- 1 -

Imaging all Visible Sur faces

Or

How manyReference Images are needed for Image-

Based M odeling?

Wolfgang Stürzlinger

Dept. of Co mputer Science, University of North Carolina at Chapel Hill stuerzl@cs. unc.ed u

Abstract

Today many systems exist to generate geometric models of existing scenes and objects. However, no accurate data about surface appearance such as colors and textures is stored in this process. Such data can be captured as a series of images that, collectively, capture all surfaces of the object.

This work introduces a method to compute a minimal set of camera positions for this purpose. Taking images from the computed positions can then be used to derive a complete set of surface appearance data. A slightly different application of the presented method is the computation of a minimal set of viewpoints for reference images to be used in image-based rendering methods.

First a method to determine an optimal set of viewpoint regions for a given scene is introduced. It uses a hierarchical visibility method to preprocess the scene. Then a technique to find an optimal set of viewpoint regions is presented and the solution is used to derive an optimal set of viewpoints. Results and visualizations of the computed solutions are presented.

1. Introduction

For many man-made objects CAD (co mputer aided design) data is available today. T ypically the data set describes the geo metr y of the scene exactly, but does not contain accurate or content specific data about sur face appearance (such as color or texture). T herefore, a visualizatio n of the object will o nly sho w the geo metric structure but will not match the appearance of sur faces.

For objects with kno wn geo metr ybut unkno wn sur face appearance, methods to derive textures fro m pre-recorded images (see e.g. [5]) can be used. T his is the case when visualizing existing structures fro munreachable viewpoints, visualizing modifications to a real scene, or generating realistic textures for virtual training systems. In general there are so me parts of the scene that are not visible in the images, therefore a (heuristic) hole-filling algorithm has to used to generate a co mplete sur face description. For objects with unkno wn geo metr yit is possible to reconstruct the geo metr y fro mprerecorded images with image-based modeling methods. One successful approach [5] helps the user to construct an approximate geometric model.

It is hard to judge for a human if a set o f pre-recorded images is co mp lete in the sense that ever ypart of ever ysur face and object is visible in at least one of the images. Further more, it is time-consuming to set up camera and lighting so that high qualityimages (e.g. witho ut highlights and/or reflections) can be recorded.

T his work addresses the visibilityportion of the problemwith a method to compute an optimal set of viewpoints fro mwhich to capture images. T he method assumes that the geo metr yo f the scene is kno wn. Approximate geo metry can be used as well, but the quality of the results depends on the quality of the approximation. T aking photographs fro mall the co mputed viewpoints will guarantee that ever y part of ever ysurface is visible in at least one image. Furthermore, the method assumes that potentially a spherical image can be obtained fro mever yviewpoint. Compositing multiple images to a spherical image [4] can be used to generate such images.

Note that this work addresses the visibilityissues of the problemonly. Issues such as field of vie w, image resolutio n, surface sampling density, depth of field, and the avoidance of highlights or reflections are not addressed in this article as theyare of a different nature.

Another view of the presented work is that it co mp utes a lo wer bound on the number of reference images needed for image-based rendering and modeling. I mage-based rendering is a new comp uter graphics method that utilizes a set of pre-recorded reference images to produce newviews of the scene.

T he benefit of image-based rendering is that a new view of an arbitrarilyco mplex scene can be generated in time proportional to the number of pixels of the reference images. One possibilityis to

`warp´ each pixel of the reference images into the destination view. For more detailed explanatio ns o f image warping see [3], [12]. A prominent open questio n in image-based modeling is ho w many images

- 2 -

are needed to represent a scene co mpletely? Phrased differently, ho w many reference images are needed to be able to render the scene fro manyviewpoint witho ut artifacts fro mmissing infor matio n?

T he presented method co mputes a lo wer bound on the number of needed images and co mputes an

(near-) optimal set of vie wpoints for scenes with kno wn geometr y.

T he hierarchical visibility algorithm used in this work is based on the idea of linking all surfaces that are at least partiallymutually visible (they `interact´) and to subdivide these interactions based on the potential error in visibility. A similar idea was introduced previouslyin the context of hierarchical radiosity[10]. Most recently, Drettakis and Sillion [6] exploited a similar method (termed line-space hierarchy) to store visibility infor mation in a scene. In the hierarchical radiosityliterature the (smaller) parts of a subdivided surface are called elements, and this convention is used here, too.

2. Imaging the Set of Visible Surfaces

T he method operates on a predefined scene with kno wn geometr y. T o make the problemtractable, the volume of all possible viewpoints for the later rendering stage needs to be defined as input. T his volume is subdivided into a given number of smaller regio ns. For each of these sub-regio ns, visibility of all sur faces o f the scene is pre-co mputed for use in the optimizatio n phase. After co mputing a set o f near optimal regio ns a set o f near optimal viewpoints is derived fro mthis solution.

2.1. Viewing Regions

A viewing region is defined as a volume o f empty space with the interpretation that it represents the unio n of all viewpoints inside this volume. T he volume of all possible viewpoints is called the global viewing region. T his global viewing regio n is subdivided later into smaller viewi ng regions. Figure 1 depicts possibilities of global viewing regio ns for so me simple scenes.

Global viewing region

Scene geo metr y

Figure 1 : Exa mples for global viewing regions (see text).

T he global viewing regio n is not restricted to be a convex volume - it might even consist of discrete

parts. T he onlyrequirement is that it can be subdivided into a pre-defined number of smaller viewing

regions. T he global vie wing regio n can also be a polygo n in space. For instance this happens when the

viewpoint is constrained to remain at average eye height level, a co mmo n restrictio n in many

walkthrough systems.

T here is a set of limitations for the global viewing region as it is impractical to assume that the camera

can be positioned ever ywhere in a real scene. One obvio us limitation is that the camera cannot be

placed inside objects. T o guarantee that a given global viewing region is valid, the global viewing

region maybe tested for intersectio ns with the kno wn geo metr y. Also for real cameras a certain

minimum distance fro meach object has to be observed due to the non-zero physical size of the camera

and the necessar y distance to focus. T his can be acco mplished b ygenerating appropriate offset

sur faces, intersecting the global viewing region with the offset surface and classifying the results.

T he global viewing regio n is subdivided hierarchically into a pre-defined number of viewing regio ns. A

general propertyo f a (global or subdivided) viewing region is that the set o f surfaces (or elements)

visible fro mthis volume is the union of all sur faces visible fro mall possible viewpoints inside this

volume. Using this propertywe can define a sufficient set of vie wing regions as a set that `sees´ ever y

part of ever ysurface at least once. An optimal set avoids redundancies as far as possible and has a

minimal number of viewing regio ns. T he same definition applies to vie wpoints. A sufficient set of

viewpoints `sees´ ever y surface part at least once. An optimal viewpoint set has a mini mal number of

viewpoints. Figure 2 sho ws a simp le scene and an associated global viewing regio n. An example o f an

optimal set of viewing regions and an optimal set o f viewpoints is sho wn.

- 3 -

Global viewing r egion

Scene geo metr y

Optimal set of vie wing regions

Optimal set of vie wpoints

Figure 2 : Scene, global viewing region and optimal set of viewing regions.

Note that the optimal set o f viewing regio ns is not necessarily uniq ue. T here may be other sets with the

same number of viewing regions that provide an equallygood solution. An important propertyof an

optimal set of viewing regions is that at least one reference image has to be taken fro minside each

region to ensure the correctness of results during rendering. It may also be necessar yto generate

multiple reference images from inside a particular viewing region, to cover all possible viewing angles.

But with decreasing volume the probabilitythat multiple viewpoints are needed decreases as well.

T he output of the presented method is a (near) optimal set of viewing regions and an (near) optimal set

of viewpoints. T he optimality of the solution depends mainlyon the implementation of the hierarchical

visibility-preprocessing step, see the next section

T he size of an optimal set of vie wing regions is also a good lo wer bound on the optimal numb er of

viewpoint for a given scene. T his is tr ue because with decreasing viewing region size the probability

that more than o ne viewpoint needs to be placed inside the viewing region decreases as well. An

infor mal proof of this can be stated as follo ws:

� It is clear that the global viewing regio n will contain more than one viewpoint for nontrivial scenes.

� Subdivision decreases the volu me of each viewing regio n and also splits the set of viewpoints into smaller sets.

� As the viewing regions get very small (epsilon regio ns), there will be a one-to -one correspondence between viewing regio ns and viewpoints.

T herefore with a decreasing viewing regio n size, the number of viewing region will provide an increasinglybetter lo wer bound on the number of necessar y viewpoints. Ho wever, it is impractical to decrease the size of the vie wing regio ns to the point where it can be guaranteed that o nlyo ne viewpoint is needed per viewing regio n. T he most pro minent limitation is that visibilitypre-processing gets progressively more expensive for deeper subdivisions. T he alternative o f evaluating the visibilityo n the flyis ver ycostly, too, as the nu mber of visibilityco mputations needed to find the optimumgro ws quickly with subdivision depth.

2.2. Hierarchical Visibility

Assume that the scene is given as a set of sur face polygons organized in a hierarchy. T he interior nodes of this hierarchy are bounding volumes (also kno wn as clusters) and the leaves are surfaces that are subdivided further into elements on demand. T he hierarchycan be constr ucted during modeling or auto maticallyb y clustering nearb ysurfaces together (e.g. [2]). A hierarchical visibilitymethod subdivides this scene hierarchy depending on the relative visibility of objects.

T he hierarchical visibility algorithm used in this method starts with two nodes. One is the top level bounding box enclosing the whole scene. T he other is the global viewing regio n. T he visibility between these two objects is represented as a link. Each link and with it the objects are subdivided recursively until the potential error in visibilityfalls belo wa predefined threshold. For simplicity a regular subdivision patter n is used. Figure 3 sho ws a visualization of the initial situation and two examples for subdivided links.

- 4 -

Link

Occluded link

Surface Elements

Global viewing region

Viewing Regions

Occluder

Figure 3 : Initial link (left) and exa mples for refined links.

If there is no occluder between the t wo nodes a link is stored. Other wise the larger node is subdivided and the process is applied recursively. Shaft culling [9] is used to speed the refinement process. Note that shaft culling can be optimized in the recursive refinement b y temporarilystoring the current list of potential occluders during recur sive subdivisio n and using this list during further refinement of the link

[1], [6]. For each link created the list of potential occluders is stored for later use. Figure 4 sho ws pseudo-code.

RefineRecursive (Occluder_List)

If scene object is a cluster

RefineRecursive (Occluder_List) & return

Do shaft culling on Occluder_List & create Temp_Occluder_List

If the occluder list is empty

Store visible link & return // totally visible

If th ere is one occluder which bisects the shaft

Return // invisible -> no link

If there is a set of occluders which occlude the shaft

Return // invisible -> no link

If viewing region and element area smaller than threshold

Store visible link & return // maybe partially visible

Refine viewing region or element and create new links

Call RefineRecursive (Temp_Occluder_List) for all new links

Free Temp_Occluder_List.

Figure 4 : Pseudo-code for hierarchical visibility co mputation.

If there is one occluder that occludes the who le shaft, the nodes are mutually invisible and subdivision stops. T his test is a simple addition to the shaft-culling test [1]. Often there is no single polygo n that blocks the shaft co mpletely. T his causes unnecessar ysubdivisio n and potentially false results - so me areas are falsely classified as partiallyvisible. T o evaluate the visibilityfor each shaft exactly, a different method such as the visibilityskeleton [14] has to be used.

A different description of the above algorithmis to imagine a hierarchical radiosityalgorithm that ignores all energy values when refining links and refines o nly based on visibility. T he presented algorithm is then equivalent to refining one shooting interaction o f a hierarchical radiosity system.

T he final result of the hierarchical visibilityalgorithm is a set of links that associates each viewing region to the elements, which are at least partiallymutuallyvisible fro mthe regio n. Note that the visibilityinfor matio n stored in the links is conser vative: as long as there is one point in the viewing region that can potentiallysee a part of a surface, a link is created.

2.3. Determining the Set of Optimal Viewing Regions

T he result of the above hierarchical visibilityalgorithmis a set of links that express the visibility relation between the set of viewing regions and the surfaces of the scene. T his infor mation is used to determine an optimal set of vie wing regions. T he number of co mbinatio ns to consider increases exponentiallywith the size of the viewing regio n set. T his prohibits an exhaustive search for non-trivial subdivisions of the global viewing region. Further more, it is ver yimportant for anyoptimizatio n method that the benefit of a proposed combinatio n of vie wing regions can be evaluated very quickly.

T herefore the link infor mation is processed to generate a better-suited data structure.

T he method starts b yenumerating all vie wing regions and all elements b ytraversing the corresponding hierarchies. T hen a two -dimensional visibilityarrayis created and filled. It is indexed b yviewing region and element number. T o identifyall elements that are visible fro mone particular viewing region

- 5 -

the links of the viewing regio n and all links of its parents have to be traversed. Each entr yis set if a link exists.

Byco mbining the entries of all ro ws corresponding to a set of viewing regions all elements visible fro mthis set can be co mputed quickly. Further more, co mbining all ro ws gives all elements visible fro m the whole global viewing regio n. T his set is used later to detect if the optimizatio n has reached the optimum.

T he problemof finding the best co mbination of a set of objects is a combinatorial optimizatio n problem. One simple way to define the benefit or `goodness´ o f a particular set of viewing regions is the total number of visible elements. As the hierarchical subdivisio n of the surfaces does not necessarilyproduce elements with equal areas, it is better to calculate the benefit b ysumming the areas of all visible elements. T his puts more emphasis o n finding large visible elements fir st during the global optimization.

T he method calls the optimizatio n procedure repeatedlyfor increasing numbers of viewing regions. As soon as the maximum set of elements is reached the loop terminates.

2.4. Computing an Optimal Set of Viewpoints

T he above computed set o f viewing regio ns is primarilyo f scientific interest as viewing regions are an abstract concept. To make the results useful for more practical applications the method has to co mpute a set of viewpoints. But the solution for the viewing regions can be used to derive an optimal set of viewpoints. A simple, yet efficient, heuristic approach was adopted, which works as follo ws:

Benefit (Current_Viewpoint)

Z = empty // list of locally visible elements

For all links from the current viewing region

Use stored occluder lists for point-polygon shaft culling

If linked element at least partially visible

Z += element

Comput e benefit value by summing element areas in (X + Z)

Compute_Optimal_Viewpoints ()

X = empty // global list of visible elements

Loop as long as X does not include every visible element

Pick the next viewing region (cyclical).

Optimize for optimal v iewpoint inside current viewing region

Y = set of elements visible from optimal viewpoint

If Y adds something new to X

Add viewpoint to set of optimal viewpoints.

X += Y.

End-Loop

Figure 5 : Pseudo-code for optimal viewpoint co mputation.

Bycycling through all possible viewing regio ns the loop in Figure 5 tries to find viewpoints that maximallyimprove the current solution. In each viewing regio n under consideration simulated annealing is used to find an optimal vie wpoint position. Note that the simulated annealing is here used to optimize for the optimal position (floating-point coordinates). T he stored occluder lists speed up the benefit co mp utatio n significantlyas shaft culling for the current viewpoint needs to consider a much smaller set of geo metr y. Full visibility is assumed if the shaft is not co mpletely occluded, therefore the method is conservative.

3. Implementation

In this sectio n a few noteworth ydetails of our implementation are discussed. T he viewing region is currently defined b yhand, as an auto matic method was considered outside the scope of this wor k. Our current imp lementation can also handle onlyo ne two -dimensional viewing regio n due to an early implementation choice. But we can argue that the set of everything visible fro man empty cubical volume in space is equivalent to the co mbinatio n of ever ything visible fro mall six faces o f this cube.

T herefore, the generalizatio n to three-dimensio nal viewing regions is considered to be relatively straightfor ward.

T he hierarchical visibility pre-processing was implemented by modifying a public do main radiosity package [1]. Raytracing is used if there is more than one potential occluder between a vie wing regio n

(or viewpoint) and an element. I f all rando mrays are occluded our implementatio n (falsely) concludes

- 6 -

that the shaft is occluded. We considered replacing this part with an implementatio n of an exact visibilitymethod (e.g. [14]), but the additional implementation effort is substantial.

For efficiency the table encoding the mutual visibilityo f the viewing regio ns and elements was realized as an arrayof bit-vectors. All needed operations can then be expressed as efficient Boolean operations.

T o find the optimal solutions the presented method uses simulated annealing. It works b ychanging the vector of solutions rando mly. T he magnitude of the potential changes is non-mo notonicallydecreased over time. Simulated annealing has proven to be a ver ygeneral and efficient global search method in a wide varietyof applicatio ns and also for co mbinatorial optimization problems. While it cannot be guaranteed that simulated annealing will find the global optimumit consistentlyfinds at least values ver yclose to the optimum in reasonable time (see e.g. [11]). T he interested reader is referred to the literature for further details (see e.g. [11], [13]).

One conseq uence o f using simulated annealing is that our implementatio n cannot guarantee that it finds the globally optimal solutio n. In other words the set o f vie wing regio ns and/or viewpoints might be larger than necessar y. But experiments with a local search method to improve the solution further sho w that the solution co mp uted b ysimulated annealing is at least a ver ygood local optimum.

4. Results and Discussion

T he experimental results obtained for two living roo mscenes are presented here. All statistics were measured on a SGI Max I mpact and timings are given in seconds.

Figure 6 sho ws a simple living roo mscene with 316 polygons subdivided into 1514 elements. T he global viewing region was subdivided into 64 viewing regions. An optimal set of seven viewing regions is visualized. T he shown intensity encodes ho w many times each element is visible. Black signifies that the corresponding element is not visible fro m anywhere in the vie wing region (e.g. so me elements under the table). T he entire vie wing region is depicted in dark gray and the set of optimal viewing regions is sho wn in medium gray. So me images of the follo wing images also sho w wire-frame outlines to depict the str ucture of the scene more clearly.