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& This paper describes a technique to

extract grain size information from areal

images of sediment surfaces. An edge-

detection algorithm is used to obtain the

particle boundaries and segment the image

into individual grains. Further processing

of the segmented image can result in

detailed information about grain size,

position, orientation and, depending on

the type of image, exposure. The images

analysed in this paper were obtained by

laser altimeter scans of sediment surfaces

in laboratory conditions. Further develop-

ment of the method could harness photo-

grammetric methods which are currently

under development as a means of obtain-

ing suitable images. Alternatively, care-

fully lit photographs have the potential to

provide su�cient contrast at grain edges

for the successful implementation of the

image-processing technique. Therefore,

this paper can be regarded as an interim

step towards the provision of an improved

method for estimating surface sizes and

composition. The results presented are

su�ciently encouraging to make ®eld

trials, probably with other image types, an

attractive possibility.
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Introduction
In order to understand and predict the physical

processes which regulate the transport of

graded sediments, it is necessary to be able to

quantify the nature of the surface layer. A

variety of methods exist in the literature for

obtaining the surface size composition. Keller-

hals and Bray1 examined a number of these and

evaluated their equivalence to volumetric

sieving by means of an idealized cube of mixed-

size sediment grains. They concluded that the

grid by number technique, introduced by

Wolman,2 produced results that were directly

equivalent to grain size distributions originat-

ing from a volumetric sieve analysis. More

recent work has generally endorsed this

®nding.1,3,4 In this method, the sample is

obtained by collecting particles which are found

under the nodes of a regular square grid, and

the number of particles in the various size

classes is used to form the size distribution.

This paper describes an adaptation of this

method which draws on recent advances in

image processing to automate the basic process

of obtaining grain sizes from the analysis of

plan view images. Herein the term image is

used in a broad sense to describe laser altimeter

data,5 photogrammetric data, digital photo-

graphs and scanned photographs. In principle,

the qualifying property of any image which

makes it amenable to the image processing is

that the grain boundaries must be strongly

contrasted with other parts of the image.

Whether this contrast is derived from eleva-

tional information in the case of photogram-

metric data or shading e�ects in the case of a

photograph is immaterial.

2. The image processing has, in addition to

sizing particles, the capability to provide data

concerning grain position and orientation which

are impractical or impossible to obtain with

other standard techniques. The simultaneous

measurement of the size and position of surface

grains is timely in respect of other recent

developments in sediment transport mechanics.

It has generally been assumed that the compo-

sition of the surface is the dominant factor in

determining its behaviour; thus most measure-

ment techniques focus exclusively on this

quantity. However, some other workers have

suggested that, in addition to composition, the

stability of the surface is dependent on the

arrangement of the exposed grains.6 This con-

tention is supported by Kirchener et al.7 and

Bu�ngton et al.,8 who have shown that there is

considerable variability in critical entrainment

shear stresses for particles of like size depos-

ited on a graded sediment surface. A natural

development of their thesis is the notion that

the stability of a given sediment particle in a

surface is dependent on its location as well as

its size. To thoroughly investigate this conten-

tion it is necessary to have measurement

techniques which record the size and position of

a given particle in the surface layer. This is

beyond the capabilities of many of the tradi-

tional measurement methods which are

intended as a means of measuring surface

composition only, but it is relatively straight-

forward using image processing.
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3. The development of the image-processing

technique was originally driven by the desire to

extract grain size information from laser alti-

meter scans of waterworked sediment beds.5

These scans were made by a laser sensor which

was driven over a sediment surface in a ®ne

grid. The resulting data provided a detailed

(x, y, z) description of the exposed surface of

the bed. In photogrammetric terms this data

can be considered as a digital elevation model

(DEM). Examples of this data type are shown in

Figs 3(a), 4(a) and 5(a). In the paper, the

algorithms used in the image processing are

described and their e�ectiveness is demon-

strated by comparing calculated compositions

with bulk sieve data for the three sediment

mixtures.

Image analysis
4. Processing the images takes place in two

stages. The ®rst (low-level processing) seg-

ments the grey-level image into regions

(grains). The second (high-level processing)

operates on regions to generate and interpret

the grain size and shape information. In order

to commence image processing, a discretized

map of image intensity is required in which

grain boundaries tend to correspond to sharp

changes in the intensity gradient. Herein,

intensity refers to the image property which

delineates the grain boundaries (e.g. gradients

of elevation or grey level).

Low-level analysis: identifying the grains

5. The ¯ow for the low-level image proces-

sing consists of three stages and is shown in

Fig. 1. First, the edge detector generates a

binary edge map for the image. Second, the

morphological ®ltering stage (dilation and ske-

letonization) generates a closed segmentation of

the image. Third, region labelling extracts

closed region locations (grains). The implemen-

tation of these stages is illustrated visually in

Figs 2(b)±2(h) and is described in detail in the

following sections. Fig. 2(a) shows the initial

photographic image on which the analysis was

based.

6. Edge detection. The Canny algorithm9

for edge detection consists of four stages. First,

the gradient of image intensity is independently

generated in both the x and y directions by

using a convolution between the image and a

one-dimensional matrix. The x convolution

uses the single row matrix [1, N] de®ned by

equation (1) to generate the x component of

the intensity gradient (Fig. 2(b)). A similar

convolution with a column matrix [N, 1], also

de®ned by equation (1), is used to calculate

the y component of the intensity gradient

(Fig. 2(c)).

gaussian0 � d
dn

exp�ÿn2=2s2�
���n�N=2

n�ÿN=2
�1�

7. The magnitude of the intensity gradient

is then calculated from its x and y components

by equation (2). The result is shown in Fig. 2(d).

G�x; y� �
p�G 2

x�x; y� � G 2
y�x; y� �2�

Source image

Edge detection

Morphological filtering

Region extraction

Region descriptors

Fig. 1. The ¯ow for

the low-level image

processing for grain

recognition

Fig. 2. The implementation of the image processing in visual form:

(a) a 206 20 mm section of a scanned photograph; (b,c,d) the x and y

components and magnitude of the image intensity gradient respectively;

(e) the potential edge points found by non-maximal suppression of the

intensity gradient; (f) the actual edges determined by thresholding the

image in (e); (g) the dilation of the edges; (h) the ®nal skeletonization
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8. Potential edge points or grain boundaries

are isolated using non-maximal suppression

(Fig. 2(e)). This operation is akin to ®nding

ridges in the intensity gradient map. Only

points which are local maxima along a line

perpendicular to the edge direction are consid-

ered as potential edge points.

9. Once potential edge points have been

found, the actual edges must be generated. This

is done by thresholding the edge image. In

order to reduce the number of noise-lines but

maintain edge connectedness, a hysteresis

threshold is used. This seeds lines on all points

with gradient magnitudes above an upper

threshold and then extends the lines until the

magnitude falls below the lower hysteresis

threshold (Fig. 2(f)).

10. Morphological ®ltering. Even using the

widest tolerance for the thresholding stage, the

edge image is not well connected. Connected

regions are formed by dilating the edge image.

Dilation is equivalent to a binary convolution

with a circular mask, with a radius equal to the

dilation width.

11. The mask size is not critical; it must be

large enough to close the majority of regions,

while not being so large as to remove the

smallest regions. A radius of 2±3 pixels was

found to perform quite well (Fig. 2(g)).

12. In order to produce correct grain bound-

aries from the dilated edge map, the edges must

be thinned. There are many skeletonization

algorithms with di�erent properties and di�er-

ent trade-o�s such as e�ciency, complexity,

and skeleton shape. In the present application,

speed is not critical; however, an unbiased

skeleton is highly desirable. It is not necessary

to generate a true skeleton, as we are only

interested in closed regions, so it does not

matter if branches are eroded. Thus a simpli®ed

version of the algorithm of Davies10 is used.

The resulting skeleton image is shown in

Fig. 2(h).

13. Region extraction. After morphological

®ltering, the image consists of pixels in two

categories: those with value 1 are edge pixels

and those with value 0 are region pixels. A

three-stage algorithm is used to extract regions.

The image is searched in the x and y directions.

When a new region is found (i.e. a pixel with

value 0), it is used to seed a ¯ood ®ll of the

region, which is then relabelled 2, to denote it

as the current region. From the seed pixel, a

line is extended until the region boundary is

found. The boundary is then traced round the

¯ooded region and it is marked as ®nished by

setting all pixels within the region to 3. The

boundary-tracking algorithm maintains a

history of two boundary points to prevent

backtracking. Tracking is achieved by selecting

a pixel adjacent to the current pixel which is

also adjacent to the current region. Adjacency

of edge pixels is de®ned to be `8 connected',

that is any of the pixels surrounding the

current one are permitted.

High-level processing: extracting the grain

geometry

14. Once the regions have been extracted

from the image, the shape of the grains must be

analysed. This is done by extracting the grain

geometry in terms of the major and minor axes

of the grains in the plan view.

15. Given a set of edge points P for a closed

region (or grain), the major axis is de®ned by

the two points P(xa, ya) and P(xa', ya') which

are chosen so that they maximize the length,

H[(xa 7 xa')
2 + ( ya 7 ya')

2].

16. The major axis is used to divide P into

two sets, the ®rst set (M ) consisting of the

points on the clockwise boundary between

P(xa, ya) and P(x'a, y'a) and the second (N )

containing the remaining points on the anti-

clockwise boundary. The minor axis is

de®ned as the maximum dimension of the

grain perpendicular to the major axis and

is de®ned by the points P(xb, yb) and

P(x'b, y'b). If the gradient of the major axis is

s= (ya7 y'a)/(xa7 x'a), then the minor axis will

have a gradient of 7(1/s)=7(xa7 x'a)/(ya7 y'a).
For each point in M, a corresponding point in

N is selected, so that the gradient between the

pair is closest to 7(1/s). The minor axis is

then determined as being the maximum length

between any particular pair of these points.

17. The only signi®cant caveat for the

algorithm is the assumption that the grain

boundary is largely convex, so concavity along

the major axis is not a problem; however,

behaviour of the algorithm when there is

concavity along the minor axis is not well

de®ned. In practice, with the images analysed

in this paper, this is not a problem, as

signi®cant concavity of the grain boundaries is

rare. Nevertheless, it is potentially important

should the technique be applied to other sedi-

ments, especially if signi®cant grain imbrica-

tion has occurred.

Obtaining surface size composition from areal

images

18. Kellerhals and Bray1 concluded that the

grid by number technique produced surface size

composition data which are equivalent to those

obtained by a volumetric sieve analysis. The

present technique can readily be adapted to

automate the grid by number technique where

the sample has been recorded via an areal

image. The `grid' may be imposed numerically

at a later stage, provided that a suitable scale

has been incorporated in the image.

19. Figure 3(a) shows a section from a laser

altimeter scan (80 by 80 mm). The calculated

grain boundaries are also shown for each grain

in Fig. 3(b). Visual comparison of the ®gures

suggests that, at least for this type of image,
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the low-level processing (grain boundaries)

has performed reasonably well. In the results

presented in this paper, it is assumed that

the minor axis obtained from the plan image

is equivalent to the b-axis of the particle.11

The limitations introduced through this

assumption are discussed later. Fig. 3(c) shows

the size composition found from analysing the

image using the grid by number method

together with the composition found by volu-

metric sieving. Encouragingly, the two size

distributions have similar values of d50,

although there is some over-representation of

the ®ner grain sizes by the image-processing

technique.

20. In order to demonstrate that the tech-

nique is reasonably robust, it was tested with

two other sediment distributions. One of these

was a unimodal sediment with a d50 of 4´6 mm,

while the other was a bimodal mixture with

modes between 1±2 mm and 5±6 mm in the ratio

of 40 : 60 by weight of ®ne/coarse particles. The

basic images for these two sediments are shown

in Figs 4(a) and 5(a), the respective segmenta-

tions in Figs 4(b) and 5(b), and the comparison

of the calculated and sieved distributions in

Figs 4(c) and 5(c). Note that for the purposes of

comparison, the sieved size distribution for the

unimodal sediment has been truncated at its

lower end because grains less than 2 pixels (in

this case 1 mm) cannot be resolved by the

image-processing technique. This does not

apply to the other two mixtures, as in each case

the minimum grain size was greater than twice

the scanning resolution. Thus, mixture descrip-

tors for the unimodal sediment presented here

are derived for truncated distributions. For this

mixture, it was found by sieving that d16, d50
and d84 were 3´25, 4´68 and 7´70 mm respect-

ively, with a standard deviation of 1´54 mm.

The corresponding values d16, d50 and d84 for

the grid by number image-processing technique

were 3´13, 5´34 and 8´10 mm respectively, and

the standard deviation was 1´61 mm.

21. In short, the technique performs well for

all three cases, which together represent a

reasonable range of sediment types. Note that

all three sets of results are for non-waterworked

beds. This is not a limitation of the image

processing. Rather, this condition has been

chosen because waterworking would have

introduced signi®cant sorting to the surface,

making comparison with bulk sample sieve

data less meaningful.

Discussion
22. It has long been recognized that the

surface plays an important role in regulating

the behaviour of sediment systems. Because of

this, much e�ort has been put into producing

reliable and practical tools for measuring

surface size composition and evaluating their

suitability for elucidating surface phenomena.
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Fig. 3. (a) A laser

altimeter scan of a

sediment bed (80 by

80 mm). The bed has

not been waterworked

and contains a well-

sorted sediment with

a d50 of 5´3 mm. In

this image, the

elevation is

represented as a grey

level. (b) The

segmentation of the

image obtained by

image processing.

(c) A comparison of

the composition

obtained from image

processing with that

from a sieve analysis

of the bulk sediment

(a)
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The technique introduced in this paper is a

logical extension of the grid by number tech-

nique, which has been favoured by a number of

investigators because it produces data which

are directly equivalent to bulk sample sieve

analysis.3,4,12,14

23. The general usefulness of the technique

is limited in a number of ways. Some of these

are methodological matters and can be over-

come with careful implementation. However, at

a fundamental level the technique is limited by

the nature of an areal plan view and what can

and cannot be recorded in it. Only two axes of

the grain can be measured from an areal image.

The analysis in this paper is based on the

assumption that the largest visible dimension

of the grain is its a-axis and that the grain's

c-axis is orthogonal to the plane of the image.

Thus the minor axis in the plan image of the

grain is assumed to be the b-axis. Adams11

quanti®ed this relationship for a number of

sediments and found that it was a very reason-

able assumption. However, in general terms, its

validity will vary according to the shape of

sediment and the manner in which it is packed.

Visual inspection of the photographic image

will reveal the degree of partial shielding that

is occurring between surface particles. Clearly,

imbricated surfaces will not be sized correctly

by this method. Moreover, coarse grains will be

particularly susceptible to being wrongly sized,

as they are more likely to be partially covered

so that a reduced section is visible which

cannot be used to accurately calculate the true

particle dimension. The original grid by

number technique was limited, at small scales,

by the size of particle that could be reliably

detected by a human operator. Kellerhals and

Bray1 suggested a lower limit of 8 mm, while

Leopold13 used 2 mm. The limits of the present

technique are not determined by human factors

but by the resolution and quality of the initial

image.

24. One clear advantage of the image-

processing technique is that it is simple to

implement and is likely to prove less labour-

intensive than most other methods. In fact, it

has the potential to be extended to photo-

graphic data which can be recorded easily. The

higher-level processing relies on the segmenta-

tion being accurate. This is only possible when

the boundaries between grains in an image are

well de®ned, that is the areal image must be

sharp and have good contrast. In order to

achieve accurate edge detection, photographic

images would, as far as possible, have to be

free from lighting artifacts such as shadows

and uneven illumination. Although not reported

in the results discussed in this paper, some

partially successful attempts at analysing such

photographs have been made. These photo-

graphs were illuminated with a vertical circular

¯ash, as it is not appropriate to side-light
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Fig. 4. (a) A laser

altimeter scan of a

sediment bed (256 by

256 mm). The bed has

not been waterworked

and contains a well-

graded sediment with

a modal diameter of

4´68 mm. (b) The

segmentation of

(a) obtained by image

processing. (c) A

comparison of the

composition obtained

from image

processing with that

from a sieve analysis

of the bulk sediment

(a)
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photographs, because the most rapid changes in

image contrast tend to occur towards the

summits of grains rather than at the grain

boundary. In practice, it was found that tonal

imperfections on the surface of grains caused

some problems in the image processing, and the

segmentation was not as `clean' as with the

laser altimeter data. This problem is almost

certainly surmountable with a slightly more

sophisticated algorithm for eliminating such

spurious `edges' but it will not be considered

further here.

25. One of the most interesting aspects of

the new technique which has not been empha-

sized is its capability to produce data on grain

location and orientation. The availability of a

technique to acquire this information opens up

a number of possibilities, each with consider-

able potential to improve the understanding of

sediment mechanics. For instance, it would be

relatively straightforward to examine the for-

mation of static armour layers by examining

spatial and temporal development of stable

formations of particles on the bed through a

time series of photographs. Similarly, the

exchange of particles between the bed load and

surface could be monitored by analysing a time

series of photographs under conditions of

equilibrium transport rate. This would lead

to an increased understanding of entrainment

and deposition during bedload transport, per-

mitting analysis of the fundamental relation-

ships between processes. Moreover,

collecting images is non-destructive, in contrast

to most other surface-sampling methods

(e.g. using adhesives). Thus, in laboratory

conditions, samples can be collected during

experiments without removing sediment from

the bed.

26. It is important to set this alternative

method for obtaining surface composition in its

wider context. Physically, the surface composi-

tion plays an important role in regulating

transport rate, particularly in graded sedi-

ments. Thus reliable and e�cient methods are

required for the prediction of sediment trans-

port rates and subsequent morphological

behaviour. Moreover, in mobile bed channels

there is usually signi®cant variation in surface

composition at di�erent scales, which makes

the appropriate use of surface sampling di�-

cult. In practice, the di�culty in measuring and

representing this heterogeneity may set limits

to the accuracy of modelling predictionsÐin

e�ect, the initial conditions are poorly de®ned.

This paper does not contribute to the solution

of this problem, except in the sense that an

image-analysis-based method is likely to be

cheaper to implement than more conventional

methods and so may enable more samples to

be collected. The problem of how this addi-

tional data would be used in modelling

remains.
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Fig. 5. (a) A laser

altimeter scan of a

sediment bed (120 by

120 mm). The bed has

not been waterworked

and contains a

bimodal sediment with

the modes in the

range 1±2 mm and

5±6 mm in the ratio

by weight of 40 : 60,

®ne to coarse. (b) The

segmentation of (a)

obtained by image

processing. (c) A

comparison of the

composition obtained

from image

processing with that

from a sieve analysis

of the bulk sediment

(a)
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27. The motivation of this paper has been to

introduce an alternative technique and evaluate

its reliability in estimating the composition of

sediment surfaces. Because of the importance of

obtaining surface composition, other measure-

ment methods have received much attention in

the literature.4 Thus, a variety of surface

sampling methods exist, each having di�erent

characteristics and producing samples which

are not directly comparable to samples taken

with another technique. The authors are aware

that the introduction of another technique to

the literature is not necessarily a step forward.

The principal recommendation of an image-

processing technique for surface sampling is

that it would be reasonably cheap to implement

in ®eld conditions. Currently, we are a little

way from attaining this goal; however, the

deployment of photogrammetry in the ®eld14 is

being actively investigated and, in association

with image processing, may move us further

towards it.

Conclusions

(a) The application of automated analysis

methods to images of sediment beds pro-

vides a reliable means of determining

surface size composition.

(b) The surface size composition determined

by the automated grid by number techni-

que is directly equivalent to that obtained

by sieving of bulk sediment.

(c) Many standard surface sampling tech-

niques were developed to measure surface

composition only. As well as measuring

surface composition, the image-processing

technique is capable of providing informa-

tion on particle location and orientation.

Thus the technique may well provide the

catalyst towards obtaining an improved

understanding of some fundamental

aspects of sediment transport mechanics.
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