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Abstract. A simple and fully automated technique for wavefront mea-
surement is presented. This technique is based on the use of a computer
display (for example, a CRT or a thin film transistor (TFT) monitor) to
generate intensity-modulated patterns from which images are taken by a
CCD camera. When a phase object is located between the display and
the camera, the intensity patterns are distorted. By measuring this dis-
tortion, the gradients of the phase change caused by the object can be
obtained. To simplify the data analysis it is practical to display on the
monitor a grating with a sinusoidal intensity profile, which enables the
use of standard fringe pattern analysis techniques. We use phase-
shifting and temporal phase-unwrapping techniques. The use of a com-
puter display for fringe (or grating) generation leads to the possibility of
adjusting the sensibility of the measurement in function of the phase
variation of the object to test and avoiding the problems of having a fixed
grating period (as in the case of Ronchi rulings or printed gratings) or
using mechanical parts to change them. Experimental measurements of
two different ophthalmic lenses with local distributions of focal lengths
prove the versatility of this method for optical testing. The method is
simple, flexible, and low cost, yet it yields a remarkably high SNR. Com-
pared with other techniques such as interferometry and moiré deflecto-
metry, the setup is cheaper and far easier to align. © 2002 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.1459055]

Subject terms: wavefront measurement; phase shift; phase gradient; ophthalmic
lens; moiré deflectometry; phase unwrapping.
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1 Introduction

Many methods for wavefront measurement have been
sented in the literature. These methods can be grouped
cording to different classifications, as, for example, whet
they require coherent or incoherent illumination. Anoth
classification can be made depending on whether they m
sure the phase directly or estimate it from the measurem
of the first or second derivative~i.e., the slope or the cur
vature! of the wavefront.

Almost all interferometers1 ~e.g., Michelson, Fizeau
Twiymann-Green! provide a direct measurement of th
wavefront phase deviation with respect to some referen
requiring coherent illumination and a stable mechani
system. Moire´ deflectometry2,3 and Ronchi and Hartman
tests1 obtain the wavefront from the local slopes comp
nents~or gradients!, improving the SNR of the measure
ment. Most of these methods require coherent illuminat
and a precise alignment and positioning of the optical e
ments.

Recently, Massig4 proposed a new simple technique f
measuring the wavefront slopes. The basic idea of
setup is to image a printed fringe pattern in a CCD came
while a phase object is placed on the ray path. The defl
tions introduced by the test object modify the referen
fringe pattern, and by evaluating the images with the F
822 Opt. Eng. 41(4) 822–826 (April 2002) 0091-3286/2002/$15.0
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rier transform method, the wavefront slopes can be
tained. As the fringe pattern used by Massig is perio
along one dimension, only one component of the wavefr
slope can be measured at a time. For that reason, Perc
and Ferrari5 developed a method that enables the visuali
tion of two wavefront slope components, by printing a 2
periodic fringe pattern. In both works, the sensibility of th
method is fixed because it depends on the period of
printed patterns.

Here, we extend these ideas, by replacing the fix
printed pattern by a computer image display, like a C
monitor or a TFT flat panel display. In this way, it is po
sible to change the characteristics of the displayed patt
in real time, enabling us to~1! obtain more precision by
displacing numerically the fringe pattern and using pha
shifting methods,~2! obtain the desired wavefront slop
components by adjusting the fringes orientation angle w
out using mechanical parts, and~3! modify the sensibility
of the method by changing the period of the fringe patte
This last characteristic is very attractive because it perm
the utilization of temporal phase unwrapping~TPU!
methods,6 enabling the complete automation of the me
surement process and avoiding the utilization of more co
plicated unwrapping algorithms.
0 © 2002 Society of Photo-Optical Instrumentation Engineers
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2 Principle and Experiment

The experimental arrangement is shown in Fig. 1. T
CCD camera is focused on the screen surface and a
odic pattern is displayed on it. Let us assume, without l
of generality, that the displayed pattern is oriented along
vertical axis. The irradiance distribution on the came
I 0(x,y) is given by

I 0~x,y!5a1b cosS 2p

p
xD , ~1!

wherea is the offset,b is the amplitude modulation,p is
the fringe period of the pattern, andx and y are the coor-
dinate system axes measured at the screen. When the p
object is positioned on the optical path, the rays that p
through the object are deflected, changing the image of
fringe pattern on the CCD. The new irradiance distributi
I (x,y) is given by

I ~x,y!5a1b cosF2p

p
x1f~x,y!G , ~2!

wheref(x,y) is the phase variation of the fringe patte
digitized by the CCD camera, caused by the presence o
phase object.

The rays refracting at a point (x,y) on the phase objec
plane, will be deviated with anglesPx and Py . Let us as-
sume that these angles are small and the distance from
phase object to the screend is much smaller than the dis
tance from the screen to the camera. Looking toward
screen from the center of the pupil of the camera lens,
effect of the local deviations is that the point (x,y) on the
screen display is displaced by the distances dPx and dPy
along the horizontal and vertical directions, respectively.
the pattern is oriented along the vertical axis, only the ho
zontal displacement is detected, producing a phase ch
given by4

Fig. 1 Schematic of the experimental setup.
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f~x,y!>
2pd

p
Px~x,y!. ~3!

Therefore, from the phase of the fringe patterns recor
by the camera it is possible to obtain a direct estimation
the wavefront slopes. It is clear that the sensitivity of t
measurement is proportional to the ratiod/p. Conse-
quently, to obtain the best accuracy this ratio must be ma
mized. However, an upper limit for this ratio is imposed
the fact that the fringe pattern recorded on the camera m
be adequately sampled~at least at two points per cycle!. As
the sensitivity depends on two different parameters,
have more freedom to adjust the measurement range to
particular characteristics of the object to test.

3 Experimental Setup

To show the method execution, we implemented an exp
mental setup to test optical components, particularly o
thalmic lenses. The camera is a digital CCD with 7
3494 pixels with an 8-bit analog-to-digital~A/D! con-
verter. The display used is a 15-in. TFT desktop moni
configured at a resolution of 10283764 pixels with a ver-
tical refresh rate of 60 Hz and a square pixel of 0.3 mm
side. Although not shown in this paper, initially we used
standard CRT monitor, with a nonflat screen. This int
duces a measurement error because the distanced is not
constant, and causes a small curvature in the refere
fringe pattern. Although these errors could be conside
and corrected by software, we think that using a flat pa
display is a simple and more accurate solution.

Diverse optical components with different character
tics can be analyzed with this technique. Two examples
shown in this paper. The first one is a progressive o
thalmic lens chosen by its high and continuous focal len
variation ~from infinity to around 0.4 m!. Its lack of revo-
lution symmetry permits to distinguish without difficult
the two components of the wavefront slope. The seco
example is a bifocal lens that has two well-defined zon
with different focal length. In this example, the ability o
the proposed method to deal with the discontinuity zone

Fig. 2 Fringe pattern obtained with the progressive lens placed at
10.0 mm from the screen.
823Optical Engineering, Vol. 41 No. 4, April 2002
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Fig. 3 Phase map differences obtained with fringe orientations: (a) vertical (as in Fig. 2) and (b)
horizontal.
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demonstrated. In both examples, the distanced between the
lens and the display, was set to 100 mm, while the dista
from the camera to the display is approximately 1800 m

We generate a grating with sinusoidal intensity profile
the computer memory, and display it on the TFT monit
The grating sampling is of 6 points per cycle, which cor
sponds to a period of 1.8 mm on the monitor. The refere
image~a image without object! is acquired, being useful to
evaluate and correct the imperfections or misalignmen
the fringe patterns displayed on the monitor. When the p
gressive lens is introduced in the optical path, the grat
lines are deformed, as shown in Fig. 2.

4 Data Processing

To recover the phase encoded on the recorded pattern
can use any phase recovery method like the Fourier or
phase-shifting methods. The first one results in faster ac
Engineering, Vol. 41 No. 4, April 2002
e

-

sition times, because only one image is required. Howe
we prefer to use the well-known four-bucket~three-step!
phase-shifting algorithm because it enables us to obtain
ter measurement precision.

The phase difference between the object and refere
phases reveals the light deviations caused by the object~see
Fig. 3!. Each phase map enables us to obtain the ph
slope component orthogonal to the direction of the ref
ence fringe pattern displayed on the monitor.

As the calculated phase values are wrapped onto
range~2p to p#, phase unwrapping~restoration of the un-
known multiple of 2p to all pixels! must be carried out
before absolute ray deflection information can be dedu
from the phase distribution. The normal methods for ph
unwrapping involve a spatial comparison of phase value
neighboring pixels.7,8 Thus, boundaries and regions wit
poor SNRs can adversely influence good data points.
Fig. 4 Ray deviations (phase change gradients) of the progressive lens tested: (a) horizontal and (b)
vertical components.
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avoid these problems we used a TPU method, where
phase at each pixel is measured in function of time, and
unwrapping is carried out along the time axis for each pi
independently of the others.6

All TPU algorithms need at least two phase maps w
different multiplicative factor~sensibilities!. As shown in
Eq. ~3!, by changing the period of the fringe pattern d
played in the monitor, it is possible to change the sensibi
of the measurement in this setup.

We employed a simple version of the TPU method d
scribed by Zhao et al.,9 in which just two phase maps ar
required: one with a sensibility sufficiently low that all th
unwrapped phase values lie within the range~2p, p#, and
the other with a much higher sensibility that gives the fin
precision of the measurement. The first map is then use
unwrap the second one.

Fig. 5 Phase change caused by the progressive lens, obtained by
integration of the phase gradients of Fig. 4.
By scaling the unwrapped phase maps according to
~3!, we obtain the wavefront slope components, as depic
in Fig. 4. The unit used for this representation, the pr
matic diopterD, is usually employed in the ophthalmi
practice and corresponds to a deviation of 1 cm in 1
('0.01 rad). To evaluate the measurement errors prese
these results, we evaluate the standard deviation~s! on a
plane zone of the wavefront slope, obtaining a value os
'0.0064D.

Once two components of the ray deflection are obtain
it is possible to estimate the wavefront emerging from
lens. In fact, we measured the directions of the refrac
rays, which correspond to the directions normal to t
wavefrontW. If the curvature of this wavefront is not to
large, the next relations hold10:

Px5
]W

]x
, Py5

]W

]y
, ~4!

wherePx andPy are the components of the ray deflectio
shown in Fig. 4. Therefore, numerical integration of the r
deflection provides an estimation of the phase deviat
introduced by the object. Figure 5 shows the phase cha
introduced by the progressive lens, obtained by integra
of the wavefront slopes depicted in Fig. 4. The integrat
was performed with an algorithm based on multigr
techniques.8 Note that the integration provides the wav
front except from a constant, so to obtain an absolute m
surement it is necessary to know the absolute phase r
dation in at least one point of the lens.

As explained before, one benefit of using a compu
programmable display as a grating generator is that we
able to properly process objects with discontinuities in th
phase profile. To illustrate this, Fig. 6 shows the maps
tained by testing the bifocal lens depicted before.

The phase slopes measured for both lenses were c
pared with the results obtained by two different methods
moiré deflectometer using crossed gratings2 and a direct
Fig. 6 Ray deviations (phase change gradients) of the bifocal lens tested: (a) horizontal and (b)
vertical components.
825Optical Engineering, Vol. 41 No. 4, April 2002
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laser beam deflectometry technique.11 For these compari-
sons, it was necessary to adjust the spatial scale and
tion of the images obtained on the different experimen
After these adjustments, the comparison shows a g
agreement~the differences are less than 5%!.

5 Conclusions

We presented a simple and low-cost technique for mea
ing the wavefront change caused by a test object. The
perimental setup consists of a computer monitor that
plays fringe patterns and a CCD camera for recording th
Compared with other techniques like interferometry a
moiré deflectometry, the proposed setup is cheaper, ea
to align, and does not require coherent illumination.

The innovation of using a computer display in the pr
posed experimental setup is an important feature of
method, because it enables us to control the characteri
of the displayed patterns in real time. In particular, we ta
benefit of this feature by~1! numerically displacing the
fringes to use phase-shifting methods and obtain more
curate results,~2! changing the fringe period~or grating
pitch! to adjust the sensibility of the measurement in fun
tion of the phase variation of the object to test, and~3!
varying the fringe orientation angle to obtain the desir
wavefront slope components. All these changes are m
without using moving mechanical parts.

Experimental measurements of two ophthalmic len
with different focal length spatial distribution have prove
the versatility of this method for optical testing. It was al
proved that by displaying sinusoidal fringe patterns it
possible to use standard fringe pattern processing t
niques to extract the phase information. Additionally, as
of the setup is fully programmable, this method provides
easy approach to develop, test, and compare the pe
mance of different fringe-processing algorithms. In th
way, the algorithm testing can be performed under ‘‘re
measurement conditions, taking into account that these
ditions ~the fringe profile, period, orientation, modulatio
noise, etc.! can be controlled precisely~and repetitively!
because no mechanicals adjustments must be made i
setup. In the future, enhancing the displaying and frin
processing methods, it could be possible to have a real-
wavefront measurement device for use in industrial opt
testing.
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