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Coding a projector’s aperture plane with adaptive patterns together with inverse filtering allow the depth-of-field of projected

imagery to be increased. We present two prototypes and corresponding algorithms for static and programmable apertures. We
also explain how these patterns can be computed at interactive rates, by taking into account the image content and limitations

of the human visual system. Applications such as projector defocus compensation, high quality projector de-pixelation, and

increased temporal contrast of projected video sequences can be supported. Coded apertures are a step towards next-generation
auto-iris projector lenses.

Categories and Subject Descriptors: I.3.3 [computer graphics]: Picture/Image Generation—Display algorithms; I.4.0 [image
processing and computer vision]: General—Image displays

General Terms: Algorithms, Theory

Additional Key Words and Phrases: Coded Aperture Imaging, Computational Light Modulation

1. INTRODUCTION

Modern video projectors are remarkable devices that can display large imagery with high resolution, bright-
ness, and contrast. The latest high-end models even incorporate auto-focus and auto-iris objective lenses.
These can greatly enhance the temporal contrast of projected images by adjusting the aperture to the av-
erage brightness of the displayed content. Their flexibility and low cost make projectors irreplaceable for
many applications including professional presentations, home entertainment, scientific visualization, as well
as museum and art installations. We envision future generations of these displays as fully integrated systems
with cameras, dynamically adjustable apertures and intelligent control mechanisms.

In this paper, we present solutions for taking projectors to the next level. By placing coded masks at a
projector’s aperture plane, we show how the depth-of-field (DOF) of a projection can be greatly enhanced.
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Fig. 1. Displayed imagery can be pre-compensated to enhance a projector’s depth-of-field, but the resulting quality depends

on the employed aperture shape. A projected image in focus (upper left), and with the same optical defocus (screen located

at 2m distance to focal plane) modified in several different ways: with circular aperture - untreated and deconvolved with
corresponding PSF, compensated with static broadband coded aperture and with dynamic coded aperture. The result of the

dynamic aperture is optimized for a viewing distance of at least 50cm and for an image diameter of 10cm where no artifacts

should be visible. The deconvolved images are computed from the corresponding apertures (shown in the sub-figures). While all
other images are adjusted to a similar brightness to enable a better comparison of focus, the lower right image is captured using

the same exposure as the image to its left. A small circular aperture has been applied that achieves the same depth-of-field as

with the adaptive coded aperture at the cost of a significant loss of brightness. Note that the first four and the last two images
were displayed with two different projector prototypes (see figure 4), which have slightly different color gamuts and intensity

ranges.

This allows focused imagery to be shown on complex screens with varying distances to the projector’s focal
plane, such as projection domes or cylindrical canvases. We demonstrate that integrated broadband masks
and adaptive dynamic apertures outperform previous methods of defocus compensation for circular aperture
stops. In addition, our dynamic apertures can perform the type of contrast enhancement employed by
common auto-iris projection lenses. Furthermore, they enable high-quality de-pixelated projections that are
beneficial for rear-projection TV sets and other close-view displays.

Specifically, we make the following contributions:

—the introduction of coded apertures to display devices

—an integrated hardware solution and corresponding algorithms to improve the depth-of-field and temporal
contrast of projectors

—a novel, content-dependent algorithm for computing dynamic adaptive apertures that is based on the
human visual system

2. RELATED WORK

Defocus Compensation for Projectors. Enhanced depth-of-field projection with multiple displays has
been demonstrated by Bimber and Emmerling [2006]. The spatially varying point spread functions (PSFs)
ACM Transactions on Graphics, Vol. V, No. N, Month 20YY.
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are measured for each projector and used to determine the contributions of multiple overlapping projections
with differently adjusted focal planes that lead to the least amount of defocus.

Single projector techniques generally pre-sharpen displayed imagery digitally, so that an optically defocused
projection appears close to the original, un-blurred image. Brown et al. [2006] and Oyamada and Saito [2007]
proposed to compensate the defocus by performing Wiener deconvolution in the frequency domain. Zhang
and Nayar [2006] formulated the image correction as a constrained optimization problem in the spatial
domain using a convolution matrix. The constraints ensure that the solution is within the dynamic range of
the projector. All of these techniques measure the PSFs using projected code patterns except for [Oyamada
and Saito 2007], where it is estimated using pattern matching.

Multi-focal projection with several displays may be impractical due to the required number of projection
units. All single projector approaches, on the other hand, share two limitations. First, they do not run
at interactive frame-rates, which prevents them from displaying dynamic content. Second, the amount of
defocus that can be compensated through digital processing alone is clearly limited. Because of a circular
aperture stop and a resulting PSF that contains many zero frequencies, high image frequencies are irreversibly
lost in out-of-focus regions. A pre-compensation of the optically low-pass filtered projected light often leads
to dominant ringing artifacts, especially with direct inverse methods such as Wiener deconvolution.

An extended depth-of-field projector was introduced by Dowski and Cathey [1998]. The authors proposed
to insert a cubically shaped lens element (phase plate) into the projected light path, which results in a
projector PSF that is independent of the distance to the focal plane (see [Dowski and Cathey 1995]). For
compensation, projected images are deconvolved with the spatially uniform PSF. While this design allows
high light-throughput, it has clear limitations. The precise manufacturing and insertion of the lens element
is costly and difficult. Once integrated into the display, it cannot be ’switched off’. Even image regions that
would be in-focus without the phase plate are blurry. By using coded apertures instead, we do not alter the
image sharpness for in-focus areas, but only improve it for out-of-focus regions. Furthermore, a dynamic
aperture adds the benefits of higher temporal contrast just like auto-iris projector lenses do, and can be
turned off so as not to affect the projection at all. Levin et al. [2009] recently analyzed design parameters for
lens elements that optimize the depth-independence of the corresponding PSF in cameras. Applying these
paradigms to projectors has the same disadvantages as the extended depth-of-field projector proposed by
Dowski and Cathey [1998].

Coded Aperture Imaging. Joint optical light modulation and computational reconstruction for en-
hanced image capture has many applications. Among these are extended depth-of-field photography [Dowski
and Cathey 1995], split field-of-view image capture [Zomet and Nayar 2006], motion deblurring [Raskar et al.
2006], light-field capture for synthetic image refocus [Liang et al. 2008; Bando et al. 2008; Veeraraghavan
et al. 2007; Ng 2005], and depth reconstruction [Levin et al. 2007; Bando et al. 2008; Moreno-Noguer et al.
2007]. An analysis of different aperture patterns for high-quality defocus deblurring was presented by Zhou
and Nayar [2009]. Their codes are optimized for specific noise parameters of cameras, but this does not
apply to projectors, as there is no noise contribution.

To our knowledge, we are the first to apply coded apertures to displays.

3. CODED APERTURE PROJECTION PRINCIPLE

Common projection displays have large aperture stops to optimize light transmission, and therefore narrow
depths-of-field. When displaying imagery onto non-planar canvases or when fronto-parallel display positions
are not feasible, projected content will be blurred due to optical defocus. This is often described as a
convolution of the original image with a filter kernel that corresponds to the aperture of the imaging device
(PSF, figure 2 left). The scale of the kernel is directly proportional to the degree of defocus:
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screen screenfocal plane focal planeaperture

PSF PSF

projector display projector displayaperture

Fig. 2. Different aperture patterns lead to different point spread functions. A defocused projection of a point results in an

image of the utilized aperture, as shown in case of a circular aperture (left) and a coded aperture (right).

ip = ks ⊗ id, (1)

where id is the displayed image, ks the aperture kernel at scale s, and ip the optically blurred projection.
Deconvolution, i.e., convolving an image with the inverse aperture kernel, will digitally sharpen an image
and consequently compensate optical defocus:

id = k−1
s ⊗ i. (2)

Here k−1
s is the inverse aperture kernel, and i the original desired image. Convolution and deconvolution

can be modeled easier in the frequency domain, rather than in the spatial domain, where a convolution
corresponds to a multiplication Ip = Ks · Id and deconvolution is equivalent to a division Id = I/Ks. I,
Id, Ip, and Ks are the Fourier transforms of i, id, ip, and ks respectively. Deconvolution is an ill-posed
problem and performing it directly through division in frequency space is generally avoided. Zeros in the
Fourier representation of the convolution kernel and image noise often lead to ringing artifacts. For projector
defocus compensation, however, the images are not measurements, but noiseless digital footage. This makes
deconvolution by direct inverse filtering feasible if the kernel is broad-band, i.e. has no zeros in its Fourier
transform. Instead of Wiener deconvolution, we propose to apply a regularized inverse filter to compute a
displayed compensation image Id as

Id =
K∗s (fx, fy)

|Ks (fx, fy)|2 + α |L (fx, fy)|2 I (fx, fy) , (3)

where L (fx, fy) is the Fourier transform of the discrete Laplacian operator and α = 0.01 is a user-defined
smoothing parameter. The regularization term α |L (fx, fy)|2 prevents ringing artifacts by smoothing out
any possible division by zero for higher frequencies. If chosen too high, however, the regularizer prevents any
significant sharpening. Intuitively, it can be understood as an approximation to the unknown signal-to-noise
ratio that is employed in the same fashion for Wiener deconvolution.

Once the deconvolution has been computed in the frequency domain, the result Id is inverse Fourier
transformed and projected as a compensation image. Note that different image portions are deconvolved with
kernels of different scales s. The scales correspond to the amount of measured defocus at the corresponding
screen areas (see [Bimber and Emmerling 2006]). Thus, the larger the desired depth-of-field, the more scales
are necessary.

The main limitation of previous projector defocus compensation approaches are ringing artifacts in the
pre-filtered images. These are mainly due to the aforementioned divisions by zeros introduced by circular
projector apertures. The resulting PSFs act as low pass filters on projected light by irreversibly canceling
ACM Transactions on Graphics, Vol. V, No. N, Month 20YY.
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Fig. 3. Deconvolution with different kernels. Blurring an image (left) can, depending on the kernel, filter out important
frequencies in the blurred result (center column), which often results in ringing artifacts after a deconvolution (upper right). A

broad-band kernel can significantly improve the quality of the deblurred result (lower right). The close-up regions are contrast

enhanced for improved visibility.

out high spatial frequencies. The loss of high spatial frequencies and resulting ringing in the compensation
images is depicted in figure 3, upper row. Decreasing the size of the aperture opening reduces the number of
low Fourier magnitudes, thus it effectively enhances the depth-of-field of a projection system. Using narrower
aperture openings (up to pinhole size), however, will naturally decrease the light throughput significantly,
which is unacceptable for most projection-based displays.

In the remainder of this paper, we will explore the use of coded apertures that optimize a projector’s
depth-of-field without the need of additional refractive lens elements. We show how static [Grosse and
Bimber 2008] and dynamically adjusted attenuation masks in the projector’s aperture plane can preserve
sharp image features with much fewer ringing artifacts (see figure 3, lower row) for defocused projections
while preserving a high light transmission. The employed apertures are either designed to be broadband in
frequency domain or optimized to the frequency band of the current image. They comprise higher Fourier
magnitudes than circular apertures with the same light throughput.

Previously proposed single projector defocus compensation approaches apply either Wiener filtering [Brown
et al. 2006; Oyamada and Saito 2007] or a least-squared error solution in the spatial domain [Zhang and
Nayar 2006]. While the former approach is very similar to our regularized inverse filter (equation 3), it has
not been shown in those papers that a solution can be computed in real-time. Section 5 of our submission
is mainly dedicated to the necessary data-preprocessing and our real-time GPU implementation. Hence, we
apply a similar algorithm but show how to make it work in real-time.

4. PROTOTYPE DESIGNS

In order to demonstrate the feasibility of depth-of-field enhancement through coded projector apertures we
built two prototypes. Our first prototype utilizes a static attenuation mask. We integrated a programmable
liquid crystal display into a second prototype to experiment with adaptive aperture patterns.

4.1 Static Broadband Aperture

In our first prototype, we inserted a static attenuation mask into the aperture plane of the objective lens,
as shown in figure 4 (left). The projector is a Sony VPL-CX80 XGA 3-chip LCD projector and the applied
aperture pattern was found by Veeraraghavan et al. [2007] by seeking a 7x7 binary broadband mask that
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Fig. 4. Two prototypes: a static attenuation mask integrated into the aperture plane of a projector improves digital defocus

compensation through inverse filtering (left). Replacing the aperture with a transparent liquid crystal array allows dynamic
attenuation mask patterns to be encoded (right). We compute the adaptive patterns by optimizing for light throughput while

preserving spatial frequencies that are perceivable by a human observer. Both approaches significantly improve depth-of-field
through inverse light filtering when compared to circular aperture stops. While static coded apertures are easier to realize and

less expensive, adaptive coded apertures are more effective.

maximizes the Fourier-magnitudes of the zero padded convolution kernel.
Although photographic film is an obvious option for producing high-contrast aperture patterns, our initial

experiments showed that it does not withstand the heat generated in the projector. Hence, we printed our
codes on transparencies, which proved more stable under varying temperatures. In a commercial display
the masks could be manufactured from any heat resisting material, thus providing an even higher contrast.
They represent a low-cost solution for coded aperture projection.

4.2 Programmable Aperture

We implemented adaptive coded apertures by integrating a programmable liquid crystal array (LCA) into
the projector’s aperture plane, as illustrated in figure 4 (right). The LCA is an Electronic Assembly EA
DOGM132W-5 display with a resolution of 132x32, 20Hz frame rate, and 0.4x0.35 mm2 pixel size. It is
controlled via USB with an Atmel ATmega88 microcontroller. The projector is a BenQ 7765PA XGA
(DLP).

5. DEFOCUS COMPENSATION WITH STATIC CODED APERTURES

In the following subsections we will discuss implementation details for depth-of-field enhancement through
inverse light filtering with static coded apertures. All of our computations are performed on programmable
graphics hardware and run at interactive frame rates. We will discuss the necessary pre-processing and data
acquisition steps in section 5.1, the computations that need to be performed at each frame in section 5.2,
and present results in section 5.3.

5.1 Defocus Estimation and Data Preprocessing

Our defocus compensation approach relies on knowledge of the amount of defocus at each projector pixel,
which directly corresponds to the scale of the convolution kernel or PSF at this point. We measure the
spatially varying defocus by projecting structured light patterns and capturing them with a camera as
proposed by Bimber and Emmerling [2006]. This is a one-time calibration step and takes less than a minute.
Any other defocus estimator could be applied as well. Given the kernel scales for each pixel, we compute a
non-uniform sub-division that partitions the projection images into regions with similar amounts of defocus
ACM Transactions on Graphics, Vol. V, No. N, Month 20YY.
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and, consequently, kernel scales. This image sub-division is constant for static settings and is therefore
pre-computed along with the properly scaled inverse PSFs.

As outlined in section 3, a defocus compensation can be performed by image deconvolution with an
appropriately scaled PSF. Two different approaches were proposed for this purpose: Brown et al. [2006]
performed the deconvolution for each kernel scale on the whole image, whereas Oyamada and Saito [2007]
subdivided the image into a uniform grid of sub-image patches prior to the actual compensation. For
the latter approach, only the local PSF scales that affect a patch need to be taken into account. Local
deconvolution on uniform patches is more efficient, but it does not consider the (possibly non-uniform) local
distribution of blur levels, and can therefore still cause a significant amount of overhead. To overcome this,
we propose a hybrid approach for image subdivision that combines the measured non-uniform defocus map
and a uniform patch structure based on optimal runtime performance.

Despite the well known Fast Fourier Transform (FFT) runtime of O(N logN), for power-of-two sized
images with N pixels, we found that, in practice, the performance of hardware and software specific FFT
implementations can vary significantly. Figure 5 (left) shows our measurements of the CUDA FFT perfor-
mance on a NVIDIA GeFore 8800 Ultra graphics board. For all possible input sizes that are a power of two,
the time per pixel required when performing a FFT was measured. Patch sizes of 1024×256 and 1024×1024
are most efficiently processed in this example.

Given the measured defocus map and the FFT performance of all patch size combinations, we perform a
top-down quad-tree image subdivision up to a predefined level. The subdivision is started from the nearest
higher power-of-two image size to ensure that every node also has a power-of-two-size. The tree is then
traversed bottom-up, where we successively merge patches at each level if this leads to more efficient results.
A merge operation is only performed among child nodes of the same parent. The efficiency for each possible
merge is given by the number of different defocus levels in the resulting node multiplied with the node’s FFT
computing time. Figure 5 shows an exemplary patch subdivision.

Fig. 5. Measured efficiency (average processing time per pixel) for each power-of-two patch size on a NVIDIA GeFore 8800 Ultra

graphics board (left), example of a partially expanded and collapsed quad-tree (center) that corresponds to the subdivision
(right) which illustrates merge possibilities and overlap shifts.

All patches have to overlap adequately to provide sufficiently large blending regions. To ensure this, we
pad the original image with zeros before up-sampling it to the proper power-of-two resolution. This padding
area is 2x−a × 2y−a, where 2x and 2y are the edge lengths of the up-sampled image. Then, each patch is
shifted towards its split edges as indicated in figure 5 (right). The amount of a shift depends on the patch
size: an edge of length 2i is shifted by 2i−a. In our implementation, a equals 3. This operation always
ensures a sufficient overlap for blending regions in all levels.

All these steps are carried out off-line. The next section explains the run-time computations that are
performed for each frame.

ACM Transactions on Graphics, Vol. V, No. N, Month 20YY.
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5.2 Real-Time Compensation on the GPU

In each frame, the general computation steps are: up-sample the image to the nearest power-of-two, convert
to luminance, apply the pre-computed patch subdivision, compute the Fourier transform of the patches,
apply an inverse filter by dividing through the appropriate PSF, transform the patches back to the spatial
domain, blend them, and add the unprocessed chrominance terms back in. Each step will be discussed in
the following.

As mentioned in section 5.1, the original image is up-sampled to the nearest power-of-two resolution to
achieve the lowest possible computation times. Up-sampling also allows more integer sized kernel scales to
be used. As the human visual system is much more sensitive to luminance than to chrominance variations,
we apply the deconvolution only to the luminance channel, instead of performing the compensation on each
color channel separately. Afterwards, the compensated luminance channel and the original chrominance data
are merged and transformed back to RGB space before displaying the image.

For the compensation step, we subdivide the upscaled luminance image into the pre-computed patches
(see Sec. 5.1). Because it is not possible using the CUFFT API to perform a FFT only on a subregion of an
image, all patches have to be reordered into a single one-dimensional array. This array has the same number
of elements as the original image, thus no overhead is created. Consequently, a FFT of a consecutive subset
of that array is the transform of the according patch. After Fourier transforming all patches, a deconvolution
for each required scale of all patches as described in equation 3 is carried out. Deconvolution requires one
or more multiplications of each patch with the corresponding inverse kernels, depending on the amount of
different scales required for that patch. The result is transformed back into the spatial domain, linearly
blended in the overlapping regions, down-sampled, and recombined with the original chrominances to get
the final compensation image.

The entire workflow is illustrated in figure 6. The patches in this example have three, one, three, and two
different PSF scales, respectively. Therefore, equation 3 as well as the subsequent IFFTs have to be executed
nine times (for all required scales of each patch), while the FFT is computed four times (once per patch).

5.3 Static Aperture Results

Figure 7 compares the amount of low Fourier magnitudes of the chosen binary broad-band pattern [Veer-
araghavan et al. 2007] and a circular mask with the same light transmission for different PSF scales. The de
facto opening for both apertures is the same. For this plot, the scaled patterns are zero-padded to original
image resolution, and show the amount of resulting Fourier magnitudes below 7% of the maximum value.
The coded aperture outperforms the circular mask in all scales.

With our current prototype, we achieve 10-17 fps for XGA resolution and 1-14 scales (see figure 7).
Upcoming graphics hardware has the potential to enable real-time performance for a large number of scales.
Figures 1 and 8 show examples of depth-of-field enhanced projection using the static mask. As seen in figure
8, the optical defocus caused by a projection onto a spherical screen can be compensated by our approach.
Further evaluation of static apertures is presented in the course of a comparison with adaptive apertures in
section 7.

One limitation of statically coded apertures is that they reduce the light throughput by a constant factor
which is independent of the actual image content. Adapting the aperture dynamically with respect to the
input allows us to optimize light throughput and deconvolution quality for each projected frame as described
in the following section.

6. DEFOCUS COMPENSATION WITH ADAPTIVE CODED APERTURES

As explained above, increasing the depth-of-field with a static coded broadband aperture comes at the cost
of constantly decreased light transmission, which is one of the most crucial aspects of all projector-based
ACM Transactions on Graphics, Vol. V, No. N, Month 20YY.
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Fig. 6. A workflow diagram for per-frame defocus compensation on the GPU (from top-left to bottom-right): luminance

conversion and up-sampling, image partitioning, patch sequencing, FFT of patch sequences, divisions in frequency domain for
all scales required for each patch, IFFT for all patches and all scales, patch de-sequencing, blending of overlapping patches in

the spatial domain, down-sampling to original size and re-combination with the original chrominances.

Fig. 7. Low Fourier magnitudes cause ringing after inverse filtering. The number of low frequencies of a broadband code
is always less than that of a Gaussian PSF (left). This causes less ringing artifacts even at higher scales. The number of
required scales, i.e. the amount of different blur levels on the screen, is linearly proportional to the processing time of defocus

compensation (right).

display systems.
In this section we present a generalization of the techniques presented in section 5 to dynamic adaptive

aperture patterns. The data pre-processing including image segmentation and compensation via deconvolu-
tion can be performed as explained in the previous section. We now show how dynamic apertures can be
computed based on an analysis of the projected image content. This analysis employs an intuitive model
of the human visual system (HVS) and allows us to determine and filter out spatial frequencies of the orig-
inal image that cannot be perceived by a human observer (Sec. 6.1). An adaptive aperture can then be
computed by maximizing its light transmission while preserving the perceivable frequencies, rather than
being restricted to support a constant but broad frequency band (Sec. 6.2). Sections 6.3 to 6.5 discuss how
temporal consistency of the computed apertures is achieved and how physical constraints are incorporated.

ACM Transactions on Graphics, Vol. V, No. N, Month 20YY.
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Fig. 8. Projection onto a hemispherical dome (5 different blur levels, depth of 40 cm) focused at the outer frame for demonstrating

the depth-of-field enhancement (left). Defocus with spherical aperture at inner close-up section (center), and focus improvements
with our static aperture mask (right).

In section 6.6 we show that our adaptive dynamic apertures produce better results than previous methods
with the same or even an increased amount of light transmission.

6.1 Image Analysis

Although the HVS has enormous capacities such as dynamic range, spatial resolution and sensitivity to
different wavelengths, it also has limitations. As all lenses in optical systems, the eyeball has a modulation
transfer function (MTF) that acts as a low-pass filter on the incident light, thus attenuating or even removing
high spatial frequencies. Furthermore, the sensory receptor cells in the retina are not infinitesimally small.
Thus, the spatial frequencies that can be resolved on the retina are limited by the sampling theorem. We
present a simple model of these optical limitations of the HVS that guide the computation of content-adapted
dynamic apertures.

The sensitivity variations of the HVS according to spatial frequencies fx, fy are well studied and mathe-
matically defined by the contrast sensitivity function (CSF) Scsf (fx, fy). Various definitions of this function
appear in the literature; we use the one described by Daly [1993]. The CSF depends on the viewing con-
ditions only, not on the actual content. The sensitivity is defined as the inverse of the contrast required to
produce a threshold response Scsf (fx, fy) = 1/Cthresh (fx, fy), with Cthresh being the threshold contrast.
Using the definition of Michelson contrast, this is given as Cthresh (fx, fy) = ∆L (fx, fy) /Lmean, where ∆L
is the necessary luminance difference given in cd/m2 and Lmean is the mean image luminance. An absolute
luminance threshold map can be computed as:

∆L (fx, fy) =
Lmean

Scsf (fx, fy)
(4)

The sensitivity for frequencies in the range of 2 to 4 cycles per visual degree (cpd) is highest; it drops for
lower and higher frequencies. As outlined by Ramasubramanian et al. [1999], an overestimation of the
threshold ∆L for lower frequencies can be avoided by setting the frequency sensitivity below 4 cpd to its
maximum. The threshold map is shown in figure 9.

The data for equation 4 was acquired by presenting human subjects gratings of various frequencies and
intensities on a constant background luminance [Daly 1993]. The equation is a mathematical model that
allows a single spatial frequency to be altered below the allowed threshold without being perceived. The
actual threshold represents a 50% probability for the change to be detected by a human observer.

For computing our dynamic apertures, we wish to eliminate all frequencies that do not contribute to per-
ceivable image fidelity. An intuitive understanding of this is reached by regarding the CSF as the equivalent
ACM Transactions on Graphics, Vol. V, No. N, Month 20YY.
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noise of the HVS. Similar approaches have been used to add noise with a spectral shape of the CSF to images
[Ahumada and Watson 1985]. Note that we do not want to add noise, but rather remove frequencies from
the original footage that are within the range of the HVS noise. Image compression techniques such as the
JPEG standard [ITU 1993] employ similar ideas by quantizing the image frequencies. High frequencies with
low magnitudes are usually quantized to zero.

The net-effect of modifying more than one spatial frequency within the threshold given by equation 4 can
be expressed using probability summation as Pnet = 1 −∏i∈fx,fy (1− Pi) ([Daly 1993]). It is easy to see
that modulating multiple frequencies, even within the threshold given by equation 4, results in a noticeable
effect. We compensate for the mutual interaction between modulated frequencies by lowering the threshold
for each frequency to a detection probability that is very close to zero, so that any combination of altered
frequency has still a low probability of being noticeable1.

The Fourier magnitudes of an image converted to absolute luminance values L (fx, fy) correspond to the
amount of spatial frequencies in the image. With this information, we can calculate a binary importance
mask for the image frequencies as:

M (fx, fy) =
{

1, |L (fx, fy)| ≥ s∆L (fx, fy)
0, otherwise

(5)

As seen in figure 9, filtering the Fourier transform of an image with the binary importance mask M allows us
to remove spatial frequencies that do not modify the perceived image content for specific viewing conditions
(i.e. a fixed adaptation luminance, viewer position, and screen size).

frequency importance maskinput image

luminance image Fourier transform threshold filtered Fourier 
transform

luminance image 

filtered image

-0.4

-0.6

-0.8

-1

-1.2

-1.4

-1.6

-1.8

-2

Fig. 9. Adaptive thresholding: The original image is converted to absolute luminance values. A binary frequency importance

mask can be computed by thresholding the image frequencies according to a model of the HVS. The difference between the

original and filtered images is not perceivable under specific viewing conditions. Scanlines of the image’s Fourier transform and
the threshold map ∆L (fx, fy) are shown in the plot.

6.2 Dynamic Aperture Adaptation

Next, we will describe how to compute the dynamic aperture itself. We define the aperture as the sum of
its individual pixels a (x, y) =

∑N
i=1 aipi, where pi is the pixel p at xi and yi (with a total of N pixels) and

1In practice we scale the threshold luminance in equation 4 by a user defined parameter s. A scaling factor of 0.01 has proven

successful for our experiments.
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ai ∈ [0, 1] is its transmissivity. The Fourier transform of the aperture is F {a (x, y)} = A (fx, fy) =
∑N
i=1 aiPi.

Our dynamic apertures should support all important frequencies in the input image with a minimal variance
of their Fourier transform. In addition, they should maximize light throughput.

The variance of the aperture’s modulation transfer function (MTF) is a measure for how different fre-
quencies are attenuated. Minimizing it for all important frequencies ensures that they are all supported. A
similar criterion was employed by Raskar et al. [2006] for a one-dimensional binary temporal mask. The
minimization can be mathematically expressed as an optimization problem:

minimize
a

‖MBa− b‖22 , (6)

where b is a vector containing only 1s and ai > 0 are the aperture pixel intensities. We do not enforce the
pixel intensities to be below 1 in this formulation, but simply scale the resulting values so that the maximum
is 1. This is equivalent to scaling the MTF and does not affect the variance criterion. M is a diagonal
matrix containing the binary frequency importance mask values described in section 6.1. B is a matrix
with orthogonal basis functions in its columns which represent the optical transfer function (OTF) of the
N individual aperture pixels Pi. This results in a linear system of the form MBa = b. Solving this heavily
over-determined system in a least-squared error sense with the additional constraint to minimize ‖a‖22 will
minimize the variance of the Fourier transform of the aperture for important frequencies. This formulation
also intrinsically maximizes the light transmittance of the resulting aperture, because a small squared 2-norm
of a (ai ≥ 0) also minimizes the variance of the normalized pixel intensities in the spatial domain.

The linear system can certainly be solved with standard approaches, such as the conjugate gradient method
for the normal equations or non-negative least squares solutions. However, this would not allow sufficiently
high frame rates on commonly available computer hardware for standard image resolutions of 1024 × 768
and higher. Thus, we propose to solve the system using the pseudo-inverse matrix, an approach that has
previously been employed in solving inverse problems for light projection in real-time [Wetzstein and Bimber
2007]. Computing solutions of linear problems using the pseudo-inverse minimizes the least-squared error
and the 2-norm of the resulting vector, thus solving the variance and the light transmittance problem at the
same time.

Reformulating our problem results in a = B+M+b, where + denotes the pseudo-inverse matrix. Since M
is a binary diagonal matrix then M+ = M. B comprises the set of orthogonal Fourier basis functions as its
columns, thus B+ = B∗. We need to employ the conjugate transpose B∗, because B is complex, hence:

a = B∗Mb (7)

In this formulation B∗ can be easily pre-computed. During run-time we solve the system with a matrix-
vector multiplication. Since the solution a can contain negative values we clip these values and scale the
result so that the maximum value is 1.

6.3 Enforcing Temporal Consistency

Altering the aperture of the projector during image display affects the average luminance from frame to
frame. In order to avoid noticeable intensity variations in form of flickering during subsequent frames with
a similar average luminance, we employ the model for temporal luminance adaptation of the HVS that was
proposed by Durand and Dorsey [2000]. This was previously used for interactive tone mapping [Durand and
Dorsey 2000; Krawczyk et al. 2005] and adaptive radiometric compensation [Grundhofer and Bimber 2008].

The luminance adaptation process can be described as an exponential decay function [Durand and Dorsey
2000]:

Lt = Lt−1 + (L∗t − Lt−1)
(

1− e−Tτ
)
, (8)
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where T is the time step between consecutive frames in seconds, τ is a time constant, we assume photopic
vision, thus τ = 0.1 sec. Lt is the smoothed average aperture luminance at time step t and L∗t the unsmoothed
average luminance of the normalized dynamic aperture.

Thus, instead of using the highest possible mean transmittance for a dynamic aperture computed at frame
t, we use the same aperture scaled so that its mean transmittance does not, according to the model of
luminance adaptation, result in perceivable flickering compared to the last frame.

6.4 Accounting for Different Amounts of Defocus

Although equation 7 presents a valid solution for computing an adaptive, content-dependent aperture, this
only accounts for a single aperture scale, which corresponds to exactly one fronto-parallel plane with a
fixed distance from the optical focal plane. The distance is proportional to the scale of the aperture in the
projected image.

In order to account for multiple scales we propose to choose the largest measured defocus and as a result
the largest required scale for computing the dynamic aperture. Recall that a decreased scale in the spatial
domain is equivalent to an increased scale in the frequency domain. Consequently, if the Fourier transform
of the dynamic aperture with the largest scale supports all important frequencies, so will all the smaller
spatial scales. We assume that displayed images follow natural image statistics, which means that their
spectrum somewhat resembles the shape 1/f in the frequency domain. It is important to note that natural
image statistics determine the general shape of our binary frequency importance mask M (equation 5).
Assuming that lower frequencies have higher magnitudes leads to an M which is always completely filled.
Since the dynamic aperture is optimized to support all frequencies within M for the largest spatial scale, all
smaller scales (i.e., less-defocused areas) will contain M as a subset because they support a larger area in the
frequency domain. Therefore, we compute an adaptive aperture using equation 7 for the largest measured
amount of defocus and resample the result to the resolution of the physical aperture display using integral
sampling.

6.5 Incorporating Physical Constraints of the Prototype

The liquid crystal arrays in our prototypes are currently limited to binary mask patterns. The resulting
values of equations 6 and 7 are continuous, and cannot be displayed directly on binary LCAs. In order to
solve equation 6 for a binary LCA, discrete optimization approaches, such as integer programming, would
have to be employed. However, these would not account for the limited contrast of LCAs. Furthermore,
discrete optimization approaches are generally much slower than continuous methods. In order to achieve
interactive frame rates for dynamic image content, we first calculate a continuous adaptive aperture mask
with equation 7 on the GPU, and then apply a simple continuous-to-binary mapping scheme. Given the
minimum and maximum aperture display transmittance (τmin and τmax) we compute the binary aperture
abin as follows:

abin (x, y) =
{

1, a (x, y) ≥ τmin + (τmax−τmin)
δ

0, otherwise
(9)

The parameter δ ≥ 1 represents a tradeoff between light transmissivity of the binarized aperture and
accuracy. The minimum and maximum display transmittances are given by τmin and τmax respectively.
Empirically, we found δ = 2 to be appropriate.

6.6 Adaptive Coded Aperture Results

We implemented the computation of our dynamic aperture patterns entirely on the GPU. Therefore, the B∗

matrix is precomputed and uploaded onto the graphics hardware memory. We store the matrix as complex
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floating point values and limit the matrix size to 10242 × 72 entries, which requires 383 MB of memory
storage. Hence, the compensation is performed on images with a resolution of 1024× 1024 and an aperture
resolution of 7× 7. Using NVIDIA’s CUDA implementation of BLAS, we achieve about 13 ms for the entire
computation of one aperture pattern given an original image on an NVIDIA GeForce 8800 Ultra.

Using the computed aperture kernel, the original image then needs to be pre-compensated to counteract
the optical defocus. While a compensation of dynamic content with a static kernel allows the inverse kernel
to be pre-computed at different scales as described in section 5.2, these need to be computed at each frame
for dynamically adapted aperture patterns. The additional computation times for a varying number of kernel
scales is summarized in figure 10.

Fig. 10. While all required data for a static aperture pattern can be precomputed, the dynamically computed adaptive apertures
add additional computational load to each frame, thus lowering performance for a larger number of kernel scales, i.e. a larger

number of different distances to the focal plane.

Figure 11 shows several different images that are compensated using our adaptive apertures. Each of
the examples shows the in-focus and defocused projection, as well as the compensated defocused case. The
sub-images show the corresponding continuous (sec. 6.2) and binary (sec. 6.5) aperture patterns. Since
our prototype is limited to binary patterns, only the latter are displayed on the integrated LCA. Although
natural images roughly follow a 1/f frequency distribution, figure 11 shows that our adaptive apertures differ
from a 1/f distribution depending on the image content and greatly enhanced the quality of a defocused
projection.

7. EVALUATION AND COMPARISON TO PREVIOUS WORK

Due to the fact that our adaptive coded apertures are computed based on limitations of the human visual
system we validate our theory using a visual difference predictor (VDP) [Mantiuk et al. 2005]. This operator
can be applied to defocused and compensated images given in absolute luminance values under specific
viewing parameters including adaptation luminance, distance to screen, and size of the canvas. The result is
a map that contains the detection probabilities for each pixel compared to a reference image. We applied the
VDP to our worst result (as explained in figure 13), the “house” scene in figure 11. Figure 12 visualizes the
probability of difference detection for the defocused image, the compensated defocused image projected with
a circular aperture, and a compensation with our static and dynamic apertures, compared to the focused
original image. All input photos for the VDP were taken with the same camera settings in a calibrated
environment. The probabilities are overlaid on the original image showing a high detection probability in
red, moderate probabilities in green, and low ones in the original grayscale image value. The adaptive coded
aperture performs best.

All previous work that attempted to compensate defocus with single display devices and circular apertures
[Brown et al. 2006; Oyamada and Saito 2007; Zhang and Nayar 2006] achieves results that are similar to
ACM Transactions on Graphics, Vol. V, No. N, Month 20YY.
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Fig. 11. Placing a transparent liquid crystal array at the aperture plane of a projector lens allows encoding the aperture’s mask

pattern dynamically – depending on the perceivable frequencies of the displayed images. The inlays illustrate the computed
intensity code and the applied binary masks. Each of the three image triplets are perception optimized and have been computed

for viewing at a minimal distance of 50 cm when being displayed at a maximum diagonal of 21 cm on the screen. Possible

artifacts could only be perceived when observing at closer distances or larger sizes.

the compensated case with circular apertures (figures 1 and 12). Although all of them slightly differ in their
exact solution, the best achievable quality is limited by the physical aperture itself and is thus represented
by a compensation with circular apertures in this paper.

Fig. 12. Results of visual difference prediction when compared with focused projection: color coded detection probability (left)

and bar charts for 75% and 95% difference detection probabilities (right) – all for house example in figure 11.

For evaluation we also wish to quantitatively compare the depth-of-field that we can achieve to previous
work and conventional projection, as well as the loss in light transmission. The DOF and the light throughput
of a projection system depend mainly on the effective aperture diameter and on the focal length of the
objective lens. In photography, the ratio of these two parameters is generally expressed by the objective’s
f -stop number. A low f -stop is equivalent to a large light throughput with a small depth-of-field and vice
versa. A sufficiently wide depth-of-field is necessary for projections onto curved surfaces, such as domes or
cylindrical screens. However, since bright images are desired for almost all applications, diaphragms that
reduce the effective aperture diameter in favor to a wider depth-of-field are normally not incorporated into
projectors. Exceptions are devices with automatic iris control (auto-iris) that can dynamically adjust the
diameter of a circular diaphragms and, thus, control the DOF.

Following Oyamada and Saito [2007], we determine the approximate scale of the PSF in a compensated
projection by finding the best match of captured projection and the original image convolved with different
scales of that PSF. Using the determined scale, we compute the f -number of an objective lens with a circular
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Fig. 12. Results of visual difference prediction when compared with focused projection: color coded detection probability (left)

and bar charts for 75% and 95% difference detection probabilities (right) – all for house example in figure 11.

versa. A sufficiently wide depth-of-field is necessary for projections onto curved surfaces, such as domes or
cylindrical screens. However, since bright images are desired for almost all applications, diaphragms that
reduce the effective aperture diameter in favor to a wider depth-of-field are normally not incorporated into
projectors. Exceptions are devices with automatic iris control (auto-iris) that can dynamically adjust the
diameter of a circular diaphragms and, thus, control the DOF.

defocused circular broadband

(untreated) (deconvolved) (deconvolved

f̂/# 3.1 3.7 4.3

f̃/# 3.1 3.1 3.9

adapted (deconvolved)

house starfish rope lena

f̂/# 4.4 5.4 5.6 7.7

f̃/# 4.0 3.5 3.7 3.7

Fig. 13. The table on the left shows a comparison of depth-of-field enhancement as well as light throughput of compensated

projections with our coded and circular apertures. The values are given in relative f-numbers comparing DOF (f̂/#) and

transmission (f̃/#). Higher values are better for DOF enhancement, lower values better for light transmission. Both, DOF

and light transmission increase from circular to broadband and even more to adapted apertures.

Following Oyamada and Saito [2007], we determine the approximate scale of the PSF in a compensated
projection by finding the best match of captured projection and the original image convolved with different
scales of that PSF. Using the determined scale, we compute the f -number of an objective lens with a circular
aperture (and constant focal length) that would lead to the same depth-of-field (f̂/#). For the “lena” image
in figure 1, for instance, an f̂/ 7.7 aperture stop is needed to achieve the same DOF with a standard
projector, which corresponds to a tremendous amount of light loss. In terms of light throughput, the gain is,
theoretically, 600%. Due to the limited contrast of our LCA, however, it is approximately 250% in practice.
As seen in figure 13, previous approaches using deconvolution with circular apertures can slightly enhance
the DOF, whereas our static broadband mask and especially the adaptive codes achieve a much better gain
in DOF.
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Fig. 12. Results of visual difference prediction when compared with focused projection: color coded detection probability (left)

and bar charts for 75% and 95% difference detection probabilities (right) – all for house example in figure 11.

versa. A sufficiently wide depth-of-field is necessary for projections onto curved surfaces, such as domes or
cylindrical screens. However, since bright images are desired for almost all applications, diaphragms that
reduce the effective aperture diameter in favor to a wider depth-of-field are normally not incorporated into
projectors. Exceptions are devices with automatic iris control (auto-iris) that can dynamically adjust the
diameter of a circular diaphragms and, thus, control the DOF.
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Fig. 13. The table on the left shows a comparison of depth-of-field enhancement as well as light throughput of compensated

projections with our coded and circular apertures. The values are given in relative f-numbers comparing DOF (f̂/#) and

transmission (f̃/#). Higher values are better for DOF enhancement, lower values better for light transmission. Both, DOF

and light transmission increase from circular to broadband and even more to adapted apertures.

Following Oyamada and Saito [2007], we determine the approximate scale of the PSF in a compensated
projection by finding the best match of captured projection and the original image convolved with different
scales of that PSF. Using the determined scale, we compute the f -number of an objective lens with a circular
aperture (and constant focal length) that would lead to the same depth-of-field (f̂/#). For the “lena” image
in figure 1, for instance, an f̂/ 7.7 aperture stop is needed to achieve the same DOF with a standard
projector, which corresponds to a tremendous amount of light loss. In terms of light throughput, the gain is,
theoretically, 600%. Due to the limited contrast of our LCA, however, it is approximately 250% in practice.
As seen in figure 13, previous approaches using deconvolution with circular apertures can slightly enhance
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Fig. 13. The table on the left shows a comparison of depth-of-field enhancement as well as light throughput of compensated

projections with our coded and circular apertures. The values are given in relative f-numbers comparing DOF (f̂/#) and

transmission (f̃/#). Higher values are better for DOF enhancement, lower values better for light transmission. Both, DOF and

light transmission increase from circular to broadband and even more to adapted apertures. The plot on the right illustrates

the tradeoff between DOF and transmission for the examples in the table and for an auto-iris system (curve).

aperture (and constant focal length) that would lead to the same depth-of-field (f̂/#). For the “lena” image
in figure 1, for instance, an f̂/ 7.7 aperture stop is needed to achieve the same DOF with a standard projector,
which corresponds to a tremendous amount of light loss. In terms of light throughput, the gain factor is
theoretically x6.1. Due to the limited contrast of our LCA, however, it is approximately x2.5 in practice.
As seen in figure 13, previous approaches using deconvolution with circular apertures can slightly enhance
the DOF without loosing any light, whereas our static broadband mask and especially the adaptive codes
achieve a much better gain in DOF. The enhanced DOF comes at the cost of reduced light transmission,
which is the case for all the examples in figure 13 (left). We evaluate the light throughput also in f-numbers
(f̃/#) with respect to a comparable standard projector equipped with an auto-iris. The results show that
our patterns can always achieve a larger DOF without losing as much light as an auto-iris projector for
which f̂/# = f̃/#. Our adaptive codes also always achieve larger DOFs than the static coded aperture,
while maintaining a higher light throughput.

8. OTHER APPLICATIONS FOR CODED APERTURES

So far, we have seen how static and dynamic coded apertures can improve the depth-of-field of a projection
system, while maintaining a high light transmission. Our system is, however, more powerful and flexible
than that. In the following, we outline two different applications of the proposed projection systems: smooth
focused projections via de-pixelation and improved temporal image contrast.

Pixelation is an artifact created by all digital projectors. Due to spacing between the display pixels and
their spatial discretization, focused projections often appear jaggy as shown in figure 14. This effect becomes
especially irritating for high resolution photographs of projected imagery, as modern digital cameras have an
ever increasing spatial resolution. Following Zhang and Nayar [2006], we can introduce a slight optical defocus
that lets the pixel structures optically vanish. Using our defocus compensation, we can invert the effect and
thus display sharp images without visible pixel structures. Results for a static aperture de-pixelation (scene
from figure 8) are shown in figure 14 in the upper row, while the lower row presents a closeup of the adaptive
“rope” scenario of figure 11.

Another application of our system is improved temporal contrast. Modern auto-iris projection systems
automatically adjust the iris opening to dynamically control the amount of projected light. For video
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Fig. 14. In some situations, the display pixel grid can become visible and disturbing for focused projections. A slight optical

defocus diminishes the visibility of the grid structure, but also blurs image features. Using our coded apertures and corresponding
defocus compensation algorithms, we can achieve smooth and sharp projections as shown in these examples. The upper row

shows magnifications for a de-pixelation performed with our static broad-band mask, while the lower row shows results from

our adaptive aperture.

Fig. 15. The temporal contrast of displayed video sequences can be increased using adaptive coded projector apertures. For
this purpose, the aperture pattern is adjusted in accordance with the presented image brightness. For very bright frames

(columns 2 and 4) this yields an open aperture, while dark images result in small aperture openings (columns 1 and 3), thus

effectively reducing the projector’s blacklevel. Four frames of a video sequence are shown in the upper row, while rows 2 and
3 are logarithmically color-coded luminance values with unmodified and scaled coded apertures, respectively. In contrast to
standard auto-iris lenses, luminance-scaled adaptive coded apertures additionally increase the depth-of-field.

sequences with frames that differ significantly in image brightness, this leads to an increase in inter-frame or
temporal contrast. Specifically, the advantage for auto-iris displays is the option to either transmit all possible
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light for very bright images, while reducing the aperture size for dark frames. The projector blacklevel can be
reduced and the temporal contrast therefore increased. Using our adaptive aperture projector, we can adjust
the attenuation pattern to control the light throughput, just like auto-iris systems. This is demonstrated in
figure 15, where the aperture opening is scaled according to the average image brightness for several frames
of a video sequence (after being computed as explained in section 6). The projected frames are color-coded
for better visualization and show how the blacklevel is decreased for dark images.

9. DISCUSSION

We have presented algorithms and prototypes to compensate optical defocus of a single video projector by
means of inverse light filtering and coded apertures. We have shown how integrated aperture patterns can
increase the depth-of-field of ordinary video projectors. Adaptive coded apertures optimize depth-of-field
versus light throughput based on the limitations of the human visual system, and can potentially lead to a
new generation of auto-iris projector lenses. They outperform static broadband masks and circular aperture
stops for digital projector defocus compensation and lead to a larger depth-of-field, higher quality projec-
tor de-pixelation, and increased temporal contrast of projected video sequences. Static coded apertures,
however, are easy to manufacture and to integrate into existing projector designs, and are therefore more
economical. In particular, projector de-pixelation, where the discretized pixel structure is optically dimin-
ished through defocus while image details are recovered through inverse filtering (see figure 14), will not
only improve the image quality of close-view projection-based displays (such as rear-projected TV sets) but
also of devices that utilize projection-based illumination techniques. High-dynamic-range displays that apply
spatially modulated projected backlight, such as [Seetzen et al. 2004], suffer from visible moiré patterns if the
projection is focused on the screen plane. To avoid this, HDR displays usually apply LED-based backlights.
Using our approach, the low contrast frequency imposed by low-frequency backlights could be significantly
improved. The hardware and software solutions we have presented in this paper could form an integral part
of next generation projection devices.

The main limitations of our adaptive coded apertures are currently imposed by the employed LCA. Its
low light transmittance (only 30% when completely transparent) results in a relatively high loss of light.
Therefore, we trade light throughput for depth-of-field. Furthermore, the maximal contrast of super-twisted-
nematic LCAs (as ours) is currently 7:1. As spatial light modulators (SLMs), such as a high contrast
continuously valued LCAs with higher transmittance, reflective digital micromirror devices (DMD), and
liquid crystal on silicon (LCoS) chips, become more widely available we expect better results with these
displays. DMDs also do not suffer from the light loss and low contrast as LCDs do. We have shown that
our approach is feasible and plan to experiment with alternative SLMs in the future. We also believe that
high contrast and brightness at low power consumption and heat development will become feasible with light
engines that apply upcoming LED technology.

Another limitation of our current adaptive aperture prototype is the moderate performance for a large
number of compensated defocus scales. This will improve with next generation graphics hardware, or with
customized integrated image processors. With a higher hardware performance, larger resolution aperture
patterns can be computed. This would lead to less constraints for the discrete scaling operations that are
required for inverse filtering and temporal aperture adaptations for a flicker-free increased temporal contrast.
Currently, we are constrained to computations with an aperture resolution of 7x7 pixels.

Our adaptive coded aperture prototype is limited to binary patterns, therefore, we have to binarize our
adaptive masks. Although this rounding and other approximations make the eventually displayed aperture
codes not quite optimal in practice, we believe that the quality of the presented results and the generality
of our approaches, which also apply for alternative prototypes or commercial displays, demonstrate the
feasibility of our algorithms and hardware setups.
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In the future, we would like to experiment with more sophisticated models for frequency perception of the
human visual system. Furthermore, exploring perception-optimized numerical minimization approaches is
an interesting avenue for future research. Although a standard least-squared error solution to the defocus
compensation problem achieves very good results, it is most likely not the optimal solution for a human
observer even if additional constraints such as non-negativity would be included.
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