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ABSTRACT--In this paper a new full-field method for the 
automatic analysis of isochromatic fringes in white light is 
presented. The method, named RGB photoelasticity, elim- 
inates the typical drawbacks of the classical approach to 
photoelasticity in white light which requires a subjective 
analysis of colors and an experienced analyst to acquire 
and interpret the results. 

The proposed method makes it possible to determine re- 
tardations uniquely in the range of 0-3 fringe orders. For 
this purpose the isochromatics are acquired by means of a 
color video camera and the colors are decomposed in the 
three primary colors (red, green and blue) and compared 
to those stored in a calibration array in the system. Fur- 
thermore, the influence of various spurious effects on the 
accuracy of the proposed method is experimentally evalu- 
ated. 

Introduction 

Various digital-image-processing techniques have been 
recently applied to the optical methods of experimental me- 
chanics and, in particular, to photoelasticity. Using mono- 
chromatic light, the analysis of  isochromatics can be per- 
formed by: 

(1) methods based on extraction of fringe centers ~-8 
(2) methods as half-fringe photoelasticity (HFP) 9-13 
(3) methods based on phase stepping 14 18 
(4) heterodyne methods ~9 
(5) methods based on Fourier and Hilbert 

transforms ~~ 
Furthermore, photoelasticity makes it possible to use white 

light. For example, the use of white light is well known 
for analysis of  isochromatic fringes in birefringent coatings 
and for nondestructive evaluation of residual stresses in glass 
and plastics. 

Using white light, the fringe order has been determined 
automatically by point-by-point methods based on a spec- 
trophotometer setup measuring the spectral content of light 
emerging from a polariscope. 22 29 These methods, named 
S e A  (spectral content analysis), can also uniquely evaluate 
high retardations, but by point-by-point measurements. 
However,  a modification to a full-field method has been 
recently proposed, 3~ based on the use of  eight images ob- 
tained by eight narrow-band filters. 
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This paper describes the automatic analysis of full-field 
isochromatics obtained in white light using a color digital- 
image-processing system. In particular the system, already 
proposed by the authors, 3~ 33 is further developed to con- 
sider the influence of several spurious effects. The pro- 
posed method is a full-field procedure, such as the HFP 
technique, but it makes it possible to fully determine up to 
three fringe orders. 

Acquisition in White Light 

Equation of the Polariscope 

Using monochromatic light of  wavelength h0, the inten- 
sities emerging from dark- and light-field circular polari- 
scopes can be represented respectively as 

1 = I0 sin 2 -rr___~_& (dark field) (1) 
h0 

I = I0 cos 2 7r__~_~ (light field) (2) 
h0 

where, for the plane-stress state, the relation between the 
retardation A and the principal stress difference (~r~ - az) 
is 

A = C o d ( o -  1 - 0"2) ( 3 )  

where d is the specimen thickness and Co is the stress-optic 
coefficient at wavelength ko. Using a light source of wave- 
length ho, the relative retardation 8 is 

5 = - - = N  + 8 .  ( N = 0 ,  1 ,2  . . . .  ; 8" - -<0 ,5 )  (4) 
~0 

Therefore eq (1), referring to the dark-field polariscope, 
becomes 

1 = Io sin20rN -+ 8*) = I0 sinZ8 * (5) 

Equation (5) indicates that only the fractional part 8* can 
be found by measurements of  the intensity of light, while 
the integer order N is lost. In techniques like the HFP 9-~~ 
using monochromatic  light, the maximum evaluable retar- 
dation is therefore limited to 0.5 fringe orders. The use of  
more wavelengths of light or of the full visible spectrum 
allows the determination of the complete retardation 8. 

Using white light and taking into account the dispersion 
of birefringence and the error of quarter wave plates, the 
equation of the dark-field polariscope (1) with crossed op- 
tical retarders becomes z4-16 
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1 = h2 - h-------~l lo(h) sin z (1 - cos 2 2ct sin2e)dh 
1 

(6) 

whereas, the equation of the light-field circular polariscope 
(2) with crossed optical retarders i s  33 

f? 1 I0(X) cos 2 C~ l - h 2 _ h ~  1 ~oo ( 1 - c o s  22asin2e)  

+ cos 2 2a  sin2~Jdh (7) 

where 
hi and h2 = the lower and upper limits of  the spectrum of 

the light source used 
Cx/Co = the term which accounts for the dispersion of 

birefringence, being Cx and Co the stress-optic 
coefficients at arbitrary wavelength h and at 
the reference wavelength he, respectively 

a = the isoclinic angle, i.e., the angle between the 
direction of ~1 and the reference axis 

e = the error of  the retardation of the quarter wave 
plates given by 

e = 2  1 (8) 

where h0 is the matching wavelength of the quarter wave 
plates and h is the generic wavelength, cos2~ sinZ2e is the 
term which accounts for the error e. 

The previous relations indicate that the influence of op- 
tical retarders in a dark field is different from that in a light 
field. In particular, the retardation error e produces an at- 
tenuation of the maximum intensities in a dark field and an 
increase of  the minimum intensities in a light field. 

In accordance with eqs (6) and (7), the isochromatics are 
colored because the attenuation and the extinction depend 
on the wavelengths h of the spectrum of the light source. 
Table 1 shows a typical progression of colors observed us- 
ing a dark-field circular polariscope in white light. With 
increasing retardation, overlapping between extinctions oc- 
curs more frequently and the intensity of the observed colors 
begins to fade. Tables of this kind (Ref. 10, p. 215) make 
it possible to determine retardations on the basis of colors 
with an accuracy of about 0.2 fringe orders. 

Acquisition by a Color Video Camera 

The digital-image-processing system is composed of (Fig. 
1): 

(1) a color video camera with an independent sensor CCD 
for each of the red, green and blue colors, which are de- 
fined primary colors; 34 

(2) a 16-bit digital board with resolution of 512 x 512 
pixels capable of assigning 5 bits to each of the three pri- 
mary colors corresponding to 32 intensity levels; 

(3) a personal computer with a 486 processor at 25 MHz; 
(4) an analog monitor. 
A stressed photoelastic model is placed in a dark field 

polariscope, with crossed quarter wave plates corrected for 
yellow light (X0 = 590 nm). 

The isochromatic fringes are acquired in white light by 
the video camera and the colors are decomposed in the three 
primary colors. The board digitizes the primary colors, red, 

TABLE 1--DARK-FIELD CIRCULAR POLARISCOPE IN 
WHITE LIGHT: OBSERVED COLORS (1), 
CORRESPONDING RETARDATIONS (2)-(3) AND R, G, 
B LEVELS (4)-(6) 
i 

(3) 
(2) Relative 

(1) Retardation Retardation 
Observed A 6 = A/he (4) (5) (6) 

Colors (nm) he = 590 R G (B) 

black 0 0 5 4 5 
gray 50 0.09 8 10 12 
white 200 0.34 25 26 28 
yellow 400 0.68 25 19 10 
orange 450 0.76 22 13 6 

red 500 0.85 16 6 12 
tint of passage 1 590 1.00 7 11 24 

blue 650 1.10 8 19 28 
green 700 1.19 13 23 27 
yellow 800 1.36 24 27 19 
orange 900 1.53 28 22 8 

red 1000 1.70 26 13 18 
tint of passage 2 1180 2.00 11 18 26 

green 1300 2.20 12 25 16 
yellow 1400 2.37 21 24 12 

pink-red 1550 2.63 27 14 24 
tint of passage 3 1770 3.00 16 20 18 

pale green 1800 3.05 14 22 16 
pink 2100 3.56 25 18 19 

tint of passage 4 2360 4.00 16 20 23 

pale green 2500 4.24 19 19 21 

The R, G and B levels depend on the spectrum of the light 
source and on the setup of the acquisition system. 

M 

sP  Rp A 

Fig. 1--Experimental setup (A, P = polarizers; M = 
model; Rp, RA = optical retarders; S = light source; PC 
= personal computer; DB = digital board; C = RGB 
camera; TV = monitor TV) 

green and blue in three intensity levels, in the following 
denoted by the R, G and B symbols respectively. In Table 
1 the typical R, G and B levels corresponding to the first 
four orders are shown. 

Using white light with a dark-field circular polariscope 
and taking into account the relationship in eq (6), the equa- 
tions of the intensities emerging from the RGB filters of  
the camera can be written as 

1 fx ~'2 l i  - -  - -  Fi(h)lo(h) 
h i2  h i l  n 

�9 s i n 2 ( ~ C ~ 0  ) ( l - c o s 2 2 c ~ s i n % ) d h  (i = r , g ,  b ) (9)  
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whereas, using a light-field circular polariscope and taking 
into account the relationship in eq (7), the equations of the 
intensities can be written as 

1 fx ~'~ = ~ F~(X)I0(X) 
Ii hi2 ~kil il 

" [  cOs2 ('rrACx~ ( 1 \  h Co,/ -- c~ 

+ cos 2 2a sin2eJaX (i = r, g, b) (10) 

where h, and k~2 are the lower and upper limits of the spec- 
trum as it is acquired by the filter i, and F~ (i = r, g, b) 
are the spectral responses of the red, green and blue filters 
of the camera. 

Figure 2 shows a typical plot of R, G and B levels as 
functions of retardation 8. Because of the well-known at- 
tenuation of the isochromatic fringes in white light, the 
variations of R, G and B signals begin to fade for retar- 
dations higher than 4 -5  orders. For lower orders, using eqs 
(9) and (10) allows us to evaluate the unknown retardation 
A (or 8) by processing of the acquired RGB levels. 

Ca l ib ra t ion  P r o c e d u r e  

The intensity eqs (9) and (10) can be used to evaluate A 
only if the Fi functions, the transfer function of the digital 
board (relationship between the RGB values and intensity 
values L Ig and Ib), the dispersion of birefringence and the 
isoclinic angle ~ are known. This procedure is usually ap- 
plied by point-by-point techniques, such as SCA (spectral 
content analysis24-29). In the proposed method a data-base 
search approach is applied. In particular the procedure for 
calibration consists of (1) applying a bending load to a cal- 
ibration beam [Fig. 3(a)] to produce a maximum relative 
retardation Nm; (2) acquiring the RGB values [Fig. 4(a)] at 
each pixel (index i) along a transverse line on the calibra- 
tion beam and storing them in an array with index i growing 
with retardation. 

If the first pixel of the calibration corresponds to a fringe 
of zero order, the retardation 8i corresponding to the pixel 
i is 

20 I 
R 30 
G B 

25 

1 2 3 ~ 5 ~ 7 

8 

Fig. 2--Typical  plot of R, G and B levels as functions of 
retardation 8 

i 
~i = Nm "7- (11) 

lm 

w h e r e  in is the number of the acquired RGB values cali- 
brating the system. 

The R, G and B levels are directly linked with the re- 
tardation A or 8 (obtained in monochromatic light of wave- 
length h0). Therefore, if the calibration specimen and the 
model are made from the same photoelastic material, the 
calibration takes into account the dispersion of birefrin- 
gence. 

Equation (11) is valid provided that the retardations 8 in 
the calibration beam are linear. This has been tested by 
means of the analysis of isochromatics in monochromatic 
light [Fig. 4(b)]. A deviation of less than 0.01 fringe orders 
has been evaluated, except at the last point where a devia- 
tion of 0.04 orders has been estimated. 

T h e  S e a r c h  of R e t a r d a t i o n  

During the analysis, the levels R,n, am and Bm are mea- 
sured at pixels in the specimen where the retardation has 
to be determined. Using the calibration array, the retarda- 
tion corresponding to each set of Rm, G,, and B,, levels can 
be evaluated. The general procedure consists of: 

(1) comparing the Rm, Gm and Bm values digitized at each 
point of the specimen with the Ri, Gi and B~ values stored 
in the calibration table by means of the error function de- 
fined as 

El = (R~ - Rm) 2 + (G~ - Gin) 2 + (B~ - Bin) z (12) 

for each index i of the calibration table; 
(2) searching the value of the index i that minimizes the 

error function (12); 
(3) evaluating 8~ by means of eq (11). 
Due to the attenuation of the RGB levels for retardations 

higher than 4-5  orders, the maximum measurable retar- 
dation is limited to three orders. In this case the retardation 
search procedure provides exact values with the exception 
of a few pixels where a measurement error can occur due 
to similarity of the colors of different orders. To avoid these 
errors, the proposed method 32 considers the two best results 
of the search procedure choosing that one better approach- 
ing the retardation in the nearest pixels. The search pro- 
cedure takes about 1 second for 1000 pixels. 

Figure 3 shows the isochromatic pattern for the calibra- 
tion beam [Fig. 3(a)] and of the tested model [Fig. 3(b)] 
in dark field. Figure 5(a) is a plot of the Rm, G,, and Bm 
levels along the line A-B drawn on the model of Fig. 3(b). 
Figure 5(b) shows the results of measurements obtained by 
the proposed method. In the same figure, the retardations 
obtained by the classical technique using monochromatic 
light are also shown. The maximum error between values 
obtained by the automated method using white light and 
the classical measurements using monochromatic light is 
less than 0.02 fringe orders. 

E x p e r i m e n t a l  R e s u l t s  

The response of the proposed method to the influence of 
retardation error of the quarter wave plates, temporal sta- 
bility and noise, light-intensity variations and fringe gra- 
dient is analyzed below. 
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(a) (b) 

Fig. 3--Dark-field isochromatic fringe pattern for the cali- 
bration beam (a) and for the tested model (b) 
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Fig. 4--(a) R, G and B signals along the transverse sec- 
tion of the calibration beam; (b) retardation for the cali- 
bration beam obtained by the proposed method ( - - - - )  
with independent experimental points (o) 
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Fig. 5--(a) Rm, Gm and Bm levels measured along the 
line A-B drawn on the specimen of Fig. 3; (b) corre- 
sponding retardations obtained by the proposed method 
( - - - - )  with independent experimental points (o) 

Influence of the Retardation Error 

The equations of  polariscope (9) and (10) show that the 
influence of  errors e of optical retarders depends on the 
isoclinic angle cx; there is maximum error where c~ = 0 deg 
(principal stresses parallel to polarizers), whereas no error 
occurs where a -- 45 deg (principal stresses parallel to re- 
tarders). 

The analysis of the influence of the retardation error e 
was performed in white light using a polariscope with crossed 
optical retarders corrected for yellow light (X0 = 590 nm). 
A specimen subjected to a bending load was employed both 
for the calibration of  the system and for the retardation 
measurements. The isochromatics were acquired for c~ = 0 
deg, ~x = 22.5 deg and c~ = 45 deg. Figure 6 shows the 
plots of blue levels along a transverse section of the cali- 
bration specimen for c~ = 0 deg and cx = 45 deg, in dark 
[Fig. 6(a)] and light field [Fig. 6(b)]. 

According to the theoretical results of eqs (6) and (7), 
it can be noted, for ~x = 0 deg, an attenuation of  the max- 
imum intensities in dark field and an increase of  the min- 
imum intensities in light field. Furthermore, the measure- 
ment errors 6'-6 were estimated calibrating for ~x = 0 deg 
and measuring for e~ = 45 deg and calibrating for cx = 22.5 
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Fig. 6-- Inf luence of the quarter-wave-plates error. Blue 
intensity levels (B) along a transverse section of the cali- 
bration specimen for o~ = 0 deg and eL = 45 deg: (a) in 
dark field; (b) in light field 

deg and measuring for a = 0 deg and for e~ = 45 deg. The 
results are shown in Fig. 7 for the light-field polariscope. 
It can be seen that a considerable decrease in the errors was 
obtained carrying out the calibration for a = 22.5 deg. Thus, 
to minimize the influence of optical-retarder error, the cal- 
ibration is performed with c~ = 22.5 deg, as proposed by 
R.V. Baud for a dark field in classical method. 3s The whole 
analysis, reported in Ref. 33, indicates that the calibration 
for a = 22.5 deg provides higher improvements in a light 
field. 

Stability and Noise 

The temporal stability of the system has been analyzed 
by performing the calibration at various time intervals. At 
each time the deviations proved to be not higher than 0.02 
fringe orders. 

The digitized R, G and B signals are also affected by 
high frequency random noise due to the electronics. The 
influence of such noise on retardation measurements is al- 
most negligible. However, the best noise suppression was 
achieved by a median fdter, applied separately to each RGB 
signal, using a two-dimensional window of square shape (3 
x 3 or 5 x 5 pixels). 

Sensitivity to Variations of Light Intensity 

The spatial and temporal variations of light intensity ob- 
viously influence the evaluation of the fringe order. In the 
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Fig. 7--1nfluence of the quarter-wave-plates error on the 
measurement of the retardation. Measured errors 8'-a in 
fringe orders: (a) calibration for c~ = 0 deg and measure- 
ments for ~x = 45 deg; (b) calibration for o~ = 22.5 deg 
and measurements for a = 0 deg 

proposed method, a procedure to reduce such an influence 
was developed. Fo/this purpose, each R, G and B level in 
the calibration beam and in the model can be divided by 
the corresponding sum R + G + B  (normalization). 

The accuracy of this procedure was evaluated by per- 
forming the calibration in the standard state and measuring 
the retardation after placing neutral filters with a density of 
10, 20 and 30 percent in front of the camera. Figure 8 shows 
the deviations 3' - 3 between the retardations evaluated 
along a transverse section of the calibration beam, without 
and with attenuation of 20 percent. Similar results were ob- 
tained with 10 percent and 30 percent attenuating filters. 
Neglecting the first part corresponding to retardations lower 
than 0.5 fringe orders, in the three cases, the error is lower 
than 0.03 orders. For 3 < 0.5 fringe orders the error is 
higher because the colors corresponding to this range give 
the same normalized value since they are almost different 
levels of grey (from black for zero order to white for 0.5 
order). 

Figure 9 shows the results obtained along the line C-D 
drawn on the model of Fig. 3(b) performing the calibration 
without attenuation. In particular Fig. 9(a) shows the R, G 
and B levels not attenuated, whereas Fig. 9(b) shows the 
same signals with an attenuation of 30 percent. The retar- 
dations, drawn in Fig. 9(c) and 9(d), show a strict corre- 
spondence for 3 > 0.5 fringe orders. 
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Fig. 8--Influence of 20-percent light attenuation on the 
evaluation of the retardation 

In the polariscope used for this investigation the spatial 
variation of the light intensity is less than five percent and 
therefore the error due to the attenuation can be neglected. 

Influence of Fringe Gradient 

The fringe gradient in the model is usually different from 
that in the calibration specimen; moreover, this difference 
can be high at points of stress concentration. 

The influence of the fringe gradient has been evaluated 
performing the calibration with the minimum image gra- 

dient achievable by the proposed system (maximum mag- 
nification), that is 

~Px ca~ = 0.018 LpixelJ (13) 

where ~'g and Apx are the increments of fringe orders and 
corresponding pixels, respectively. 

The model has been observed by changing the magni- 
fication to obtain image gradients higher than those ones in 
calibration. The experimental results show that the influ- 
ence of the fringe gradient is negligible for image gradients 
less than 

(~N)  [order] 

~P~ max = 0.1 L~J (14) 

If the stress concentration is high, the image must be mag- 
nified to make the image fringe gradient not higher than 
0.1 order/pixel. 

The maximum fringe gradient in the model is 

where 
(7')ma  :' 

order] 

- mj (15) 

l = k x Px (16) 

where l is the length in the model, Px is the corresponding 
number of pixels and k (mm/pixel) is the scale factor. 

By means of the proposed system, the maximum value 
of 1/k is 9 without an additional lens and 36 with an ad- 
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Fig. 9-- Inf luence of light attenuation: R, G and B levels along the line C-D drawn on 
the model of Fig. 3 and measured retardations: (a)-(c) without attenuation, (b)-(d) 30- 
percent attenuation 
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ditional lens. Thus, taking into account eqs (14) and (15), 
the higher analyzable fringe gradients are 0.9 order/mm 
and 3.6 order/mm, respectively. 

Figure 10 shows the plot of retardations in a region with 
a fringe gradient of 3.6 order/ram. 

Conclusions 

This paper presents a new method for full-field stress 
analysis, named RGB photoelasticity and based on the use 
of a color video camera. It is shown that by using white 
light, automatic acquisition of isochromatics makes it pos- 
sible to evaluate retardations by analyzing the R (red), G 
(green) and B (blue) levels. For this purpose the system is 
calibrated by means of a calibration array which can be 
considered as an evolution of the color tables used by clas- 
sical photoelasticity in white light. 

In particular the proposed method makes it possible: (1) 
to determine retardations higher than those (0.5 fringe or- 
ders) achievable by techniques such as half-fringe photo- 
elasticity: in particular to evaluate uniquely retardations up 
to three fringe orders; (2) to take into account the dispersion 
of birefringence in calibrating the system by means of a 
specimen made from the same photoelastic material of the 

(a) 
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10 20 30 40 50 

pixel 
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Fig. lO--Influence of fringe gradient: (a) region of high 
fringe gradient (3.6 order/ram) in the model; (b) retarda- 
tions obtained by the proposed method ( ) with inde- 
pendent experimental points (o) 

model; (3) to take into account the error of optical retarders 
both in a dark field and in a light field. 

Three features of this method of experimental analysis 
are: (1) the temporal stability of this system incurs errors 
no larger than 0.02 fringe orders; (2) the sensitivity to the 
light intensity variations (also of 30 percent) is very low; 
(3) the influence of fringe gradients is negligible until 0.1 
order/pixel. 
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