Photomosaics: Putting Pictures in their Place

by

Robert S. Silvers

B.S., Computer Science
University of Massachusetts, Lowell, (991

Submitted to the Program in Media Arts and Sciences,
School of Architecture and Planning, in Partial Fulfillment
of the Requirements for the Degree of
Master of Science in Media Arts and Sciences

at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Tune 1996

©1996 Massachusetts Institute of Technology
All rights reserved

Program in Media Arts and Sciences
May 10, 1996

Certified by ....x.5eceeeeenn. - - L ¢+ st e eeesbe e nnteenneeeeaeeeenatsenteeenn
Michacl Hawley

\A&islam Prof;s#r of Media Arts and Scicences

Thesis Supervisor

Accepted by B AR et ettt et st e e b e
e e e Stephen A. Benton
v BT IS NSy .
or TEcHnoLoayChairman, Departmental Committee on Graduate Students
Program in Media Arts and Sciences
DEC 1 6 1987

UBRAFIES ARCHIVES






Photomosaics: Putting Pictures in their Place

by
Robert S. Silvers

Submitted to the Program in Media Arts and Sciences,
School of Architecture and Planning, on May 10, 1996
in Partial Fulfillment of the Requirements
for the Degree of Master of Science in
Media Arts and Sciences

Abstract

Photomosaics are mosaics composed of photographic images instead of solid colored tiles. A
Photomosaic is a multi-scale image, conveying different information when « “ewed up close as
when seen from a distance. From a distance, only the global subject of the niosaic should be
visible, appearing without discrete components, thus the photographic images chosen must
be visually similar to the local region of the over-arching image they represent. This seamless-
ness is produced by introducing sub-picture resolution — the consideration of regions within
images. In addition to producing seamlessness, this resolution increases the potency of each
tile, giving it greater global image forming ability. Up close, the Photomosaic should be seen
as a matrix of individual photographs, taking the place of the larger image they collectively
form. These photographs may be semantically related, directly, indirectly, or metaphorically,
to the over-arching image in a global or localized fashion. This thesis presents the concepts,
relevant research, essential technology, and creative applications of photomosaics.
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Chapter 1

Introduction

1.1 The Goal

Mosaic 1s THE ART of decoration: variously colored pieces of material
are closely set to form an image. Traditionally, mosaic is unlike intarsia
or a jigsaw puzzle, for when disassembled, it cannot be simply reassem-
bled by considering each component’s shape. Mosaics have existed for
thousands of years, and have been assembled from materials ranging
from stone, wood, and stained glass, to dabs of paint, pixels of phosphor,
and ink.

I have developed a process to create Photomosaics, new, more com-
plex mosaics composed of digital images instead of solid bits of color. To
make these mosaics, visually similar photographs, photographs that look
alike when viewed from afar, must be located and organized so that one
image may substitute for a region of another. This is the main technical
subject of my thesis. My goal is to create mosaics from carefully selected
and arranged photographs to allow a realistic over-arching image to
emerge when viewed from a distance.

Photomosaics are multi-scale images, which when properly con-
structed, allow only discrete images to be perceived when viewed up close
and only one seamless over-arching image to be discernible from a dis-
tance. This containment of multiple sources of information gives Photo-
mosaics the power to play with the contents’s relations. These relations
may be ironic, metaphoric, surprising, or even inject a message.

To make Photomosaics, thousands of images must first be classified
and stored in a large database. A master image, the global image represent-
ed by the mosaic, is then divided into a grid and analyzed section by sec-
tion. Appropriate images from the database are selected during this
process to become tiles in a particular grid space. These images will have
attributes and features, such as similar colors, textures, or semantics, to
the region being matched. The subject of each tile may also be relevant
in some way to the master image or to the specific localized region of the
master image.

1.2 Why this Project?

Mosaics have a time-tested charm. The digital techniques I have created
attempt to preserve this charm. Photomosaics combine photography
and computer science to create a new visual art form. They invite new
possibilities such as applications in advertising, entertainment, and art

work.
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1.3 Possible Applications

Image banks may be sorted and shuffled into a pattern that communi-
cates additional information. Important points may be conveyed by cre-
ating a Photomosaic with a relationship between the two scales of
images — whether the connection is a direct, inverse, or a metaphoric
one.

1.3.1 Advertising

Photomosaics are suitable for advertisements because they are novel,
attention getting, and can relate content to the product or message in a
powerful gestalt. Figure 1.1 shows a social statement from a clothing
company, using a similar method by depicting the acronym AIDS made
from human faces.

16
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Figure 1.2: Where ‘s Waldo Example

1.3.2 Entertainment

There is a market for picture puzzles. Wheres Waldo 1], shown in Figure
1.2, is a popular series of books by Martin Handford. Over five million
of these books have been sold in the Arst two years. One searches for
Waldo in a confusing array of similar looking objects. For example, the
red stripes in Waldo's shirt may match a table cloth or apron. A Photo-
maosaic could also contain hidden images. For instance, a skull could be
made with tiles from Alfred Hitchcock's movie Psycho, and the challenge
would be to find the tile containing an image of Hitchcock himselt.



Figure 1.3: Painted Inlay by Kit Williams

Another visual puzzle is Kic Williams's 198.4 book [2], which has no
title. The title was left for the reader to discover, and express without
words, as part of a contest. The person with the most original entry won
a fabulous prize. Each page in the book is an image of painted and inlaid
wood, and offers a clue (see figure 1.3). Similar mysteries and challenges
could be encoded into Photomosaic art work.

]



1.3.3 Art Work

The history of art shows an ongoing interplay between different media.
Mosaic emulated painting by using subtle and realistic hues before tak-
ing on its own unique characteristics, such as the use of bright colors
and absence of middle tones. At this point paintings began to emulate
mosaics. Photography provides a similar example. When photography
was first introduced, it was not considered to be a serious art form like
painting, as the photographer merely captured reality. Only later did
photography become its own art form, with room for individual style
and expression. Computer graphics borrows from painting (automati-
cally generating Mirés, Mondrians, or painterly effects), and painting
occasionally borrows from computer graphics. Figure 2.12, a painting by
Salvador Dali, shows an image of President Abraham Lincoln, based on
the blocky computer graphics image of Lincoln made by rescarcher
Leon D. Harmon. Photomosaics, in turn, can draw from painting, pho-
tography, mosaic, and computer graphics to develop its own unique
artistic identity.

20



Chapter 2

Mosaics, Other Composite Images, and
Computerized Selection Techniques

PHOTOMOSAICS ARE GENERALIZED MosAICS. If the techniques used in
earlier mosaic forms are sorted in chronological order, their evolution
can be seen as a function of the latest technology enabling new possibili-
ties.

2.1 Conventional Mosaics
2.1.1 Development

Mosaic is the art of using closely set colored materials, such as tile, glass,
or stone, for decorating a surface. Mosaic tiles differ from intarsia (fitted
wooden inlays) in that the shapes do not relate to a large portion of the
image. Through combining many small pieces of various colors, a large
image may be formed. This larger image cannot be assembled like a puz-
zle simply by seeing the individual pieces.

The earliest discovered mosaic art work is from the 8th century B¢,
and mosaic became the leading pictorial art in Byzantium from the 4th
to 14th century. Early mosaics were constructed of pebbles which limited
the range of colors. Larger pebbles often were used as filler in areas of low-
er detail, while smaller ones resolved more critical sections. This tech-
nique was well developed by the sth century Bc. By the 4th century 8¢,
pebbles were painted to increase the range of available colors. It was at
this point that mosaic started to compete with painting for its ability to
convey a sense of space and derail. At the beginning of the 3rd century
BC, cut pieces replaced the pebble technique and new materials such as
glass enriched the medium.

21
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Figure 2.1: Early Roman Floor Mosaic

Mosaic moved to Roman soil by a process of diffusion, and devel-
oped into a rich art form in the 3rd century An. Figure 2.1 shows a Roman
floor mosaic from 240 A with color and shading as claborate as a paint-
ing. Mosaic style, in fact, paralleled that of paintings during the growing
use of mosaic through the 4th century. Mosaic advanced during the Ro-
man imperial times of the 4th through 6th centuries when it took on
unique characteristics. While the first mosaics had gradual painting-like
changes in color made possible by both painted and unpainted pebbles,
the newest designs focused on higher contrast and greater brilliance.
Many of the middle tones were climinated altogether. Once this new
style was developed and mosaic became popular in church decoration,
painting itself started to be influenced. Byzantine and western European
paintings of the Middle Ages had greater contrast and brilliance, which
may have been influenced by mosaic art.

Mosaic did notsic still. One important advance in mosaic technology
is called tessera. Tesserae are picces cut into triangular, square, or other
shapes with a size thar varied with the level of detail needed in a given re-
gion of the art work. Figure 2.2 is a close-up of the empress Theodora cre-
ated in 548 AD for the church of San Vitale. The bright decoration and
colors are in the Hellenistic Roman tradition yet the tesserae form the
face with a gentle shading more common in an carlier period. Mosaics in
the 1oth century, the height of development, took advantage of the
unique characreristics of the medium, and materials were chosen based
on their level of appropriateness for the rask. Glass makers were now pro-
ducing glass in thousands of tones. Mosaic artists, in an effort to compete
with painters of the Renaissance, often duplicated their work and some



P04

Figure 2.2: Empress Theodora



times went a few steps further. Images were made that produced true
dimensional effects that, when combined with the rich colors and mate-
rials available, went beyond what was possible in paintings.

2.1.2 Materials

Materials used in mosaic art varied through the phases of development.
Stone was one of the first materials because of its availability. Uncut peb-
bles of uniform size became floor decorations in the earliest Greek and
Roman works. The range of tint, of course, was limited to natural hues.
Glass, first used in the 3rd century Bc, could be made rich in color and
brought a wealth of new possibilities to the art. By the sth century,
mosaics were often constructed entirely of glass. Since glass is brittle,
mosaic using these rich color schemes often became wall art, for durabil-
ity. Materials were also used to signify semantic information. Gold leaf,
for example, was chosen not only to enhance the range of colors, but
also to signify light emanating from God. Silver signified light from
Christ, and often was restricted to this use. In the 6th century, these
metallic pieces were being set at an angle to enhance the light reflecting
effects. It was ceramic, however, that became the most popular material
in modern mosaic art due to its versatile nature.

2.1.3 Technique

There are many considerations when planning a mosaic, including the
overall design, materials, lighting, tile size, and shape of cut. This
requirement of a broad range of skills has limited the art to those with a
firm grasp of technology, not unlike computer art today. Mosaics were
made by first drafting a sketch and detailed outline, which often
included the colors desired, on to the surface. When the tiles were set,
their texture and hence their appearance was often defined by the loca-
tion of the mosaic. A floor mosaic, for example, must have more tightly
set pieces for increased durability and perhaps for the comfort of bare
feet. Wall mosaics, therefore, had more room for artistic control because
they could be closely or loosely set, and made from a wider range of
materials. The tiles in any mosaic are placed in one of two ways — either
one by one directly onto the surface, or by an indirect method of build-
ing sections at a time and then placing them into a larger composition.
Most mosaics made today are by the indirect method. It should also be
noted that earlier mosaics were often designed and constructed by the
same artist. Later ones, including most made today, were not set by the
artist or designer — perhaps lowering the overall quality of the finished
art work.

2.2 Image Mosaics

The process for Photomosaics is unique, but this is not the first time
images have been tiled into a mosaic. Following are some examples of
previous work.

24
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Figure 2.3: Kai Krause. Mona Lisa made from Mona Lisas

2.2.1 Kai Krause - PixnPix

Krause (huprwww.metatools.com) has created  tmages made  trom
smaller, modulated images. and calls the process PixnPix. Figure 2.3
shows one of Krause’s first attempts — a Mona Lisa made fron tiny styl-
ized Mona Lisas. It is important to note that cach of the smaller images
are idennical except that the brighmess has been altered.
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2.2.2 Mona Lisa madce from Passport Photos

Ramdn Nunez Centella had the idea to use ten thousand passport pho-
tos and a computer to render an image of the Mona Lisa (partially scen
in figure 2.4). This image, called Gioconda Sapiens, can be seen at
Domus, The House of Man - an interactive science museum in La
Coruiia, Spain. Nortice how the color space is very limited because of the
choice of marerials (human faces) — a similar problem faced by ancient
mosaics made from pebbles.
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Figure 2.5: Adam Finkelstein, American Gothic, 1995

-

2.2.3 Adam Finkelstein

Finkelstein (http://www.cs.washingmﬁ.cdu/homes/adam/) created
image mosaics as a graduate student at the University of Washington.
Figure 2.5, one of the several images he created, is an adaptation of the



oil painting Arzerica Gothic by Grant Wood. Finkelsc-in 15 e it in carly
1995 by collecting images frum the Web and arranging them to suggest
the underlying image. The grayscale values of each sub-image were
altered to be more compatible with the main image. The result appears
to be a 50 percent blend of the painting and tiles.

2.2.4 Alain Omer Durangeau

In carly November 1995, Durangeau of Canada saw the Photomosaic
cover that I did for WIRED magazine and sent me an earlier mosaic that
was also composed of images. The difference was that he produced his by
hand, with enormous patience and laber. Mr. Durangeau vsed a scene
from Georges Mélids's A Trip to the Moon as his target image.

To achieve such a feat, Durangeau painstakingly digitized scenes
from movies, then carefully processed and hand placed the frames (sce
figure 2.6).

Being from movies, the mosaic tiles are related to the theme, and the
contents of each sub-image match the contours of the master image. Du-
rangeau considered shape and color of sub-objects within tiles, not just
the overall color. It was this image that motivated me to crecate more in-
telligent software. My goal became to produce results that were on par,
while taking advantage of the computer’s ability to thoroughly consider
many more variables than a human artist.

28



Figure 2.6: Aluin Omer Durangeau. Hand-Created Image
Mosaic. 1995
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Figure 2.7: Giuscppe Arcimboldo, Vertiwmnus. 1590 or 1591



2.3 Other kinds of Composite Images

There are many non-mosaic art forms that achieve similar goals to Pho-
tomosaics. Perhaps they make an image from other objects, or images of
other objects, that have some relationship to the overall theme.

2.3.1 Giuseppe Arcimboldo

Arcimboldo (1527-1593) was an ltalian painter who rendered portraits as
a carefully arranged colleztion of other objects. Images of things such as
fruit, vegetables, flowers, animais, and fish were used in combination to
form something else, pechaps a face, such as in figure 2.7.

31



Figure 2.8: Arthur S. Mole. Living Photograph



2.3.2 Arthur S. Mole

Mole, born in 1889, composed “living” images by organizing thousands
of people into patterns that form another image. These images are inter-
esting for several reasons: the difficult nature of involving so many peo-
ple, the artistic and creative ideas that they evoke, and because of the
social record that they form. “The Cross and Crown,” Mole’s first image,
was organized in 1913 and included 1500 men and women from the con-
gregation of the Christian Catholic Church {3]. Mole’s first widely pub-
lished image was “The Human American Flag,” made in 1917 for
Memorial Day at the United Srates Naval Training Center in Great
Lakes, Hlinois.

These images were created by Mole standing at the top of a tower
with a megaphone and an 11 x 14 inch view camera. He would have the
shape drawn on the ground glass of the camera, and then direct the men
to stay within the lines. This allowed the perspective of the image to re-
main correct even though the men were not photographed from directly
above. Mole’s most challenging image was the Statue of Liberty made at
Camp Dodge in Des Moines, lowa (figure 2.8). It contained 18,000 men
(the largest image was of a Us shield with 30,060 men), and required
complex detail and control over perspective to render. It is interesting to
note that the final formation used for this image was 1,235 feet long and
12,000 men were required to fill the flame (because of their distance from
the camera) while only 17 were in the bottom iine. How did the partici-
pants feel about having to stand for two or more hours to make an image?
They seemed to be excited to become a part of history [4]. In a 1968 in-
terview with Mole, he described how excited he was to first see an image
form right before his eyes [5]. The power to move armies is exciting, |
would imagine.
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Figure 2.9: Charles Close. Roy 11, 1994
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2.3.2 Charles Close

Close (1940 - ) is an American artist who gained attention during the
mid to late 1960s as a member of the photorealist movement of painters
who hased their work on photographs. Mr. Close creates a grid on a real
photographic image and then copies the value of that area onto canvas
by interpreting it as an abstract shape. Circles, lines, stars, and diamonds
are abstractions that become realism in his work. Figure 2.9, created in
1994, is 102 X 84 inches.

35



Figure 2.10: Knowlton and Harmon. Nude. 1967

2.3.4 Knowlton and Harmon

In 1966, while at Bell Laboratories, Ken Knowlton and Leon Harmon
produced grayscale images from binary (pure black and white) svimbols
by considering black-dot occupancy on an 11 x 11 martrix [6]. These
images were more interesting than ones which simply used dots because
they contained symbolic patterns on two levels. From up close, only the
pictographic symbols were visible. From a distance, a larger image
formed and the smaller pictograms disappeared. Figure 2.10, one of the
first they produced, was an attempt to bridge the gap with classical art.
Picture processing by computers was so rare at the time, that they used
the term “supernumerical” to mean an application for compurers not
directly related to mathematics.

Both Knowlton and Harmon continued with their research and art.
Harmon made the famous blocky image of Lincoln using 14 x 18 pixels
and 16 levels of gray in 1970 for research on face recognition [7]. Knowl-
ton experimented with type to convey imagery and started producing im-
ages such as that in figure 2.1 in 1971 [8). The actual Liberty image
shown, however, was made in 1986 using an identical technique.
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Figure 2.12

Salvador Dali, Lincoln in Dalivision. 1976
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2.3.5 Salvador Dalf

Dalf (1904-1989) was a Spanish painter who created classic and surrealis-
tic images. Figure 2.12 shows a particularly relevant 1976 portrait of Lin-
coln made from other objects, including a woman named Gala. In the
lower left quadrant is the 1970 Lincoln image by Leon Harmon that
inspired this painting (causing controversy over intellectual property
because Harmon believed that Dalf borrowed too much [9]).
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Figure 2.13: Ken Knowlton, Domino Playver. 198()
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2.3.6 DominoPix®

Ken Knowlton (1931- ) invented DominoPix,® a process for creating
images from complete sets of Dominos. Figure 2.13 is an image of Joseph
Scala Jr. made in 1980 from 24 sets of double-nine dominos (1320 tiles).
A business was formed to merchandise these designs in which several
sets of Dominos came with plans to assemble various images. Custom
images — perhaps a portrait, could be prepared on demand. This process
is protected under US Patent No. 4,398,890, REPRESENTATIONS OF
DESIGNS — a method for making images from complete sets of physical
objects. It was especially important to Knowlton that the images contain
only complete sets because of the additional challenge this constraint
presented.
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2.3.7 Knowlton Seashell Portraits

Ken Knowlton's seashell images are not renderings but rather physical
objects glued to a background. Figure 2.14 (36 x 48 inches) shows a por-
trait of Jacques Cousteau that was commissioned in 1987 by the San
Francisco Exploratorium. Figure 2.15 (32 x 26 inches, 1993) is another
example, but with non-grid alignment. It was Knowltons work that
inspired me to create Photomosaics. Around 1990 I visited Wang Labo-
ratories where Dr. Knowlton worked and saw one of his creations. It was
a seashell portrait of Dr. Wang — very large and hanging at the end of the
hall. Since I viewed it from a distance, I only saw the face and had no
idea what it was made from. Upon closer examination, the face disap-
peared, and was replaced with hundreds of seashells. This led me to
think about seeing on multiple scales. Since I was a photographer, |
thought about creating such an image from photographs instead of
physical objects. It would have been an enormous task to scan enough
images at the time, but the idea was forming.
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Figure 2.16:

Michacl Masscy. Marvin Minsky. 1995

2.3.8 Salient-Stills

Salient Seills. a process created at the MIT Media Tab by Laura Teo-
dosio, Walter Bender, and later improved by Michael Massev. turns
video into a still image [10]. The process. first presented in 1993, creates
astructured representation of 4 motion video sequence, such as changes
of camera pan, zoom. or subject movement. This representation is then
used to render asull. The resulting image has inereased resolution, lower
noise, and added contextual informacion. The mmage in figure 206, cre-
ated by Michacl Massey, is a high-resolution panorama caprured with an
ordinary camcorder that panned across the seene and zoomed in o the
main subject. The resulting image has boch the wide tield of view of the
short focal length frames and the detail caprured by the long tocal length
frames combined in harmony.
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2.4 Survey of Image Selection Software

The automatic selection of images is often done on boiled down repre-
sentations of the images. This reduction of complexity may either be
pre-computed or done during the search itself. It makes sense to pre-
compute as much as possible without limiting the range of comparisons
because search time will be reduced. Reference [11] proposes semantics-
preserving image compression which reduces an image to a compact repre-
sentation that still preserves similarity of content. This representation is
so perceptually complete that it is possible to reconstruct the image from
its coefhicients.

Images may be searched at a high level of abstraction, or on a more
raw image processing level. The difference is not important for Photomo-
saics because of the multi-scale nature, i.e., the match only needs to look
similar from a distance without a need for understanding of what the
contents are. In cther words, a match between a pancake and a brown
frisbee of the same size would be better than a match between two frisbees
of different size and color. The technique that produces the most visually
similar (not necessarily semantically similar) results in the shortest
amount of time is best. The matching systems I have considered for the
Photomosaic process include ones that search based on color, texture,
edge, shape, and rMms difference of color values within sub-regions. I use
this last method of RMs error because of its resulting high degree of visual
similarity and low relative computational cost.

2.4.1 Color Histogram

Color histogram matching is one metric to consider when comparing
two images. References [12](13]{14] describe methods of using color for
classifying and matching images. A histogram, perhaps with 64 buckets,
could be constructed for an image or sub-region of an image. The gener-
ated histograms would then be compared and the relative error returned.

Matching histograms is relevant in that from a distance, a red colored
image, perhaps of a tongue, would appear visually similar to another red
colored object, such as an apple. That semantic content is not considered
is more of a shortcoming for other applications than for Photomosaics.
This technique is not ideal, however, because it does not consider aligned
areas of light and dark to be significant, and hence it will not find match-
es that are as visually similar as if aligned features were matched.

2.4.2 Texture Matching

Texture is an important characteristic of rapid image understanding
(15], and therefore could be used to rate the similarity of images. For
applications involving finding visually similar images, and not just
matches that are similar on a numerical level, it is important that the
results match features that humans consider significant [16). An exam-
ple of a metric that is not necessarily related to visual similarity is per-
pixel comparisons, so it is important to avoid high resolution matched
filtering because images can differ at every pixel and still be perceptually
similar [17].
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What metrics should be considered for matching images based on
texture? Rao and Lohse [18][19] identify relevant texture features as “re-
petitiveness,” “directionality,” and “granularity and complexity,” while
“periodicity,” “directionality,” and “randomness” were proposed as fea-
tures by Liu and Picard {20]. Repetitiveness is the degree to which fea-
tures are repeated. Directionality is the orientation of features in
magnitude and phase. Granularity and complexity are the size of features,
and the variation of identifiable properties. Periodicity is related to repet-
itiveness, and randomness is related to granularity and complexity. By
quantifying the relative amount of thiese features and comparing them to
other images in a database, you may be able to find visually similar imag-
es. The degree to which the computer finds images similar should agree
with human perception, so tesing with human subjects is important. For
example, texture directionality is an important visual cue [21], and Liu
and Picard [20] find the direction of the lowest fundamental frequency
the most perceptually dominant — not the direction of the frequency with
the greatest computed magnitude. Gorkani [22] notes that contrast com-
pensation may be needed to find the texture orientation in a way that best
agrees with human test subjects. Texture matching wili work as a Photo-
mosaic classification system, but is unnecessary as a level of abstraction
because RMs error over sub-regions produces the required level of visual
similarity with more efficiency.

2.4.3 Edge Matching

Edge matching has been used as a way to compare a human made sketch
with images [23]. In this example. the collection of images were first
reduced to edges, and then thinned to produce lines for meaningful
comparison with the sketch. Because there is often a lack of unique fea-
ture information within a small area of interest and since the primary
advantage of this technique is to provide a high-level interface for
humans to describe an image, edge matching is not appropriate for Pho-
tomosaics.

2.4.4 Shape Matching

Shape matching is a good way to uncover visual similarities, but is a dif-
ficult problem [24](25]. If a number of classifications are made, they can
be compared between images. For example, IBM’s paper [26] considers
area, circularity, eccentricity, and major axis orientation. These parame-
ters can be sorted and stored in a table for a high speed (binary) search
algorithm to reference. Pairs of images with features of similar dimen-
sions and position would return a higher score. Shape matching at this
high a level does not seem to offer a large advantage for Photomosaics
(where content of small images does not matter because it would be
obscured by viewing distance) over simply comparing color values
within sub-regions.
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2.4.5 RGB/HSYV in Sub-Regions

RGB/HSV matching finds the RMs error between two images within N by
N sub-regions. This efficient technique can be used as the universal
matching routine for producing visually similar images. If, for example,
the number of sub-regions are set to something like eight or more,
object shape and color within images will naturally be considered. An
image that fades from red to blue, for example, would best match
another that fades from red to blue. Reference [11] agrees that RMs error
provides a useful metric for perceptual similarity based on shape or
appearance. While this method does not work well as a way for humans
to provide a high-level description for an image they desire (such as with
a sketch) [23](27], it does result in @ close perceptual match when
viewed from a distance, and hence is what is used.
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Chapter 3

The Photomeosaic Process

3.1 Introduction

ON APRIL 28, 1995, I digitized 370,000 photographs from National Geo-
graphic’s collection for a class project with Professor V. Michael Bove.
My software cropped each image, scaled it to a small size, and classified
it by average color. Then, for each pixel in a master image, my software
found the image in the 370,000 picture database with the closest average
color to that pixel.

Figure 3.1: Rob Silvers, Julia, 1995

The first successful test image was completed on April 3oth, 1995.
The first real image mosaic, as seen in figure 3.1, was a portrait of Julia
Ogrydziak and was created on May 2nd, 1995. This image illustrated the
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possibilities of creating mosaics from photographs. After discussions with
Professor Bove, I decided to address the problems which had emerged in
my initial mosaic process. What should one do when a subimage is not a
perfect fir? In the first version, I shifted the actual average color values of
each subimage to the desired average value. Altering the images, though
acceptable in art, violated my technical inclinations. Another solution
was to apply error-diffusion dither to the process. In this process, if an
image did not match perfectly, the error was stored so the software could
over-compensate with images to the right and below. This enharcement
worked as of May 16th 1995, though it often produced a noticeable check-
erboard effect because of the spatial resolution being sacrificed for im-
proved color resolution. My first published image (also created on May
16th), a portrait of Jerome Wiesner for the Media Lab publication
Frames, used this dithering process with no ill effects. See figure 3.2.

Figure 3.2: Rob Silvers, Jerome Wiesner, 1995

My initial results were promising, but I knew it was possible to do
better by assigning more parameters to an image. I reclassified all of my
database images to include the standard deviation of their pixel’s bright-
ness values (texture contrast). I then modified my matching program to
use a master image with its height and width in pixels equal to the num-
ber of vertical and horizontal mosaic image tiles multiplied by the height
and width in pixels of the database images used for matching. In other
words, the master image now had more horizontal and vertical pixels
than mosaic tiles needed for the final rendering, thus allowing the soft-
ware the opportunity to compute an identical texture contrast coefficient
at each grid-spot for comparison with the database. This enhancement
was first used on May 17th, 1995. For the cover of the November 1995 is-
sue of WIRED magazine, a mosaic was created using “smoother” images
(less deviation of pixels) for smoother areas, such as the face, while
“rougher” ones (greater deviation) fell into noisier places, such as the hair.
The image was finished Aug. 29th. Figure 3.3 shows the master image
next to the final 1,548 tile mosaic.
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Figure 3.3: Rob Silvers, Nicholas Negroponte, 1995

For the Media Laboratory's 1oth anniversary, 1 created a poster of
hands (Julia Ogrydziak’s) counting to ten (figure 3.4). This was the larg-
est image yet, containing 5,400 photographs. Texture was considered,
and the images were slightdy tinted instead of using dither, avoiding the
checkerboarding visible in the wireD mosaic. il A green to blue wash was
selected for the background, as green and blue images were featured
prominently in the database. This increased the quality of matching for
the farge arca. Toppan, a Media Lab sponsor, generously printed 4,000
copies of the poster, but the poster was never released due to National
GEOGRAPHIC'S wishes (see "NATIONAL GEOGRAPHIC,” page 74).

[1} Decision to tint or to look for another solution was made under the pressure
of a production schedule.




Figure 3

.4: Rob Silvers, 1010 Poster. 1995

3.2 Basic Process

The Photomosaic process involves three steps: creating the database,
analyzing the master image to find appropriate photographs, and gener-
ating a bitmap suitable for display.

3.2.1 Usclul Resources

The folluwing is a list of hardware, software, and other materials useful
for creating Photomosaics.

Hardware:

* One workstation with at least 96 MB raM, 468 of disk space, and

video input. This is needed to capture images and run the Photo-
mosaic software. 128 MB of RAM s preferable for making complex
images (i.c. considering 16 x 16 sub-regions of 30,000 images).

One Macintosh with at least 80 MB raM. While not strictly
required, T found this useful for editing and printing images after
generation. A pc or UNix system could be substituted if desired.

One VHS video tape player. Source material is captured from tapes
cither by controlling the player to single-step through the program
or by capruring in real-time during ordinary playback.

One computer controllable laser disc player. This is very useful for
gathering source material from movies — it is betrer than using
video tape if the desired content is available from both sources due
to the higher quality and casy random access to stills.

One high-quality output device to print the images.
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Software:

* Photomosaic software (created for this thesis).

¢ Adobe Photoshop or comparable image editing software.
Otbher:

* Database of images. 1000 to 10,000 or more images are needed. If
the images are to be published, copyright clearance must be
obrained.

3.2.2 Database Design

The database design is simple. A UNIx file system holds the images in
directories by category and image size. Before creating a darabase, thou-
sands of images must be obtained. Possible image sources are described
in Chapter 4. Cnce the images are located, the program make_square,
described in the appendix, crops a square out of each original rectangu-
lar image, resamples that square to a standard size, then moves it to the
proper database location. Image categorization by subject must be done
in advance of this stage.

Animals
People
Places
Original
256x256
64x64
32x32
| 16x16
8x8
Horses Ix1
Lizards

Figure 3.5: Organization of Database

Figure 3.5 shows the organization of database images. If one wanted
to make a Photomosaic of animals from around the world, one would
start the matching program set for the root node “Animals.” The software
would then use any images contained within the subdirectories under
that specific node. If semantic content, as described later in this docu-
ment, is specified, then image sub-categories will be relegated to specific
regions of the mosaic.

Directly under the root node are sub-directories containing identical
image files at different resolutions. One sub-directory is labeled “origi-
nal,” and contains the uncropped version of each image file at full size.
This is needed because a tile may be recropping during mosaic creation,
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Image Database

if the artist docs not like the original (automatic) crop. The next directo-
ries, labeled 256 x 256 and 64 x 64 are large versions of the square tiles
used primarily for outputting the final bitmap. The 32 x 32 directory is
used for viewing the mosaic on the screen during the construction pro-
cess. The smallest sub-directories, 16 x 16, 8 x 8, and 1 x 1, are preloaded
when the mosaic building program starts up and are used to match im-
ages during the selection process.

3.2.3 Generating the Image

The first steps in creating a Photomosaic are selecting a master image, a
database to represent it, and the number of tiles to use. Section 3.3.1
describes in detail some of the finer issues of subject selection and the
corresponding number of tiles. I will describe the details of the process
beginning after these factors are determined. Sce figure 3.6 for a sche-
matic overview of the system.

When the glmosaic program (see appendix) is run with a database
path specified on the command line, a sub-sampled version of each image
is loaded into a linked list of structures.

Photomosaic Output

Figure 3.6: Diagram of Matching Systcm
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struct an_image {

char *path; /* pathname of file in the database */
char used; /> whether or not image has been used in a tile */
unsigned short *r; /* 1, g and b image data used for rms matching */
unsigned short *g;
unsigned short *b;
struct an_image *nexy; /* pointer to next structure */
struct an_image *previous; I* pointer to previous structure */
} an_image;

A master image is then loaded under operator control. This master
image must be the proper size in pixels, determined by the number of
output tiles desired multiplied by the number of sub-sampled regions one
wishes to consider during the matching process. The number of sub-sam-
pled regions, in turn, must equal the size of the sub-sampled database im-
ages loaded upon startup.

When the matching process begins, the master image is divided into
x by Y tiles where (x, y) is:

(master_image_width / width_subsamples,
master_image_height / height_subsamples)

Single tile with 16x16 sub-regions

Master image
with 8x12 tiles

Figure 3.7: Tiles and Sub-Regions

Figure 3.7 shows a master image with 8 x 12 tiles in which each rile
contains 16 x 16 sub-regions. The tiles are selected one at a time and the
average RMS error of the red, green, and blue channels of each sub-region
is compared to each image in the database. If the computed error (degree
of visual similarity) between the current images being considered is the
lowest thus far, an index to that photograph is stored along with the er-
ror. When all of the database images have been tested, the image with the
least error that has not already been selected for another location is as-
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signed this particular grid-space in the mosaic and marked used. This
process is repeated for all the mosaic tiles. Since this selection works from
top to bottom, the best images are often used up first, which is more no-
ticeable when using smaller databases (see “Error Diftusion,” page 82).
Upon completion, a list of image names is written to a text file which is
used by the final rendering program to construct a bitmap from the full
resolution versions of the images.

Visual similarity, as mentioned, is determined by finding the images
with the least average image value RMS error on comparison. Sub-sampled
rMs <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>