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ABSTRACT

Di�erential-Interference-Contrast (DIC) microscopy is a powerful technique for the visualization of unstained trans-
parent specimens, thereby allowing in vivo observations. Quantitative interpretation of DIC images is di�cult
because the measured intensity is nonlinearly related to the gradient of a specimen's optical-path-length distribution
along the shear direction. The recent development of reconstruction methods for DIC microscopy permits the calcu-
lation of a specimen's optical-path-length distribution or phase function and provides a new measurement technique
for biological applications.

In this paper we present a summary of our work on quantitative imaging with a DIC microscope. The focus of
our e�orts has been in two areas: 1, model development and testing for 3D DIC imaging; and 2, development of a
phase-estimation method based on this model. Our method estimates a specimen's phase function using rotational-
diversity DIC images, i.e. multiple DIC images obtained by rotating the specimen. Test objects were viewed with
a conventional DIC microscope using monochromatic light, and images were recorded using a cooled CCD camera.
Comparison of the images to model predictions show good qualitative and quantitative agreement. Results obtained
from testing the phase-estimation method with 2D simulations and with measured DIC images demonstrate that an
estimate of an object's phase function can be obtained even from a single DIC image and that the estimated phase
becomes quantitatively better as the number of rotational-diversity DIC images increases.

Keywords: Computational Nomarski DIC microscopy, imaging theory, phase estimation, image reconstruction, 3D
microscopy

1. INTRODUCTION

Transmitted-light Nomarski Di�erential-Interference-Contrast (DIC) microscopy1,2 is a widely used microscopy
modality that was developed over forty years ago for the study of unstained transparent biological specimens
not visible with ordinary transmitted-light microscopy. Attractive features of DIC microscopy are: 1, it does not
require staining which can be toxic to some living specimens, and thus, prohibitive for in vivo applications; 2, it
is particularly advantageous for four-dimensional imaging (three spatial dimensions and time) because su�cient
light can be acquired in short exposures; and 3, it is available in many laboratories as it operates with a relatively
inexpensive attachment on a conventional light microscope.

Over the last decades great e�ort has been devoted to the development of microscope systems and model-
based computational methods that can provide quantitative measurements from images obtained with high quality,
instrumentation-grade CCD cameras.3 Although the focus has been on the development of such methods for
�uorescence microscopy (see for example Holmes,4 Chapters 13 and 24 in Pawley3 and references therein), some
methods have been developed for bright-�eld microscopy,5,6 and a few for phase microscopy.7{9 Contrary to these
microscopy modalities, DIC microscopy has been limited to qualitative and morphological applications until recently.
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The reason for this has been the lack of imaging models for DIC which, unlike other modalities, converts phase
di�erences along a preferred system direction to intensity measurements. The intensity distribution in measured DIC
images is given by a nonlinear function of approximately the spatial gradient of a specimen's optical-path-length
distribution (integral of refractive index over length) along the direction of shear (perpendicular to the optical
axis). Clearly, DIC imaging is direction sensitive and does not provide quantitative information about a specimen's
optical-path-length distribution. Furthermore, the resolution in DIC images is degraded by the blurring e�ects of
the microscope's objective lens, as in any microscopical modality.

In the last decade there have been only a few attempts to develop reconstruction methods for DIC microscopy10{12

due to the complexity of the nonlinear DIC reconstruction problem. Unfortunately, the success of these methods
has been limited because they are based on simpli�ed imaging models. More speci�cally, two of the methods11,12

are based on a linear approximation of the model that may be appropriate only for some applications in which
weak-phase �at specimens are studied.12 Also, because these methods use a single DIC image for the reconstruction,
they are sensitive to the orientation of the object with respect to the DIC shear direction.

Recently, we reported a phase-estimation method for DIC microscopy which overcomes the direction sensitivity
of DIC imaging.13 The method estimates a specimen's optical-path-length distribution using rotational diversity:
i.e. multiple DIC images obtained at di�erent rotations of the specimen. The method is based on a general imaging
model for three-dimensional (3D) DIC imaging which we derived from basic principles and was presented in a
previous publication.14 Our objective is to obtain a quantitative estimate of the spatial optical-path-legth variations
of the specimen, which is more fundamental than the gradient of the optical-path-length that is produced directly
with the microscope and which microscope users normally view. To this end we have been testing our model and
method with simple physical phantoms (calibration objects).

In this paper, we report results from testing our model and phase-estimation method by comparing real DIC im-
ages obtained from physical phantoms to model predictions and by comparing estimated phase images to phantoms.
The paper is organized as follows. Section 2 summarizes our phase-estimation method and the imaging model on
which the method is based. Section 3 describes the data acquisition and simulation studies performed to test the
model and our method's ability to estimate phase functions from DIC images of simple phantoms. Finally, Section 4
summarizes results obtained from these studies.

2. BACKGROUND

2.1. DIC microscope operation

In a DIC microscope, key optical components (a polarizer, an analyzer and two Wollaston prisms) create the
necessary conditions so that a two-dimensional (2D) image is formed from the interference of two mutually coherent
waves that have a lateral di�erential displacement of a few tenths of a micrometer, called the shear, and are phase-
shifted relative to each other. The phase di�erence between the two waves is due to variations in the refractive
index across the specimen. These phase variations are converted to intensity variations in the DIC image and, thus,
the intensity in the DIC image is approximately the square of the derivative of the specimen's optical-path-length
distribution along the direction of shear (perpendicular to the optical axis). Clearly, DIC imaging is sensitive to
the orientation of specimen features with respect to the direction of shear. Furthermore, the contrast in the DIC
image may be controlled by adjusting a system parameter called the bias retardation which is a uniform phase shift
between the two waves (for a detailed description of the DIC microscope operation see the listed publications2,1,15

and references therein). This property of DIC imaging creates a shadow-cast e�ect in DIC images which gives a
false 3D impression and makes quantitative interpretation of DIC images di�cult.

2.2. Model for image formation

The success of a model-based reconstruction method in inverting the imaging formation process critically depends
on the adequacy of the imaging formation model on which the method is based. Our interest in developing a
reconstruction method for transmitted-light DIC microscopy, based on rotational diversity, led us to the development
of an imaging model (described in detail in previous publications14,13) which we summarize here for completeness.

Without loss of generality, we model specimen rotation as a rotation of the point-spread function (PSF),

h(x; y; z) =
1

2

h
e�j�� p(x��x; y; z)� ej�� p(x+�x; y; z)

i
; (1)
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by an angle, 
k, de�ned as the angle that the shear direction makes with the horizontal axis, where 2�� is the
bias retardation (in radians), 2�x is the shear, and p(x) is the coherent PSF of the microscope's objective lens (see
Goodman,16 p. 111). This is equivalent to modeling rotation of the direction of shear for a �xed specimen.

Using a �nite-dimensional discrete representation for the kth-diversity DIC-image intensity, ik(x), of a specimen

characterized by a transmission function f(x) = e�j�(xo) and illuminated by a quasi-monochromatic source with
a mean wavelength � and intensity a(�) (de�ned to have a zero value outside the circular aperture of the condenser
lens), we write

ik(x) =
X

�2�

�(�)
���
X
xo2�

f(xo)hk(x � xo)hc(�;xo)
���
2

; (2)

where f is the object array with samples of e�j�(xo), hk is the array with samples of the kth rotation of the
PSF, � and hc are arrays that specify the illumination, x and xo are 3D coordinates that take values on the set
� = f0; 1; : : :; N � 1g3, where N is the number of elements in each dimension of the object and image space, and
� takes values on � = f0; 1; : : : ;M � 1g2, where M is the number of elements in each dimension of the condenser
aperture plane. Thus, K rotational-diversity images, ik(x) for k = 0; : : : ;K � 1, have a di�erent shear direction
de�ned by the rotation angle 
k. In practice, the direction of shear is �xed and rotational-diversity DIC images are
obtained by rotating a specimen. Therefore, measured images need to be rotated computationally prior to processing
in order to account for this di�erence between the model and the measured data.

Equation 2 is a general formulation of the intensity in the image plane of a DIC microscope that describes
partially coherent imaging. The limiting cases of the model for coherent and incoherent illumination can be obtained
by specifying the intensity, �(�), of the source. The coherent-illumination limit is obtained by letting �(�) = �(�),
a 2D Dirac delta function. This limit gives

ik(x) =
���
X
xo2�

f(xo)hk(x � xo)
���
2

; (3)

which we refer to as the point-aperture model, because it corresponds to closing the condenser aperture down to a
single point. Our initial tests have been focused on the point-aperture model because it is easier to compute than the
general model for partially-coherent imaging. Results from previous tests showed a qualitative agreement between
model predictions obtained with this model and measured images, reported in an earlier publication.14

2.3. Phase-estimation method

We have derived an iterative phase-estimation method to invert the DIC image formation process using rotationally-
diverse images. Details on the method were presented in an earlier publication,13 but for completeness, the method
is summarized here.

An estimate of the object's phase function, �(xo), is obtained by minimizing the cumulative, uniformly weighted,
squared-error,

E =

K�1X
k=0

X
x2�

�
dk(x)� ik(x)

�2
; (4)

between K measured rotational-diversity images, dk(x), and the theoretical images, ik(x), predicted by the model
in Equation 2. For this we use the well-known conjugate gradient method (see Aoki,17 p. 118) which starts from
some initial guess �0 and, at iteration m, produces a new estimate for � by minimizing the cost function, E, along
the direction hm:

�
m+1 = �

m � �mh
m m = 0; 1; : : : (5)

where �m is the step size. The computation of of the direction hm and of the step size, �m, requires evaluation of
the gradient vector, rE(�m), and the Hessian matrix of E, respectively. Because it is not computationally practical
to evaluate the Hessian matrix, an estimate for �m is evaluated numerically instead using a modi�ed line-search
method based on a polynomial approximation method (Aoki,17 p. 148). For a given hm, three points of the cost
function are evaluated so that they de�ne an interval in which the cost function has a minimum. Because the
minimum of a quadratic function �tted through the three points closely approximates the minimum of the cost
function, the step size that minimizes this quadratic function can be used.
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In general, only relative phase (or phase di�erence) can be estimated and thus, the initial guess, �0, used in
Equation 5 a�ects the estimated absolute phase value. Phase estimated with our present algorithm from synthetic
images of 2D test structures converges to a very good approximation of the specimen (up to an unknown additive
constant) in the order of a few hundred iterations, at which point the change per iteration is extremely small.
We have found that more iterations as well as a larger set of rotational-diversity images are required to resolve
closely spaced points.13 Although the method was derived for 3D-phase estimation, our simulations so far have been
2D because e�ective 2D-phase estimation is useful in some applications and, also, it is a prerequisite to 3D-phase
estimation.

3. METHODS

DIC images from two simple phantom specimens were acquired in order to test the point-aperture model and the
phase-estimation method. First, a 2D phantom with a shallow groove was used for quantitative tests of both the
model and the phase-estimation method. Second, a 3D phantom specimen that consists of two crossed bars was used
to test the rotational-diversity model by comparing multiple DIC images acquired at di�erent specimen rotations to
model predictions.

3.1. Phantom specimens

The phantom specimens were constructed at the laboratory of Dr. Robert Krchnavek (Electrical Engineering
department, Washington University, St. Louis, MO). The simple 2D groove phantom was fabricated by etching 2
parallel grooves in a glass slide, each groove approximately 7 �m (�60 nm) wide and 60 nm (�5 nm) deep. Based
on the etching process, the grooves are expected to have sharp edges. The grooves were measured with a stylus
pro�lometer (Alpha Step, Tencor Instruments) to be approximately 55-65 nm deep.

The 3D cross phantom was constructed from resins with well known refractive indices, and it consists of two
bars with width, height, and thickness approximately 6 �m, and refractive index slightly higher than the refractive
index of the medium that surrounds them (Figure 1).

3.2. Data acquisition

A DIC image of the groove phantom was acquired by Erik van Munster (Academic Medical Center of the University
of Amsterdam, the Netherlands) using an Ortholux II (Leitz, Germany) DIC microscope with a Leitz DIC 25x/0.5-
NA dry objective lens and a dry condenser lens with the condenser aperture open. The DIC bias was set to
be approximately �=2 radians by rotating a polarizer (de Senarmont method18). A band-pass �lter (MAD8-1,
Schott Glaswerke, Germany) with peak at 550 nm and bandwidth 8 nm around the peak was �tted in front of
the light source for monochromatic illumination. The images were acquired with a cooled CCD camera (Lambert
Instruments, the Netherlands) equipped with a Kodak KAF0400 CCD chip (9-�m well size). The e�ective pixel size
in the recorded images is 0.36 �m. A DIC image of small latex beads (460 nm in diameter) was also measured at
bias setting equal to �=2 radians for the determination of the shear parameter. Calibration images, Imin and Imax,
were also acquired at bias of 0 and � radians respectively of an empty region on the slide using the same exposure
time as for the other images. These images were used to correct the measured DIC images for CCD camera dark
current and non-uniform �at-�eld response, and to normalize the DIC image values. For the correction, Imin is
subtracted from each DIC image, then the result is divided by (Imax � Imin).

The rotational-diversity DIC images of the cross phantom were acquired using an Olympus IMT2 inverted
microscope (Olympus Corporation, N.Y.) with the IMT2-NIC attachement for DIC, a 10x/0.3-NA dry objective
lens, a 0.55-NA dry condenser lens with a closed aperture, and a cooled CCD camera (Photometrics Ltd., Tucson,
Ariz.) equipped with a Kodak KAF1400 CCD chip (6.8-�m well size). A band-pass �lter with peak at 535 nm and
FWHM equal to 64.5 nm (IF550, Olympus) was placed in front of the light source for monochromatic illumination.
The bias setting, controlled by sliding the Wollaston prism, is not calibrated on this microscope and, thus, the
required correction images at 0 and � radians were not acquired. The e�ective pixel size in each 2D recorded image
is 0.68 �m. The cross was imaged at four di�erent orientations. First, the two bars of the cross were aligned with the
vertical and horizontal axis (Figure 1, right panel). The cross was then rotated manually (by rotating the specimen
slide) by approximately 13, 32 and 47 degrees clockwise. A through-focus series of 2D images was acquired at steps
of 3 �m for each orientation of the cross.
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Figure 1. Schematic of the 3D phantom specimen with crossed bars.

3.3. Model predictions and phase estimation

Model predictions were obtained via simulations using the point-aperture model (Equation 3), because it is easier
to compute than the general model, and computer-generated phantoms based on the physical description of our
phantom specimens. The theoretical PSFs (Equation 1) were evaluated at di�erent shear angles with shear distance
equal to approximately 1 �m, light wavelength equal to 550 nm and various bias values. The shear for the 25x/0.5NA
lens was empirically determined from the DIC image of a small latex bead (460 nm in diameter) to be equal to 1.017
�m along the 45-degree axis (Figure 2) using a method similar to the one described by van Munster et al.12

Two synthetic DIC images of the 2D groove phantom were generated: one with the shear in the same direction
as in the measured image, and the other with the shear direction rotated by 90 degrees. The bias, 2��, was
estimated from the average value, Ib, of a region in the corrected DIC image with no specimen using the expression
�� = sin�1(

p
Ib); it is easy to show that Equation 3 reduces to ik(x) = sin2(��) = Ib for f(xo) = 1. The estimated

bias value of 1.252 radians was used instead of the set value of �=2 radians. Phase images were estimated from
both the measured and synthetic DIC images of the groove phantom using a uniform initial guess (an image with a
constant value).

For the cross phantom, four 3D images were computed with a rotating shear direction that corresponds to the
specimen rotation mentioned above. The synthetic DIC images were then rotated in order to convert shear-direction
rotation to specimen rotation, thereby allowing comparison with the measured images. An estimated bias of -0.001
radians was used.

Synthetic rotational-diversity DIC images of a 2D computer-generated phantom that corresponds to a projection
of the two crossed-bars in the cross phantom in a single plane were also generated for bias setting equal to 0.3
radians. Di�erent sets of these images with varying number of diversity images, K, were used to estimate the phase
of the phantom with our method. Phase images were estimated with K = 1 using an image with the direction of
shear along the horizontal axis, K = 2 using images at 90-degree shear rotations, and K = 4 with 45-degree shear
rotations. In all cases a uniform initial guess was used.

The current, nonoptimized implementation of our method, based on the point-aperture model, requires approxi-
mately 1 hour of processor time on an SGI R10000 180 MHz processor for computation of one 64x64-pixel 2D phase
image from 4 rotational-diversity DIC images with 100 iterations. With the present implementation, computing
time per iteration is proportional to the number of DIC images and to the square of the number of pixels in the
image. Implementation modi�cations that allow processing an image in small parts can reduce the complexity to be
proportional to a constant times the number of pixels in the image.
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Figure 2. Comparison of DIC images of the groove phantom: (a) measured DIC image from the physical phantom
using a 25x/0.5NA lens (shear=1.0 �m), 550 nm illumination wavelength, and an open condenser aperture; (b)
synthetic DIC image generated from the point-aperture DIC image formation model (Equation 3 with shear angle

k = �=4 radians) and the geometric description of the phantom and the estimated imaging conditions. In both
images, the direction of shear is at 45 degrees with respect to the horizontal axis. Horizontal pro�les through the
measured image (data) and the synthetic image (model) are compared in the right panel.

4. RESULTS

4.1. Model testing

Comparison of the measured DIC image and the model prediction of the groove phantom (Figure 2) shows good
qualitative agreement. The two images appear to be similar and show a distance of approximately 7 �m between the
groove edges. However, quantitative di�erences are evident from the pro�les shown in Figure 2. The measured DIC
image has a much lower and slightly wider peak than the synthetic DIC data. Furthermore, the model prediction
shows oscillations that are characteristic of coherent imaging (Goodman,16 p. 131-132).

This mismatch could be attributed to several di�erences between the actual imaging conditions and the ones
assumed in the generation of the synthetic image: 1, condenser aperture size - we have used the model case that
assumes a point-aperture (i.e. coherent imaging) because it is easy to compute while the image was obtained with
an open condenser aperture; 2, errors in the bias value and the shear value and direction; 3, PSF errors; and 4,
de�ciencies in the imaging model.

To test the rotational-diversity model, we compare measured images of the cross phantom with 3D model
predictions. A quantitative comparison was not possible at this point due to the lack of a rotational stage and
microscope calibration. For simplicity we show only 2D images (Figure 3). Each 2D image is a cut through the
middle of a 3D volume. Several similarities between the images are noted with respect to object features that
are present in the images. At the �rst orientation of the phantom the shear direction makes a 45-degree angle
with both bars and, thus, the edges of both bars are visible (Figure 3a). As the phantom is rotated clockwise the
phase-gradient information of one of the bars dominates making that bar more visible in the image. Finally, only
the bar that is oriented perpendicular to the direction of shear is visible while the other one, along the direction
of shear, disappears (Figure 3d). The asymmetry evident in the measured images (i.e. the di�erence in the bar
edges in Figure 3d, top row) suggests that the bars do not have a square cross section which was assumed for the
computer-generated phantom used in the model predictions.

4.2. Evaluation of the phase-estimation method

Results obtained from applying the phase-estimation method to measured and synthetic DIC images are presented in
this section. Estimated phase images from DIC images of the groove phantom compare well to the actual phantom
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Figure 3. Measured DIC images (top row) of the 3D cross phantom specimen using a 10x/0.3NA lens, 550 nm
illumination wavelength, and a closed condenser aperture; and model predictions (bottom row) of the DIC image of
the phantom specimen shown in Figure 1 obtained with a 3D point-aperture model, with PSF bias equal to -0.001
radians at di�erent orientations of the phantom: (a) the phantom is oriented as shown in the right panel of Figure 1;
(b) the phantom is rotated by 13 degrees clockwise from position (a); (c) the phantom is rotated by 32 degrees from
position (a); and (d) the phantom is rotated by 47 degrees from position (a). The direction of shear in all images is
approximately perpendicular to the bar shown in (d).

(Figure 4). However, there are some di�erences evident in the pro�les through the estimated phase images and
the phantom cross-section. Some of these di�erences are expected because of the observed mismatch between the
measured and synthetic DIC image (Figure 2). The estimated relative phase value, �, is converted to thickness
(or groove depth) from the expression � = 2��nt=�, where the refractive index di�erence is �n = 0:522, and
the illumination wavelength is � = 550 nm. A depth of 60 nm was assumed for the computer-generated phantom
shown in Figure 4b. A groove depth of approximately 56.3 nm was computed from the phase image (Figure 4a)
estimated from the measured DIC image; this estimated depth value falls within the depth range (55-65 nm) that
was determined by the pro�lometer measurement. However, the phase estimate from the measured DIC image does
not predict sharp edges for the groove. This may be expected because the peaks in the measured DIC image are
wider than those in the synthetic image (Figure 2).

The estimated phase images from the synthetic DIC images approximate the phantom's phase very well; the
oscillations are due to the sharp edges and they are consistent with the Gibbs' phenomenon. Because this simple
phantom changes only in one direction, the phase-estimation method does not bene�t from the additional information
provided by rotational diversity. The estimated phase image from two synthetic DIC images with shear angle
separation of �=2 radians (Figure 4c) is only marginally better than the phase estimate from a single DIC image
(Figure 4d). This is, of course, expected because one DIC image can capture all the gradient information for the
groove except when the groove is oriented along the direction of shear.

To demonstrate the bene�t of rotational-diversity in cases where the object has structures in more than one
direction, we have estimated phase images from synthetic DIC images (Figure 5) of a 2D projection of the cross
phantom shown in Figure 6a. Because in the DIC image shown in Figure 5a the direction of shear is parallel to
one of the bars of the cross, little or no information about the horizontal bar is present in the image. Thus, as
expected, the estimated phase image from this single DIC image (Figure 6d) does not show the cross-bar structure
of the phantom, and it is less accurate than the phase images computed from two or more DIC images (Figure 6).
From Figure 6, we note that the oscillations in the background of the phase image obtained using four DIC images
(Figure 6b) appear to be larger than the oscillations in the phase image from two DIC images (Figure 6c). We believe
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Figure 4. Comparison of estimated phase images of the groove phantom: (a) estimated phase from the measured
DIC image of the groove phantom shown in Figure 2a; b) computer-generated phantom of the groove with width
of 7 �m and depth 60 nm; c) estimated phase from two synthetic DIC images at 90 degree shear angle separation
which were generated from (b); and, d) phase estimated from a single synthetic DIC image shown in Figure 2b.
Horizontal pro�les through the images are compared in the bottom panel. Pro�le (a) is the row average of image (a).
The relative phase due to the groove with respect to the background is 0.358 radians (computed from � = 2��nt=�

with: refractive index di�erence, �n = 0:522; illumination wavelength, � = 550 nm; and thickness, t = 60 nm).

that this is because the oscillations in the DIC images with shear angle at 45 degrees with respect to both bars
(Figure 5b and d) are larger than the oscillations in the the images with shear angle at 0 and 90 degrees (Figure 5a
and c). These oscillations arise because the microscope passes a limited band of spatial-frequency components
and are characteristic of coherent imaging (Goodman,16 p. 131-132). Because the phase-estimation method does
not use any prior information on the phase function, it is unable to remove these oscillations. Also, the current
implementation of our method does not include any regularization which could reduce the oscillations.

It is clear from Figure 6 that a signi�cant improvement in the estimated phase image is achieved when two DIC
images at 90-degree shear angle separation are used. However, the bene�t of using more than two rotational-diversity
images is not evident in the phase images estimated from these noiseless synthetic images of the cross phantom which
has �=2 radians rotational symmetry.

5. SUMMARY AND CONCLUSIONS

We have shown results from testing a simple case of our more general model with two physical phantom specimens:
a 2D groove phantom and a 3D cross phantom. The 2D phantom was also used as a vehicle for assessment of
quantitative phase estimation. Conclusions from these tests are summarized in four main areas:
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Figure 5. Synthetic rotational-diversity DIC images of a 2D projection of the cross phantom with di�erent
orientation of the shear. The shear is along the horizontal axis in (a), and it is rotated every 45 degrees clockwise
from (a) to (d).
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Figure 6. Phase image of a 2D computer-generated cross (a), and estimated phase images of the 2D cross obtained
from the diversity images shown in Figure 5: (b) from four images (K = 4) with 45-degree shear rotation; (c) from
two images (K = 2) with orthogonal shear direction; and (d) from a single image (K = 1) with the direction of
shear along the horizontal axis shown in Figure 5a. Horizontal pro�les taken through the center of the images are
compared at the bottom panel. The baseline o�set of the pro�les through the estimated phase images for K = 2
and K = 4 is due to the initial guess.
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1. A quantitative comparison between real DIC images acquired with the 2D groove phantom specimen and
model predictions obtained with the coherent limit of our general imaging model (point-aperture model) has
shown a number of similarities that suggest that while our model is not perfect, it does capture the major
features. Two of the factors that may be responsible for the observed di�erences in our comparison are: 1, the
point-aperture assumption used by the model case that we are testing initially; and 2, errors in the estimated
imaging parameters (bias and shear). Our next step is to reduce the e�ect of these factors. First, a better
estimate of the bias and shear parameters can be obtained by using information from multiple DIC images of
the groove phantom obtained with di�erent illumination wavelengths, and by changing the groove's refractive
index (for example by putting water in the groove). A better estimate of the bias and shear should also lead to
a more accurate estimate of the groove's phase. Second, by generating synthetic DIC images with our general
open-aperture model, we expect that the match between model and data will improve.

2. Despite the observed di�erences in the model comparison, results from testing the ability of our method to
estimate the phase function of the 2D groove phantom from a measured DIC image have been very encouraging
and suggest that the phase-estimation method works; the width and depth of the groove in the estimated phase
image are within 6% (which is within measurement error) of the actual values.

3. Comparison of measured rotational-diversity DIC images of a 3D cross phantom to 3D model predictions has
con�rmed that our imaging model can predict the DIC-imaging direction sensitivity.

4. Results obtained with the phase-estimation method from rotational-diversity synthetic DIC images of a 2D
cross show signi�cant improvements when two DIC images (with orthogonal shear angles) are used, rather
than a single image. The bene�t of using more than two DIC images for phase estimation is not evident for
this simple phantom with rotational symmetries that we have used. We expect that additional rotational-
diversity images will be bene�cial for phase estimation from images of real specimens because they do not
possess rotational symmetries and because of the e�ects of noise. We are currently investigating the bene�ts
of rotational diversity in phase estimation from images of real specimens.
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