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This paper focused on the illumination model of machined surface based on micro-image.
According to micro-image forming condition, the theory that the image brightness is related to

the microfacet topography and surface re°ection characteristics is presented. The distribution

rule of micro-topography and re°ection characteristics of sample surface is analyzed according
to the measured data. An illumination mode of machined surface is established based on the

analysis result, and the model parameters are obtained by using the simulated annealing al-

gorithm. Veri¯cation results show that this proposed model can improve the simulation accu-

racy signi¯cantly and describe the lighting e®ect of machined surface. The research will provide
a new idea and method for the 3D reconstruction.
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1. Introduction

In recent years, three-dimensional reconstruction has played an important role in the

development of intelligent recognition ¯eld4,5 which can construct 3D shapes of

object from images and estimate the geometric dimensioning of object.17 As one of

the most critical components in 3D reconstruction system, the illumination model

can use mathematical or physical methods to describe the lighting phenomenon on

the object surface, and establish the relationship between the image gray and the

shape of the object surface.20,23 Therefore, illumination mode has been attracting

much attention in 3D reconstruction.1,10
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As is well known, most of the existing illumination models are based on geometric

optical theory, and can describe the lighting e®ect of the macroscopic rough sur-

face.15 Bouknight proposed the ¯rst optical re°ection model, which consists of

Lambert di®use re°ection and ambient light.2 Phong has proposed the famous Phong

model, which can approximately describe the specular re°ection phenomenon.

However, when the incident angle of light is greater than a certain value, it will

produce simulated distortion.13 Torrance and Sparrow put forward the microfacet

theory and establish the Torrance–Sparrow model, studying the in°uence of the

spatial position of light source on the specular re°ection components.3,18 Oren and

Nayar proposed an Oren–Nayar model suitable for rough surface according to the

in°uence of the light source on the di®use re°ection component, which assumed the

rough surface as v-shaped structure.11 Due to di®erent re°ection components being

deeply studied in the above illumination models, most of the scholars usually re-

combine the re°ection components to obtain the required illumination model.6,19

However, the machined surfaces are mostly smooth surfaces with prominent specular

re°ection. Therefore, the existing light model cannot be used to simulate its lighting

e®ect accurately.

This paper focused on the illumination model of machined surface based on micro-

image. The micro-topography and corresponding images of turning sample and plain

milled sample were collected by confocal laser scanning microscope, and the micro-

topography distribution rules of microfacets and re°ection characteristics of surface

were analyzed. An illumination model for machined surface is established, and

simulated annealing algorithm is used to determine the model parameters. The ac-

curacy of the aforesaid model is veri¯ed through a comparison of the model calcu-

lating results and measured results. The illumination model can not only depict the

micro-topography distribution of the surfaces of same roughness under the same

processing conditions, but also simulate the lighting e®ect of di®erent machined

surfaces.

2. Mechanism of Micro-Image Forming

As shown in Fig. 1, under the micro-imaging condition, incident beam is e®ectively

irradiated on the microfacets dA1 and dA2 through the lens and semi-re°ecting

specular. Due to the microfacets dA1 and dA2 having di®erent topography, the light

re°ected by the microfacets enters into the imaging optical path after passing the

lens, and form di®erent brightness on image pixel 1 and pixel 2.

According to the above principle, with laser as the light source, the angle between

the incident light irradiated on the microfacets and the optical axis is very small. It

can be assumed that the incident light irradiates the material surface vertically and

the intensity of incident light is far greater than the intensity of ambient light.

Therefore, the in°uence of spatial position of the light source on the image brightness

can be neglected. The re°ection of incident light on the microfacet varies with to-

pography, and so does corresponding image brightness. Under ¯xed magni¯cation
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times of the system, °atter topography of the microfacet can cause the re°ection of

incident light to be dominated by specular re°ection and bring in brighter images;

and more irregular topography of the microfacet will bring in overwhelming di®use

re°ection of the incident light and less bright images. Therefore, the image brightness

is related to the microfacet topography zðx; yÞ and surface re°ection characteristics

frðx; yÞ.
Iðx; yÞ ¼ fðzðx; yÞ; frðx; yÞÞ: ð1Þ

Based on the above assumption, L (0, 0, 1) is the vector of incident light, and n

(p; q;�1) is the vector of microfacet. The normal declination angle of microfacet � is

the angle between the vector of incident light and the vector of microfacet, which can

describe the microfacet topography zðx; yÞ, as shown in Fig. 2.

Therefore, the normal declination angle � can be calculated by

cos � ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ p2 þ q2

p ; ð2Þ

Fig. 1. The principle of micro-imaging.

Fig. 2. The normal declination angle.
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where p and q can be expressed as

pðx; yÞ ¼ zðx; yÞx
qðx; yÞ ¼ zðx; yÞy:

�
ð3Þ

Therefore, the image brightness Iðx; yÞ can be expressed as

Iðx; yÞ ¼ fð�ðx; yÞ; frðx; yÞÞ: ð4Þ

3. Analysis of Machined Surface Characteristics

3.1. Measuring equipment

The experimental platform consists of a confocal microscopy with 10� object lens

(Leica DCM-3D) and an active damping platform, as shown in Fig. 3(a). The turning

and plain milled samples of Ra3.2, Ra1.6 and Ra0.8�m were adopted as the research

objects under identical measurement conditions, as shown in Figs. 3(b) and 3(c). The

measured data are processed on a computer with Quad-Core processors. The mea-

surement area with 1:25� 0:95mm2 was measured and the images with a resolution

of 768� 576 pixels were collected.

3.2. Measuring data

The micro-topography and corresponding image are shown in Fig. 4.

Figure 4 shows that the data of topography and image has lots of noise points.

The micro-topography has signi¯cant characteristics of peak and valley, and corre-

sponding image has feature of alternation of dark and bright. With rising surface

roughness, the peak-valley interval increases, and the streak continuity and

Fig. 3. (a) Measuring equipment, (b) Turning samples and (c) Plain milled samples.
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regularity also become more signi¯cant. The aforesaid rules indicate close relation-

ship between the surface lighting change and the roughness and topography.

3.3. Analysis of measuring results

The measured data of turning and plain milled sample surface of Ra3.2�m and

Ra0.8�m are extracted for studying the features of the samples surface. Firstly, the

trend term of topography data is processed by the least square method to eliminate

baseline o®set in linear state,12 the measured data is de-noised through median ¯lter

and the image brightness are normalized.8 Then, the feature points of two sets data

are extracted separately to carry out selection and matching of corresponding points.

Next, the topography data is recti¯ed with reference image data through iterative

closest point (ICP) to complete the recti¯cation of spatial location of two sets of

data.22 Finally, the distribution rules of normal declination angles are performed, and

the surface re°ection characteristics are analyzed.

3.3.1. Distribution of the normal declination angle of microfacets

Since the normal declination angle of the microfacet is helpful in revealing the micro-

topography characteristics of the sample surface, it is possible to complete the sta-

tistics on the distribution of normal surface declination angles according to the

measured data of micro-topography, as shown in Fig. 5.

Figure 5 illustrates that the normal declination angle of microfacets vary with

the roughness. The normal declination angle of microfacets is quite di®usive for

the surface of Ra3.2�m with great roughness, but more centralized for the surface

of Ra0.8 �m with low roughness. It indicates that with decreasing surface rough-

ness, the normal declination angle of microfacets tends to be more centralized.

In addition, the distribution curves of normal declination angles appear to be

(a) (b)

Fig. 5. (a) Turning surface. (b) Plain milled surface.
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left–right asymmetry, with the change in right side being more smooth. A ¯tting

analysis of the distribution of normal declination angles on sample surface displays

the feature of lognormal distribution.

3.3.2. Re°ectance characteristics of machined surface

The measuring method of bidirectional re°ectance distribution function (BRDF) is

used in the investigation.16 The measuring method implies that BRDF measure-

ments can be calculated by image brightness, normal declination angle of microfacet

and incident radiance:

BRDF ¼ Lr

Ei

¼ �E

Li � dA � cos � ; ð5Þ

where Ei is the brightness of image pixel, Li is the incident radiance, dA is the area of

microfacets, and � is normal declination angle of microfacet.

(a) (b)

(c) (d)

Fig. 6. (a)–(b) Turning surface with Ra3.2�m, Ra0.8�m, respectively. (c)–(d) Plain milled surface with

Ra3.2�m, Ra0.8�m, respectively.
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According to the data of topography and corresponding images, the BRDF

measurements are calculated by the above formula. The BRDF measurements of

sample surface is shown in Fig. 6.

Figure 6 indicates that BRDF measurements grow with the declining normal

declination angle of microfacets. The smaller the angle is, the smoother the topog-

raphy will be, and the more prominent the specular re°ection will be. Besides, BRDF

distribution rules also vary on di®erent sample surfaces, which are mainly related to

the distribution of normal declination angle of microfacets. As for sample of Ra3.2,

the normal declination angle of microfacets on the surface is relatively scattered, and

so is the BRDF measurements. The re°ectance characteristics of machined surface

are di®use re°ection and specular re°ection, among which the specular re°ection is

more signi¯cant. For sample of Ra 0.8, the distribution of normal declination angles

and BRDF measurements are centralized, and its surface re°ection is also expressed

mainly as specular re°ection.

4. Illumination Model

4.1. Parameter model

The illumination model of machined surface, which is determined by the properties of

the workpiece, is a complicated function of surface topography distribution, light

source features and re°ection characteristics. According to the condition of micro-

image forming, the e®ect of ambient light on imaging of machined surface can be

ignored. It can be inferred from the microfacet theory that with the size of each

microfacet on the machined surface being longer than the wavelength of incident

light, the di®raction of light can be neglected here. Thus, the illumination model

consists of specular re°ection model and di®use re°ection model. According to Ward

model theory, normalization coe±cient is used to substitute the geometrical atten-

uation factor and Fresnel coe±cient.21 The illumination model of machined surface is

established with the distribution rules of normal declination angles and re°ection

characteristics of the samples as follows:

I ¼ kdIpd
�

þ ksIpd
exp½�a � ðIn�Þ2=2�2�

4��2
; ð6Þ

where the di®use re°ection model is the ¯rst term in Eq. (6), which follows Lambert's

law. And the specular re°ection model is the second term. � is the machined surface

roughness RMS. exp½�a � ðIn�Þ2=2�2� is the distribution function of the normal

declination angle of microfacets. 1=4��2 is the normalization factor. kd; ks and a is

the undetermined parameters. kd and ks, respectively indicate the di®use re°ection

coe±cient and specular re°ection coe±cient, which are related to roughness and

re°ectivity of machined surface. a re°ects the distribution function of the normal

declination angle, and relates to the surface micro-topography.

An Accurate Illumination Model of Machined Surface Based on Micro-Image

1955004-9



4.2. Data ¯tting and parameters solving

The Simulated Annealing Algorithm (SAA) is used to obtain the illumination model

parameters, which is a global searching method based on the Monte Carlo iterative

computation method.9 The objective function is obtained as follows:

Eðkd; ks; aÞ ¼
X
�

gð�Þ½Imodelðkd; ks; aÞ � Imeasuredð�Þ�2 ! min ð7Þ

where Imodel is the calculated brightness data; Imeasured is the measured brightness;

gð�Þ is weight function.
According to the above calculation method, the model parameters are shown in

Table 1.

5. Illumination Model Validation

To verify the accuracy of the illumination model given in this paper, the Phong

model, which can approximately describe the specular re°ection, was simpli¯ed to

obtain its re°ection model under the condition of coaxial microscopic imaging:

I ¼ kdIpd cos �þ ksIpdðcos 2�Þn; ð8Þ
where n is the highlight index, which can describe the smoothness of the surface.

According to the above ¯tting method, we can determine n ¼ 100. The sample

surface of turning and plain milled with Ra1.6�m was simulated by two models. The

synthetic image is shown in Fig. 7.

The measurements and simulation results are compared as shown in Fig. 8. Note

that the brightness in the ¯gure is normalized in order to facilitate comparison.

It can be seen from Fig. 8 that the specular re°ection of proposed model accounts

for a higher proportion at the small angles, and the calculation results ¯t well with

the measurements. When the normal declination angle is larger, the error between

the calculation results and measurements is larger. This indicates that the specular

re°ection energy is more concentrated. The proposed model and Phong model are

compared. Compared with the measurements, the calculation results of Phong model

are larger than the measurements, and the error is larger, which indicates that the

Phong model is not suitable for describing smooth surfaces under microscopic

Table 1. The parameters of illumination model.

Machined Method Roughness Ra (�m) kd ks a

Turning 3.2 0.12 0.464 �7.751
1.6 �7.452

0.8 �6.924

Plain milled 3.2 0.07 0.221 �20.35
1.6 �18.75

0.8 �17.58
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(a) (b)

(c) (d)

Fig. 7. (a) Synthetic image of turning surface using proposed model. (b) Synthetic image of turning

surface using Phong model l. (c) Synthetic image of plain milled surface using proposed mode. (d) Syn-

thetic image of plain milled surface using Phong model.

(a) (b)

Fig. 8. (a) Fitting error of turning surface. (b) Fitting error of plain milled surface.
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conditions. The error can be calculated by using the relative root-mean-square error

(RMSE) as follows7,14:

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

X Imodel � Imeasured

Imeasured

� �
2

s
: ð9Þ

According to the calculation results of the two models and the measurements, the

RMSE of the proposed model (RMSE1) and RMSE of Phong model (RMSE2) are

given in Table 2.

As seen from Table 2, the proposed model signi¯cantly improves the calculation

accuracy of image brightness, and can describe the lighting e®ect of machined surface

accurately. Although the error between the calculation results of proposed model and

measurements still exist at large angles, we will decrease the error in the future.

6. Conclusion

This paper proposes a new illumination model of machined surface based on micro-

image. According to the micro-imaging mechanism, the theory that micro-topography

and surface re°ection characteristics are the e®ects on image brightness is presented.

To obtain the micro-topography data and corresponding image brightness data,

sample surface with di®erent roughness were carefully measured. The analysis results

of the measured data show that the distribution of micro-topography has the feature of

lognormal distribution, and the re°ectance characteristics of surface are di®use re-

°ection and specular re°ection. The illumination model is built based on the microfacet

theory. Veri¯cation results show that the error of the proposed model is smaller than

that of the Phong mode, which indicates that the proposed model improves the sim-

ulation accuracy signi¯cantly and describes the lighting e®ect of the machined surface.

However, the size of samples extracted is small. It needs to increase the size of samples

in the future to improve the reliability of the illumination model.
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