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Removing ambiguities in surface roughness measurement 

K. LEONHARDT and H. J. TIZIANI 

Institut fur Technische Optik, Univ. Stuttgart, Pfaffenwaldring 9, 
7000 Stuttgart 80, F.R. Germany 

(Received 17 November 1981) 

Abstract. A new method is presented for the measurement df surface 
roughness in the range R. ~ 0·05-1 0 /lm. The data from a strongly defocused low
contrast image of a rough surface is scanned, and the contrast value, C = (JJ(I> , is 
processed. A relatively low degree of spatial and temporal coherence, combined 
with a relatively high-image aperture and a detector aperture (which is much 
wider than the nominal speckle width of the corresponding highly coherent 
speckle pattern) led to important instrumental advantages, e.g., illumination by 
an incandescent lamp, simple photodetectors, short measuring times and simple, 
inexpensive, compact construction. The superposition of uniform intensity to the 
phase contrast structure, which leads to a strictly monotonic dependence of the 
measured contrast over a very wide range of the roughness values R. is of great 
importance. Practical measurements of metallic surface standards are reported 
and discussed, and the theoretical aspects of the superposition of uniform 
intensity are pointed out with the help of a new analytic expression for the 
stochastic contrast. 

1. Introduction 
Surface roughness measurements are important in industrial production. So far, 

the mechanical profilometer is used mainly for roughness measurements. What is 
required, however, is a contactless measuring method well suited for automated 
production control. The method proposed in this paper is a modified speckle 
contrast technique [1-3]. In figure 1, a rough surface is illuminated and imaged via a 
beamsplitter, BS, and a lens, L, into the image plane, IP. A defocused speckle 
structure is scanned by a pinhole in front of a photodetector. The contrast C is 
defined by the ratio of the standard deviation of the intensity CTI to the mean intensity 
(1) 

C=~. 
(1) 

(1) 

For practical measurements, C is calculated with an in-line microcomputer from a 
sufficiently high number of discrete intensity values. 

For monochromatic light (and a great number of statistically independent 
surface elements), the dependence of the contrast C on the standard deviation, CTh , of 
the profile heights, hex), is given by an ascending curve beginning with C = 0 for an 
ideal mirror (CTh =0) and reaching saturation C;:::: 1 at CTh ;::::A./4. Machined metallic 
surfaces, however, show a CTh between 0·05 and 10 ).lm. In addition, contrast depends 
on second- and higher-order statistical parameters of the surface, usually not known. 
Therefore, the ascending curve is not adequate for metal surfaces. 
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Figure 1. Arrangement for polychromatic speckle contrast measurements. BS = beam
splitter; L=imaging lens, with aperture A; IP=image plane; and DP=defocused 
plane. 

Using polychromatic light and considering the finite coherence length, the 
contrast can be expected to decrease with increasing <Th, because the interference of 
contributions of peaks and valleys leads to low contrast. Measurements with light 
from a tungsten zirconium arc have been reported by Sprague [1], but the shape of 
the curve and the measuring range could not be confirmed. Comparison of the results 
of Nakagawa and Asakura [4, 5], using a broad range of parameters, and the results 
presented here, repeating the measurements of Sprague [1] by carefully avoiding 
stray light, does not show monotonic falling curves over an appropriate range of 
roughness values. Even ascending curves were obtained using a combination of 
semiconductor lasers of different mean wavelength [6]. 

2. Stochastic phase contrast with incoherent superposition of uniform 
intensity 

U sing broad spectral response of an unfiltered tungsten incandescent lamp with a 
broadband photomultiplier, together with reduced spatial coherence and a high
aperture imaging lens, we obtained a low contrast intensity structure in the 
defocused detector plane, DP (figure 3). This structure (figure 2), looks more like 
phase contrast by defocusing rather than a speckle pattern [7, 8]. It was scanned with 
a detector pinhole roughly ten times larger than the corresponding speckle size of 
high-coherence illumination and will be called in this paper, stochastic phase 
contrast by defocusing. For a monotonically falling curve with a sufficiently steep 
slope for a reliable characteristic, the superposition of an incoherent background was 
essential [10]. This superposition via the beamsplitter, BS, the beam attenuator, BA, 
and a plane mirror, M (figure 3) reduces the contrast for rough samples more 
severely than for samples of smaller roughness. In figure 4, t is the ratio of the 
uniform intensity, Iu, to the sample intensity, Is> for vanishing roughness 

Iu 
t=---

Isloh=o ' 

measured in the detector plane. For t = 0, no intensity is superposed. 

(2) 

In figure 5 a nearly linear curve is obtained in a log-log representation. The 
samples used for figures 4 and 5 were metallic surface standards. The uncertainties 
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(a) 

(b) 

Figure 2. Stochastic phase contrast structure of two roughness standards: (a) fine-ground 
surface with arithmetic average roughness value R. =O·06.um; and (b) ground surface 
with R. = 2'75 .um. 
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Figure 3. Arrangement for the measurement of the stochastic phase contrast structure with 
superposed incoherent intensity via beam splitter, BS; beam attennator, BA; and 
mirror, M. L=imaging lens; A=imaging aperture; IP=image plane; and DP 
= defocused plane. 
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Figure 4. Contrast measured for three different values of t for incoherent superposed 
intensity. For t=O, superposition of the faces of a beamsplitter cube with single layer 
antireflection coatings, t=0'05; beamsplitter without coating, t=0·14. 
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Figure 5. Measured contrast C over arithmetic average roughness value Ra. The scanning 
lengths on metallic roughness standards were 7 mm for six different surface positions. 
0= ground surfaces; • = planned surfaces. 

marked by the vertical bars are due mainly to local roughness variations on the 
standards. These uncertainties can be reduced by scanning several parallel traces 
simultaneously with a detector array and averaging the contrasts. 

3. Theoretical considerations 
By considering the propagation of mutual coherence [9] from the source to the 

rough surface and the detector, we arrived at a very general expression for the 
variance and mean intensity. An analytical expression was found for the contrast by 
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assuming gaussian distribution of profile heights and a four-dimensional model of n4 

equally shaped facets of normalized profile autocorrelation interlaced with a two
dimensional model of facets of spatial coherence necessary to integrate a fourth
order characteristic function. The theory is valid for high-coherence speckle as well 
as for stochastic phase contrast with or without superimposed intensity. The 
derivation will be given in detail in another paper. Given a mean wavelength, A.o, 
mean wavenumber, ko = 2nl A.o, with W being the wavenumber of the spectral width, 
we have, for a gaussian spectral response 

{ 
(k -ko)2} 

S(k)=constexp - 2W2 . (3) 

For the normalized profile autocorrelation function with Xa as the equivalent width, 
we write 

for IXi-Xkl~xa' 
otherwise. 

We introduce the interlacing parameters Vi and V2 

Vi = (2n -d)(d -1) 

10 3 2 14 
v2=n(2d-2)(2d-3)- -d +8d --d 

3 3 

(4) 

(5) 

(6) 

with n =xrJxa , where XB is the width of the contributing interval on the surface 

XB = (p~ - P')D I p~P', (7) 

where D is the diameter of the imaging aperture A in figure 3, p' is the transverse 
magnification P' = - z'If', and P~ is defined in analogy as P~ = - z~/f' (see figure 3). 
With Xc as the width of the spatial coherence, d is defined as d=xclxa• The stochastic 
contrast C according to (1) is 

(8) 

where t is the superposition factor defined by (2). In figure 6 the contrast is plotted 
over the standard deviation of the profile heights, (1 h' with three values of correlation 
width, Xa = 50,25 and 12·5 /.lm and two values of superposition, namely, t=O (stray
light carefully avoided) and t = 1·4 (full superposition without BA in figure 3). The 
solid lines in figure 6 shows the result for partial spatial coherence, Xc = 108 /.lmand 
the dashed lines show the limiting case, Xc-+ 00. The influence of spatial coherence is 
clearly seen by the separation of the corresponding curves. 
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The influence of t (incoherent background) is'shown in more detail in figure 12 of 
Leonhardt and Pfister [10] where another analytic expression for C with Xc --+ ex) is 
evaluated. It can be noted (see also figure 4) that even a very low incoherent 
background severely reduces the contrast. However, the reduction due to t is not 
uniform over the roughness, but shows a marked decline immediately after the 
contrast maximum. This decline is more distinct for a small correlation width X., 
which is smoothed out with both decreasing temporal coherence (see figure 12 of 
Leonhardt and Pfister [10]) and spatial coherence (see figure 6) resulting in a steeper 
overall shape of the contrast curve and a shift of the maximum to smaller roughness 
values, extending the useful measuring range by a factor of ~ 2 for t = 1·4. The 
marked points in figure 6 are measured contrast values transferred from figure 5. For 
monochromatic light, calculations with the appropriate parameters in (8) show good 
agreement with the measurements of Ohtsubo and Asakura [11]. 
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Figure 6. Stochastic contrast from equation (8) over the standard deviation O'h of the profile 
heights for three different values of surface autocorrelation width with x. = 50, 25 and 
12·5 /-lm and two values of incoherent superposition, t =0 and 1·4. Mean wavenumber, 
ko=11'5/-lm- 1

; spectral bandwidth, W=2'0/-lm- 1
; aperture diameter, D=13mm; 

{J' = 8 and {J~ = 11'25. Solid lines indicate spatial coherence of the light, Xc = 108 /-lm; and 
dashed lines show the limiting case, Xc -> 00. 

4. Conclusions 
The work presented here is a step forward towards a con tactless roughness 

measuring device. From figures 5 and 6 a very large measuring range of 
R.maJ Ra min ~ 200 is obtained, which fits precisely the demands of machine-finished 
metal surfaces. All the alterations from the speckle contrast described in this paper 
lead to important instrumental advantages for a stable, reliable and compact 
roughness sensor. The theory developed shows clearly the dependence of the 
contrast on the most important parameters. 
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Une nouvelle methode pour mesurer la rugosite de surface dans Ie domaine de 
Ra = 0,05 Jim a 10 Jim est presentee. L'information d'une image fortement defocalisee a bas 
contraste de la surface rugueuse est obtenue par balayage et la valeur du' contraste C = uJ(I) 
est traitee. Un degre de coherence spatia Ie et temporelle relativement bas combine a une 
ouverture image relativement elevee et une ouverture de detecteur qui est beaucoup plus 
grande que les dimensions nominales du speckle de la figure de speckle qui lui correspond en 
eclairage tres coherent, conduisent a d'importants avantages instrumentaux (eclairage par une 
lampe a incandescence, photodetecteurs simples, temps de mesure courts, et construction 
simple, compacte et bon marche). La superposition d'un eclairement uniforme a la structure 
de contraste de phase est d'une importance essentielle pour conduire a une variation tres 
~iguli«@-dl'Hl.6nt!rastem€9ure,d'8fltHmdormrine"tres·.etendude valeurs Ra de la rugosite. 

Des resultats pratiques de mesures sur des etalons a surface metallique sont pTl!sentes et 
discutes et les aspects theoriques de la superposition de I' eclairement uniforme sont 
developpes a l'aide d'une expression analytique du contraste stochastique. 

Eine neue Methode zur Messung der Oberfiiichenrauhigkeit im Bereich Ra ~0,05 Jim bis 
10 Jim wird priisentiert. Ein stark defokussiertes kontrastarmes Bild der Oberfiiiche wird 
abgetastet und der Kontrastwert C = u,/(I) wird verarbeitet. Ein relative geringer Grad 
riiumlicher und zeitlicher Kohiirenz, verbunden mit einer relativ groBen Abbildungsapertur 
und einer tiber die nominale SpecklegroBe des entsprechenden hochkohiirenten 
Specklemusters hinausgehenden Detektorapertur, fiihrten zu wichtigen instrumentellen 
Vorteilen (Beleuchtung durch eine Gltihlampe, einfache Photodetektoren, kurze MeBzeiten, 
sowie einfache, billige und kompakte Konstruktion). Von besonderer Wichtigkeit ist die 
Uberlagerung der Phasenkontraststruktur mit einer gleichformigen Intensitiit, die zu einer 
strikt monotonen Abhiingigkeit des gemessenen Kontrasts tiber einen sehr weiten Bereich der 
Rauhigkeitswerte Ra fiihrt. 

Es wird von praktischen Messungen an metallischen Oberfiiichen berichtet und theoret
ische Aspekte der Uberlagerung der gleichformigen Intensitiit werden mit Hilfe einer neuen 
analytischen Formel fiir den stochastischen Kontrast erortert. 
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