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Among data acquisition techniques in digital photoelasticity, the integrated phase shifting technique (IPST)
can real-time analyze the photoelastic parameters at a video rate of the high speed CCD camera. In this
paper, fourteen algorithms are described by different configurations of the rotating an analyzer at a
constant rate and an output quarter-wave plate at another constant rate. The theoretical comparisons of
the algorithms are given by the simulated phase distributions of the isochromatic and isoclinic parameters
of the disk under two cases that the load keeps unchangeable or linearly increasing in exposure time of the
camera. Then a guideline is given to alleviate the influence of the load changing with time on the IPST.

OCIS codes: 120.3940, 120.5050.

Recently, many methods in digital photoelasticity! com-
bining with the digital imaging techniques have been de-
veloped quickly for the analysis of photoelastic fringe
patterns, such as phase shiftingl2=3!, color-field phase
shifting[*—5], load stepping!®~8], and so on. Many meth-
ods mentioned above cannot be used under an increasing
loading condition. In order to apply these techniques to
time-varying phenomena, Yoneyamal® has proposed an
integrated phase shifting technique (IPST), which pro-
vides the phase distributions of isochromatics and isoclin-
ics at a video rate by rotating an analyzer at a constant
rate and an output quarter-wave plate at a double rate
of the analyzer and continuously recording images by a
CCD camera, and the sequential phase shifting images
whose brightness is integrated by sensors are obtained.
The IPST can be used for high-speed inspection of bire-
fringence in glass products at a video rate and will have
actively developed potential in online measurement of ex-
perimental mechanics.

In this paper, we describe fourteen algorithms in IPST
by the different configurations of the rotating an analyzer
at a constant rate and an output quarter-wave plate at
another constant rate. The phase maps and error curves
of the isochromatic and isoclinic parameters of a disk are
simulated under the static and increasing loadings in ex-
posure time of the CCD camera. The simulation results
show that the 13th algorithm has the best accuracy in
the isochromatic or isoclinic parameters under static load
condition. Several algorithms have minimum error in the
isochromatics under slow increasing loadings. On the
other hand, the fringe movement induced by increasing
loadings influences the isoclinics clearly. Then a guide-
line is given to decrease the influence of the load changing
with time on the IPST. For an arrangement of a general
circular polariscope shown in Fig. 1, the emerging light
intensity I of photoelastic fringe pattern is expressed as

1
I=0L+ Ea[l —sin2(8 — a)cos ¢

+5sin2(6 — ) cos 2(8 — ¥) sin @], (1)

where I, and I, are the proportionality constants of the
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amplitude light emerging from a polarizer and the back-
ground intensity of a fringe pattern. ¢ and € denote
the phase retardation and the direction of the maximum
principal stress of a specimen respectively, the symbols
f and ~ are the angles between a reference axis and the
fast axis of an analyzer and an output quarter-wave plate
respectively. When the analyzer and the output quarter-
wave plate rotate at a constant rate w and 2w respec-
tively, there is the following v = 28. The output signal
of the brightness from the CCD camera is obtained by
integrating Eq. (1) as

B? I
I:/ {Ib—l—?“[l—i—sinQBcosqS

1

+ sin 2(6 — 23) cos 28 sin @] }d}, (2)

where 8 and J3, are the initial and final angles of the
analyzer, respectively. If the analyzer and the out-
put quarter-wave rotate at constant rates w/6 and 7 /3
rad/frame, respectively, the intensity I; of the first fringe
pattern can be expressed by integrating Eq. (2) from 0
to w/6 as

I,
I = E(47r+6cos¢— 7 cos 26 sin ¢

I
+3v/3sin 20 sin ) + % 3)
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Fig. 1. General circle polariscope.
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Since I, and I, are constants, Eq. (3) can be rewritten
as

1
I = 8—“(477 + 6 cos ¢ — 7 cos 28 sin ¢
T
+3v/3sin 20sin @) + I, (4)
The sequential equations of the intensity I, I3--- of

the fringe pattern can be obtained in the same method.
Using the six intensity values, the photoelastic parameter
can be obtained

2(11 + Ig — I3 — 14)

tan 26 = ,
V3L + I+ Ig— I — I — I;)
forsin¢ # 0, (5)
6(I»+ 11+ Is — I — I3 — I5)
tan¢ = )
[7(12 — 15) + I4 + Is - Il - 13)] cos 26
for cos 268 # 0. (6)

The isochromatic parameter in the range of 0 to 27
and the isoclinic parameter in the range of 0 to #/2 can
be obtained directly from Egs. (5) and (6). It needs to
be noted that the coefficient in the denominator of Eq.
(5) in Ref. [9] is not correct.

During the acquiring of a single photoelastic image, the
rotated angles of the analyzer and the output quarter-
wave plate are fixed constants of 7 /6 and /3 rad/frame,
respectively. If the frame rate of the CCD camera
is 30 frame/s, the rotating rates of the analyzer and
the output quart-wave plate are w = 57 rad/s and
2w = 107 rad/s. A series of six phase-shifted images is
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Table 1. Configurations for Different Algorithms
(rad/frame)

1 y=28=x/3 8 pB=05y=n/12
2 B=2y=x/3 9 ~4=-28=-x/3
3 y=38=n/4 10 B=-2y=-x/3
4 ﬂ:3’)’=7‘(/4 11 ’y:—ﬂ:—'n’/ﬁ
5 ’)’=1.5ﬂ=7r/4 12 ﬂ:—’y:—'n'/ﬁ
6 B=15y=x/4 13 ~y=-0.58=-n/12
7 4=058=x/12 14 B=-05y=—-7/12

obtained continuously within 6/30 s. The distributions
of the isochromatic and isoclinic parameters can be pro-
vided at the frame rate of the CCD camera.

In fact, various algorithms of the IPST can be obtained
by rotating the analyzer at a constant rate and the out-
put quarter-wave plate at another constant rate. Table
1 summarizes the configurations of the different algo-
rithms for different rotated angles of the analyzer and
the output quarter-wave plate in an exposure time. It is
assumed that a simulated disk is 50 mm diameter, 4.8
mm thickness, 7.6222 N/(mm per fringe) material fringe
value and subjected to a load of 313.6 N. The frame rate
of the CCD camera is f = 30 frame/s and the varying
rate of the isochromatic parameter is A = 7/2 rad/s.
Then the isochromatic parameter varies d¢ = /60
rad/frame at a single photoelastic image. The phase
maps of photoelastic parameters calculated by the IPST
13th algorithm under the static load and increasing load-
ings are listed in Fig. 2. It is noted that the isochromat-
ics close to the top and bottom areas of the disk contain
incorrect regions where the isochromatic parameter has
the wrong mathematical sign. It also can be seen that the

Fig. 2. Isoclinic and isochromatic phase maps calculated by the 13th IPST algorithm. (a, b) Under static load, and (c, d) under

increasing load.
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Fig. 3. Error distributions of the isoclinics and isochromatics calculated by 13th algorithm under the increasing loadings in
exposure time when the frame rate of the CCD camera is 30 and 100 frame/s respectively. (a) The isochromatic error; (b) the

isoclinics error.
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isoclinics appear to be abnormally clear when the load is
changed in exposure time.

The IPST can obtain the photoelastic parameters
changing with time. However, the moving of the fringe
pattern will happen due to the changing load in expo-
sure time. For simplification, a linearly increasing load-
ing problem is considered here. It is assumed that the
isochromatic parameter varies at a constant rate during
the acquisition of six images. It can be considered that
this assumption is also valid for the randomly changing
load if the load varies slowly. When the isochromatic
parameter varies d¢ rad/frame at a single photoelastic
image in an exposure time, Eq. (2) can be rewritten as

¢2 B2
I= /1 /1 {I + %a[l + sin 23 cos ¢
+sin 2(0 — 283) cos 23 sin ¢] }dBd @, (7

where ¢1 and ¢ are the initial and the final values of the
isochromatic parameter and there is ¢ — ¢p1 = d¢p. The
six light intensity equations can be obtained by integrat-
ing ¢ from ¢p — 3d¢ to ¢o+ 3d¢ and S from 0 to 7 of Eq.
(7) in six exposure times. Equations (5) and (6) cannot
be deduced from Eq. (7) because the six light intensity
equations with the phase-shift contain different values of
the isochromatic parameter. So it is inevitable that the
changing load in exposure time influents the photoelastic
parameters calculated by the IPST.

The absolute error distributions of the photoelastic pa-
rameters are calculated by different algorithms along a
horizontal line y = 12.5 mm across the upper half of the
disk, under the static and the increasing load. The sim-
ulated results show that the 13th algorithm has the best
accuracy in the isochromatic or isoclinic parameter under
a static load condition and the maximum absolute error
does not, exceed 0.001 fringe order in the isochromatics
and 1° in the isoclinics. On the other hand, the 4th,
11th, 12th, 13th and 14th algorithms have correspond-
ingly minimum error distributions and the most absolute

error does not exceed 0.015 fringe order in the isochro-
matics under the slow increasing loadings. Moreover, the
fringe movement induced by increasing loadings has more
clear influence on the isoclinics than the isochromatics.

When the frame rate of the CCD camera f is improved
from 30 to 100 frame/s, that is, the isochromatic param-
eter variety d¢ at a single image decreased from 7 /60 to
/200 rad/frame at a single photoelastic image, the ab-
solute error distributions of the photoelastic parameters
calculated by 13th algorithms along the horizontal line
are shown in Fig. 3. The maximum error of isochromatic
parameter decreases to 0.01 fringe order (Fig. 3(a)). The
error of the isoclinic parameter exceeds 10°, even though
the error distribution has also improved (Fig. 3(b)). The
results of the simulation indicate that the IPST is not
suitable to analyze the isoclinic parameter when the load
is varying with time. The improvement of the frame rate
of the CCD camera will alleviate the influence of the
change of load during phase shifting.
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