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Abstract: Existing ISO segmented and continuous separation methods for differentiating the two components 

contained within a bi-Gaussian stratified surface were developed based on the fit of the probability material ratio 

curve. In the present study, because of the significant effect of the plateau component on tribological behavior 

such as asperity contact, wear and friction, a truncated separation method is proposed based on the truncation 

of the upper Gaussian component defined by zero skewness. The three separation methods are applied to real 

worn surfaces. Surface-separation and surface-reconstruction results show that the truncated method accurately 

captures the upper component identically to the ISO and continuous ones. The identification of the lower 

component characteristics requires performing a curve fit procedure on the data left after truncation. However, 

the truncated method fails in identifying the upper component when the material ratio of the transition is less 

than 9%. 
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1  Introduction 

Surface texture can be considered as the fingerprint 

of a component [1, 2]. It can: (1) give an evaluation of 

the quality of manufacture process; (2) guide “reverse 

engineering” by revealing the unknown manufacture 

processes; (3) render the current state of the com-

ponent itself; and (4) control a component’s functional 

performance with respect to lubrication, asperity 

contact, wear, friction, etc. It is therefore imperative 

to research surface analysis methods. In addition to 

surface analysis, surface simulation is required because 

experiments usually require considerable financial 

inputs. Surface generation can also be used to   

vary surface statistical properties during tribological 

simulations. 

To analyze rough surfaces, the central moment 

parameter set Rq (= ), Rsk and RKu is widely used, 

and can well characterize the vast majority of rough 

surfaces [3]. Yet, it fails in assessing bi-Gaussian 

stratified surfaces such as two-process surfaces [46] 

and worn surfaces [2, 710]. The cylinder liner manu-

factured by plateau honing is a representative two- 

process surface which consists of smooth wear-resistant 

and load-bearing plateaus with intersecting deep 

valleys working as oil reservoirs and debris traps. 

During the wear process, a prepared rough surface is 

altered, yielding a two-scale rough surface with a 

large-scale roughness in the valleys and a small-scale 

roughness in the plateaus left by a truncation of the 

peaks of the large-scale roughness. Two main methods 

based on the material ratio curve (i.e., Abbott curve) [11] 

have been used to identify bi-Gaussian surfaces up to 

now: the Rk parameter set [12] and the probability 

 
* Corresponding author: Xiangfeng LIU, E-mail: liuxf@tsinghua.edu.cn 



Friction 5(1): 32–44 (2017) 33 

∣www.Springer.com/journal/40544 | Friction 
 

http://friction.tsinghuajournals.com

material ratio method [13]. The Rk parameter set is 

illustrated in Fig. 1(a) referring to ISO 13565-2 [12]. It 

divides the material ratio curve into three regions, i.e., 

core, peak and valley regions, which conflicts with a 

two-stage manufacturing process. Thus, the probability 

material ratio curve method offers an effective choice. 

Williamson [14] found that the material ratio curve of 

a Gaussian surface plotted on a Gaussian standard 

deviation scale is linear; the intercept provides the 

mean value of asperity height whilst the slope gives 

Rq (= ). A bi-Gaussian surface zi,j should thus embody 

two lines, as shown in Fig. 1(b) [9] referring to ISO 

13565-3 [13]. Rpq (= u) corresponds to the mean 

square root of the upper surface zu,i,j, and Rvq (= l) 

corresponds to the mean square root of the lower 

surface zl,i,j. The knee-point (Rmq, zk) defines the 

separation of the upper and the lower surfaces, and 

Pd [8] provides the distance between their mean 

planes (zmu, zml). Whitehouse [4], Malburg et al. [5], 

Sannareddy et al. [6], Leefe [7], and Pawlus and Grabon 

[8] have used the probability material ratio curve 

method to analyze bi-Gaussian surfaces. However, all 

of these previous works were proceeded by using the 

segmented separation method to obtain the two com-

ponents from a stratified surface. Hu et al. [2], recently, 

have criticized the two drawbacks of the segmented 

separation method. The first is that the segmented 

separation method arbitrarily assumes that the pro-

bability material ratio curve simply consists of two 

straight lines connected at a knee-point. In fact, the 

probability material ratio curve should exhibit a smooth 

transition region resulting from the gaps in the original 

plateau profile induced by the deep valleys in the 

rough profile [6] and the unity-area demand of the 

probability density function. The second drawback is 

that the segmented separation method tends to induce 

a large error in the small-scale roughness component. 

Therefore, Hu et al. [2] proposed a continuous separa-

tion method, which has been validated to perfectly 

overcome the drawbacks on simulated pure bi-Gaussian 

surfaces and real worn surfaces. Additionally, the 

continuous form of the probability density function 

in Ref. [2] was applied to modify the segmented strati-

fied asperity contact model of Leefe [10]. However, 

when initially discussing the efficiency of the  

 

 

Fig. 1 Characterization of a two-process or worn surface [9]. 

continuous separation method in Ref. [2], Hu et al. 

selected a simple segmented method [6] rather than the 

procedure in ISO 13565-3 [13]. When they extended 

the application of the continuous method to the fields 

of lubrication and asperity contact [9], they compared 

the continuous and the ISO segmented separation 

methods. 

To generate Gaussian distributed rough surfaces, 

three main models (i.e., autoregressive model [1517], 

moving average model [1820], and function series 

[2123]) have been proposed together with either a 

direct approach or a fast Fourier transform (FFT) 

approach. To further generate a non-Gaussian surface, 

the Johnson translation system [24] together with 

auxiliary algorithms [25, 26] can be used to impose 

the target skewness and kurtosis values. Recently, 

Francisco and Brunetiere [27] developed an improved 

curve translation system. However, even if a transla-

tion system could help to reproduce a non-Gaussian  
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surface that captures the roughness, correlation lengths, 

skewness and kurtosis of a worn surface, it still loses 

the stratified characteristic. To address this limitation, 

Pawlus [28] specified the surface parameters for the 

two components, and generated a bi-Gaussian surface 

based on the superposition principle. Hu et al. [2, 9] 

also used the superposition principle to numerically 

generate bi-Gaussian surfaces. Furthermore, they 

combined the superposition principle (i.e., surface 

generation) with the probability material ratio curve 

method (i.e., surface analysis) to reconstruct real worn 

surfaces. 

As we know, the upper component has a significant 

effect on the tribological behavior of a rough surface 

[9]. For instance, asperity contact usually appears in 

the peak region rather than the valley region. An 

error in modeling the asperity contact will induce a 

sequent deviation when analyzing wear or friction. 

In the present study, a truncated separation method 

is proposed based on the truncation of the upper 

Gaussian component, allowing capturing all surface 

peaks. Contrary to the ISO segmented and the con-

tinuous separation methods using the curve fit of the 

probability material ratio curve to separate the two 

Gaussian components, the truncated one adopts a 

sufficient condition (i.e., finding a threshold plane with 

the property that the surface defined by the points 

above the plane has zero skewness) to isolate the upper 

Gaussian surface. These three separation methods 

are applied to four real worn surfaces from Ref. [2]. A 

comparison is carried out on both surface separation 

and surface reconstruction. The limitation analysis of 

the new truncated method is also performed. 

2 Existing approaches for separating and 

reconstructing worn surfaces 

2.1 Surface separation method 

In ISO 13565-3 [13], a segmented linear regression is 

proceeded after excluding the nonlinear regions. Its 

main procedure is as follows [9, 13]: (1) A conic section 

is used to initially fit the probability material ratio 

curve. Based on the conic-section asymptotes, a 

bisector line can be determined, and the transition 

point from plateau to valley is initially estimated by 

the intersection of the bisector line with the conic 

section. (2) The second derivative of the probability 

material ratio curve is calculated. A search, starting 

from the transition point, works upward through the 

plateau region and downward through the valley 

region. The upper limit of the plateau region UPL and 

the lower limit of the valley region LVL are assigned 

when the second derivative of the next point signi-

ficantly exceeds the distribution of second derivatives 

of previous points on that side of the transition point. 

(3) The asperity-height axis of the probability material 

ratio curve is normalized with respect to the standard- 

deviation axis to yield a square region between UPL 

and LVL. Within the resulting square region, a conic- 

section fit is again used. Based on the corresponding 

asymptotes and three-time bisector line, the lower 

limit of the plateau region LPL and the upper limit of 

the valley region UVL are determined. (4) A segmented 

linear regression is applied to the non-normalized 

probability material ratio curve within [UPL, LPL] and 

[UVL, LVL], respectively, yielding component surface 

parameters u, l, zmu, zml and Rmq. 

In the continuous separation method, the con-

tinuous form of the material ratio curve is expressed 

as [2, 9, 10] 
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Then, the probability material ratio curve, G.S.D., is 

continuously rendered as [2, 9, 10] 
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By applying Eq. (2) to fit the probability material ratio 

curve of the target surface, the values of zmu, u, zml and 

l are determined. In order to calculate other surface 

parameters such as correlation length, summit density 

and mean summit curvature radius for each component, 

the knee-point concept from the segmented separation 
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method is retained. The knee-point (Rmq, zk) can be 

deduced from two points (0, zmu) and (0, zml) [2, 9, 10] 
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2.2 Surface reconstruction approach 

The kernel of the bi-Gaussian reconstruction approach 

is to generate two individual Gaussian surfaces based 

on the results of surface separation, and then to com-

bine the two Gaussian components according to the 

superposition principle. Therefore, the first step of the 

bi-Gaussian reconstruction approach is to generate 

Gaussian surfaces. To generate a Gaussian surface 

with specified  and correlation lengths, asperity 

height zi,j in the moving average model is expressed 

as [2, 3, 9, 1820] 
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 is the Gaussian random series. ak,l is a matrix of 

coefficients that can be obtained from the auto-

correlation function ACF [18] 
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To avoid a complex solution of the nonlinear system 

of (M+1)(N+1), the FFT is used. Equation 5 is trans-

formed into the frequency domain [20] 

      PSD( , ) ( , ) ( , )p q p q p qH H        (6) 

where PSD (power spectral density) is the FFT of the 

ACF, and H is the FFT of ak,l. As the PSD is composed 

only of real coefficients, Eq. (6) can be rewritten as 

   ( , ) PSD( , )p q p qH            (7) 

zi,j can be calculated from Eq. (4) after applying an 

inverse FFT to Eq. (7) in order to obtain ak,l. zi,j can also 

be obtained by applying an inverse FFT to the scalar 

product between the FFT of  and Eq. (7) [20]. 

According to Refs. [2, 9, 28], with the specified 

component surface parameters u, l and autocorre-

lation functions, two Gaussian component surfaces 

zu,i,j and zl,i,j are numerically generated, respectively. 

The distance Pd between the mean planes zmu and zml 

is calculated by Pd = zmuzml. The target rough surface 

zi,j can then be reproduced by using the superposition 

principle, i.e., zi,j =  min (zu,i,j, zl,i,j). The newly com-

bined surface zi,j is then updated by moving it to its 

mean plane. 

3 Truncated separation method 

Figure 2 shows a schematic diagram of the truncated 

separation method. For a worn surface, its upper 

Gaussian component can be defined by zero skewness 

and a certain value of the kurtosis close to three [29]. 

Thus, a sufficient condition to isolate this component 

is to find a threshold plane with the property that the 

surface defined by the points above the plane has 

zero skewness. By this, the remaining points (below 

the threshold plane) are grouped into the lower 

component. The reasons to select the skewness as the 

convergence index are: (1) The kurtosis is a quartic 

central moment and is much more sensitive than the 

skewness to the selection of the threshold plane. 

(2) The skewness well indicates the asymmetry of the 

surface. For a Gaussian surface which has a symmetric 

shape relative to its mean plane, the skewness is 

zero. For an asymmetrically distributed surface, the 

skewness will be negative if the surface has more 

peaks under the mean plane, while a positive skewness 

is specific to a surface with high peaks and shallow 

valleys. As a result, it is easy to apply a dichotomy 

method to the skewness when searching the threshold 

plane. The basic idea of the dichotomy method is 

described as follows: (1) For the target worn surface 

zi,j, boundaries are defined as zstart = min(zi,j) and zend = 

max(zi,j). Since the skewness is a dimensionless number 

and is expected to be zero, the convergence condition 

is whether the absolute value of the skewness is 

smaller than a specified coefRsk. (2) The threshold plane 

is set as zk0 = (zstart+zend)/2. (3) Based on zk0, zi,j is divided 

into two components. The skewness of the upper com-

ponent is calculated. (4) If the absolute value of the 

calculated skewness is smaller than coefRsk, the iterative 

procedure is completed, and the required threshold 
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plane is zk0. Otherwise, zstart (or zend) is set to zk0 if  

the skewness is negative (or positive). (5) Repeating 

steps 24 until the iterative procedure satisfies the 

convergence condition. 

After the upper component is separated from the 

target worn surface, the lower component is retained. 

Logically, the surface parameters of the lower com-

ponent can be simply calculated referring to these 

remaining data. It is named Route A. Unfortunately, 

the Rmq of a real worn surface is usually larger than 

50%, indicating an abundant loss of points in the 

remaining lower component, as shown in Fig. 2. By 

this, the left information is not sufficient to accurately 

calculate l and zml. In such a case, the linear regression 

of the probability material ratio curve is still required 

to the left points, yielding l (slope) and zml (intercept). 

It is named Route B. 

4 Results and discussion 

4.1 Results 

Four real worn seal surfaces from Refs. [2, 10] are used. 

These four surfaces from a mono-spring face seal 

(Fig. 3) have undergone a running-in period of 24 hours 

and an additional 100 hours of service. They are, 

respectively, made of silicon carbide (SiC), tungsten 

carbide (TC), resin-impregnated carbon (RiC) and 

metal-impregnated carbon (MiC). A white light inter-

ferometer Talysurf CCI with a 50 objective is used 

to measure the above surfaces. Because the inter-

ferometer is unable to receive some signals when the 

local slope of the surface is greater than 27°, inducing 

noises at the boundary of deep valleys, a median 

filter is applied for noise reduction. The unmeasured 

points are retained without any interpolation. 

In line with previous works [2, 3, 9, 10], the funda-

mental surface parameters are calculated as 

 

Fig. 3 Mono-spring face seal [2, 9, 10]. 

 

Fig. 2 Schematic of the truncated separation method: (a) 3D and (b) 2D. 
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M and N are the numbers of points in the x and y 

directions, both equaling to 1,024; x and y are the 

80% correlation lengths in the x and y directions; x 

and y are the x- and y-direction sampling intervals. 

Since the size of each surface is 360 m  360 m, x 

and y are both equal to 0.352 m. The results of the 

surface-parameter calculation are listed in Table 1. 

Note that in Refs. [2, 9], two mistakes were made. (1) 

Variables p and q in Eq. (9) were limited to 30 which 

was narrow compared to the real correlation lengths 

of the RiC and the MiC surfaces. Thus, in Refs. [2, 9], 

the resulting correlation lengths of the RiC and the 

MiC surfaces were 10.6 m. (2) x and y were switched. 

These two mistakes did not affect the conclusions. 

The truncated, the continuous and the ISO seg-

mented separation methods are applied to the above 

target surfaces, successively. Firstly, Route A is selected 

to deal with the lower components. The results are 

displayed in the left part of Fig. 4 and are listed in  

Table 1  Surface parameters of the target surfaces. 

Value 
Parameter 

SiC TC RiC MiC 

 (m) 0.0922 0.0339 0.0641 0.200

Rsk 1.56 10.0 4.00 6.50

Rku 7.46 146 34.3 59.9 

x (m) 4.25 4.25 15.6 12.4 

y (m) 3.90 4.25 9.22 11.0 

Ratio of unmeasured 
points (%) 

0.133 0.0309 0.245 1.03 

 

Fig. 4 Component separation by using the continuous, the ISO 
(left part) segmented and the truncated with Route B (right part) 
separation methods: (a) SiC, (b) TC, (c) RiC, and (d) MiC. 
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Table 2. Note that the continuous and the ISO 

segmented methods are carried out within [3, 3] 

[2, 9, 10] because this interval has covered the vast 

majority of the material ratio curve from 0.13% to 

99.87%. In the use of the truncated separation method, 

coefRsk is set to 1  10–5. 

It can be concluded from Fig. 4 and Table 2 that [9]: 

both the ISO segmented and the continuous separation 

methods can well separate the components from the 

target surface; the continuous one yields results almost 

identical to the ISO one but in a much more efficient 

way. In terms of the present truncated separation 

method with Route A, it well separates the upper com-

ponent. However, it exhibits two drawbacks. (1) The 

resulting lower component is obviously different 

from those obtained by the other two methods. As 

mentioned in Section 3, the deviation should be caused 

by the abundant loss of points in the lower part when 

Rmq is much larger than 50%. (2) There is a significant 

deviation between the truncated method and the 

other two in the knee-point. In the truncated separation 

method, the threshold plane zk is firstly determined 

by the dichotomy method mentioned in Section 3. 

Then, Rmq can be calculated based on the known zk. 

The resulting knee-point is thus a certain point in the 

probability material ratio curve. However, in the ISO 

segmented and the continuous separation methods, 

u, l, zmu and zml are firstly determined. Then, Rmq 

and zk are calculated according to Eq. (3). The knee- 

point usually does not really locate on the probability 

material curve. 

To solve the first drawback, Route B is used as shown 

in the right part of Fig. 4, thus yielding Table 3. In 

Table 3, the quality of the lower component has been 

greatly improved especially for the latter three cases. 

In contrast with a simulated bi-Gaussian case whose 

two components are known beforehand, it is hard to 

assess which way used for calculating the knee-point 

is better with respect to real worn surfaces. Thus, this 

topic will be discussed in Section 4.2. 

Using the surface-separation results from Table 3, 

surface reconstructions, based on the approach pre-

sented in Section 2.2, are performed. Two tips should 

be emphasized. (1) For a bi-Gaussian reconstruction 

approach, it is difficult to select the input correlation 

lengths for a component. According to Refs. [2, 9], the 

input two correlation lengths of each component in the 

present study are arbitrarily set to the same value as 

the whole target surface shown in Table 1. (2) During 

the Gaussian surface generation, the ACF is assumed 

to be an exponential function. The surface parameters 

of the reconstructed surfaces are calculated and listed 

in Table 4. The comparison is also conducted in terms 

of shaded relief map (Fig. 5) and probability material 

ratio curve (Fig. 6). It can be seen from Table 4 that 

the truncated reconstructed surface exhibits surface 

properties almost identically to the ISO and the con-

tinuous reconstructed ones especially in the latter  

Table 2 Surface parameters of the components using the truncated, the continuous and the ISO segmented separation methods where 
Route A is used. 

 u (m) l (m) zmu 

(m) 
zml  

(m) 
Knee-point (Rmq, zk)  

(%, m) 
Rsku 

(10−6) 
Rkuu 

Trun.&A 0.0585 0.0834 0.0220 0.215 (90.7, 0.121) 3.97 2.85 

Cont. 0.0548 0.198 0.0419 0.142 (75.7, 0.00370)   SiC 

ISO 0.0503 0.189 0.0271 0.121 (75.0, 0.00685)   

Trun.&A 0.00894 0.0744 0.00694 0.0417 (85.8, 0.0113) 2.86 2.30 

Cont. 0.0115 0.425 0.00253 0.851 (98.0, 0.0211)   TC 

ISO 0.00974 0.417 0.000598 0.839 (98.0, 0.0194)   

Trun.&A 0.0312 0.103 0.0163 0.123 (88.3, 0.0531) 2.88 2.84 

Cont. 0.0353 0.351 0.00898 0.536 (95.2, 0.0499)   RiC 

ISO 0.0397 0.468 0.00185 0.841 (97.5, 0.0758)   

Trun.&A 0.0419 0.406 0.0505 0.329 (86.7, 0.0487) 1.34 2.70 

Cont. 0.0488 1.45 0.0379 2.29 (94.6, 0.0407)   MiC 

ISO 0.0651 1.54 0.00709 2.56 (95.9, 0.120)   
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Table 4 Surface parameters of the target and the reconstructed 
surfaces. 

  (m) Rsk Rku 

Target 0.0922 1.56 7.46 

Trun.&B 0.0859 2.09 12.8 

Cont. 0.0926 1.51 6.84 
SiC 

ISO 0.0882 1.57 6.98 

Target 0.0339 10.0 146 

Trun.&B 0.0364 10.2 139 

Cont. 0.0358 10.2 146 
TC 

ISO 0.0341 10.7 158 

Target 0.0641 4.00 34.3 

Trun. 0.0705 5.03 40.5 

Cont. 0.0674 4.19 31.8 
RiC 

ISO 0.0675 4.72 44.1 

Target 0.200 6.50 59.9 

Trun. 0.227 5.95 46.6 

Cont. 0.224 6.56 56.8 
MiC 

ISO 0.214 6.79 63.9 
 

 

three cases. Yet, in the SiC case, the truncated separa-

tion method leads to an obvious deviation from the 

measured one. In Fig. 6, the upper part of the truncated 

reconstructed surface is still in a great agreement 

with that of the measured surface. In other words, 

the above error should arise from the lower part. In 

fact, as shown in Figs. 4 and 6, the measured SiC 

surface has a lower component with small slope, and 

the nonlinear region caused by deep scratches or 

outlying valleys occupies a considerable proportion 

in the lower component. In such a case, because all 

data in the lower component are utilized, the truncated 

separation method will surely yield a solution to the 

lower component different from the other two methods. 

4.2 Discussion 

For the truncated separation method, Rmq is of huge 

importance with respect to the accuracy. If Rmq 

locates in the nonlinear regions at the two ends of the 

probability material ratio curve, it corresponds to a 

single-stratum surface beyond the bi-Gaussian scope. 

In such a case, both the ISO segmented and the con-

tinuous separation methods lose the efficiency. If Rmq 

locates in the linear or the transition region, in principle, 

the truncated separation method can always find a 

threshold plane to obtain a Gaussian surface, and the 

accuracy of the upper component identification can be 

guaranteed. For the accuracy of the lower component 

characterization, logically, the truncated separation 

method with Route B can satisfy the full bi-Gaussian 

scope. The truncated separation method with Route 

A may only suit for the situation where Rmq is much 

smaller than 50%. 

Because Rmq of the above real worn surfaces are 

all much larger than 50%, and because the exact 

information of the components is unknown, surface 

simulation is used to gauge the impact of Rmq on 

the accuracy of the truncated method. A series of  

Table 3 Surface parameters of the components using the truncated, the continuous and the ISO segmented separation methods where 
Route B is used. 

 u (m) l (m) zmu 

(m) 
zml  

(m) 
Knee-point (Rmq, zk)  

(%, m) 
Rsku 

(10−6) 
Rkuu 

Trun.&B 0.0585 0.311 0.0220 0.397 (90.7, 0.121) 3.97 2.85 

Cont. 0.0548 0.198 0.0419 0.142 (75.7, 0.00370)   SiC 

ISO 0.0503 0.189 0.0271 0.121 (75.0, 0.00685)   

Trun.&B 0.00894 0.405 0.00694 0.791 (85.8, 0.0113) 2.86 2.30 

Cont. 0.0115 0.425 0.00253 0.851 (98.0, 0.0211)   TC 

ISO 0.00974 0.417 0.000598 0.839 (98.0, 0.0194)   

Trun.&B 0.0312 0.400 0.0163 0.630 (88.3, 0.0531) 2.88 2.84 

Cont. 0.0353 0.351 0.00898 0.536 (95.2, 0.0499)   RiC 

ISO 0.0397 0.468 0.00185 0.841 (97.5, 0.0758)   

Trun.&B 0.0419 1.28 0.0505 1.89 (86.7, 0.0487) 1.34 2.70 

Cont. 0.0488 1.45 0.0379 2.29 (94.6, 0.0407)   MiC 

ISO 0.0651 1.54 0.00709 2.56 (95.9, 0.120)   
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Fig. 5 Visualization of the target and the reconstructed surfaces (from left to right: target, truncated bi-Gaussian reconstructed, 
continuous bi-Gaussian reconstructed, and ISO segmented bi-Gaussian reconstructed). (a) SiC; (b) TC; (c) RiC; (d) MiC. 
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bi-Gaussian surfaces is generated. Referring to the 

component surface parameters in Table 3, components 

are set as u = 0.05 m, l = 0.5 m, zml = 0 m, and xu = 

yu = xl = yl = 10.2 m. According to Eq. (3a), Pd is, 

respectively, set to 0.740, 0.700, 0.664, 0.632, 0.603, 

0.577 0.466, 0.379, 0.304, 0.236, 0.173, 0.114, 0.0565 and 

0 m, expecting to guarantee Rmq correspond to 5%, 

6%, 7%, 8%, 9%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 

45% and 50%, respectively. By using these specified 

components, ten bi-Gaussian surfaces are produced by 

using the surface reconstruction approach introduced 

in Section 2.2. Then, the truncated separation method 

is applied to these numerically generated bi-Gaussian 

surfaces with Routes A and B, respectively. The results 

are displayed in Fig. 7. 

In Fig. 7(a), two stages can be obviously observed: 

stage 1 (the expected Rmq is lower than 9%) and 

stage 2 (the expected Rmq is greater than 9%). In 

 
Fig. 6 Probability material ratio curves of the target and the reconstructed surfaces: (a) SiC; (b) TC; (c) RiC; (d) MiC. 

Fig. 7 Accuracy analysis of the truncated separation method with Routes A and B: (a) Rmq; (b) u and l; (c) Pd. 
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stage 1, the separated Rmq is much greater than the 

expected one. It is because that in such a situation, 

the input upper component nearly vanishes, and 

therefore the so-called “bi-Gaussian” surface behaves 

more like a single-stratum Gaussian surface. It can be 

validated by observing u which is nearly 0.4 m in 

Fig. 7(b). Namely, the truncated separation method 

isolates a surface with zero skewness that is almost 

equal to the input lower Gaussian component. In 

stage 2, the separated Rmq has a similar tendency 

with the expected one, but has a constant deviation. 

This deviation may arise from two sources: system 

error and method error. This topic will be further 

discussed in the following paragraph. With respect to 

Fig. 7(b), the truncated separation method with any 

route well captures the input upper component out of 

the influence of the expected Rmq in the bi-Gaussian 

scope (i.e., stage 2). For capturing the input lower com-

ponent, only Route B gives good results. Although 

the accuracy of Route A increases with the decrease of 

the expected Rmq, l obtained by Route A is still much 

smaller than 0.5 m when the expected Rmq reaches 

the transition point between stage 1 and stage 2. In 

Fig. 7(c), the separated Pd by Route B is in a great 

agreement with the input value in stage 2, while 

exhibits a deviation in stage 1. For Route A, it renders 

a Pd value with an obvious deviation regardless of 

the expected Rmq. 

As previously described, there is a deviation 

between the separated Rmq and the expected Rmq in 

the truncated separation method. As mentioned above, 

Pd is a direct variable in the surface reconstruction 

approach to indirectly set Rmq. Thus, a system error 

may be produced during surface generation. It is also 

possible that the truncated separation method itself 

has a defect in capturing Rmq. Therefore, the ISO seg-

mented and the continuous separation methods are 

also applied to the ten simulated bi-Gaussian surfaces, 

yielding Fig. 8(a). It is obvious that the other two 

separation methods also capture Rmq with a deviation 

from the expected value. The tiny deviation in the 

continuous method reveals that the system error can 

be ignored. Thus, the deviation is due to the method 

error. As shown in Figs. 7(b) and 7(c), in stage 2, the 

truncated separation method with Route B has yielded 

u, l and Pd almost identically to the input ones.  

 

Fig. 8 Accuracy comparison between the truncated, the ISO 
segmented and the continuous separation methods with respect to 
Rmq: (a) real results; (b) modified results. 

According to Eq. (3a), the resulting Rmq, logically, 

should be very close to those obtained in the ISO seg-

mented and the continuous methods. Therefore, the 

great deviation in the truncated method with Route B 

should be caused by the different ways used for 

calculating the knee-point which has been mentioned 

in Section 4.1. To demonstrate this deduction, u, l 

and Pd from Figs. 7(b) and 7(c) are substituted into 

Eq. (3a) to calculate a modified Rmq value, yielding 

Fig. 8(b). It is obvious that in stage 2, the deviation in 

the truncated separation method with Route B becomes 

much smaller, and is even smaller than that in the 

continuous method. 

It can be concluded that: (1) for the truncated 

separation method, the identification of the lower com-

ponent characteristics needs a curve fit procedure on 

the data left after truncation; (2) the modified truncated 

separation method can guarantee the accuracy of the 

lower component, but fails in identifying the upper 

component when Rmq is too small (less than 9%); 

(3) the Rmq deviation between the modified truncated 

method and the other two methods arises from the 

different ways used for calculating the knee-point. 

5 Conclusions 

Existing ISO segmented and continuous separation 

methods for differentiating the two components 

contained within a bi-Gaussian stratified surface are 

established based on the fit of the probability material 

ratio curve. Because of the significant effect of the 

plateau component on tribological behavior such as 

asperity contact, wear and friction, a truncated separa-

tion method is proposed. This method is based on  
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the truncation of the upper Gaussian component 

defined by zero skewness. The new separation method 

together with the other two are applied to four real 

worn surfaces. The results of surface separation and 

surface reconstruction show that the truncated method 

can accurately capture the upper component identically 

to the ISO and the continuous methods. To accurately 

determine the statistical properties of the lower 

component, it is necessary to perform a curve fit 

procedure on the data left after truncation. Rmq is 

recommended to be calculated based on the deter-

mined statistical properties of the two components. 

The limitation of the truncated method is that it fails 

in identifying the upper component characteristics 

when Rmq is too small (less than 9%). 
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