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Summary . From the pyramids of Giza to the tombs of Thebes (modern Luxor),
ancient Egypt's glorious history has produced remarkable architecture. Sadly, the
nearly four million yearly tourists have taken a heavy toll on many of these an-
cient structures. Of particular concern are many of the tombs located opposite to
Luxor on the western bank of the Nile. Digital reconstruction of these tombs has
the potential to help document and presere these important historical structures.
Photographing and reconstruction of these tombs posesnew and unique problems
that this paper beginsto address.Tedniques for removing image distortions, recov-
ering 3-D shape, and correcting for lighting imbalancesare discussed.A complete
reconstruction of the tomb of Sennedjemis shown.

1 Intro duction

Approximately 5,000yearsago, Narmer uni ed Upper and Lower Egypt
creating what is arguably one of the greatest civilizations of all time. From
the pyramids of Giza to the tombs of Thebes, Egypt's glorious history is
enjoyed by nearly four million tourists ead year. While the tourism trade
bolsters Egypt's econony, it has taken a heavy toll on many of its anciert
monuments. Of particular concern are many of the Theban tombs on the
western bank of the Nile, opposite modern Luxor. The delicate and vibrant
colors found in the tomb paintings have survived for many millennia, but
have recertly seensigni cant deterioration due in part to the large number
of visitors. Digital reconstruction of these tombs has the potential to help
document and presene these important historical structures while increas-
ing generalknowledgeand interest (e.g.,virtual museums).Reconstruction of
these structures from photographs posesnew and unique problemsthat this
paper beginsto address.

We have concertrated our initial e orts on the smaller tombs of artisans
in Deir el Medina in western Thebes. These were the people who worked
on the royal tombs in the Valley of the Kings, located about a kilometer
away. In 1886 when what is now designatedtomb number 1 was discovered
by Maspero [6] in the Deir el Medina area, it proved to be one of those
rare occasionsbecauseit was still intact having escapd being plundered in
antiquit y, as was the fate of most royal and private tombs. Tomb number 1

6211 Sudiko Laboratory, Department of Computer Science, Dartmouth
College, Hanover, NH 03755. tel: 603.646.2761, fax: 603.646.1672, email:
farid@cs.dartmouth.edu.



2 H. Farid

belongedto Sennedjem,who shared his \house of eternity" with his wife ly-
nefer, their children, and granddhildren where they have remained together
in this tiny space,undisturbed for over three millennia.

A wireframe rendering of Sennedjem'sburial chamber! is depicted in
Fig. 1. Shown in Fig. 2 are a pair of photographstaken from eat end of the
chamber. The burial chamber, measuring5.12 m by 2.61 m with its vaulted
ceiling of 2.40 m, is completely decorated. Nearly any photograph of this

smallroom will contain signi cant dis-

"' tortions dueto the curved ceiling, the

' inherent e ects of perspective projec-

tion, and the wide-anglelensrequired

to obtain a reasonable eld of view.

For example, showvn in Fig. 3 (top)

are a pair of photographs taken from

neighboring panelson the curved ceil-

Fig. 1. Sennedjem'sburial chamber.  jng. Giventhe small sizeof this room,

thesedistortions are impossibleto avoid. In the presenceof thesedistortions,

it is equally impossibleto createa singlelarge-scaleseamlessnosaic. This pa-

per rst describes an image-basedtechnique for remaoving these distortions.

Combined with a simple technique for recovering the 3-D shape, we then

construct fully decorated virtual tombs. While not employed in the results

preseried here, we also proposea technique for automatically correcting for

the lighting imbalancesthat are typical of ash photographs. We hope to
incorporate this technique in future reconstructions.

2 Image Distortions

Consideragainthe pair of imagesin the top row of Fig. 3. Theseimageswere
clearly intendedto berectangular in shape. However due to the curved ceiling
theseimagescorntain signi cant distortions. Note that these panelsneighbor
ead other on the chamber ceiling. That is, the right-most hieroglyph strip
in the left image is the sameas the left-most strip in the right image. Our
goal is to seamlesslyjoin these images,thus requiring the removal of these
distortions. If we assumethat the vertical and horizontal hieroglyph strips
should be parallel, then these strips provide a conveniert landmark for es-
timating the distortions. Shown in Fig. 3 (top) are 30 points evenly spaced
along the outer portion of the panel. These points are determined in a two
step process.First, a small number of points (more than four) are manually
selectedanywhere along a horizontal/v ertical portion of the hieroglyph strip
that bounds the panel, making sure to choosethe two points at either end
of the strip. A fourth-order polynomial curveis then t to thesepoints, from
which the equally spacedpoints are generated. This processis repeated for

! Sennedjem'sentire tomb consists of seweral rooms and passagevays. The burial
chamber is the nal room in which Sennedjemwas laid to rest.
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Fig. 2. The burial chamber of Sennedjemas viewed from eadc end.
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Fig. 3. Shown are images from the curved ceiling before (top) and after (bottom)
the removal of distortions.

ead side of the panel. Also shown in the same gure is the desiredposition of
these 30 points, automatically chosento be an equivalent number of equally
spacedpoints along parallel horizontal/v ertical lines passingthrough the av-
erageposition of the speci ed distorted cortour. By choosing these equally
spacedpoints in the image we are ignoring the surfacegeometry. As a result,
a slight non-uniform compressionis introduced in the resulting undistorted
image. This e ect seemsto be qualitativ ely small.

Clearly, an ane model is insu cien t to fully characterize these distor-
tions. Higher-order polynomials o er a natural extensionand were employed
here. We have found empirically that a third-order polynomial model is suf-
cient to capture the distortions, while avoiding the instabilities of much
higher-order polynomials. The third-order model takesthe form:

_ 3 3 2 2 2 2
Xy = 1Xgt+ 2¥g+ 3XgYdt aXaYg*t sXgt eYgt 7XdYd
+ 8Xdt oYdt 10, (1)

and

3 3 2 2 2 2
1Xgt 2Yg*t 3XgYat 4XaYg*t sXgt eYgt 7XdYd
+ 8Xd*t oYdt 10, (2)

Yu
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where Xq4; yq are the spatial coordinates of the initial distorted points, and
Xu;Yu are the coordinates of the desired undistorted points. Our goal is to
determinea xed setof scalarcoe cients i;::; ip0and 1;::; 10that maps
all the speci ed points from their initial to their desired positions. The co-
e cien ts are determined by rst combining all the constraints into a single

system of linear equations:

0 1O bt
0 Xu;  Yus 1 X§1 yél civ Xdy Ya, 1 2 2
X Y, X y 10 Xd, VYa, 1 . .
b vRRT R DR Ee
. . . . . 8 8
Xu,  Yu, X3 OVE i Xdy Yo, 1 9
10 10

which is denoted more compactly as X = M B. The scalar coe cien ts B
that best satisfy (in a least-squaressense)these constraints are determined
by solving this over-constrained system (n > 10) of linear equations using
standard least-squaresestimation given by:

B=(M'M) IM!X; (4)

whereM ! denotesmatrix transpose,and M ! denotesmatrix inverse.Using
this solution and the assumedmapping of Equations (1) and (2), the desired
undistorted position of every point in the initial distorted image can be easily
determined. This mapping is then usedto re-render the initial image onto
the undistorted sampling lattice, Fig. 3 (bottom). Note that the removal of
distortions is purely image-basedno knowledgeof the 3-D structure, camera
pose or intrinsic camera parameters is required. Once the distortions are
removed, the images can be brought into alignment with standard a ne
registration techniques (e.g., [4,9,8]). Note that this ane registration will
correct for any errors in the aspect ratio given a properly scaledreference
image (see Section 3).

3 Lighting

In addition to the distortions described above, the photographing of Egyp-
tian tombs posesother challenges. The tombs are often poorly lit making
it necessaryto photograph with a ash, leading to non-uniformities in the
lighting. A main contributor to thesenon-uniformities is the (approximately)
guadratic fallo of light intensity asa function of distance. As a result, when
photographing, for example, a planar surface, the certer of the image can
be signi cantly brighter than the corners. The removal of these variations is
critical to the creation of a seamlesimage mosaic.

Shown in Fig. 4 are the results of manually adjusting for lighting and color
imbalances.Note in particular how the darkenedcornershave beencorrected.
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Fig. 4. Showvn are imageswith distortions removed before (top) and after (bottom)
manual lighting and color adjustments.

In addition, for aestheticreasons,we identi ed and digitally removed se\eral
modern-day blemishesin badground areas. These manipulations were all
performed in Photoshop. In future reconstructions, we proposea more au-
tomated processthat employs a pair of photographs taken with the ash
in di erent positions. Outlined below is a technique for estimating distance,
and hencethe amount of light attenuation, from sud a pair of images.This
ideawas rst proposedby Jarvis in [5], but seemsnot to have been further
exploredin the Computer Vision community.

We begin by modeling the ash asa point light sourcewith a quadratic
fallo in intensity. For ead point X;Y;Z, in the world (and correspnding
(x; y) in the image), wedenoteL (X; Y; Z) asthe amount of unattenuated light
from the ash readiing the surface,and R(X;Y; Z) asthe re ectance function
of the surface. An image is then expressedas the product of the re ectance
and lighting functions, where the intensity of the light is modulated by the
squareof the distance to the surface:

L(X;Y;Z2) R(X;Y;Z)

R O (A LT AV ®

whereX1; Y1; Z; denotesthe displacemen of the ash relativeto the camera's
nodal point. An additional imagetakenwith no ash can be subtracted from
I1() to remove cortributions of ambient light. A secondimagewith the ash
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in a di erent position is given by:
L(X;Y;Z) R(X;Y;2) )
2 2 2 (6)
(X X2+ (Y Y2)2+(Z Zy)
Taking the ratio of theseimagescancelsthe lighting and re ectance terms.
After a few algebraic manipulations, this ratio can be expressedas:
Z2 (I:X2+ 10Y24 1) (12X2+ 1Y%+ 1,) +
Z [ 2|1(X1X + YiY + Z]_) + 2|2(X2X + YoY + Zz)] +
1(X$ + YPZ])  12(X5+ Y7Z3) =0 )
where X = x=f and Y = y=f, and f is the focal length. This equation
holds for ead point x;y in the image, but for notational corveniencethe
image'sspatial parametersare dropped. Note that this easily solved equation
is quadratic in a single unknown, the distance Z at ead point in the image.
Correcting for the light fallo is then a simple matter of multiplying one
of the original imagesby the square of the estimated distance. In addition,
variations in brightnessdue to the angleof the surfacerelativeto the ash can
be corrected by consideringthe spatial derivativesof the recovered distance.
This technique was not applied in the results shovn here as the pho-
tographs used were taken over a decadeago, and the pair of ash images
were simply not available. Neverthelesswe proposeto use this technique in
future reconstructions as it should be well suited for the short-range ash?
photographs required inside the tombs.

l2(Xy) =

4 Geometry

The relativ ely simple structure of many anciernt Egyptian tombslendsitself to
a straight-forward technique for recovering their 3-D shape. Many structures
are rectangular at the basewith a curved ceiling. Sincethesestructures have
beenthoroughly studied, the dimensions(length, width, height) are readily
available. What remainsto be determined is the curvature of the ceiling.

This canbe determinedfrom afrontal-
parallel view of either end of the struc-
ture. For example,shown in Fig. 2 are
views of Sennedjem'sburial chamber
as seenfrom ead end. Note that the
curvature of the ceiling can be easily
determined by simply tracing the con-
tour of one or both end walls. This
processcanbe semi-automatedby rst
selectinga number of points along the
corntour of each endwall. For ead wall,
a higher-order polynomial curve is t to these points, from which a dense

Fig. 5. 3-D reconstruction of Senned-
jem's burial chamber (shown in the
same orientation as Fig. 1).

2 Inorganic pigments were usedto decorate anciert Egyptian tombs and temples.
Unlik e dyes, these pigments are very stable and would thus not be adversely
a ected by ash photography.
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sampling of points along ead cortour can be easily computed. In practice
we nd given a reasonably densesampling of points along the contour, as
high as a tenth-order polynomial can be used. The nal 3-D structure is
then determined by directly outputting the shape of the contour in a format

readableby a VRML (Virtual Reality Modeling Language)viewer. Shown in

Fig. 5 is a wireframe rendering of the recovered 3-D structure of Sennedjem's
burial chamber. The curvature was determined as described above, and the

proportions were determined from published measuremets [1].

5 Reconstructing Sennedjem's Burial Chamber

Shown in Fig. 6 are sixteen photographsthat provide full coverageof Senned-
jem's burial chamber. Theseimageswere digitally scannedat 2700dpi from

35mm slides. To reduce the demandson memory, ead image (3894 2592
pixels) was subsampledby a factor of two. The distortions were removed
from ead image, with the exception of the east and west end walls (which
had virtually no distortions). In ead image, horizontal and vertical mark-
ings were usedto signify the distorted contour. The undistorted shape was
automatically chosento be a rectangle whose size was roughly that of the
distorted shape. After the distortions were estimated and removed, the as-
pectratio of ead imagewasadjusted asthe imageswere overlayed, guided by
the known chamber dimensions.Variations in global and local lightness/color
were corrected for manually. For aestheticreasonswe identi ed and digitally

removed seweral modern-day blemishesin badkground areas. These manipu-
lations were performed in Photoshop.

Shown in Fig. 7, 8 and 9 are the south, north, and west/east walls fully
undistorted and seamedtogether. These undistorted imageswere then com-
bined with a 3-D model of the burial chamber. Shawn in Fig. 10 are seweral
views from the virtual chamber.3

6 General Discussion

For seweral millenia, the remarkable pyramids, temples, statues, and tombs
of anciert Egypt have remained as a symbol of this civilization's fascinating
history. Over the past few decadeghesestructures have seensigni cant decey
duein part to the ever increasingnumber of visitors. Digital reconstruction of
these structures can help documert and presene these important historical
monuments, which in the long run bolsters tourism.

This paper hasfocusedparticularly on the task of reconstructing tombs.
With respect to the generalreconstruction of architecture, thesetombs pose
new problemsand simplify others. At the onset,when photographing in these

3 A VRML-based virtual chamber and movies of virtual walk-throughs are available
at: www.cs.dart mauth .ed u/ far id /eg ypt .
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West/South South ceiling East/North North ceiling

Fig. 6. The sixteen original photographs of Sennedjem'sburial chamber.

small tombs (often 2-3 meters wide and tall), it is nearly impossibleto avoid
signi cant distortions from the decoratedand highly curved ceilings. We have
proposedan image-basedtechnique for remaoving thesedistortions in the ab-
senceof the 3-D structure or intrinsic/extrinsic cameraparameters.This tech-
nigue estimatesthe distortions by exploiting as ducial markings the ubiqui-
tous horizontal and vertical hieroglyphic text. This approad should prove to
be particularly usefulwhen working from archival photographs. Photograph-
ing in these small tombs is further complicated by poor lighting, making it
necessaryto photograph with a ash. Thesephotographssu er from the clas-
sic problem that the ash doesnot equally illuminate the scene.The removal
of thesevariations is critical to the creation of a seamlessmage mosaic. The
recert addition of protective glassalong the walls has added further compli-
cations. In particular, re ections from the ash and from the opposing wall
yield substartial artifacts in the photographs. In this regards, we are hopeful
that our earlier work on the removal of re ections may prove e ectiv e [3].
The relativ ely simple structure of many tombs greatly simpli es the recovery
of their 3-D structure. Many structures are rectangular at the basewith a
curved ceiling. The curvature of the ceiling can be easily determined from
a frontal-parallel view of either end of the structure. Sincethese structures
have beenthoroughly studied, the basedimensionsare readily available.

Photographing and reconstruction of anciert Egyptian structures poses
new and unique problemsthat this paper hasonly begunto address.We are
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currently working on the reconstruction of se\eral other tombs, and automat-
ing many of the manual stepsdescribed in this paper.
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Fig. 7. The \unfolded" south wall.

Fig. 8. The \unfolded" north wall.
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Fig. 9. The west and east walls.

Fig. 10. Views from the virtual chamber.



