

between 217 and 248) as pores. The other involved the last two slices (186 to 216 and 217 to 248). 2 

For the Nanotom image, the isodata unsupervised classification was applied once again, using default 3 

settings. Among the 7 resulting classes, visual inspection of the original image suggested that classes 4 

1-3 should be grouped as solids, and classes 4 -7 should be merged to become the pore space. 5 

Expert 7   6 

The commercial software Adobe Photoshop 3.0 (Adobe Systems, Inc., San Jose, California) was used 7 

to process all three images. For the Pathway image, the red channel (RGB color decomposition) was 8 

selected. Its contrast was enhanced by stretching the range of its greyscale from 0-197 to 0-255. The 9 

image was then divided into two equal parts along its width. Both bottom and top parts were 10 

separately “equalized” [Adobe’s Equalize Command finds the brightest and darkest values in the 11 

image and averages all the brightness values so that the darkest value represents black (or as close to 12 

it as possible) and the brightest value represents white. Photoshop then attempts to equalize the 13 

brightness, that is, to distribute the intermediate pixel values evenly throughout the greyscale.] Then 14 

the two sub-images were thresholded manually, by visual comparison with the original image. For the 15 

Thinsect image, the “Equalize” command was used once again, followed by application of a Gaussian 16 

blur filter with a radius of 1 pixel. The resulting image was then thresholded manually. In the case of 17 

the Nanotom image, the same procedure was repeated, except for the fact that a radius of 3 pixels 18 

was selected for the Gaussian blur filter. 19 

Expert 8   20 

The commercial software Adobe Photoshop CS3 Extended version 10.0.1 (Adobe Systems, Inc., San 21 

Jose, California) was used to process all three images. The cyan channel of the Pathway image, and 22 

the single greyscale channel of the other two images, were all thresholded manually by trial and error, 23 

and visual comparison with the original images, until what appeared to be a satisfactory binary image 24 

was obtained.  25 

Expert 9   26 



 7 

This individual declined to work on the Pathway image, claiming a lack of experience with color 1 

image processing. The other two images were manipulated using the software ImageJ 1.41 (NIH, 2 

Bethesda, Maryland). A median filter with a radius (kernel size) of 3 pixels was used to filter out the 3 

noise. The resulting image was thresholded with ImageJ’s built-in algorithm. This algorithm requires 4 

a starting value, which was generated by the “Auto function”, an iterative procedure based on the 5 

isodata algorithm (Ridler and Calvard, 1978). The threshold value recommended by this approach 6 

was manually adjusted to ensure the presence and connectedness of small and thin valley pores in soil 7 

aggregates. Finally, the “Despeckle” procedure was applied to remove isolated groups of pixels, 8 

which correspond to irregularities in the resin material. 9 

Expert 10  10 

This individual declined to work on the Pathway image, claiming a lack of experience with color 11 

image processing. The other two images were manipulated using the software ImageJ 1.41 (NIH, 12 

Bethesda, Maryland). The “wand tracing tool” was used, which when centered on a given point in an 13 

image allows one to identify the greyscale value at that point. The wand tool was directed to areas of 14 

pore space and solid to ascertain the greyscale value ranges of each. Values were obtained inside 15 

homogeneous areas, then at transition points where air meets solid. Then the “threshold histogram” 16 

procedure was carried out, using the default seed value supplied by ImageJ. This value was within  17 

the ranges previously determined with the wand, making it unnecessary to perform “cleanup” using 18 

the “Despeckle” procedure. The expert then compared the thresholded and original images in a 19 

number of areas of the images, and adjusted the threshold manually until a visually satisfactory 20 

outcome was obtained. For the particularly noisy Nanotom image, this approach was adopted with 21 

and without initial clean up (or denoising). These two options are labelled as Method 1 and 2, 22 

respectively. The process without denoising was thought by the expert to eventually lead to a better 23 

image, characterized by noise but without significant loss of the solid phase. 24 

Expert 11  25 
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This individual declined to work on the Pathway image, claiming a lack of experience with color 1 

image processing. The other two images were manipulated using the software ImageJ 1.41 (NIH, 2 

Bethesda, Maryland). Threshold values were chosen by visual comparison of original and thresholded 3 

images. In the Nanotom image, a median filter (with a 2.5 pixel radius) was applied, followed by 4 

despeckling.  5 

Expert 12  6 

This individual declined as well to work on the Pathway image, claiming a lack of experience with 7 

colour image processing. The other two images were manipulated using the software MATLAB and 8 

3DMA-Rock (Oh and Lindquist, 1999). The four methods used were the iterative method (Riddler 9 

et al., 1978), Otsu's (1979) method, the entropy-based method (Sahoo et al., 1997) and the 10 

indicator kriging method (Oh and Lindquist, 1999).  Moreover, a 60% majority filter was applied to 11 

remove noise in the resulting images for each segmentation method. For the Thinsect image, user-12 

specified thresholds (130, 170) were selected for the segmentation using the indicator kriging method. 13 

For the Nanotom image, because of the unimodal pattern of the grey scale distribution, the entropy 14 

and indicator kriging methods were not applied. 15 

Expert 13  16 

The images were  processed using the image analysis toolbox in MATLAB® (The MathWorks, Inc., 17 

Natick, Massachusetts).  For the Pathway image, the YCbCr color space was used to analyze the 18 

input image using the built-in MATLAB function rgb2ycbcr.  The YCbCr format stores luminance 19 

information in the Y component whereas the chrominance information is stored as two color-20 

difference in the Cb and Cr components.  Histogram analysis of all the channels in the image showed 21 

that the Cr component (difference between red channel and a reference value) provided the 22 

maximum contrast (sensitivity) and was therefore selected for thresholding the image data. The data 23 

range for Cr channel is in the range [16, 240]. Simple thresholding was then conducted visually to 24 

obtain a threshold value range of [120, 133] and produce a binary image. The Thinsect image was 25 

thresholded using a similar process by testing the sensitivity of the processed binary image to 26 



 9 

histogram plots by visual inspection.  The binary image was produced using a threshold value of 218, 1 

just below the inflexion point in the histogram. The Nanotom image was analyzed by first converting 2 

it from three channels (in RGB colour decomposition) to a single greyscale channel using the built-in 3 

rgb2grey function in MATLAB.  This function uses the following formula to convert from three 4 

channels to one: 5 

 0.2989 •  C1  + 0.5870 •  C2  + 0.1140 •  C3  (2) 6 

where C1, C2 and C3 are the first, second and third channels respectively.  Manual thresholding, based 7 

on visual inspection of the histogram, was used again and yielded a threshold value of 160. 8 
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