

















Fig. 11. Printed masks and simulated outputs for a fixed viewpoint and
fixed lighting direction. (a) Standard halftone. (b) Echo compensated
halftone. (c) Simulation output of halftone pattern in (a). (d) Simulation
output for halftone pattern in (b). As in Figure 10, the simulation in (d)
approximates (a) more closely than the simulation in (c) does.

Figure 11(a) shows the standard halftone for this viewpoint, and
Figure 11(b) shows the echo compensated halftone for this view-
point. In the bottom row of Figure 11 the outputs of simulations
that model the echo interactions are shown. Figure 11(c) shows the
simulation results for the standard halftone and Figure 11(d) shows
the simulation results for the halftone designed with echo compen-
sation. Figure 11(d) approximates Figure 11(a) much more closely
than does Figure 11(c).

10. SIMULATION

We have built both an interactive viewer which shows the function
we intend to print on the transparency, and a full ray traced simu-
lation of the microgeometry. The interactive viewer calculates the
amount of light which we expect the viewer to observe as a function
of incoming light angle. This is the value obtained by evaluating
the reflectance function, and represents ground truth. The viewer
allows real-time interaction with the incident illumination, as well
as switching between color, grayscale, black and white, and several
versions of dithering.

The ray traced simulator allows us to verify that the microge-
ometry behaves as intended, and to investigate what effect printing
on a transparency mask may have. The simulator uses a 10 x 10
grid of ink applied to either the dimple or transparency, approxi-
mately one dimple per rendered pixel, and 100 supersamples per
pixel. We verified that sampling was sufficient by rendering a few
comparisons with 2500 supersamples. Black/white dithering is not
used, thus simulated ink is grayscale, in which case it ideally at-
tenuates light without introducing unwanted scattering or specular
contribution. The color example attenuates light separately in each
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Fig. 12. Using an overlay mask is expected to introduce some errors. Using
aray traced simulation of our microgeometry we analyze this error, finding
that the overlay has only a modest effect, when compared against ground
truth. The residual RMS error of 3.2% is due to using a finite specular lobe
width in the simulation. The error images in the bottom row have been
contrast enhanced to make them visible when printed. Image used with the
permission of Cultural Heritage Imaging.

Fig. 13. To validate our design using an overlay across multiple lighting
directions we simulate the effect of moving a light across a 90 degree arc
of illumination angles. Five frames from the resulting sequence are shown
here. The average RMS error across all frames is 5.0%, and nowhere does
the error exceed 6.3%, remaining relatively consistent across the full range
of lighting angles.

of the RGB channels. The underlying surface is specular, but not
a perfect mirror. The simulation accounts for multiple reflections
between the transparency and surface, as well as shadows, although
we do not expect these to be relevant, due to the specific design of
our dimples.

In order to evaluate the effect of printing on a transparency, as
opposed to directly on the dimples, we compare ray traced simu-
lations. Figure 12 shows ray traced images. Absolute error images
are also shown. Error is evaluated as the RMS difference from the
reflectance image we intended to produce. As expected, printing on
a transparency has a greater error than printing directly on dimples,
however, the error is within the bounds predicted by our analysis,
and the images themselves appear similar.

In order to verify that our design correctly reproduces variable
illumination, we simulate a light moving from left to right over the
surface. Figure 13 shows the intended ground-truth effect compared
against the simulated results from our design, including printing on
atransparency layer. The average RMS error over all frames is 5.0%,
small enough that we consider this a validation that our design is
functional.
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Fig. 14. Our manufacturing process is validated by using a profilometer
to measure a cross-section of our mirrored substrate. Dimples have a depth
on the order of 50 microns, and deviations are below the resolution of our
profilometer.

Fig. 15. (top) Our physical prototype consists of an array of mirrored
spherical depressions covered with a mask printed on a transparency. (bottom
left) Close-up view of the mirrored geometry inside the indicated box.
(bottom right) Close-up view of the printed mask.

11. PROTOTYPE

We have created several prototype implementations of reflectance
paper. We produced two sets of dimpled substrates, one with a
hexagonal array of 2.3mm diameter dimples and another higher-
resolution set with 1.0mm hexagonally arranged dimples. In both
cases the substrates were produced by using a commercial array of
microlenses as a mold master. These substrates were then metalized
using silver or aluminum vacuum sputtered on the substrates to
produce a mirror-like reflective surface. We validated that the shape
of the dimples were spherical cross-sections subtending 70 degrees
by using a profilometer, as shown in Figure 14. We were successful
at registering the reflectance data with the substrate geometry and
printing directly on the dimples with an Indigo commercial printer,
but found the specularity of the inks far too high to effectively block
specular highlights from the dimples themselves, as described in
Section 5.
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Intended Print

Prototype

Fig. 16. Photographs of our physical prototype under three different illu-
mination conditions are compared against the intended black and white print
from the same lighting angle.

To avoid artifacts due to ink specularity, we printed our binary
reflectance pattern on a transparency using a standard laser printer,
which was manually registered with the underlying reflective dim-
pled substrate. The reflectance function that defines the transparency
mask was printed at a resolution of 32 x 32 samples per dimple,
approximately the resolution limit of the printer. The lighting dome
that captured the original real-world photographs samples far fewer
lighting directions, so we used a polynomial approximation to gen-
erate a continuous reflectance function prior to resampling for print-
ing. Figure 15 shows the physical prototype as well as macroviews
of the dimples and printed transparency.

In order to evaluate whether our prototype faithfully represents
the “printed” reflectance function, we illuminated it from several
different angles, using a light bulb to approximate a point source.
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Fig. 17. 'We have produced several prototypes. (left) Black and white masks simply threshold the measured reflectance function. (middle) Introducing spatial
dithering produces much better grayscale reproduction, at the cost of resolution. (right) Dithering in the lighting domain is capable of producing grayscale at

the full spatial resolution of our mask, but requires area lights for best effect.

Fig. 18.
hemisphere of incident lighting angles.

A single print with spatial dithering illuminated from a point source at many different lighting angles. Note that there is full 2D control over the

Fig. 19. A shell printed with spatial dithering, illuminated with several different lighting conditions.

Figure 16 shows a thresholded black/white print illuminated from
three different directions. The figure also shows the ground-truth
binary reflectance function from approximately the same lighting
configuration. Note that the actual printed reflectance paper has
appearance very close to the intended print. Note also that the
illumination appears to come from different angles, as expected.
We have explored several methods for binarization of reflectance
functions, spanning black and white thresholding, spatial dithering,
and dithering in the lighting domain. We printed examples of each,
and compared the appearance of the physical prototypes, as shown
in Figure 17. As expected, spatial dithering obtains graylevels at
the cost of spatial resolution and works best with low-frequency

spatial content. Lighting domain dithering obtains graylevels at
the cost of lighting domain resolution, and works best with low-
frequency lighting. We thus use area light sources to illuminate this
prototype.

Figure 18 shows a print with spatial dithering illuminated from a
point source at many different lighting angles. Note that there is full
2D control over the hemisphere of incident lighting angles. When
viewing the physical prototype, the appearance varies smoothly as
the light source moves. Representing different objects only requires
printing a new transparency and aligning it to the dimpled sub-
strate. Figure 19 shows a shell illuminated from several lighting
conditions.
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12. LIMITATIONS

The early physical prototypes shown in this work have many limi-
tations: they lack color, the ink and transparency both have a strong
specular component, and the mask and substrate are aligned by
hand. We believe that design iterations and better engineering will
remedy many of these deficiencies.

In our current implementation, incident illumination from the
viewpoint will theoretically generate a specular return from the
ink, negating the desired masking effect. Since the light source is
rarely extremely close to the viewer, this has not been observed in
practice.

Our design is optimized for a single viewing direction. This
limitation prevents extreme viewpoint changes. However, in our
design, viewpoint changes are approximately equivalent to rotation
of the lighting environment, and we have noticed that the appearance
is well preserved from nearby positions in practice.

13. CONCLUSIONS AND FUTURE WORK

We have developed a method for printing reflectance functions using
a standard printer and specially prepared paper. We have produced
several physical prototypes, and validated that they properly display
reflectance images. We have also developed a method for produc-
ing custom halftones which takes into account our design using a
transparent overlay.

Future work on developing less reflective black inks and reducing
the size of the microgeometry would be useful. A full-color exten-
sion is also possible by having triads of reflective red, green, and
blue specular divots on the media. Much like colored Christmas or-
naments, these would still be mirrored, producing negligible diffuse
return, but reflective in only a predetermined color band. The rela-
tive proportion of each primary would then be selectively controlled
by spatially varying the transmissivity of the ink placed over this

ALGORITHM 1: Halftone with Echo Reduction.

for each dimple do
get the constant Threshold value for this dimple
for each Lighting Direction do {generate Standard halftone }
if Reflection > Threshold then
Halftone = Transparent
else
Halftone = Opaque
end if
end for{each Lighting Direction}
10: for i =1 to K do {Echo reduction iterations}
11:  for each Lighting Direction do
12:  if Halftone = Opaque then

A A o ey

hd

13: Compute quantized Echo Direction

14: Retrieve HalftoneEcho value from the Echo Direction
15: if HalftoneEcho = Transparent then

16: if ErrorTransparent < ErrorOpaque then

17: Halftone = Transparent

18: end if

19: end if

20:  endif

21: end for{each Lighting Direction}
22: end for{Echo reduction iterations}
23: end for{each dimple}
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medium. Using conventional colored inks overlying a metalized
mirrored substrate would be ineffective, as this would introduce
unwanted diffuse contributions having the effect of lowering the
contrast ratio of our prints.

A more speculative future direction is reversing the geometry so
that the lighting angle is fixed and the images change in response
to changing viewpoint. In this case we might encode animations
or other effects, rather than illumination variation, and we envision
such effects being potentially useful on billboards.

APPENDIX

For completeness we provide pseudocode for the spatial halftoning
algorithm described in Section 9. This pseudocode includes the
first stage labeled Standard halftone (described in Section 9.1),
and a second stage called Echo Reduction Iteration (described in
Section 9.2). The thresholds used for the dimples are periodic on
the hexagonal grid of the reflection paper dimples, but for each
individual dimple there is a constant threshold whose value is
determined by the index of the dimple.
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