Image Capture Simulation Using an Accurate and Realistic Lens Model
Ralph Short*, Don Williams** and Andrew E.W. Jones***
*

Eastman Kodak Company

**1 700 Dewey Ave., Rochester, New York 1 4650-1 8 1 6 USA
***l 700 Dewey Ave., Rochester, New York 1 4650-1 925 USA

901 Elmgrove Rd., Rochester, New York 14653-5225 USA
ABSTRACT
This paper describes a digital image capture simulator that incorporates a lens model based on point-spread function (PSF)
data from a commercial lens design package. This lens model has significant advantages over a simple MTF based model,
because it accounts for all image degrading aberrations commonly encountered in image capture systems. Lens design data
in the form of a set of highly resolved PSFs are generated off-line using the lens design package. The data are computed for
a range of wavelengths, image plane locations and field positions. To simulate a specific imaging system, these PSFs are resampled according to the sensor pixel pitch, system spectral sensitivities, sensor location, etc. The input to the simulator can

be either a digital test target or a digital image of a real scene, which is highly over-sampled with respect to the fmal
simulated image and whose spatial and spectral characteristics are well known. The simulator output, in the form of the raw
data generated by an actual digital capture device, will be highly useful in the parametric study of the design parameters of
image capture systems. The performance and limitations of the lens component of the simulator are described.

Keywords: image simulation, image simulator, digital camera model, lens model, digital image capture, lens aberration,
point-spread function, PSF

1. INTRODUCTION
Over the last few years, the market for digital cameras has grown very rapidly, driven by improvements in sensor
technologies and greatly reduced manufacturing costs. Intense competition has led to greatly reduced product development
cycle times. At the same time, digital cameras are complex devices whose performance depends on a large number of factors
and their interactions. Risk reduction in the form of physical prototypes may not be timely or cost-effective. Simulation

capabilities may serve to address this problem by allowing visualization of the image quality impact of component
substitution, or modifications to tolerances or component specifications. We have developed such a computer-based
simulator, specifically intended to produce visually accurate and realistic simulations of digitally captured imagery based on
known component specifications and characteristics. Because the emphasis is on visual realism, a combination of physical
and parametric models is used in our simulator.
As sensor technologies such as charge-coupled device (CCD) and active pixel sensor (APS) costs and performance improve,

the lens assumes a more critical role in cost/performance trades. Simple modulation transfer function (MTF) based lens
models may not provide sufficient realism, since a number of lens aberrations are not accounted for. This is of particular
importance for low F-number, wide-angle systems commonly used in cameras, digital, or otherwise. An optics model based
on actual PSF data obtained from a commercial lens design package can directly include all lens aberrations. Such a model
and a simulator based on it have been developed and integrated into the digital capture simulator.

Some previous work bears mentioning in the present context. A lens model that included diffraction effects was used by
Potmesil and Chakravarti1 as part ofa depth-of-field simulator for synthetic image generation. However, they did not attempt
to include any optical aberrations or field-dependent effects. More recently, Subbarao and Nikzad2 and Subbarao and Lu3'4

have developed a flexible lens model as part of a machine vision simulator. Although Subbarao and Lu mention the
capability to use previously computed PSF data as one of the options in their model, no examples were provided.
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The following section provides an overview of the digital capture simulator, broken down by component. After this, a more
detailed description of the lens model and simulator is provided. Some verification tests and results based on some initial
simulations using the lens simulator alone are described in Section 4.

2. DIGITAL IMAGE CAPTURE SIMULATOR OVERVIEW
This section provides an overview of the digital image capture simulator of which the lens simulator is one part. A top-level
diagram of the digital capture simulator is shown in Figure 1. It consists of two major components, an optics simulator and
an electronics simulator, each of which has several separate modules. The interface between the two major parts corresponds
approximately to the conversion of photons to electrons.

"default"
model file

command line
overrides

Figure 1: Top level diagram of digital capture simulator.

A digital source image passes first through the optics simulator then through the sensor simulator, producing a raw digital
image at the output. For a typical consumer digital camera, the use of a color filter array leads to a single-channel output
image. All color-related information must be extracted based on the known correspondence of pixel locations with specific
filter colors. What is being simulated here is the cumulative effect of the phenomenology of an essentially analog system.

The entire path up to the AID converter in the last step can be considered to be in the analog domain to a very good
approximation. This is true even though we, in a sense, are talking about photons and electrons, due to the large numbers
detected by each pixel of the sensor.

2.1 Optics simulator
Figure 2 shows the principal components of the optics simulator. The input to the optics simulator can be either a digital test
target or a high-resolution digital version of an actual scene whose spectral characteristics are known. In its current form, the
simulator requires that the input image consist of three bands, representing red, green, and blue channels.a

Figure 2: Optics simulator block diagram.
The first step in the simulation process is to perform a color space conversion from that of the source image to an internal
simulation space consisting of three or more channels. For an input image consisting of a digitized photograph of an actual
scene, this conversion is intended to back out the spectral sensitivities of the source image acquiring medium as well as scene

a Modifications to the simulator are underway that allow for the use of hyperspectral source images, as well.
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illumination spectrum. Three-dimensional look-up tables are used to perform this conversion. They are generated based on a
regression analysis, the details of which are beyond the scope of this paper. Their use is necessitated by the desire for visual
realism of the simulated imagery content and the fact that only actual photographs can provide scene input with sufficient
realism. Because photographic input is ordinarily limited to three input bands, all spectral details of the original scene are
lost even before we begin. Hyperspectral source imagery would, in principle, solve this problem,5 but the acquisition of
suitable hyperspectral imagery is a major undertaking and has its own limitations and difficulties. If such imagery becomes
available (except for spectral weighting), each band would be carried through the optics simulation path to achieve maximum
realism.

The second simulation step accounts for illumination non-uniformities that may be present in document or film scanning
systems. This doesn't apply to digital camera image simulation, unless artificial scene input is used, because illumination
non-uniformity is part ofthe scene itself for real photographs.
Two alternatives are available in the simulator for the modeling of the lens, either of which may be selected for a particular
simulation based on the particular needs. The simpler ofthese models (and more computationally efficient) is an MTF-only
model that applies a field and color-dependent MTF to the image. Although the MTF in this model is non-stationary, it is
treated as rotationally symmetric and most lens aberrations are entirely unaccounted for. The falloff of the illumination on
the sensor away from the optical axis must be treated separately.
The second alternative is a much more complete lens model based on PSF data generated with the aid of a commercial lens
design package. This model includes all major lens aberrations, including those not accounted for by the MTF-only model,
namely distortion, coma, astigmatism and lateral color. The details of the full lens model and its incorporation into a lens
simulator are described in Section 3.

Flare is a term used to describe background signal in an image caused by one of several optical processes. These processes
include residual reflections from lens surfaces, scattering caused by micro-roughness of lens surfaces and scattering off of
internal surfaces due to imperfect baffling. Principally a very low spatial frequency phenomenon, we model it as a uniform
additive signal.

2.2 Sensor simulator
Figure 3 shows the various component models applied in the sensor simulation process. The first stage of the sensor
simulator samples the output of the optics simulator. The sampling mOdel accounts for motion-induced smear (scanning
systems), pixel aperture, and the color filter array (CFA), which allows color sampling for a single-sensor camera. In
addition, simple models are included for spectral mixing due to possible CFA misalignment with the sensor pixels, as well as
inter-pixel cross-talk due to various physical processes. For a single-sensor camera with CFA, the resulting image has been
reduced to a single channel at this stage.

(to image
processing)

Figure 3: Sensor simulator block diagram.

Most of the models in the simulator apply to both active pixel sensors and CCDs. Sensor smear and charge transfer
inefficiency (CTI) are, however, specific to CCDs. We defme sensor smear, which is more specifically limited to interline
devices, as smearing of the image in the vertical direction due to spurious photocharge generated in the vertical shift registers
by incident light during the readout. This occurs in interline devices that integrate the optical signal while simultaneously
reading out the previous frame. Because such devices operate without a mechanical shutter to allow video mode operation,
imperfect shielding of the vertical shift registers leads to the spurious generation of photocharge.
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The readout of any CCD involves large numbers of consecutive transfers of the accumulated photocharge in each pixel. lor
larger arrays. thousands of transfers can he required. depending on the pixel location on the array relative to the sensing node.
During readout. I 00% transfer efficiency is never achieved. The cumulative effect is that a fraction of the charge in each

pixel appears in the next pixel in line. Although the effect can occur in both vertical and horizontal shill registers. it
principally occurs in the horizontal direction. The much higher horizontal clock rate leads to greater Cl] in the horizontal
direction. Because the number of charge transfers is dependent on the distance from the sense node, the inipact is most
pronounced furthest from the sense node. In digital cameras containing CFAs. the dominant elThct is a hue shill across the
array.

Noise in a digitally captured image is induced by a large and disparate set of physical pmsses occurring at various points.
and will not he described in detail here. I'hey include shot noise
Such noise sources have been discussed elsewhere
(photoelectron and dark current). reset noise. amplilier noise. AD quantization noise, and fixed pattern noise. It is a conunon
approximation to lump all of the sources together. referring their amplitudes to a single stage in the signal generation process.
l'he noise sources arc treated as independent and without spatial correlation, so that they can be added iii quadrature. In our
model, we treat the noise parametrically and we separate the fixed pattern noise troiii the other, temporal noise sources.

A parametric model is appropriate for our image simulations since complete. reliable, and accurate noise data nia\ generally
not be available. We employ a Gaussian temporal noise model, ignoring saturation and assuming response linearity. 'Ihis

reduces the number of simulation parameters to two, which can he extracted either trom component specifications or
measured data. In real imaging systems, patten noise (fixed and temporal, as well) can be induced by a variety of processes.
including interaction with electronics (clocking signals), mask irregularities, etc. I hese can contribute either multiplicatively

or additively. Any spatially uncorrelated (pixel—pixel gain variations) compoiieilt of this noise is uidistiuguisliabie froni
random temporal noise in a single frame. so it is lumped in with the temporal noise model. 'I o maximize generality, the
spatially correlated component of the pattern noise is modeled with a pair of image masks that are generated ottline for the
specific camera system. One of the masks is applied multiplicativelv. The second mask is then added to the image.

The AL) quantization noise is not included directly in the noise model since it is ctlectivel\ added in the last step in winch
the analog to the digital conversion is simulated.

3.

LENS MOI)EL ANI) SIMULA1'OR

The optical performance of an imaging system can be characterized b\' the PSI of the lens, computed in the neighborhoods of
the images of several points on the object surface, as shown in Figure 4.

l.ens
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Figure 4: Imaging system.

The PSF of a lens in the neighborhood of a point (x,, y,) on the image surface is the impulse response of the lens toan
incoherent point source located at the point (x0, Yo) 0fl the object surface. That is, it is proportional to the intensity of the
Fraunhofer diffraction pattern produced by imaging that point source onto the image surface.9 The PSF Ih(x, y; 2)2 at

wavelength ) is given by

h(x, y; 2
where

Jj yp
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is a point in the plane ofthe exit pupil, R is the distance

) is the pupilfunction ofthe lens. The pupil function is of

the form b

P(x,y;x0,y0,2)= exp[i(xpp

;x0Yo2)]

where W is the wavefront error ofthe lens, which is a measure ofthe departure ofthe wavefront produced by the lens from a
reference sphere of radius R that is centered at the point (x,, y'), as shown in Figure 5.

(x j)

Lens

Pupil
Reference
Sphere

Image
Surface

Figure 5: Lens producing an aberrated wavefront.
An aberration-free lens produces for any object point (x0, Yo) a spherical wavefront centered on the image point (x, =Mx0, y,
My0), where Mis the magnfi cation of the lens. In this case, if the exit pupil is circular with radius a, the point-spread
function is of the form

h(x,y;22

where J1 is the Bessel function of the first kind of order 1. This pattern is known as the Airy pattern.
b A uniform amplitude distribution in the exit pupil is assumed here.
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Lens aberrations produce various effects upon images:

•

First—order chromatic aberrations produce variation in focal length (axial chromatic aberration) or magnification
lateral chromatic aberration) with color. [or example. a lens with lateral chromatic aberration might produce an
image in which the blue parts are magnified more highly than the red and green. A lens with axial chromatic
aberration might produce an image in which the blue parts are blurred and the red and green parts are sharp.

•

Distortion produces a nonlinear variation of magnification over the image held. Images are sharp (if no other
aberrations are present). but the shape will not he a scaled replica of the object. For example. a square oblect will
take on a "pincushion" or "barrel" shape.

•

Other ,nonochromatic aberrations produce blurring of the image that is largely independent of color. Spherical
aberration and defocus produce uniform blurring over the image field. Other aberrations, such as coma.
astigmatism, and field curvature, produce blurring that is more pronounced near the edges of the image than at the
center of the field.

Figure 6 shows the PSF of a lens for green light at three image points.

h
Figure 6: Point-spread functions about three image points.
The task of the lens model generator is to compute, for several wavelengths, the PSF about the image points corresponding to

several object points. The image intensity 1 at a point (x,.v) on the image surface is given by a convolution of the idealimage intensity I,(x.v) (which is the object scaled by the magnification Al) with the PSF:
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fJJh(xj—x,y1—y;2I0(x,y;2)dxdy.
image

Here, K(x1, y;2) is the relative illumination of the image at (x1, y), that is, the image irradiance at (x,, y,) relative to the
irradiance at the center ofthe image, (x1 0, y 0).
In the lens model generator, the PSF and relative illumination are computed by a set ofmacros written for the OSLO Six
optical design software app1ication, as follows:
A set of sample points on the object and a set of wavelengths are selected. The object sample points are spaced sufficiently
closely to facilitate interpolation of the PSF in the image intensity convolution; typically 10 to 20 samples lying along a line
connecting the center of the object with a corner of the object are selected.d The wavelength samples are determined by the
spectral sensitivity ofthe imager; typically, 3 to 10 wavelengths are chosen over the visible spectrum (400—700nm). Since
the Fraunhofer diffraction integral is in the form of a Fourier integral, it is possible to compute the integral numerically using
a two-dimensional Fast Fourier Transform (FFT). From each selected point (x0, Yo) 0T1 the object, and at each selected
wavelength ,, a grid of rays is traced through the lens. For each ray, the value of W(x,yp; x0, Yo, and the corresponding
P(x, Yp; x0, y°, 2) are computed. The grid of samples of P is transformed to compute a grid of samples of h in the
neighborhood of(x1, y). If an N x N grid of rays is traced, the PSF grid sample spacing i\,on the image surface is related to
the wavefront grid sample spacing E, on the exit pupil by:

)

In order to obtain both the desired 0.5 tm PSF sample spacing, , and a wavefront sample spacing, ,, sufficiently small to
characterize the wavefront W accurately, an FFT grid size ofN 256 is used. Typically, this yields values of about 1/50
the width ofthe pupil, which is adequate for most lenses.

The relative illumination at the image point corresponding to each object sample, K(x,, y,;.t), is computed. OSLO Six
computes relative illumination using a technique developed by Ri'° The image intensity computed by the convolution
of hi2 and I is multiplied by K to yield the effective image intensity.

In order to match the sensor spectral sensitivities of a specific digital camera, the PSF set generated by the lens model
generator is generally resampled with respect to wavelength. For the most basic color sensor model, a minimum of three
wavelengths is required. In addition, resampling with respect to field position and image plane location can be performed.
The fmal form of the PSF data used in lens simulation consists of tightly spaced grids of PSFs, one per image band, each
sampled at a spacing (Axsi4yjrn) — (Axsensor,Aysensor)/N, where N is an integer 2 2. The requirement that N ? 2 guarantees
that aliasing, if present, can be simulated. The center of each simulation PSF in the image plane isprecisely known. The
actual lens image simulation consists of accumulating the energy from the source image in a second output image file, one
source image sample at a time.

4. VERIFICATION
Lens model data have been generated for a relatively simple camera lens intended for use in a low-end camera. The lens has

an effectve focal length

6.6 mm and a numerical aperture

0.22. The lens was chosen for initial simulations and

verification specifically because of its relatively large aberrations. Simulation PSFs were generated from the lens model data
for a sample spacing AXsjm AYsim 3.9 ffl, corresponding to a sensor with a pixel pitch AXsensor AYsensor 7.8 and N — 2.

C OSLO Six is a product of Sinclair Optics, Fairport, NY.
d For

rotationally symmetric lenses, it is sufficient to sample along a line connecting the center and corner ofthe object. For asymmetric
systems, however, it may be necessary to select a two-dimensional grid of samples over the entire object surface.
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Image simulations were performed using the simulation PSE data. For a sensor with 480 lines and 64() pixels/line, a 96() line
x 1280 samples/line output image results from the simulation. Figure 7 is a gray scale rendering of the output image for a

iwo—level digital test target input. Distortion and intensity variations with field positioil are both readily apparent ii this
image. 'The red, green, and blue bands of a sinai! subsection of one corner are reproduced in Figure 8. l/xamiiiation of these
images reveals inter—band misregistration. band—dependent defocus, as well as non—stationary and non—isotropic "blurring" of
the edges. resulting from various lens aberrations.
Some initial steps have been taken to verify the accuracy of the lens mode! and simulator using a pair of digital slanted edge
targets. Verification is important since several of the model generation and simulation steps are potential sources of error.
Each s!aiited edge target, consisting of a set of uniformly distributed near—horizontal or near—vertical straight edges. was
processed through the camera lens simulator using the lens model data. l'hese slanted edge targets were used to verify
absolute distortion, inter-band registration and MTF. Figure 9 shows, hand-by-hand, one of the edges from the near-vertical
slanted edge output image. The slanted edges in the simulator output image were compared against predictions obtained

directly from the lens design data. Measurements of both positions and MTI's of edges in the simulated images were
performed using verified slanted—edge analysis code. The MTF analysis code, in particular, was issued and verified through

ISO 12233°

Figure 7: Lens simulator output using 'squares' test target input.
The edge position measurement results for a subset of the vertical edges is presented in 'l'ahle I.

lhe data are presented in

units of the pixel pitch (7.8 gm) of the sensor. In the first two columns are the predicted coordinates of the center of the
edges for the green band of the simulation output image. relative to the center of the sensor. The next three columns are the
horizontal component of the absolute position errors for the three hands, relative to the lens data predictions. The magnitude
of the error for all three bands is less than 0.2 pixels over much of the image. except in the corners, where it approaches 0.5
pixels. Of more importance from the perspective of visual realism are the relative (inter-hand) position errors. The interhand results are reported in the right-hand six columns. These errors are characterized in terms of the offsets of the red and

blue bands with respect to the green band position. Differences between the simulated image inter-hand offsets and the
predicted inter-band offsets are quite small throughout the field. In all cases, the error magnitude is less than0.1 pixel, and
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with one exception less than 0.05 pixel. These results show that both distortion afl(1 lateral color arc being accurately
simulated.

Figure 8: Red. green. and blue hands left tO

right

of a 161) line x I 2 sample subsection from the upper righi corner of

Figure 7.

Figure 9: Red, green, and blue bands (left to right) of a 96 x 64 sample subsection from the lens simulator output using
vertical edges simulation test image. The subsection is along the x-axis. near the right hand side of the image.

Figures 10-12 illustrate the level of agreement between the MTFs predicted by OSLO and the MTFs measured from the
slanted edge simulator output image. With few exceptions, the agreements are very good, especially giveii the nonmonotonic behavior at higher spatial frequencies. The errors that are present arc believed to he due to a combination of PSF
interpolation errors and accuracy limitations of the ISO 12233 analysis code.

Table 1: Edge position verification results (see text for detailed explanation).

Edge

ID

Oflset from Absolute Position Error

Sensor Center

Red

x1

0

2
3
4

62.9

5

6
8
9

126.3
190.5
254.9
-254.9

Position

Blue

Predicted Measured

Error

0.000 0.009 0.009
0.0 0.010 0.029 0.033 -0.080 -0.100 -0.020
0.111
0. 113 —0.170 —0.204 -0.034
o.o!
0.078
0.011
—0.276 —0.265
00 -0.092 -0.103 —0.
0.0 -0.159 -0.155

0.0 0.193

0.190

0.019

—0.040

-0. 346

Predicted Measured

0.000

0.138
0.294

0.003
0.142
0.296

Error

0.003
0.003
0.002

0.481 —0.004
0.673 —0.026
0.394 0.002 —0.700 --0.690 0.010
0.392
0.000 0.032 0.032
0.000 —0.014 -0.014
-0.206 -0.013 0.339 0.388 0.049
—0.193
0.614 0.660
—0.346 —0.353 -0.007
0.045
0.320 -0. 025 -0.614 -0.690 -0. 076

—0. 181 —0.392

0. 20O

Position

—

0 -0.059 -0.068 -0.065

0.0 190.5 -0.027 —0.013
127.3 191.0 -0.102 -0.089
253.5 190.1 -0.398 -0.391
-253.5
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Figure 10: Measured simulation MTFs vs MTFs predicted based on lens design data at simulated image center (Edge # 1).
Blue Band Mi-F:

Green Band MTF

Red Band MTF
1.0

1.0

0.8

0.8

0.6

0.6

0.4

0.4

0.2

0.2
0.0

0.0

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

cycles/pixel

0.4
0.6
cycles/pixel

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

cycles/pixel

Figure 11: Measured simulation tangential MTFs vs tangential MTFs predicted based on lens design data for Edge # 3
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Figure 12: Measured simulation tangential MTFs vs tangential MTFs predicted based on lens design data for Edge # 5.

5. CONCLUSION
A digital image capture simulator that incorporates a full-lens model has been described. The lens model and simulator are
derived from actual lens design PSF data, which is resampled in wavelength, field-position, and image plane location to
match specific system parameters of the digital camera being simulated. Initial verification results indicate that the lens
simulations are in good agreement with the lens design data for distortion, lateral color and MTF related effects. These
modeling and simulation tools will be quite useful in parametric and design trade studies of digital image capture systems.
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