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1. Introduction

Characterisation of surface finishes of machined
components and parts in machining operations is becoming
more important as the world tends towards globalisation
and competitiveness. Companies are choosing new tech-
nologies to improve on the surface finish of components
and parts. A new method of fractal characterisation of the
spectral trace of machined surfaces is investigated in this
work. Fractals have been used to describe and quantify
irregular fragments or complex shapes of materials such as
shore-line, clouds, plants, brain cells, gold colloids, and
sponge iron [1, 2]. Fractal analysis has also been used to
study structural and mechanical attributes of some food
products [3]. Kerdpiboon et al. [3] use artificial neural
network analysis to predict shrinkage and rehydration of
dried carrots, based on the inputs of moisture content and
normalised fractal dimension analysis of the cell wall
structure. Measured values of shrinkage and rehydration
were predicted with an R* > 0.95 for the entire test sam-
ples.

Biancolin et al. [4] investigate an acoustic emis-
sion diagnosis technique for the study of fatigue cracks
nucleation and propagation on steel fractal dimension (D)
that evolve with the number of fatigue cycles (N) of the
specimen. This was found useful to identify the condition
of incipient collapse due to the nucleation and propagation
of fatigue cracks on steel. The results suggest that it is pos-
sible to anticipate the detection of crack beginning relating
to the other theoretical or experimental techniques. El-
Sayed and Gaber [5] use the domain decomposition
method to find the explicit and numerical solutions of the
time fractional partial differential equations. Gaite [6]
proves the relation between the box dimension of the frac-
tal set (for d < 3) and the exponent of the Zipf law for con-
vex voids. The author forbids the appearance of degenerate
void shapes. Hans and Hu [7] utilise a revised fractal con-
tact model followed Ahu to analyse the contact behaviours
of electrode/workpiece and workpiece/workpiece inter-
faces for aluminum alloy and low carbon steel, respec-
tively. A comparison with the predicted and the experi-
mental curve illustrates that the predicted curve is in better
agreement with the measured and the analysis results are
right (see[8]).

Tatlier [9] applied fractal analysis to the patterns
formed on the dance floor by footwork while performing
various dance figures. The magnitude of fractal dimension
is mainly dependent on simplicity/complexity of the dance
figures and the characteristic rhythm of the music dictating
the basic footwork and figures performed. He [10] reveals
possible scenarios for predicting 69 particles at different

energy scales in 11 + ¢ fractal dimensions of a fractal M

theory, where ¢ :(\/g — 1)/2. Zheng et al. [11] present a
method to analyse the fractal properties of the 4-point bi-
nary and the 3-point ternary interpolatory subdivision
schemes.

The results presented in this paper offer a direct
means for fast generation of fractals. Aniszewska and
Rubaczuk [12] present the results of physical stability cal-
culations based on single fractal approximation. Numerical
examination of physical stability proves that the new
model is stable. Park et al. [13] develop a theoretical model
to predict the porosity and specific resistance of cake layer
based on fractal theory. The specific cake resistance de-
creases upon increasing the floc size and decreasing the
fractal dimension. Davila and Pares [14] use fractal and
lacunarity analysis to examine the structure of heat-
induced gels of plasma proteins at pH 5.0, 6.0 and 7.0. It
was found that the heterogeneity of cavities distribution
pattern increased as pH decreased.

A closely related study to the current work is due
to Olaosebikan [15] on the possibility of defining “surface
finish” by means of certain parameters obtained from spec-
tral analysis of the wave-form recorded for a given surface
profile. The study involves the examination of five differ-
ently machined surfaces, and from quantitative analysis of
their spectra, a new index is proposed for assessing “sur-
face finish” which overcomes some shortcomings of the
traditional centerline-average (CLA) value. The results
obtained with the CLA method give 5 1 2 4 3, while
Olaosebikan’s method yielded 5 1 2 4 3. The implication
was that surface No.5 is most rough while surface No.3 is
most smooth.

From the various studies presented above, it
seems that improvement in the characterisation of ma-
chined surfaces with respect to operations characterisation
with fractals has not been addressed, which is the subject
of the current paper. The divisions of the rest of this paper
are as follow. The next section considers the mathematical
model, which is the foundation of this paper. Section 3
considers fractal characterisation in relationship with the
trace spectra concept considered in this work. Finally, con-
cluding remarks are given.

2. Mathematical model

The mathematical model that forms the founda-
tion for the current study is based on three sets of equations
and four variables. These equations and variables (X, Y, d
and C) are related in accordance to power law. The concept
of disk count Monte Carlo is linked to these variables and
they are so interpreted. The first equation is stated as



Y =cx¢ (1)
here, Y is equal to the minimum number of disks of known
size required to cover wholly a fractal image lying on a 2-
D Euchidean plane. C in the expression related to the con-
stant of proportionality. X represents the minimum number
of disks of known size required to cover the datum length.
Term d in Eq. (1) is fractal disk dimension of the fractal
image under investigation. The formulation of Eq. (2) is
made possible by finding the logarithm of both sides

Log (Y) = Log (C) +d Log (X) 2)
The third equation is a re-written form of Eq. (2)
y =k + dx 3)

The spectral trace was obtained in analogy form (graphi-
cal) from Olaosebikan [15]. The present fractal analysis
required the spectral to be in digital form. For this reason
five spectral traces (enlarged copies) were digitised using
standard graph paper of 2mm by 2mm grid size. This
seems to be the best digital resolution manually practica-
ble. Modern digital system (digitising machine) was not
within the reach for researchers of this study since its cost
is prohibitive. The outputs of manually digitised spectral
traces are shown in the next five figures (Figs. 1 to 5). The
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Fig. 1 Output of digitised spectral trace 1
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Fig. 5 Output of digitised spectral trace 5

approach presented in this work is christened Fractal Spec
TAO, named after one of the authors of this work for his
contribution in the development of the methodology,
which forms the thesis of this work.

3. Fractal experimentation

Five fractal images were analysed for their re-
spective (d) as in Eq. (3). Here, it is observed that d repre-
sents the slope of the best line through log-log plot of pair
of (X, Y). The computation of the fractal images was done
using iterated functions system (IFS). Images were repre-
sented by cluster of 8000 solution points obtained after a
trade off of the first 1000 solution points from a common
starting point of (1, 2) that was chosen arbitrarily. The es-
timation of Y for corresponding X follows a Monte Carlo
procedure. The random number generator seed value used
for all case was 5678. For fixed X multiple estimate of Y is
made and the least Y value from the set is recorded for the
purpose of analyses for the d. For more details, see the
tables and figures for respective fractal images. Notably,
Fortran programme was used for the implementation of
both IFS and the Monte Carlo procedures.

In particular, fractal analysis was applied to the
spectral trace presented by Olaosebikan [15]. This spectral
trace, obtained in analogue form (graphical), was digitised.
The five spectral traces (enlarged copies) were digitised
using standard graph paper of 2mm by 2mm grid size. The
digital resolution obtained is the best manually practicable
in the view of resources available to the authors. Although
modern digital systems are available, they are rather too
expensive, and hence are limitation of the study. The out-
puts of the manually digitised spectral trace are shown in
Figs. 1 to 5.

Now, applying the fractal concept, the log-log
plot for all the spectral traces (1 to 5) is made, and shown
in Figs. 6 - 11. A Fortran programme was developed and
tested based on some running parameters which are com-
mon to all the five cases. The seed, Iseed = 6789, the num-
ber of observation scales is 20, the number of iterations is



20. Noticeably, for all the cases considered computational
time was found to be below 1 minute. By considering the
results of the log-log plot for the spectral traces 1-5, fractal
dimension by the disk count Monte Carlo approach is
summarised in Table 1.

Theoretically, a curve is bound to have dimension
of at least unity. Thus, the acceptability of this result de-
pends on inherent human and computational errors. In Ta-

67

ble 1, rank results show that the first machined surface is
the roughest while the fourth surface is the smoothest.
Thus, the five machined surfaces can be put simply as
“15234” as against “51234” ranking obtained by CLA and
spectral index methods. It is interesting that visual assess-
ment of the digitised spectral traces for roughness agreed
with the “15234” ranking in the present study.

Table 1

Comparison of present results with literature results

Fractal Literature dimension Present disk dimension % relative absolute difference
Koch 1.2619 1.0972 13.1
Triangle 1.5850 1.5042 5.1
Xmas Tree 1.4650 1.3459 8.1
Fractal J NA 1.4541 NA
Fractal W NA 1.4514 NA
Fractal T 1.5850 1.4417 9.0
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Referring to the graph of Disk Dimension Varia-
tion for fractal W shown above (Fig. 12), the Disk Dimen-
sion appears to tend toward a finite value with a gradual
increase in the number of observation scale. Referring to
Fig. 13, the percentage absolute relative difference range
from 5.1% to 13.1% for all cases studied except for Fractal
J and Fractal W that does not have literature dimension.
The computation involved in each of the studied six cases
lasted under three (3) minutes.
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Fig. 13 Scatter diagram of fractal W (8000 points)
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Referring to the log-log plot for spectral trace 1
(Fig. 14) fractal dimension by the disk count Monte Carlo
approach is 1.1007 to four decimal. Referring to the log-
log plot for spectral trace 2 shown above fractal dimension
by the disk count Monte Carlo approach is 1.0864 to four
decimal. Referring to the log-log plot for the spectral trace
3 (Fig. 16) the fractal dimension by the disk count Monte
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Fig. 14 Log-log plot for spectral trace 1
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Carlo approach is 0.9355 to four decimal. Theoretically a
curve is bound to have dimension of at least a UNITY!
Thus the acceptability of this result is solely on inherent
human and computational errors. Referring to the log-log
plot for spectral trace 4 (Fig. 17) the acceptability of di-
mension of 0.9113 is as argued for spectral trace 3 with
dimension of 0.9355.
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Fig. 15 Log-log plot for spectral trace 2

Referring to the log-log plot for spectral trace 4
(Fig. 17) fractal dimension by the disk count Monte Carlo
approach is 1.0940 to four decimal. For illustration pur-
pose, we report the procedure in transforming original data
on the application of Monte Carlo approach in the search
for minimum number of disk (known size) required to
cover a particular spectral trace. Here, the example of
Spectral trace 5 is given. Spectral trace 5 had the highest
value of product of (d & C). d & C characterise the best
line of fit to the data point on the two planes (circle size
number versus corresponding measure). d is slope and C is
intercept on the log-log 2-dimensional plane. Table 2 is
used to obtain Table 3. To obtain Table 3, maintain column
one of Table 2, search for minimum entry among (Y1 to
Y20) of Table 2 and the results of this search form the en-
tries for column two of Table 2 (from row 1 to row 20).
Table 3 shows the rank of spectral trace dimension. From
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Table 2

Results of twenty iterations by Monte Carlo approach in search of minimum number of disk (known size) required to
cover spectral trace (5)

Disk Num- Iterations by Monte Carlo approach

ber Req. to

Cover Da-

tum (X) Y1 [Y2|Y3|Y4| Y5 | Y6 | Y7 | Y8 | YO [Y10|Y11| Y12 | Y13 |Y14| Y15 | Y16 | Y17 |YI8|Y19|Y20
1 313(3 3 3 3 3 3 3 3 3 3 3
2 515](5 5 5 5 4 6 6 4 5
3 8 9 8 8 8 8 8 9 8
4 12 (1|10} 9 10|11 |10 ] 11|11 |13]11]| 11 11 |10] 10 | 10| 12 |10]10] 10
5 13(15)15(12) 13|12 |11 |14 |13]13]15] 15 14 | 12| 13 14 | 13 |15]13] 13
6 16 |17]16[17] 19 | 16 | 15| 16 | 17 | 15| 17 | 18 16 | 17| 15 16 16 | 17|16 | 17
7 19120[19]19 21 | 19 |20 |20 |20 |21 | 18| 20 | 20 | 19| 19 | 20 | 19 | 20| 20| 21
8 23 (24(25(20 22 |24 | 22 | 22 |23 | 25 | 25| 26 | 21 | 23| 25 | 24 | 22 |21 | 22| 23
9 25(27]25(27] 25 | 28 | 26 | 26 | 26 | 25| 25| 25 | 26 | 25| 26 | 25 | 25 |27 |26 | 26
10 31(31(31(31]32/30]|30|29|31 29|30 30 | 29 29| 32 | 30 | 30 |30 30] 30
11 36 (32(34(31|33 | 34|31 |33|32]30]|31]| 31 32 | 31| 32 | 31 33 | 33|36 | 31
12 36 140(38(38| 40 | 35|39 39|40 |39 |38 | 36 | 38 | 35| 40 | 38 | 39 |36 |37 ]33
13 43 (41(42(39] 41 | 40 | 42 | 39 | 38 | 41 | 41| 37 | 38 |41 | 40 | 42 | 39 |40 | 43| 39
14 49 [44|45(44| 48 | 44 | 45 | 43 | 44 | 44 | 42 | 42 | 45 |44 | 43 | 45 | 44 |42 | 45| 45
15 44 146|48(49| 50 | 49 | 48 | 47 | 46 | 49 | 49 | 48 | 47 |51 | 48 | 47 | 50 | 47| 51 | 48
16 51(55(55(54| 50 | 52 | 55|53 | 54|51 |53 50 | 52 [ 53] 50 | 50 | 50 | 52|55 52
17 51(52(53|52| 54 | 54 | 54|51 | 52|53 |55 50 | 52 | 53] 53 | 52 | 54 | 53| 54|51
18 53 (52(53|50| 54 | 53| 53|50 |51 |50 |56 53 | 53 |54 53 | 51 52 | 50|52 53
19 61(59|61(57| 56 | 62 | 61 |60 | 58 |61 |59 | 62 | 62 | 57| 59 | 6l 57 | 60 | 61 | 63
20 71171]69]64| 72 | 70 | 68 | 67 | 66 | 66 | 68 | 66 | 68 | 68| 65 | 65 | 67 | 71| 70 | 68

Table 3, the characterising index is defined as a product of
two parameters (d & C) instead of just (d). The justifica-
tion is that to uniquely define a straight line on a graph we

Referring to Table 4, the product of d & C is the
highest for machined surface five (2.415342) and the smal-

need only two things (the slope and intercept). This is what Table 4
was done to uniquely differentiate one surface from an- Ranked product of (d & C) for the five machined surfaces
other.fTherledl.skad.possft.)lhty of two surfaces having the Machined Disk C.= o Product
same iractal disk dimension. Surface by | Dimen- | =Log(C) | =Exp(Co) | of (d&C)
Number sion (d)
. . Table 3 5 1.094 0.792 2.207808 | 2.415342
Ranked results of spectral trace dimension
1 1.1007 0.7277 2.070313 | 2.278794
Spectral traces Disk dimension 2 1.0864 | 0.7359 | 2.08736 | 2.267708
Trace 1 1.1007 3 0.9355 0.8099 2.247683 | 2.102708
Trace 5 1.0940 4 0.9113 0.7705 2.160846 | 1.969179
Trace 2 1.0864
4.5
Trace 3 0.9355 40
Trace 4 0.9113 '
3.5 4
. 3.0
Referring to Table 3, the ranked results show that _
the first machined surface had the highest fractal disk di- z 2
mension while the fourth machined surface had the small- S 201 y = 1.094x +0.792
est. Disk dimensions for the five machined surfaces are 15 R"=0.9873
different. For the purpose of machined surface roughness Lo ¢
characterisation a well-defined unique parameter is re- ’
quired. One such parameter is the product of (d & C) de- 051
fined under Eq. (1). Once (d & C) are defined Eq. (1) is 0.0 ‘ ‘ ; ; ; ;
uniquely defined and the characterisation of five or more 0.0 0.5 1.0 Log (IXS) 20 25 3.0 3.

machined surfaces as in the present study becomes a possi-
bility (See Table 4).

Fig. 18 Log-log plot for spectra trace 5



lest for machined surface four (i.e. 1.969179). Thus, the
machined surface five is the roughest while machined sur-
face four is the smoothes. The product of (d & C) for the
five machined surfaces are different. Roughness of the five
machined surfaces ranked as “51234” as against “51243”
ranking obtained by CLA and Spectral Index methods (see
Fig. 18). This amount is about 60% of agreement assumin-
gno error was made. The deviation from perfect agreement
may be due to human error at digitisation level. Or possi-
bly the present results may be a manifestation of the supe-
riority of the present method over both CLA and Spectral
Index method. This definitely will require further research
for clarification.

4. Conclusions

The current study shows a new method, chris-
tened Fractal Spec TAO, which seems promising in esti-
mating the disk dimension of fractal image. Computational
test is carried out using the method on five machined
workpiece surfaces. The results obtained are ranked and
compared with CLA method and the spectral index
method. The product of (d & C) for the five machined sur-
face is different, establishing uniqueness of the proposed
method. However, the ranked results of product of (d & C)
partially agreed with both CLA and Spectral index meth-
ods. The study shows the possibility of fractal disk dimen-
sion characterisation of machined surfaces provided human
error at digitisation level can be eliminated. It is also con-
cluded that the complexity of the spectral trace implies the
relative roughness of machined surface. With availability
of digitiser this new method can be integrated to a machine
components producing machine as a quality control unit.
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B. Alabi, T.A.O. Salau, S.A. Oke

PAVIRSIAUS APDOROJIMO KOKYBES
NUSTATYMAS FRAKTALINE ANALIZE

Reziumé

Straipsnyje sitilomas naujas metodas mechaniskai
apdirbty pavirSiy kokybei nustatyti fraktaline analize. Tai
galéty buti Olaosebikaineno spektrinés analizés metodo,
skirto pavirSiaus apdirbimo kokybei nustatyti, patobulini-
mas. Matematinis modelis paremtas Monte Karlo ziedy
skai¢iavimu priartéjimo metodu. Jis buvo iSplétotas ir pa-
tikrintas modeliuojant gautus rezultatus Fortrano progra-
mavimo kalba parengta programa. Tyrinéti penki apdirbti
pavirsiai, kurie buvo suklasifikuoti atsizvelgiant i fraktali-
nius matmenis, nustatytus atitinkamam pavir§iui pagal jo
spektro juosta. RuoSiniai, apdirbti skirtingomis operacijo-
mis, turi sava pavirSiaus ypatybe, priklausoma nuo pasi-
rinkto apdirbimo biido (frezavimo, $lifavimo ir t. t.). Pagal
turimus $esis (A, B, C, D, E ir F) fraktalinius atvaizdus
buvo nustatyti atitinkami spektriniai fraktaliniai matmenys.
Spéjama, kad Sie ivertinamieji rodikliai sutaps su ivertina-
maisiais rodikliais, gautais CLA ir spektrinio indekso me-
todais. PrieSingai, {vertinamieji rezultatai skiriasi nuo re-
zultaty, gauty CLA ir spektrinio indekso metodais. Naujas
metodas, atrodo, yra geresnés kokybés palyginti su CLA ir
spektrinio indekso metodais, kadangi yra tikslesnis, gero-
kai sutrumpéja apskaiciavimo trukmé. Absoliutus minéty
metody rezultaty tarpusavio skirtumas sudaro 13.1%. Skai-
¢iavimai trunka tik 3 minutes.
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SURFACE FINISH QUALITY CHARACTERISATION
OF MACHINED WORKPIECES USING FRACTAL
ANALYSIS

Summary

A new method on machined surface finish quality
characterization using fractal analysis is proposed. This
seems to be an improvement on Olaosebikan’s spectral
analysis index method for surface finish assessment.
Mathematical model based on disk count Monte Carlo ap-
proach is developed and tested with simulated results from
computer programme written in Fortran. Test cases involve
five-finished machine surfaces (work pieces) that are
ranked based on fractal dimensions obtained for the re-
spective machined surface spectral trace. The work pieces,
made using different machining operations (milling, grind-
ing, etc.), have their quality of finishing described as a
function of the machine operation that each workpiece
passes through. The respective spectral fractal dimensions
of six fractal images (A, B, C, D, E and F) were then ob-
tained. The conjecture is that the ranked results will agree
with ranking obtained by both CLA and spectral index
methods. Contrarily, the ranked results disagreed with both
CLA and spectral trace results. The new method seems
superior to both CLA and spectral trace approaches since a
higher accuracy and much less computation time is ob-
served. The maximum percentage relative absolute differ-
ence is 13.1%, and the computation time is as short as 3
minutes.
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OLIEHKA KAYECTBA MAIIMHHOU OBPABOTKE
INOABEPIHYTOM ITOBEPXHOCTHU ITPU ITOMOIIU
OPAKTAJIBHOI'O AHAJIN3A

Pe3zmowMme

B crarbe npeioxkeH HOBBI METOJI OLICHKU Kaue-
CTBa MAIIMHHON 00pabOTKE MOIBEPTHYTOH IMOBEPXHOCTH
MPU TIOMOIIH (PaKTANBHOTO aHam3a. JTO MOXKET OBITh
ycoBepuieHCTBOBaHHEM MeTofa OmaoceOmkaiiHeHa Tpen-
HAa3HAYEHHOTO JUIS OMNpEICICHUs] KadecTBa MAIIMHHON
00paboTKH TMOBEPXHOCTH IIPU ITOMOILIH CIEKTPAIBLHOTO
aHanu3a. MaremaTuyeckast MOJielIb OCHOBaHa Ha IOJICUETE
konery MonTe-Kapiio mMeromoMm mocienoBaTeIbHOTO IpH-
Oommwkennst. OH ObUT Pa3BUT M NPOBEPEH MOAEIHPOBAHUEM
TIOJYYEHHBIX DPEe3yJbTaTOB Ha SI3bIKE IPOrPaMMHPOBAHUS
@DopTpaH MNPHUTOTOBJIEHHON HporpaMMe. OKCIHEpUMEH-
TAJIFHO HCCIIEIOBAIOCH IIATh MEXaHUYECKH 00pabOTaHHBIX
MIOBEPXHOCTEH, KOTOpbIe OBUIM KIACCH(UIMPOBAHBI y4H-
ThIBasi ()pakTajbHBIE pa3Mepbl YCTAHOBJIECHHBIE VIS OIIpe-
JICICHHON TTOBEPXHOCTH II0 €€ CHEKTPOBBIM IOIIOcaM. 3a-
TOTOBKH, 00paOOTaHHBIE pa3HBIMH OIEPALUSIMH, HMEIOT
OTIPEJETICHHOE CBOWMCTBO, 3aBHCHMOE OT IOZOOPaHHOTO
crocoba 00pabotku (ppesepoBanus, nuMOBAHUSA H T.11.).
ITo umetorumcs mectu (A, B, C, D, E u F) dpakransabsiv
n300pakeHUsAM OBUIM yCTaHOBIICHBI COOTBETCTBYIOILUE
CHeKTpaibHble (hpakTayibHble pasMmepbl. [Ipenmnonaraercs,
YTO 3TU OIICHMBAIOLIME MOKa3aTenu OyAyT COBMHaIaTh C
OLICHHMBAIOIIMMH IOKa3aTEJISIMHU, MOJTYYEHHBIMH METOAaMH
CLA wu cnekrpansHoro mHuekca. HaoGopor, oueHuBaro-
Iye Pe3yibTaThl OTINYAIOTCS OT PE3YJbTaToB IOJIy4YEH-
HeIx Metomamu CLA m cmekTpainsHOTO MHIeKkca. HoBwrid
METOJl KakeTcsi Ooliee KadeCTBEHHBIM IO CPAaBHEHHUIO C
MetogoM CLA u creKkTpalbHOTO HHIEKCAa: OH Oojiee To-
YEH, 3HAUYUTEIbHO YMEHBIIEHO BpeMs, HEOOXOOUMOE IS
MOJICYETOB PE3yNbTAaTOB M3MEPEHUs. AOCONIOTHAS pa3HU-
I1a MEXIy pe3yIbTaTaMH U3MEPEHUS yIIOMSHYTHIMH METO-
nmamu coctasnseT 13.1%. Pacuersr npousBozsTes 3a 3 Mu-
HYTBI.
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