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Abstract: Theadvent of computer augmented reality (CAR), in which computer
generated objects mix with real video images, has resulted in many interesting
new application domains. Providing common illumination between the real and
synthetic objects can be very beneficial, since the additional visual cues (shad-
ows, interreflections etc.) are critical to seamless real-synthetic world integra-
tion. Building on recent advances in computer graphics and computer vision, we
present anew framework to resolving this problem. We address three specific as-
pects of the common illumination problem for CAR: (@) simplification of camera
calibration and modeling of the real scene; (b) efficient update of illumination for
moving CG objects and (c) efficient rendering of the merged world. A first work-
ing system is presented for alimited sub-problem: a static real scene and camera
with moving CG objects. Novel advancesin computer vision are used for camera
calibration and user-friendly modeling of the real scene, a recent interactive ra-
diosity update algorithm is adapted to provide fast illumination update and finally
textured polygons are used for display. This approach allows interactive update
rateson mid-range graphicsworkstations. Our new framework will hopefully lead
to CAR systemswith interactive common illumination without restrictionson the
movement of real or synthetic objects, lights and cameras.

1 Introduction

Computer augmentedreality (CAR) isabooming domain of computer graphicsresearch.
The combination of virtual or synthetic environmentswith real video images (RVI) has
lead to many new and exciting applications. The core research in this area concentrates
on the problemsrelated to registration and calibration for real-time systems (see for ex-
ample[2, 3]). Since many of these problems are till largely unresolved, little attention
has been given to the problems of the interaction of illumination between the real and
synthetic scenes.

Pioneering work in this domain has been performed by Fournier et al. [14]. This
work (see Section 2.3 for a brief review), has shown how the computation of common
illumination between the real and synthetic scene results in a greatly improved graph-
ical environment with which the user can interact. The use of real video images elimi-
nates the need to model complex environmentsin great detail, and, by nature, provides
aredlisticimageto the user. In what concerns common illumination, the introduction of
virtual objectsin areal scene becomes much more natural and convincing when light
exchanges between real and synthetic objects (such as shadows and interreflections) are
present in the composite images presented to the user.

In this work we present a new common illumination framework, by addressing the
following three stages: (a) camera calibration and modeling, (b) common illumination
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updates and (c) rendering. The goal is to build a system which can compute common
illumination at interactive update rates. The work reported hereisin preliminary form;
as such we have restricted the configuration we will be treating to the case of moving
computer generated objectsin a static real scene viewed by a static camera.

By using advanced vision techniques, we have replaced the tedious and inaccurate
manual modeling processwith aflexible and preci sevision-based approach. Thismethod
alows us to model the real scene to the level of detail required, and to extract camera
parameters ssimply and automatically. We use fast hierarchical [16, 24, 25] and incre-
mental update [8] techniques for radiosity, permitting interaction with virtual objectsin
the CAR environment. Interactive update rates (a few seconds per frame) of the mixed
real/synthetic environment, including commonilluminationisachieved by using atexture-
based rendering approach on suitable hardware. We believe that the combination of ad-
vancesinvision, illumination and graphics providesaframework which will lead to gen-
eral interactive common illumination for CAR.

2 Previousand Related Work

2.1 Reconstruction of 3D models From I mages

A number of techniques have been proposed for producing 3D models from imagesin
photogrammetry and computer vision. The photogrammetry approach mostly focuses
on accuracy problems, and the derived techniques produce three-dimensional model s of
high quality [1]. However, they generally require significant human interaction. Some
commercial products, such asPhotomodeler, already integrate thesetechniques. In com-
puter vision, anumber of automatic techniquesexist for computing structurefrom stereo
or motion (e.g., [7, 20, 10]). With these techniques, the three-dimensional models are
produced much more easily, but they are less accurate, potentially containing a small
fraction of gross errors.

Alternate representations have been proposed for realistic rendering from images.
With image interpolation techniques [11, 21, 23], the scene is represented as a depth
field, or equivalently, as a set of feature correspondences across two reference images.
Although these implicit 3D representations are suited to rendering, they are not adapted
to our framework since we need complete 3D data to perform radiosity computation.

Some recent approaches have been proposed to reduce the effort in the production of
explicit 3D models of high quality, either by imposing constraints on the model ed scene
[6], or by combining automatic computer vision processes with human interaction [12].
We follow thislast approach in this paper.

2.2 Computer Augmented Reality

Much work has recently been performed in the domain of computer augmented reality.
The main body of this research concentrates on the requirements of real-time systems
[2]. In terms of illumination, these systems provide little, if any, common lighting in-
formation. Exampl es of work including some form of shadowing between real and syn-
thetic objects are presented in [26] and [19].

Commonillumination requiresfull 3D information, and thus should use explicit mod-
eling of thereal world objects. Similar requirementsexist for the resolution of occlusion
between real and virtual objects (e.g., [3]).

The wealth of excellent research in this domain will undoubtedly be central in the
futurework in common illumination (see Section 6.1). For now however, we concentrate



ontheissuesdirectly related toillumination. Thereader interested in an in-depth survey
should refer to [2].

2.3 Radiosity and Common lllumination for CAR

In what follows, we consider the following configuration: we have an image I, which
we call the “target image”, and, using techniques developed below, a set of geometric
elements approximating the scene. All quantitiesrelated to theimagewill benoted“ - .
The most closely related previous research in common illumination is that of Fournier
et a. [14]. We will be adopting many of the conventions and approximations used in
that approach. In [14] many basic quantities are defined in a rather ad-hoc manner us-
ing information taken from image I. The average reflectivity of the scene g is selected
arbitrarily. This can also be set as the average pixel value.
Onceavauefor pisset, the overall reflectivity factor R is defined as:

1
R=1—. (1)

The concept of “ambient radiosity” [5], B4 isthen used, permitting afirst estimation of
the exitance values E; of the sources:
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where E; isthe exitance of each object : and A; its area. Another approximation of B
isgiven by:
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where p,,, istheintensity of the pixel zy of the target image I, and N the total number
of pixelsof I. Equations(2) and (3) allow usto approximatethe values of E; if we know
the number and area of the real sources.

Fournier et al. al so proposed afirst approximation of the radiosity on each geometric
element 4, which we call B;, which isthe average value of the pixel intensities covered
by element i.

In our approach, we improve the ease of modeling, as well as the lighting update
and final display speeds compared to [14]. Nonethel ess, to achieve these improvements,
we sacrifice certain advantages of Fournier et al.’s system: we currently can only han-
dleastatic cameraand real scene, and the quality of rendering may be slightly degraded
compared to that obtained by ray-traced correction to areal image. Such degradationis
mainly due to slight texture/polygon misalignment. However, since this paper is an at-
tempt at defining a new approach to common illumination, we consider the above men-
tioned shortcomings as challenges for future research (Section 6.1).

3 Semi-Automatic Image-Driven Modelling Using Computer Vision

In this section we describe the creation of the three-dimensional model using vision-
assi sted techniques. Wefirst computetheintrinsic parametersof thecamera(focal length,
aspect ratio) by using an image of a calibration pattern. Twelve images are then used to



automatically build a set of panoramic images. The relative positions/orientations of the
cameras are then computed, based on point correspondences. We thus construct a geo-
metric model of the room by computer-vision assisted, image-based interaction. Finally,
textures are extracted and de-warped automatically. The whole process took approxi-
mately 4 hours for the scene shownin Figure 1.

3.1 Camera Calibration Using a Tar get

The intrinsic parameters of the camera (see [9] for more details about the imaging ge-
ometry of cameras) are computed using the calibration technique described in[22]. We
need to take one image of a non-planar calibration pattern, i.e., areal object with visi-
ble features of known geometry. With minimal interaction (the user only needsto click
the approximate position in the image of 6 reference points), an estimate of the camera
parameters is computed. This estimate is then refined by maximising, over the camera
parameters, the sum of the magnitudes of theimage gradient at the projections of anum-
ber of model points.

The output of the processisa3 x 4 matrix, which is decomposed as the product of
amatrix of intrinsic parametersand a4 x 4 displacement (rotation, translation) matrix
(computation described in [9]).

3.2 Image Acquisition and Mosaicing

Though the minimum number of viewpoints for stereo reconstruction is two, we ac-
quired images from four distinct viewpoints for better accuracy of the reconstructed 3D
geometry. The viewpoints lie approximately at the vertices of a 1-meter-wide vertical
squarein one corner of the room.

To enlarge the field-of-view, we built panoramic images using mosaicing [27, 18].
At each viewpoint, we took three | eft-to-right images with an overlap of approximately
50% between two consecutive images. During this process, wewere very careful at each
viewpoint not to translate the camerabut restrict motion to rotation. This guaranteesthat
there exist linear projective transformations which warp the left and right images onto
the center one.

For each triple of images, we computed these transformations automatically [29].
The two warped images and the center images were then “pasted” on the same plane.
An example of mosaic is shown in Figure 1.

3.3 Computation of the Relative Geometry of the Cameras

In the next stage, we estimate the rel ative geometry of all the cameras, i.e., the rotations
R,; and translations t1; of all cameras with respect to, say, the first one. For this, we
identify corresponding points across the images. This is done in a semi-manua man-
ner. Using thesystemt ot al cal i b developed at ROBOTVIS (Figure 2), the user first
clicks on areference point in one image. The system then searches for matches in the
other images, using window-based cross-correlation. Thisisshownin Figure 2 (a), with
the annotated white points. The matches proposed correspond to the regions which are
most similar to the image around the reference point. In most cases these pointsindeed
represent the same obj ect asthe reference point. If not, the user can manually correct the
errors.

Based on the point correspondences, we compute the fundamental matrices F;; (see
appendix 7) using the non-linear method described in [28]. The minimum number of
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Fig.2. (@) At ot al cal i b session; matched points are shown in white and are annotated. (b)
Selection of the regions to reconstruct (e.g., the white polygon on the table-top).

correspondencesis 8 in theory, but for better accuracy we used about 30 points spread
over the whole scene (see Figure 2).

From Fy; and theintrinsic parameters, we then derive, using the technique described
in [17], the rotation R; and translation t4;. In fact, each trandation is known only up
to ascale factor, which corresponds to choosing an arbitrary unit for distancesin space.
Trandlation t1;(¢ > 2) is rescaled with respect to t12 by using point correspondences
visible in images 1,2 and 7 and comparing space distances computed with image pairs
(1,2) and (1,1).

From thisinitial estimate, we then run a non-linear minimisation process known as
bundle adjustment in photogrammetry [1], which refines the estimate of the rotations
and trandlations. We end up with an estimate of rotations and trandations of all cameras



with respect to the first camera.

3.4 Building the 3D Model and Extracting/De-war ping the Textures

To build the polygons of the three-dimensional model, we first define the geometry of
their vertices using the same semi-automatic technique. Their 3D coordinates are then
obtained by inverting the projection equations. This process is known as reconstruc-
tion in computer vision or inter section in photogrammetry. We then manually definethe
topology of the polygons by selecting and connecting verticesin the images (see Figure
2(b)). The resulting model is stored in astandard 3D format.

For each polygon, we finally compute a texture image by de-warping the original
image and bringing it back to the plane of the polygon. In this process, the resolution of
thetextureimage can be chosen arbitrarily, aswell asthe directions of the axesof texture
coordinates. The z-axis is chosen parallel to the longest edge of the polygon, whichin
most cases maximisesthefraction of thetextureimagewhich liesinside the polygon and
will be actually rendered. The choice of the texture resolution is based on the following
criterion: when projecting one pixel of the texture image onto the reference image, one
should obtain asmall quadrilateral whose dimensionsareall smaller than onepixel. This
guaranteesthat thefinal synthesized images have approximately the samelevel of detail
astheinitia ones.

4 A Fast Hierarchical Method for Common Illumination

Recent advancesin global illumination technology allow usto calculate the lighting ef-
ficiently, using hierarchical radiosity [16], clustering [24, 25] and incremental update
methods [8]. To initialise the system, the calculation of certain basic parametersis re-
quired. We adopt many of the conventions used by Fournier et al. [14], adapting them
appropriately to the application and the requirements at hand.

Two main stages are required: (@) initialisation of basic parameters such as exitance
valuesfor the real sources, radiosity and reflectance for the real video image (RVI) ob-
jects, and (b) the creation of afull hierarchical radiosity system, including the cluster
hierarchy and “line-space” hierarchy of links and shafts required for the incremental so-
lution.

4.1 Initialising the Basic Parameters

Asdiscussed in Section 2.3 the basi ¢ approximations proposed in [ 14] can be used to es-
timate the set of parameters required to create a hierarchical representation of the (real)
light transfer in the CAR scene. In the same spirit as this approach, we define the re-
flectance of each patch 4 to be: 3

B;
Ai = — X ) 4
=g XP (4)
Note that during subdivision, B; is updated to reflect the average i ntensity of the
pixelscovered by the newly subdivided sub-element. The calculation of B; isperformed
by rendering the polygon textured with the corresponding part of the target (real) image

3 Thisis easier to calculate than the neighbourhood in [14].



I into an offscreen buffer and averaging the resulting pixel values. Once the new B; is
computed for the child element, the value p; is updated.

It isimportant to note that this approach is a coarse approximation, since we cannot
di stingui sh between shadows and obstaclesin theimage. Sinceweare simply computing
an overall correction to illumination, we accept this approximation for now, but resolv-
ing thisissueis definitely part of required future work.

Since we have aninitial geometric model of the real sources, we can easily estimate
their exitance. If (asisthe casein the examples presented in Section 5), we have sources
of equal power and area, therelations of equations (2) and (3) sufficeto approximate F;.
If on the other hand we have a larger number of different sources, we need to estimate
their value. Thiscan bedoneeasily by creating alink hierarchy using the B;’sand simply

pulling B up the hierarchy. If we have m sources, by selecting m elements we have m
equations giving us agood approximation of the E;'s.

4.2 Creating a Hierarchical Radiosity System

Oncethevaluesof E; and p; are estimated (we set p; = p; for each surface element),
we have everything we need to perform a normal hierarchical radiosity iteration. Con-
sider for example Figure 3(a), which shows the radiosity calculation for the real scene
previously presentedin Figure 1(b). Note that we only use oneimage of themosaic (Fig-
ure 1(b) in our case) from which to extract textures.

The refinement stage of hierarchical radiosity proceeds as usual, and isleft to run to
“convergence”, i.e. when the radiosity values no longer change much. Once completed,
we have what we call an original value for the radiosities of all real objects. We store
thisvalue, B;, on each hierarchical element (cluster, surface or sub-patch). Thevalue B;
isa(relative) representation of the illumination due to real sources.

The next step is the addition of computer generated objects. This is performed by
adapting the methods described in [8]. We thus group the synthetic objects into “ natu-
ral” clusters(i.e. achair or adesk lamp) and we add them into the scene. To update the
existing hierarchical radiosity system, we use the line-space traversal approach to effi-
ciently identify the links affected by the CG object being inserted, and weincrementally
perform the appropriate modification to illumination. Asaresult all patchesnow havea
(possibly modified) radiosity value B;.

4.3 Display

To achieve interactive update rates, we need to display the result of the combination of
real and synthetic environments at interactive rates. This requirement precludes the use
of the ray-casting approach of [14]. Our solution is to exploit the real-time texture ca-
pacities currently available on mid- and high-range graphics workstations.

To display the effects of achange dueto theinterference of a CG object withan RVI
object, we simply modulate the texture by theratio: B;/B;. This operation requires the
capacity to modulate “ positively” and “negatively”, so we must coherently re-scale this
ratio to always lie between zero and one.

4.4 Interactive Common |llumination of CG Objectsin a Real Scene

Using an implicit hierarchical description of the line segment space contained between
hierarchical elements, we can rapidly identify the links modified [8]. Thisis achieved
by keeping ahierarchy of shaft structures[15] associated with the links and inactive (or
passive) refined links.



In the case of the CAR application, special treatment isrequired to ensure that light-
ing effects created by CG objects are well represented. The refinement process is thus
adapted to reflect this, by imposing finer subdivision for shadows or additional illumi-
nation due to the interaction of CG objects with the real scene (see Figure 3(c)).

Fig.3. (a) The radiosity B computed by the initialisation phase of the agorithm. (b) The corre-
sponding mesh. (c) The radiosity B and the mesh after the addition of the CG object.

Fig. 4. (8) The complete CAR rendering using RV texture polygonsfor display, including the CG
object. (b) The CG object movesto the left: update takes 2.5 seconds. (See Colour Section).

5 Results

The RV scene we have used was model ed with 98 input polygons. Thisisacoarse rep-
resentation, but sufficient for the example we wish to show here. We have atota of 4
512x512 textures (for thewallsand floor), and 2, 2 and 6 textures of resol ution 256x256,
128x128 and 64x64 respectively, for the detail objects of the scene.

In Figure 3(a) we show theresult of theinitialisation step where the geometry isdis-
played using the origina radiosity B;. Notice the low level of subdivision. The corre-
sponding mesh is shown in Figure 3(b). After subdivision, the number of leaf elements
is512.

In Figure 4(a) we show the complete CAR image, including the CG object, and the
corresponding shadow on the table top in the foreground. Notice how the mesh (Figure
4(b)) is much finer in the regions affected by the computer graphics object, with a total
of 905 |eaf elements.



The addition of the CG object took 2.8 seconds. When moving the dynamic object
(see Figure 4), the update to illumination requires on average 2.5 seconds, on an Indigo
2, R4400 200M hz High-Impact.

6 Future Work and Conclusions

The methodol ogy we presented here was intended, as mentioned above, asafirst stepin
anew direction for the treatment of common illumination for CAR. We thus consider it
important to indicate why we believe that our framework is a suitable starting point for
the treatment of more general configurations.

The ultimate goal isto have seamless, real-time mixing of real and synthetic scenes,
with shared redlistic illumination. Thereisalot of work to be done before this goal can
be achieved, much of which isrelated to hardware, vision, registration and sensing (see
[2] for more detail). We concentrate here on the issues directly or indirectly related to
common illumination and display.

6.1 FutureWork

The first restriction to lift is that of a static camera. As a first step, we will be using
pre-recorded real video sequences and attempt to mix real and synthetic scenes. Several
problems result from this, notably camera calibration and correct rendering.

To deal with the problem of camera calibration, a first approach could be to use a
set of “keyframes” for which the process described in this paper is applied, and to use
point-tracking techniques to update the projective matrices as we move from one point
to the other.

For rendering, the problem is posed by the fact that different de-warped textures
will be associated with the same geometry at different viewpoints. Simple interpolation
schemes will not work, since the occlusion configuration will have changed. Thus an
obstacle elimination scheme will have to be devel oped, using known vision techniques
enhanced with the available 3D and lighting information.

A different restriction to overcome is to permit motion of CG light sources. This
requires an adaptation of the incremental update method [8], most notably in what con-
cerns the representation of direct lighting shadows and corresponding refinement. The
motion of real sourceswill result in similar problems.

Moving real objectsisalso animportant challenge. | n the context of pre-recorded se-
guences, much of the difficulty will be overcome by the explicit 3D modeling of the ob-
ject. Theremoval of real objectsisalso aninteresting challenge, and will requirethe use
of some of thetechniquesdevel oped for thetreatment of thetexture de-warping problem,
in particular to effecta“removal” of areal object. |mage-based rendering approaches|4]
may prove useful here as well.

The moveto real-time video acquisition and common illumination will bethe great-
est challenge of all. We believe that the knowledge and experience acquired in resolving
the problem for pre-recorded sequences will prove extremely fruitful for the develop-
ment of a solution working in real time.

6.2 Shortcomingsof the Current Approach

Despite the encouraging first results, there are a several shortcomings in the approach
presented here.



In the system presented we have not shown the addition of virtual lights. Thisis not
too hard to achieve, but requires some modification to the incremental update approach,
since the addition of alight source typically affects alarge part of the environment. In
addition, specia attention must be taken in the re-scaling of the image before display
since the addition of a source can add an order (or orders) of magnitude to the radiosity
values of the scene.

In thelighting simul ation phase we should use the variation of the RV textureto aid
refinement, and distinguish between variation due to occluding objects and shadows.
The use of the obstacle removal techniquesfor textures can aid in this (see Section 6.1).

Therefinement processis central : the modulation of the RV textures by the changes
in visibility is unforgiving. If apartially visible link is too far up the hierarchy, the re-
sulting “ spread shadow” is very visible, and spoils the effect of seamless real/synthetic
merging. Sincein synthetic-only environmentsthese effectscan usually beignored, little
has been previously done to address these issues.

The estimation of theinitial parametersisalso amajor problem. The current estima-
tions are very much ad-hoc. Nonetheless, what is important is not the precision of the
approximation (since we are adding fictional objects, thereisno “ correct” solution), but
the effect of more accurate choices which could result in more convincing results.

6.3 Conclusions

We have introduced a new framework for dealing with the problem of common illumi-
nation between real and synthetic objects and light sources in the context of computer
augmented reality. We first use state-of-the-art vision techniques to calibrate cameras
and estimate projection matrices, as well as recent image-based modeling approaches
to create a model of the real environment. We then use rapid incremental hierarchical
radiosity techniquesto insert computer generated objects and manipulate them interac-
tively. To achieve interactive display we use radiosity-modul ated textures.

We have developed aworking system for the restricted case of a static camera and
static real environment. The prototype system we present shows that it is possible to
create convincing CAR environmentsin which CG objects can be manipulated interac-
tively. Compared to previous work in common illumination (notably [14]), our frame-
work allows easier modeling and calibration, faster illumination updates and rapid dis-
play of CAR scenes.

Nonethel ess, much more remainsto be done. We have briefly discussed some possi-
blefuture research paths, by removing the restrictions one by one, to achieveinteractive
common illumination for first a moving camera, then moving lights and finally mov-
ing real objects. We will initially be investigating these issues for pre-recorded video
sequences, before taking the plunge into real-time acquisition.

In conclusion, we believe that the use of advanced, user-friendly image-based vision
approaches to modeling and camera calibration, in conjunction with rapid incremental
lighting and texture-based rendering, are a promising avenue leading to interactive com-
mon illumination for CAR. It will probably be along time before we can interact natu-
rally with virtual objectsor creaturesin our living room, but any solution to such agoal
necessarily requires real-time common illumination.
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7 Appendix: Epipolar geometry

In the general case of one or two cameras observing a non-planar scene from two different view-
points, the three-dimensional geometry of the scene and of the cameras can be characterised by
the epipolar geometry of the cameras, apurely projective geometric property which depends only
on the configuration of the cameras. It tells us that given one point in one image, we can draw a
line in the second image on which the corresponding point (i.e., the point representing the same
physical point in space) necessarily lies. The epipolar geometry is captured by a3 x 3 singular
matrix called the fundamental matrix [13]: Two image pointsm1, m, represent the same point in
spaceif and only if

szFlzml = 0 (5)

Thefundamental matrix isrelated to theintrinsic and extrinsic parameters of the two cameras:
AFi2A; =[t]xR ®)

whereR = R1RT , t = ~R:R2"t2 + t1 represent the inter-cameramotion and [t]« isthe
antisymmetric matrix such that Vx, [t]x x = t xx.

The fundamental matrix can be computed from point correspondencesin the images, without
knowing anything about the intrinsic parameters of the cameras (focal length, aspect ratio, etc.).
Robust programs which automatically perform this computation [28] are now publicly available®.

4 ftp://krakatoainria.fr/publ/robotvis BINARIES



Fig. 5. Themosaic resulting from 3 original images. Textures are extracted using oneimage only.

Fig. 6. (a) The complete CAR rendering using the RV texture polygonsfor display, including the
CG object (b) The CG object has moved to the left: the update takes 2.5 seconds.



