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Figure 7.31: Example of successive erosions of an image.



First moment

(a)

W

()

Figure 7.32

First memant

Py
-]

14

E--

~

~n

«

(5) The first moraent function Vo,u(A) of the chord-length distributions measured from
different rockstreams £, which have been eroded. (b) The same data as in (2) except the
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7.6 INTERPRETATION OF THESE NEW MEASUREMENTS

The question that needs to be answered i3 : "Ace these morphological and moment size measurements valid snd
of any use to the mining industry, and can they be used for process control 7 The: answer 10 these questions

depends on exactly what is required by industry,

For example in awogenons milling jt has been suggested that a measure of the mumber or relative frequency
occurrence of large rocks in proportion 1o small rocks is required, Weighted diistributions, first moments,
opening and evosions can provide this information, With opening, for example, a ;biut on the A axis must be
selected which corresponds o the lower pmm of the rangy of larger rock that is of interest, and occurrence of
larger rock will result ifi the first moment funclion cr.tcnm.ﬂg beyond this point, (s¢e figure 7.27).

With morphological sizing transforms it rqust be notéd‘ﬂtn the resultant data reﬂec:ts the size disiribution with
rcspéctl to the shape of the probe chosen, This is an exni-,mcly important conccpii becanse Lthe user can Lhen
define a prote of a certain shape, for examn!# 8 vi.ctical of ¢ x\,."au' probe, and the s[ze distributions will reflect
the sizes of objects similar in shﬂpy nnc’ 'wun the sams tel .Lve otentation of the )mbe Thus for a morphol-

. .ugxcal measuremens insensitive to e orientation of thc mcks a sphencal prohe should be uscd,

The measure of 1, could also be linked o thc :l‘il:_‘bcl‘ sud size of the rocks above the size point D =4L .

Alternatively the fiest moment of the chord Jength distribution can be used to ceumate the average rocksize,
From the cumxi‘.aﬁye chord-length distribution PiL} the slope near the origin appea'rs to vary with the average
size or amount of smaller rock and any other pc'):”.qpt & size L =al) can be used as some of the "percentage

passing as certain size",

There is vltimately an infiniie range of different meagurements which can be c:.:uncwd depending on the
spplication, The interprstation =nd correlation of thie measured image dstn w0 sieve size has 1o be eslablished
through experimentation, Perhsps the independent varisble. (ssually sicve size) wifh which this trnstormied
data is to be compared shouki not necessavily be sisve size, but some other mill coi mul varigble, which :a in
tine with the new philosophy developed above, Knowledgs of the sxplicit rclauonsiup betwaqn the paramch‘.r
and sieve sizs is of sscondary importance to the fact that the measuremen: (,;4 extrast ﬁﬁ‘amete:r exists and is
ralated-in size, is usefui, repeatable, and refiable, l‘g\
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.7 SUMMARY

The conversion of measurements on images o sieve size is a difficult and inherently ambiguous task with all
transformations introducing bias of some form, In this chapter direct inversion and deconvolution methods
were nsed as a means to transform the chord-length distribution to equivalent sieve or mesh size distributions.
The difficultes and inhexent ambiguities in this inversion process does not allow for these methods to be used
io infer rock size with great accuracy. As a consequence it is proposed to transform the chiord-length dita to a
form that is understandable end useful mther than synonymous with sieve size. This philozophy led to the
development of moment methods for transforming and analyzing chord- Iength distribations which inticitively
behave reasonably ard in accordance with changing rock size. ’

Established mcihods such as constrained-linear-inversion and King’s methed produce distributions which are
fogically corvect although quantitatively inaccurate. The cumulative and weighting wethods developed appear
to reflect the size diswmibutions of the rocks with better accuracy quantitatively, aithough the meaning of the
quantitative messurements from thess transformed chord-lengih distsibations is debatable and still needs to
interpreted correctly, The new weighting method produces beli-shaped distributions that cocrespond, a}Lhough

not accurately, with the sieve-size distributions,

With all these new mansforreed diswibutions, there are difficulties in distinguishing between the various
quentities of .smaﬁer rock, and inferring the smount of larger rocks is complicated by the large variations
caused by insufficient sampling, ‘

The raw chord-length distributions measured show & sharp and narrow peak in the region of s,\\horf chords and
it is assumend that this peak forms part of the problem of understanding and transfonning the chbrd data. Monte
Carlo simulations of random lincar intercepts on irsgular shaped bodies show that no sharp pesk is expected
in the lower chord-length regions, Thug the peak has to be atributed to, 1) experiméntal error, ii) extraordinary
angular particlss tested in this work, i) the fact that the erroneons segmentation modifies the rock ouldines o
be more anguler than their natural appearance, and iv) the fact that the chord probe lines are adjacent to one
another. However with regard to the short chords snd small particles, DeHoff and Rhines (1961) in their papar
on the detection of the number of particles per wnit volume, comment that the messurement of small particle

outtines intrcduces the largest esrors because they are the most ditficult to measure.
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Observation of the results of most of the different wansformations show that there is inherent instability and
uncestainty in determining the size distribution of the smaller rocks int the size range being analyzed. King's
method reveals oscillations in the region of smaller rocks, and with the moment method there appears o be no
method of clearly distinguishing between the amount small rocks in each different distribution.

In the light of these problems a new philosophy is proposed which frees the evalnation of rocksize from the
limiting objective of aiming for estimating sieve size. Any other sizing parameter, as iong as it obeys
Matherons sizing criteria and it useful to e application, may be considered 2 measure of rocksize,

The first moment of chord-length disiribution has been found 10 be lineady related to average rock size and
thus average rocksize can be measured within cenain limitations, this being the variance about the mean which

is fanction of rock size and the number of chord samples.

Morphological opening and erosions were used as examples of new methods for sizing the rock “projections”
in images. The results of these operations show that these operations do produce size measurements which vary
logically with sieve size and on average do obey Matherons criteria. These methods thus provide motivation

for evaluating rocksize distribution according to a different interpretation of size,
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8 CONCLUSION AND RECOMMENDATIONS

8.1 SUMM@E-’?Q]F WORK UNDERTAKEN

The determination of the size distribution of rocks on a moving conyr. vor bck is an imporiant measurement for
the mineral processing industry, and in particular for the control of comminution and crushing processes. A
reliable instrument 10 meesure the size distribution of racks on conveyor belis has peneratly not been readily
available to the mining industry because of poor performance of commercially available systems and misap-
prehensions aboul the underlying principles used, sp&:iﬁcally chord-length intercepts. These factors have
motivaied an investigation of the ﬁﬁnciples underlying an onjine rocksize measurernent, and the feasibility and

limitations of constrcting such an instrument based on machine vision,

Ir this thesis the principles of estimating the size distribution of ideal particle system from populations of lower
dimensional measurements are presented, and extended to the rvocks as found on conveyor-belis. The
tocksireare which consists of arbitrary shaped rocks of random size packed together, is assumed to be a sto- )

chastic process, charsctstized by its rocksize distribution, which is a random variable.

*&ny method for determining rocksize distribotion must rely on remole sensing and the modufation of piobing
radiation, and the subsequent snalysis thereof, Compater vision techniques using the visible spectrum are |
motivated as ihe best method for probing the rockstream. The determination of the size diswibution of the
rockstroam from images returned by remote sensing, is a non-trivial problem that cannot be solved analyucally
This stems from the complexities of modelling the dynam:cs of the rockstream, and linking the image data 10
real physical pra~erties of the rocksiream,

Computer vision und image-processing techniques which have teen selected as the sensing methodology, can
only provide one-~ or two- dimensional data which ultimately has to be transformed into three-dimensional data
such &g sieve size. This tmnsformation can be realized through the use of stereological methods, However most
stercological ize transformations are applicetion specific, or derived for ideal particelate systems where the
particles are unifornily and sparsely distributed in sproe, and are simple in shape. The rocks on thé conveyor
beit do not conform to this model and thus such models can only be applied to the rocksize problem with

sxtremely Hmited success.
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The failure of existing techniques to effect a reliable rocksize measurement has inspired a heuristic and
experimental approach towards solving this rocksize problem, which in turn has led to the development of the
moment and morphological transformations which produce time varying size data indicative of rock size.

Although this data is not the full sieve size distribution, it is closely related to sieve size.

'The size transformations developed, measure chord-length distributions on transformed areal projections of the
segmented  images of rockscenes. Image processing techniques, using pre-filtering, cdge detection,
thresholding, and mathematical morphology. have been combined to perform adequate segmentation and rock
boundary detection for the purpose of measuring chord-length diseributions. Chord-length distributions are
selected as the basic parameter measurement becanse of the ease of computation, and experimental evidence
which strongly suggests that the effect of edge and sepmentation ewors are less severe for chord-length

measurements than areal meastrements,

The measurement of accurate chord-length or area distributions depends entirely on the precise and error-free
determination of the boundaries of the rock projections. However the identification and segmentation of rock
images to derive their edges iy inherently crror prone because of the random nature of the rockscenes which
vary with timme. The sicchastic nature of the rocks, as well as the serions problem of occlusion guaraniees that
any adge of areal pattern will be noisy, and that any parameter measurement will be insccurate. The errors in
the edge paplems is minimized through the use of edge correction techniques which make use of a-priod
knowle('ige of the most probable shape of the rocks, However the edge‘detection ard corrertion procedures are

limited and cannot be significandy improved because of realtime and cost constraints of a\pracu'cal instrument.

In addition to scgmehmﬁm constraints introduced by the natural fimitation .uf the complexity of the edge
detection and cotrection algorithms that can be employed, hardware constraints aiso impose serious limitations
on the ability of the sysiem to sample the rockstream for rocksize estimation, Limited sampling affects the-
deterrnination of the siatistics of the chord-length distributions, their variances, and the level of confidence in
the meagurements, The chord deta from at leas: a few imsages should be averaged 1% give & reliable indication
of the trends of the rocksize distribution.

Direct inversion, constrained-linear inversion, as well as King's methods are used 10 perform the conversion of
chord-tength distributions to tize. These methods are fairly unstable and require itertion in order to force the
resultant vocksize data to be xrféaningfui ie no negative disaibutions. The problems with these methods are

atiributes! 10 enroneous chord-length data, (o which inversion transformations are extremely sensitive.
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The utilisation of inversion technigues arises from the goai of deriving sieve size disgribution. Sieve size is only
onie of many methods for describing particle size. It is thus hypothesized that alternative size descrptions
which preclw’~ the use of ambiguous inversion methods may be more useful in deriving size daia for control
systems, Supporting this hypothesis is the inescapable fact that rock edge detection will never he perfect and
that the measurement process is highly ambiguous because of the dependence of an imaging system on the
surface characteristics of the rockstream,

This thesis thus describes moments, and weighted moment furctions, developed as alternatives to sieve size, In
pasticular the average sieve size of rockstream can be estimated from the first moment of the chord-length
distributions with a variance of between 5% 10 25% over a size range of 6:1. The variance depends on the

refative size of the nocks and the resolution of image system,

'+ The weighed moment fanctions of the chiord-length distributions also provide qualitative and quantitative

visual indications of the size distributions of the rocks. However the estimation of the lower size ranges of the
rocks in u given distribution is difficolt to cstimate from such curves, The problem with the lower sizes siems
from the fundamental ambiguity of determining three dimerisional parameters from sections where information
is lost, and which is exacerbated by the segmentation and edge detection exrors. Chord-length moment curves
also allow for the visual display of the charnging proportions of & ceriain size class of rocks in proportion to
another.

Morphological sizing methods also provide s new insight into the size of the rocks on the conveyor bek.
Morphological sizing methods especially opening, commute very well with the sieving procesé and agair the

size data extracted correfates with sieve size,

8.2 CONCLUSIONS

The principles behind the estimation of {he size distribution of rocks from visual images hag been formally
established. A relationship based orf the probability theory ag developed by King (1982) has been extended to
relate parametess measured from images of rock streams fo the size distribution of the rockstream. However
this reiationship caniot be ¢xpressed in a final equation because of the intraciability of the mathematics for
modelling the rocks;}‘caxn, and he uncentainties and ambiguities associated with the relationship between the

images and the rockscenes.
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Experimental evidence shows that online rocksize measurement can be made, despite the fact that only the top
surface of the rockstream is sampled. Fundamental to this measwwement process is the fact that chord-length
distributions do allow for the measurement of rocksize. The full size distribution may only be estimated o a
limited ¢xient and is restricted by the nature of the rockstream. For example, a very muddy rockstream which

hides most of the rock feawres from the camera, cannot be instrumented.

Imaging techniques have been developed through the marriage of many diverse technigues into a single useful
system and which advances the universal theory that all imaging techniques should be combined where
appropriate to solve a particular problem,

A concept has besn proposed, that any repeatable size measurement which is appropriate to the applicatior,
although not fully understood, is a viable and nseful measurement. This leads te. the hypothesis that with todays
powerful computers an empirical and computer based solution iray be more appropriate than the traditional

analytical approach usuaily aspired to in this work,

8.3 FUTURE WORK

. The above research work has touched upon a large number of areas in science and engineering which in
themselves ar,' I_;'erast areas of research, These areas could not be covered fully in this thesis. and it is therefore
recommende& that the following research be undertaken in order t¢ improve upon the measurement process
developed here.

A maijor area that neads 10 be reserrched is that of the fundamental stercolt;gical tools }eqaixed to measure the
size distribution of particles in a non-ideal situation which ircludes occlusion and touching. A more powerful
combined probe consisting of both point, linear and areal probes should be investigated together with the
objestive of quantifying the biases inherent in the measurements displayed here. A multidimensional probe
should heip ‘o minimize these biases thus making this measurement more robust and reliable. As was shown
in chapter 3, modelling the rockstream, the spatial arrangement of iocks on a conveyor belt, and the sampling

mechanisms of an imaging systems are complex problems which stiil need to be resoived,

The image processing and pbject recogaition algorithms as developed in this thesis do form the foundation for
the cxperimental size measurement developed in this thesis. However these imaging techniques could be
improved upen. In particular the relaticnship betweer the mcks and the intensity pattem as captured by the
cameda needs 1o be investigated in order to determine more robust methods of identifying the rocks boundaries,

New advances in high-spesd computer technology as well as the continuing research and development for
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better 3-D pattern recognition strategies that work on natural scenes of irregular and complex objects all bode
well for improved rock edge detection. Neural computets and paraliel processing hardware and strategies may
also be part of the answer to the solution 10 the rock tecognition problem.

A few of the image processing areas which can be researched fusther, for example, are adaptive edge detection
algorithm incorporating multi-resolution techniques, hierarchical and pyramidal techniques for ynambiguously
identifying tocks from a global as well s local paint of view. The use of colour or muiti-frequency sensing

techniques as well stereo imaging could also have potential as far as this measurement is concemed.

The combining of the resuits from different image processing strategies inclading the optimization of image
knowledge for better understanding could also improve rock identification and the elimination of noise enities

and the closing of edge gaps.

Siruciured light could poientially prove a better indication of the ﬁg& of the rock and could be incorporated
into the existing algorithins or be usad as a nev stand alone method for determining rock sdges, The use of
parallel bands of light can be cnnceptuaﬁy linked to chord-length measurements, and may ultimately provide a
better and faster method for deriving chord-lengths. In accordance with the ;';hilosophy put forward that sieve
size and other conventional me;thods may be restricting the derivation of rocksize data, perhaps the distance
~ betwegn the broken end-poi{l!sd of the structured light lines, or their actual length, ¢ould be used as the
ﬁmaméwr_ distributions to be nm:;\formed to size. :

Matlematical morphology has proved to be a most useiu! tool for image processing as well as esu'mating-
rocksize distribution. Much more research is required in order to derive a better and faster morphological cize
measurement technique, A theory tying together size distributions derived from kesnels of different shape reay

prove o be a better universal size measurement, which at present is still very diversified.

The moment and morplt_f_'_:jsgical methods provide usefut data with which an observer can infer trends with
vegard to Lhe size of the rocks on 2 conveyor belt. The exiraction of quantitative information is at present
limited, although a large amount of potential exists as far as the extraction of quantitative rocksize information
is concerned. In particular the resuite from opening and the rr_mmc;n methods cauid be combined to give more
reliable size data. It is suggested that in time, these eitmcﬁcd measurements could be developed to 2 stage
whese they could form 2 new size standard for rocksweams or aven nonverge tolt_lge ideal sieve dis&ihution.
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Apperidix A
Seiected Definitions of Particie Size.

The table below presents « number different diameters with which the size of a - i,;la may be defined. For a

more comprehensive survey see Allen (1981}, |

Symbol Name Definition o Formula
d, Volume diameter Dismetes of a sphere baving! e ssme vol- ¥ /-'f‘—:df
© ame as the particle, f
- .’"{! ‘2

dy Stokes diameter The free falling diameter of a particle in |:_\ d2 =;;—

the laminar flow region ( Re <0.2) U\\

.'-. d, '!"rojcctcd aren diameter  Diamcter of circle having the same area as
. the projected area of the particle resting in
'=f;.\__ _ a stable position,
! \‘\‘ P
d, Projectéd area diumetes, Diameter of circle having the same area as
: the projected area of t{ o patticle resting in
arandom grientation. 7,
i
d, Sieve diameter - - - The width of the minimuom sqiare apesture
K through wl\ch the pasticle will pass.

dyy ' Martin's dismeter The mean chom Ic.'itgih of the projected

outline of the partitle
dp Ferret's diameter The mean value of the disiance between

B peirg of parnilel tangents to th uro_;ecwﬂ
. outine of the pamck
d, \}\ Perimetes digmeter Diameter of # circle kaving the same-per- _ N
Y g imeter of the projocted outline of the par- - '
¢ \ N . ) m}e‘ ) .

Al



Appendix B

"'"Sampte calcu!atio; " »f weighted chord-length distributions and momenis.

This snetion presents sﬁmples of measured chord-length digiributions g(Z;) , together with the calculated

densuy disiributions p(L;) , cumulative density distributions P(L;), ampiified density distributions »'(L,) as well '

as the l.hmomenis e .

The chord-length distribmic_ms measured are from & single image of the lollowing size class

_\\ .

1

@ '(5+.,Gmm
G -9, 53::.:11
- (iif) -38+12.7mm

nl !I!
'nie rock malenal is qumuw, and all data is capwrcd from the clused loop convegor belt system described in

.' ':chapte. »t Bel‘x Jeed tor this data was approximately 0.5m/s. and the rocks were tighty sprayed with W‘ucl.
The clock frequency of the ccmtmller was 1.4MHBz. The ¢hord length dlsmbuuons measured here were madt*
from ad_;acem linear pic-pes spmd 1 pixel apurt. The fimage processed is the centre subimage of size 200 by
200 pixels of the fuli 512 hy 5 1% image. The nnf proccesmg algorithm consisted of morphological cdge
detecidon m,gf‘mcr with mt.\tph{ﬁngum edge cotrection as dcsmbcd in chaptrr 5. 'ereshold parameless are
iy = 0.625 ki =0.250 . ¥

The caleulations were made as follows - . A

Cliord length depsity distribu o o .

. ( {)" "“'S .
tion 2gly \

Cumulative density function &

fy funch P(ng ;:: p(L}V | .

[ e T
Weighted distributions paly=LEplLy O
) 138
n'th moments oy Vil = 2 pill)
. .. Tl -".I\. . ;Y\:. =
A

Ba



Rock : quarizite. Slze ~75+50mm.
Totel number of chiords measursd : 920
Vw2778
1l =1733.571
L J1/5] -piL) ) 3..._ P“..u
) 5 0.000 0.0%0 0.000 0
i1 . 88 0.083 0.003 0.0043 o
2 L 51 0.055 0.149 G411 g.2n2
3 48 0.052 0.20% 0.157 0.470
4 . 42 0.046 0.247 0.183 © 0730
5 .3z 0.035 0282 0.174 0.876"
& 42 0.048 0327 0.274 1,643
7 a1 0.034 0.361 C.236 1.651
8 19 n.024 0.392 2965 1,822
9 . 24 8,026 0.408 0.235 2.113
y[e} 30 0.022 0.420 0.217 2174
5 a7 0.018 0.448 0.203 2,236
12 i3 0.044 ¢ - 0.462 0.170 2035
13 19 0.021 0,483 0.268 3,490
4 7 1 0021 . . H0.503 0.269 048
15 19 g.0d1 524 0,310 4,647
18 18 6017 0,541 0.278 4.452
17 . 1 0011 . - 0552 0.185 2141
18 5. 0.605 0.558 ¢.008 1.76%
19 .3 003 0561 D052 1177
20 15 0.017 0573 . 0348 5.957
2t . 4 0,004 0,583 0.09% 1917
22 - 3 0.010 0.2 0.5} 4.735
23 19 0011 o&13 0250 5,750
24 .8 SHQ0O00E Da08 0130 3.130
{28 13 0.014 0623 0353 8832
46 5 0.£08 0628 0,144 3674
17 8 0.008 0.837 "0.235 §.a38
RiC 4 0.004 0.841 0122 v 3409
o 3 0003 0843 D.0U5 ‘2742
do 3 0003 0.345 0008 2935
3t 12 0.013 0851 0.404 12,535
32 .13 0.014 0.878 0452 " 14,470
33 3 0.008 0,880 0.176 5818
34 g 010 0890 o5 11.308
35 7 6.008 0.6n8 02867 9.321
3s 4 0.004 0,702 6.167- -~/ BB3§
g7 - 4 0.004 0707 0.181 5552
- ) 88 0 0.000 ngo7. 0000 000D
398 7 0,008 2714 027 7 11878
Fed 5 0008, 070 o217 8.608
43 8 QU088 0728 .28 9.188
A2 8 0.006 0784 035 15.339
- 48 8 0.007 0.740 0.260 12,058
RE T 0.008 0.748 0.336 . 314,730
£ 8 0.007 0.754 0288 | 8207
b 4§ o008 - o7 0250 11.500
147 . 8 oME, G 0,255 12,005 -
48 + T 43 G014 0.77¢ 0.678 52.867
4 -8 L0 0.788 0428 20878
50 10 0.611 0.798 0.548 . 27.174
B2
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Hock : quarizite. Slze :=75+50mm.

Total number of chords messured : 920

viw 27,784 1l = 1733.971
L F{(5)] ?L) PE) Paxt Punz
51 10 2.011 0810 0,554 28.272
52 8 0.008 0.818 0.452 23513
53 10 0.01 0.829 0.576 20533
54 8 0.005 0.835 0.203 15.848
55 8 0.007 0.841 0.359 19,728
56 2 0,002 0.843 0.122 6.817
57 7 0,008 0.851 0,434 24.721
58 7 0.008 0.859 0.441 25,508
58 8 0.008 0.867 0.513 30.270
60 8 0.008 0,676 0.522 31,304
61 4 0.004 0880 0.265 16.178
62 i 0.001 a.882 0.087 4178
63, 2 2.002 0.884 0,137 8 628
84 3 £.003 0.887 0.009 12.357
65 2 0.002 0,889 0.141 ¢.135
€6 3 0.003 6,802 0.215 14.204
67 2 0.002 0.895 0.148 0.759
69 1 0.1 0.886 0974 £.026
£9 2 0,002 0.898 1.150 10,850
70 1 0.001 0.898 0.076 5.326
71 4 0.004 0.903 0.309 21.917
72 4 9,004 0,508 0.313 22589
73 1 0n.001 0.508 0.079 5.792
7 4 0.004 0813 1.822 23.809
78 2 0.002 0.915 0.163 12.473
78 6 0.007 - G922 0.498 37.570
77 1 0.001 0.523 0,084 £.445
78 2 0.002 0.926 0170 13.225
7% & ¢.002 0.027 iR 13567
85 2 0.002 0.928 BaTh 1218
81 1 5,004 0950 ooy - - 702
82 ] 0.000 - 0930 0.000 0.600
83 2 0,002 0533 11180 14.976
84 1 0.001 0.934 (0.09% 7.870
186 1 0.001 0.935 2,002 7.853
B8 1 8.00% 0.636 0.093 8.039
87 ] 0.000 0036 0,000 0500
88 ¢ 0.000 0338 .  0.000 0.000
1 0 0.000 0996 0.000 0,000
0 ] n000 - ngds 2.000 0.000
¢t 0 0.000 0.938 0.000 $.000
o2 ] 0,000 0536 0,008 2.000
93 o 0.000 2536 0.000 F1000
11 1 0.001 0.837 0.102 1,604
196 2 0002 0930 0.207 19.820
58 o 0002 - 0930 0.000 0.000
a7 2 0.002 0.941 G211 20464
o8 2 0.002 0.943 6213 20,875
0 1 o1 0.945 7.108 10,663
100 i 0.001 0.848 0.100

B3
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%
3
¥

" | Rack ¢ quurtelic, Size »75+50mm.
- 1Tiwd nuraber of chords measured : 920
w3108 2 =TI
L gy pll) PiL) Puay Pavs

Pl S 2 Ve .
tLY IR 0,002 0.948 0.220 22,176
102 1 0,001 0.549 0,411 11.300
103 1 0.001 0.950 0.112 11.532
04 1 0.001 0.961 0.113 11757
105 1 0.001 0.962 0114 11,684
108 2 0.002 D.064 0.230 24426
107 1 0.001 4.955. 0.118 12.445 (-
108 1 0.001 0.957 o117 12678
109 0 0.000 0.957 0.000 0.000
i T4 0.004 0.981 0.478 £2.608
111 i 0.00% 0.962 0,121 13392
112 2 0,002 0.984 0.243 27.270
113 4 0.004 0.968 0.401 55.517
114 2 0.002 0.971 0.248 28,252
118 2 0,002 0973 0.250 21.750
116 2 n.082 0475 0.252 20,252
117 3 0.003 0.978 0.382 44.648
118 a ¢.003 0.962 0.385 45.404
18 2 0.002 4,984 0.259 30,785
120 2 0.002 0.968 0.261 31304
121 ] 0.000 0988 - 0.000 0.000
122 1 0.001 067 0.133 16.178
123 0 0.000 0.587 0,000 0.000

Bh 124 0 0.000 0.587 0.000 0.000

126 o 0 0.000 0.987 0,000 0.000
126 0 - 0.000 0,967 0.000 0.000
127 0 0,000 D.$B7 0.000 0.000

128 0 0.000 0.987 0.000 0.000
120 2 0.002 0.969 0.280 38.175
ma a 0.008 0.902 0.424 55.108

A4 a 0.008 0.998 0427 B5.960
132 0 0.000 0.908 0,000 0.000
183 1 0.001 0597 0.148 19.257
154 0 2.000 0.987 0.000 0.000
145 0 0.000 0.097 0.000 4.00C
188 1 0.00% 0.998 0.148 20104
187 ! 0.001 0958 0,140 20401
158 Q 0.000 0.50% 9.000 0000
13% 1 o061 1000 0461 21,001

1
B4 _m

7
4
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APPENDIX B

Rock : quaiizite, Size +12.7+9.53mm,
Total Rumber of chords measurad : 7508
vi=6.1i5
pf = 68.686
L L L Peat . Pam
0 0 0.000 0.000 0.000 0.000
i 1311 0.175 0178 6.175 0.175
2 933 0.124 0.280 0.249 0.497
3 872 0.116 0.416 6.248 1.045
4 682 0.091 0.308 0.369 1.453
5 613 0.082 0.567 0.408 2.041
8 524 0070 0667 0.419 2,812
7 451 0.080 0717 0.420 2.843
8 az7 0644 0,761 0.348 2.787
9 a1 0.040 0.801 0.361 3.247 ‘
10 22 0.030 0.831 0,207 2970
11 210 0.028 0.859 0.308 3.384 -;
12 144 0,018 0.878 0,230 2764
13 168 0.022 0,900 D.281 3.781 _:
14 120 0.016 0516 0.224 3.132 :
15 103 0.014 0.930 0.206 3,088 j
16 ] 0.013 0843 0.205 3.273 i
17 7S 0010 0.953 0.170 2.8A7 i
18 72 - 0.010 0.962 0.173 3.107 F
19 3% 0.005 0.967 £.089 1.878 ;
20 49 G007 6.974 0.131 2610 L
21 25 0.003 0977 4.070 1.468 !
28 | 22 0.003 0.980 0.084 1.418 #
2" 18 0.002 09682 0.046 1.057 ~
24 10 0.003 0.085 0.061 1.457 §
26 21 0003 0.987 8.070 1.748 :
28 16 0.002 0860 0,055 1.440 *
27 i 0.002 0.802 n.058 1.553 5
23 9 0003 0.903 0.034 0.940 |
@ 8 0.001 0.904 0.01 0.898
30 AN 0.001 0995 0.038 1078 i
31 10 0.001 0.997 0.041 1.280 *
32 4 - £.001 0.607 2017 0.545 :
8 . 8 000t 0898 0022 0.725 i
34 5 - 0,001 0.908 0.023 0.770 :
55 1 0000 098® 006 0.163 :
36 4 0.00% 0.999 0.019 0.680 1
37 2 0.000 0000 0010 0,358 1
38 0 0.000 0.999 2.000 0.000 \
39 2 . 0,000 1.000 0.010 0.406 g
40 0 0,000 1.000 0.000 0000 ;
“l 44 1 0.000 1.000 0.008 0.224
42 ] 0.000 1.000 0.000 0.000
a0 9.000 1.000 0,000 0.000 \
44 ¢ 0.000 1.000 4.000 0.00 o
45 o 0.500 1.000 0.000 0.000 '
48 0 0.000 1.000 0.000 G000
g 147 ] 0,000 1.000 6.000 0.000
4 ] 0.000 1,000 0.000 0.000
49 0 0.000 1.000 0.000 0.000
80 ] 0.000 1.000 0.000 oo

B85
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Rock : quatizite, Size :+12,7+48.53mm,

Toial nuraber of chords measured : 7509
v =6.115
}i = 68.686

Yot 0 oo I 0000 0.000
w2 o 0.0 10K, 0.000 0.000
103 o a.000 TR 0,000 0.000
104 0 0.000 s8Y 0.000 0.000
W5 0 0.000 $.0006 0,000 2.000
106 0. 0.000 1.000 0.000 0.000
107 0 0.000 1,000 0,000 9,000
108 0. 0.000 1.000 0,000 0.000
i) 6 0.000 1.000 0.000 0.000
110 0 0.L00 1.000 0.000 0.000
1 0 0.000 1.000 0.600 0.000
142 0 0,000 1.000 0,000 0.000
43 0 - 0,000 1,000 < - .000 0.000
14 0 4.000 1.000 0,000 0.000
115 0 0.000 2,000 0.000 0.000
"$16 0 6.000 1.000 8,000 0.000
1/ 0 0.000 1.000 0.000 0.000
118 0 0.000 1.000 0.000 0,000
118 8 0:000 1,600 D.OU0 0.000
120 0 Q000 1.600 5.000 0.000
121 0 0.000 1,000 0,000 4.000
122 0 0.000 1.000, 0.000 0.600
123 n 0.000 1,000 0000 0.000
124 0 0.000 1,000 0.000 Q.000
905 o 0.000 1,000 0.000 0.000
12 ) 0,000 1,000 0.000 £.000
127 ¢ ©.000 1.000 0,000 0.000
128" a 0.000 1,000 0.000 0.000
12, 6 0.000 1.000 0.000 0.000
190 Q 0.000 1.000 0.000 0.000
181 . 0 0.000 1.000 £.000 0.00¢
132 -0 0.000 1.000 0.000 D000
133 0 0.000 1000 0.000 0.000
134 g 0:000 1.000 0,000 0,000
186 - 0000 . 1.000 0,000 0.000
138 ¢ 0000 7 . 1.000 G.000 0,000
197 0 0000 | .1.000 0 0,000
138 0 8.000 1.000 D, 0,000
1% . n 8.000 1.000 8.000 0.000

R?
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APRENDIX B

Rock : quarizite. Size :-38+12.7mm,
Tornumber of chords measurad : 1551
vi=13.072
ud = 331,667
L sy pl) PE) Pant Paw
101 0 0.060 0,980 0.000 0.000
102 0 0.000 0.953 0.000 £.000
103 o 0.000 0.00% 0,000 0.000
104 Q 0.000 0.988 0.000 0.000
106 i 0.001 1.000 o068 7.108
106 o 0.000 1.000 0.000 0000
107 0 0.000 1.000 0.000 0.000
08 R 0.000 1.000 0.000 3.000
108 0 2.000 1.000 0.000 0.000
110 . © 0.000 1,000 0.000 0.000
111 4] 0.000 1.000 0.000 0.000
12 4] 0.000 1.000 9.000 0.000
13 ¢ 0,000 1.060 0.000" Q.00¢C
114 0 0.000 1,000 0.00¢ 0.000
8 0 0.000 1.000 - .000 0.000
118 ¢ 0.000 1.000 0.000 0.008
117 Q 0.000 1.000 0.000 0.000
118 4] 0.000 1,000 ¢.400 0.000
113 ¥} 0.000 1 0.000 0.000
120 0 0.000 1.000 0.600 G000
121 (1] 0000 o 1.000 0.000 0020
122 0 o000 7 1.000 £.000 2,000
1238 - 0 0.000 1000 . 0000 0,060
124 o 0.000 1.000 4.000 0.000
125 0 Q000 Y 1.000 £.600 000
m 126 a 0.000 1000 0.000 0000
S $27 th 0.000 1.000 0,000 0.000
128 [ 0,000 1.000 0.000 0.000 o
129 0 0.000 1.00Q 0.000 0.000
130 0 3.000 1.000 0.000 0.000
k3 0 0.000 §.000 0003 0.000
13z 0 0.000 1.000 0.000 G.000
188 ] 0.000 1.000 0.000 0.000
184 o 0.000 1,000 0.000 0,000
1135 1] 0.060 1.000 0.000 0.000
198 0 0.000 1.000 0.000 0.060
157 0 0.000 1.000 0.000 0.000
138 . 0 0.000. 1000 «  0.000 {.000
1309 0 0.00D 1.000 0.000 0.000
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Appengix ©
Sample caiculation using a simplified varsion of King’s solution.

The formutae useq is the solution derived for spheres as given in equation [7.31]. Note thar C(M, B) is dssumed
to be zero, and that u,. can be factorized out and for convenience is assumed to be 1,
In the first step the raw chord lengih distribution g(L,) is Iow—ﬂ;..&."ﬂl'ereé; with a 3 elemeit moving avergae

filter 0 give g{Z;) whers g{L)={g(L;_ )+ gL} +gd; )3 . The fikered distribution is then reduced 10 a
density distributions PAL). . u

The estimation of the comulative sieve-size distribution #(D) is ther calculalzd with the following cquatmn

taken from equation [7.31]. F(D) =~ { pl(L)_._ p(L)} wliere 2,(/.) = Z Lp,(L ).

FE—

Rock : guartzite. bize | -39+25mm
Total number of chords measured - 520
B=128
Lo Lol g giLhltared pAL) P Py FO}
] o oo - 0.002 0.000 0.000 6.000 T 0.000
S Y 5.00z: 6,002 0,002 0.002 0.000 0.000
27 10 0.003 . 0.003 0008 . Q910 0002 0,000
3 1.5 0.004 0004 0.020 0028 0.009 0.000
4 20 0.005 NL05 0.040 0.064 0.024 ., -0.001
& 25 0.005 . 0.00€ 0070 °  0.120 £.050 -0.002
§ an 3 - 0.007 - 92 ¢.202 -0.090 -0.003
7 45 X N COOB ¢ 0.168 &.314 0,148 0,006
"8 40 LN, 0008 ¢ 0,243 0.462 0.221 -0.008
Py 45 0010 & 0010 0.33¢ 0.550 -0.318 0012
10 54 0.011, ! '8.020 0.587 1 808 -1,251 0.047
11 55 0.047 . //0.024 0925 2249 2323 .0.088
12 60 0.043 7 0.043 1.447 5,003 .3,585 0.134
. i 13 8.5 0047 . 0040 1,966 5,398 -3.430 -0:128
AR 1 14 70 0088 038 2482 5.868 -3.307 -0.128
ot 4 8 T8 0,048 0038 3,015 6.274 -3.260 0.123
i ] 18 80 0.033 0.034 3.583 £.886 -3.333 {0.126
. 4 17 85  .00%3 0032 4.098 7.373 -3.278 -0.124
N 18 00 0.09% - 0.081 . 4848 7967 2319 125
b : 19 85 . 0029 . 0021 5.238 8933 3,808 0138
20 100 0.033 0030 - 583 9646 3810 0.144
2i 108 0.628 0.009 8.458 10388 3941 0,148
2 Mo 0.027 0.027 7.061 10.623 -2.582 . 00,134
23 15 0.027 D087 7.684 11.450 -3.788 |-0242
24 . 120 0037 0.027 8.321 12236 3415 10,148
25 125 6.026 0.025 8,948 12,353 Bai4 i -0o2g
28 . 130 o021 6.0239 9547 12.845 -3.099 'O
27 135 oues 0.022 10.154 13118 2960 o112
28 14.0 '0.623 0.022 10,775 13.808 3.134 +0.118
% 145 o 0021 . 11303 14345 2082 Lo.111
30 15.0 0.021... 0.02G 32508 14.716 -2.710 50,102
- 3, 185 002 Y 6020 . f‘:'saz 15.760 -3.118 0118
42 80, ¢o2f 2020 ¢ 14271 16.100 +2.838 W, 107
K] i85 0018 0.019 . 1"_!899 18,894 2623 +0.102
34 17.0 L1 0.018 14.E03 16.415 1912 0072
= ] 38 175. " 0.017 0017 18407 . 18.901 «.794 +0.068
38 18.0 0.017 0.018 - 15873 18318 -0.642 0024
37 1858 0014 ° 0.5 16.229 15.487 0.237 0,009
as 19.0 0.015 . 0,014 16.743 15,621 1102 0,042 -
_ 38 1908 0.012 0048 17.25 15.458 1,783 10,067
40 200 0013 0.014 17645 14.808 3.088 ..o 116
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APPENDIX C

L o Lmm o gl glfiterad  pdl) PyLY ol FiD}
4 25 0011 0.011 18.145 14768 3377 0.127
4z 21.0 0.091 0.011 18.599 16.250 3.348 0.126
43 215 0011 0.011 19.060 15856  3.204 0.121
43 22.0 0.011 0,010 18.516 16,057 3.480 0.131
45 R2.8, 0,010 0.010 19.645 15.444 4.501 0.370
4%  280° 0008 0.068 20.345 14726 5420 0.212
47 235 0.008 0.008 20.729 14.417 6.312 0.238
48 24.0 0.008 0.008 21.113 14.765 6.348 0.239
49 245 0008 0.008 21.487 14662  6.826 0.258
50 25.0 0.007 0.007 21.817 13.190 8.628 0.325
51 255 0905 0.008 22107 11828 10276 0.388
52 260 0.003 0.008 22.384 11.€:4 10.870 0.410
w3 28.5 0.006 0.008 22661 11.738 10.923 0.4y2
54 270  0.005 0.005 22,928 11556 11378 0.428
55 275 0,004 0.004 23178 10798 12375 0.467
55 230  0.004 0.004 23.400 10553 12856 6,485
57 285 0.004 0.004 23653 11.417 12535 0.473
58 200 0005 0.004 28.908 11372 1252 0.473
50 205 0004 0.004 24138 11170 12085 0.489
80 300 0003 0.003 24328 9.279 15049 0568
61 308 0.002 0.003 24,481 7.456 17.025 0.642
62 310 0.002 0.002 24811 6.448 18,163 ¢.685
83 315 0002 0.002 24.735 6.255 18480 0.697
8 320 0002 0.002 24872 7.008 17.866 0.674
65 325 0003 0.002 25003 6.821 18.182 0.566
66 330 0002 0.002 25.121 6.262 18,859 0.711
67 35 0001 0.002 25.226 5595 19681 0.741
88 340 0002 0.002 25,329 6582 1973 0.745
59 345  0.02 £.002. 25.4%4 5818 19815 0.740
70 350 0003 0.001 25520 47% 20721 0.782
71 355 0001 0.001 25.584 3660 21918 0.827
72 360 0001 0.001 25,640 3232 . 22408 0.845
73 %5 000 0,001 26,696 3265 22431 0.846
74 870 0.001 0.001, 25.756 3543 22214 0.838
75 975 0001 00of 25312 332 22479 0.848
78 380 0001 0.001 25856 2712 23144 0873
77 385 0.000 0.00% 25.895 2.381 23,613 0.887
78 3.0 0.000 0.00% 25543 3019 22924 0.865
79 995 0001 0.001 25.996 3535 22662 0.855
80 400 D001 G.001 25,064 4328 21738 0.820
g1 405 0001 4.001 28,122 3786 22336 0.843
52 410 0001 0.001 26,175 3435 22709 0.958
83 415 0000 0000+  26.208 2219 23088 0.905
84 420 0000 0.050 26.246 2520 23717 0.895
85 425  0.001 0.000 26.279 2297 23982 0.905
BS 430 0000 0.000 5.506 1860 24445 0.822
87 435 0000 0.000 26318 0579 25735 0.971
80 445 0000 0.000 28321 0410 . 25910 0.977
8 445 0000 0.000 26.320 0640 2890 0.969
9 450 0000 0000 26341 0880 25482 0.961
91 455 0,006 2.000 26.354 0873 25475 0.981
92. 480 0000 0.000 26.367 1006 25362 0.957
93 % 485 0.000 0.000 26,383 1160 25223 0.952
94’ 470 0000 0.000 26.397 1073 25824 0.955
951} 475 0.000 0.000 26.408 0714 25802 0.568
26 48.0 0.060 4030 28.410 0.247 26.182 0.587
97 485  0.00 0,000 26.411 0112 26208 0.602
9 490 0000 0300 26411 0000 . 26411 0.596
95 495  0.000 0000 . 26411 0000 26411 0.508
100 500 - 0.000 0.000 26411 0000 2641 .0.908
101 506 0000 0.000 26.413 043¢ 2627 9391
102 510 0.000 0.000 26418 D532 26887 ! 0477
103 515 0,000 0.000 26,427 U678 26752 0972
104 520  0.000 2.000 26,434 0546 25868 0977
105, 524, .~—000 0.000 28438 0.137 26208 0,992
108 B3 /8,000 0.000 26,437 0.432 26308 0.992
107 838 0000 0.000 28.484 1408 25049 0.845
108 540  0.000 0.000 26474 1738 24798 0.933
100 B4 0,000 0.000 28.492 1631 26881 0.938
190 550 0000 0,000 28496 0318 26178 0.888
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APPENDIX C

L F{” gALfitered AL PL) iy . FO)
111 0.000 6.000 26.406 0.000 25,498 1.000
112 0 0.000 ", 0.000 25.40 0.000 26.496 1.000
113 ! 0000 " 0.000 26496 0.000 26468 1.000
{14 g 0.000 0.000 26.395 0.000 26.486 1.080
115 37, 0.000 0.000 26,496 0.000 26.458 1 D00
116 58, 0.000 0.000 26496 0.000 26,486 1,000
17 R 0:.000 0.000 28406 0.660 26.4%6 1.000
118 K 0.000 0,000 28,495 0.000 26,456 1.000
119 ! 0.000 0.000 26.496 0,000 26.496 1000
120 ! 0.000 0.000 56,406 0.000 26,406 1.000

808 0.000 0,000 26.496 0.000 26.486 1.00CG
681.0 0.000 3.000 28,496 0.000 26,436 1.000
615  0.000 0.000 26.406 0.000 26.496 1.000
€2.0 0.000 0.000 26.498 4.180 28318 0.883
., 628 0.000 0.000 26.502 0368 26.136 0,946
- B3.0 0.000 0.000 26.505 0372 26,134 0.586
835  0.000 0.000 . 26.507 0.189 26.318 0.993
54.0 0.060 0.060 507 0.000 28.507 1.000
845 0,000 0.000.: 26507 0.000 36,507 1.000
65,0 0,000 0,000 28,507 0.000 28,507 .1.000
855 0000 0.000 26.507 0.000 28.507 1.000
£8.0 0.000 0.000 26.507 0.000 26,507 1.007 -
665 0,000 000 26507 0.000 26507 1,60y
670  D.00D 900 26.507 0.000 26,507 1.000
87.5 2.000 0,000 28.507 G.00C 26.507 1.000
880 0000 . 0.000 26507 0,000 26.507 1:000
88.8 0.000 0.064 26,807 30.000 26.5C7 1.000
88.0 0.600 0000 . 26.507 0.000 26,507 . 1.000
805 0,000 0.000 507 9.000 25,507 1.060
70.0 0.000 0.000 26.507 0.000 26.507 1.000
708 £.C00 0.000 26.807 3.000 26.507 1000
710 0000 0.000 26,507 0:000 26507 1,000
718 0.000 0.000 26.507 G.000 26507 1,600
726 0000 0.000 28507  *0.000 26,507 1,000
755 0000 - 0.000 26.507 €,000 26507 1.000
735 0 0000 . 0.000 26,507 0000 26507 1,000
738 0.000 0.000 26.807 0.000 26,507 1.000
740 0.000 0.000 28.507 0.000 26.507 1.000
745 060 0000 26507 0,000 26.507 1.000
750 0.000 £.000 26507 . O30 §.507 1,000
755 - 000D 0.000 26507  .0.000 26.507 1/000
78.0 0,000 0.000 26.507 0.000 26.507 1.000
88 0.0060 0.000 28.507 © D000 28.507 1.000
770 oM 0000 28507, 0500 26,507 1.000
775 er s 0.000 28,507 6.060 26507 1.000
780 oA L 0.000 26.507 0.060 26.507 1,000
785 00w 0,000 26.507 0.000 26507 1.000
790  0.000 0.000 26,607 0.000 26507 1.000
788 0.000 0.600 28507 0.000 28.507 1.000
BOC  0.000° 0.00 26.507 0,000 26.507 1,000
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APPENDIX D

Appendix D __
Sample Caloulations of Direct and Corisirained Linear inversion

In this appendix direct and constrain_ed linear inversion technqives are applied to two typical chord-length

distribution 2(£;) in ordcr to estimate size distributions £(D;} as de-ziibed in chapter. 722 anﬂ 7.2.3.

Twe classes of chord-lengths distributions g(Z.,) are 1o be tansformed 1o size distributions, The chord-length

&istributions were measured from circulating rockstreams of -50+38mm and -19+12.7mm guarcite. The
chrctgl 1¢=ng}h dasmbuuons were derived using morphologxca! edge detection and (.orrecuon,, and the
d:stnbuLons were measured using adjacent lmea:: probes. Belt speed was apprommate.ly 0.5ms™. ﬁle lu-mel
P _m_ggnx p;_%qenteci in these calcukg_t,_ons is derived from 3 size classes of quanzne namely, (i} -75+’>(}mm, (if)
:';ﬁ':;&mm, ) -33425mm, v .25+19m, and (v) -19412.7mm,

. _Dm.c' and consmned lincar taversion ase equauons {7,19] and [7.23] r"psccnvel v, The chord-’fugzh veotors
for she kemel matrice for these calcuolations were derived by averaging 30 chord-!usgm dlsmbuuonb for cach
size class, and then compressing the avcraged chord-lcngm vector from 140 10 5 elements by averaging blocks

of elements according to the mapping schemie given in figure table DI,

The W chord-length distributions to be transform¢d are given in table D2, and table D2 presents the .com-
prcssai chord-iﬂqgth distributions, Note that no dau. other thap, zero oecurs after § =80 and thus the fulldis-
tnbunon to { =200 is not presented in 1able D1. E

As an example the -_50'+38mm chord—lpngth data, the gecond term of the compressed dismibution g, is

i
1.

caleulstsd as follows:

gl + (L) gl + gl + 2{Ly)+ 5(Le)
Suoeylla) = §

_B7+65+62+56+54+53
" 5

26283

D.1



Each term is calcnlated in 4 similar manner, and then normlaized (o BIVe Peoonlly) Where pog(l)=

APPENDIX D

A

mts,...,{!..n

and max (gl is the element with the maximum value iR g..(%;). For the chord-lengih distribution measured _.

for -538mm the first compressed term is $1.67. The maximum value of the conmpressed value

gaaup(Ll) 51.67 , thus the first and second terms are 25

“Table D1 :

Slﬂ

=0.822 and 1.00 tesper, uvc!y‘ see table D3,

length distribution to the compressed distribution for this particular set of calculations.

. TableD2: =

First 80 p(vmts of two chord»length dxstnbuhons messured from tests on the con\?eyor

elements  in g(L}.

gca&ip

maps to clement § in

LI

53

|tAadD W~

Iy

3

Table showing the particular mapping scheme for mapping elements from the chord-

. belt r\ig., ‘

‘n e A L I n 8 L ey s} | A I s
-50+28 196127 B0+ TRetRY 5(:«?.6 194127 . ~50+28 A8+12.7

o 0 o 20 10 58 40 3 5 60 7 0
108 . 946 21 12, 78 41 8 o &1 1 $
2 47 820 22 16 © 28 42 8 i 6 62 1 0
3 87 j‘;ﬂs 28 11 31 43 ] Q 83 0 0
4 65 144 24 17" 17 44 8 1 64 2. 0
5 82 488 | 2% 12 17 45 2 0 85 a 8
& 88 @ 9ss 28 18 1§ i 48 20 1 66 2 o
7 W . 349 27 4 2 | 47 17 Y & .0 o}
8 63 302 28 10 14 48 g 0 d—e8 > 0_ 0
s s 27 ®» 18 18 s 3 ' I s e
0 - 42 252 20 8 48+ | 50 & o 70 0 0
1 B 4 3 8 12 5 9 b 7. 0.
12 28 202 32 ) & 8 8 0 72 0 0
13 - 26 22t 83 10 8 R [ R B £ 6 0
14 32 177 34 11 5 &4 ® 0 - 74 0 2
15 24 169 36 5 8 5 i3 1 75 0 a
16 v 142 3% 10 4| 88 J9 0 75 1 o
17 2% 187 37 & 5 5 7 10 1 77 0 "o
18 21 98 < 4 8 58 Q 6 e 8" ' p 0
18 # 87 30 8 4 9 L s o » D 0

D.2
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APPENDIX D

Table D3: FResnits of compressing the chord-length distribution data given in table D2 using the

mapping given in table D1.

. — Evap
-50+38mm A9+12.7mim
0.8222812 1.0000000
1.0000000 0.7712344
0,4230769 0.2809207
,1666114 0.0167752
0.01606881 0,0000586

The following steps progress thiouh the calculation of the estimated size distribution f(D,) using the data

given in ta..c D3 as input. Two methods are used, dires and constrained lincar inversion where
F(B)=a"p(Ly and fo (D)= -A+MIY"- AT p L) respectively. Note that the the smocthing function H

used in this example is the quadratic,

A=| 10000 10000 10000 1.0000 1.0000
08938 00ED 08586 0.7896 0.8287
0,3981 04185 03706 0.3472 0.3453
0.1313 0.1508 01510 0.0951 0.0567
00238 00180 00073 00017 0.0007|

AT=| 10000 08038 0.3981 0.1518-.0.0289
10000 00088 04185 0.1508 00180
1.0000 0©.8505 03706 0.1510 00073
1.0000 07866 0.3472 Q0981 0.0017,
4 10000 08287 02453 0.0887 0.0007

AT-Amt 197586 13080 19980 1568 188574  H« 1 -1
S 19080 20218 19580 1.8781 15080 - 2 X
19360 1.5560 18992 18218 18489 -1 2 1-
18888 19761 18218 1.7531 1.7798] _ -1 2 -1
16657 19050 18485 17796 -.8082 -1 L

AHef 01270 01270 00000 D.0000 00000)  AH={ 00660 -0.0660 00000 00000  0.0000
AwQ1278 09270 0.2540 01270 0.0000 00000} A=0066f 00660 0.1920 -0.0650 00000 00000

00000 01270 0.2540 00270 0.0000 QOonth  -0.0880 0.1320 00680 0.0000
Q0000 00000 -0.1270 0.2540 -0.1270 00000 00000 -00880 0.1320 -0.066C
00000 0.0000 0.0000 -0.1270 0.1270| - 0000 Q0000 00000 0.066C  0.0880

D3
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iy
AT-A+AH={ 2,026 18710 1.9360 1.8566 18357? Hs=|l 20416 19320 1.9360 1.8566 1.8837
A=0.027] 16710 22765 1.8310 1.8761 1.9080% A=008¢} 18320 21585 1.8920 1.8761 1.5050
1.0360 1.8310 21632 1.6048 18439} 15360 1.8920 201312 17558  1.8489
1.8568 18781 1.6948 20071 1.8526 18566 18761 1.7558 18951 1.7138
1.8857 1.9080 1.848D 1.6526 1.9362 1.8857 1.9050 18489 17136 18752
(asatal @22 z2n 473 400 5.42|ov-asars] 1452 332 -342 677 -8.42
202 402 D12 -258 380 332 702 032 430 623
173 02 314 015 -1.32 342  -0.32 5.68 082 243
400 25§ 015 438 254 677 430 0.32 7.72 a8
£42 4Bt 132 254 834 842 623 243 480 1425

WA el 0218 0460 0406 0485 02500 anarael 0785 0730 0649 0766  0.430
D261 0340 0817 0419 0120 0505 0506 0505 0686  0.194
0.117 0088 0L20 0.187 -0.080 0.135 087 0005 0208 -0.08
0608 D212 0217 0331 .0.148 0775 0426 0386 0541 -0.246
083§ -0.246 -0.382 -0.733 -0.208] 0973 0453 0625 -1.246 -0.344
A= 2707 -0.103 -10.170 1,815 58.422
-7.182 -3.831 30608 -4.388 -36.928
~ 1310 13.340 30740 15,404 14,506
12082 23029 20186 1.204 14973
-8.278 13.713 2874 -11.080 -18.962

e
Beguits of Cireot (D) and Conateained Linosr Inver-
slon {CLY)

14+12.7mm
- .
) -:w;)..um f;f»’?, p

10000 0.3973 -0.0882
07MZ 03419 0.18%2
_ 02899 0.2038 0.150
0.18a8 0088 -4.187| 00185 00649 -0.3382
DD18Y 0008 2178 0.0001 -0.0028 0.2048)
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