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Abstract

Smartphones are suitable as interactive visuadizgilatform for high quality 3D models representing
for example, faces. We provide an efficient impletagon of a point-based renderer in Java. A 3D-
model is adequately reduced in size, representeteasory efficient octree and converted to Java code
for packaging and deployment on smartphones supgalava Mobile Edition (JavaME). The render
algorithm is carefully implemented in platform insdent Java and performs well on common mobile
devices. While interacting with the model, we roety achieve more than 10 frames per second pro-
viding for an agile user experience, while sustagperceived high quality by the user.

1 Introduction

As smartphones, mobile devices have entered evelifdaas personal items, while remain-

ing prestigious products. At the same time, mobiwices hardware has advanced suffi-
ciently to interactively display highly detailed 3Dodels (Duguet & Drettakis 2004). Con-

sumers often have pictures of relatives and bestds always with them. While pictures can
already be stored and displayed on smartphoneg)dhan interactive 3D model, such as in
Figure 1, is bound to attract consumers. Thus,eaet application needs to run on most
smartphones, the visualization needs to be of giglity and the interaction such as scaling
and rotation needs to be smooth and agile.

The number of smartphones in the world that supperé has surpassed one billion in 2006
(Pulli et al. 2007). Today, most mobile phones shifh Java support. However, only new
and high end devices start to provide hardware atipr 3D graphics. Thus, on common
mobile phones we can only expect 2D graphics afid dava support. Therefore, we pro-
vide an efficient implementation of an interactp@nt-based renderer using octrees (Botsch
et al. 2002) relying only on JavaME features that supported on common devices (Wil-
liams & Burge 2004) found in the market since 26Q¢éh as the ones shown in Figure 2.
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Figure 1: Three different views of 3D model on snpéione Figure 2: Panasonic X700kidd\N70, Nokia
N95 showing different views of 3D model

In the following section we review point-based rernidg. The design decisions for the inter-
active point-based rendering approach and its imeigation in Java are presented in sec-
tion 3. We detail the preparation of the 3D modielvéng for effective rendering and reduc-
tion of visual artifacts on the final image in sent4. Section 5 describes the user interaction
of the viewer and then focuses on the efficienbJawlementation of the renderer. Finally,
we evaluate performance and user experience isegand conclude in section 7.

2 Point-based Rendering

There are three different concepts to achieve antere 3D rendering on mobile devices,
among them arenage-basedChang & Ger 2002, Lluch et al. 200ppint-basedDuguet &
Drettakis 2004, He & Liang 2006) amblygon-based renderin(Pulli et al. 2005). On the
one hand, image-based systems replace most oDitgata by precomputed images. These
images are rendered at a fast stationary servéemnsyand send to the mobile client for
remote display. Limited bandwidth and round-tripes greater than 100 ms of current GSM
as well as 3G networks makes image-based inteeacdimdering unsuitable for mobile
devices. On the other hand, polygon-based systems need hardware acceleration imple-
menting the standard rasterization pipeline. Evesugh mobile devices are increasingly
equipped with graphics hardware, this is still c@nmon. Thus, polygon-based rendering of
faces can not be done at interactive frame ratékemajority of common mobile devices.

Point-based rendering (PBR) uses points insteagobfgons as graphic primitives and
displays objects by a set of points located orsutdace. Note, that for complex scenes or
small display resolutions a rasterized polygonroftevers less than a pixel. As point-based
rendering can be implemented very efficiently, Stan adequate rendering concept for
common mobile devices. Although the human braifaist-tolerant when it comes to face
recognition (Bruce & Young 1986), it is very seiatregarding finest details. For a high
definition face visualization details of e.g. fdaéxpressions need to be preserved focussing
on relevant parts such as eyes, nose, and mouh3DHace models in our setting are high
resolution range images consisting of several hedh¢liousand points generated by a single
measurement of a structured light 3D scanner. Thesgels preserve most information in
frontal view, which makes them suitable for facsudlization. Point-based rendering is
preferable on limited hardware as, in contrastdlygon-based rendering, more details with
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the same amount of memory can be represented. ®ubket simplicity of the drawing
primitive, it can also be rendered much faster.t¢Blo et al. 2002) have introduced a
compact representation and a fast rendering mdtrapoint-based viewer, which makes it
suitable for mobile and thus resource-constrairedicgs (Duguet & Drettakis 2004).
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Figure 3: Point set with octree of depth three ajuddtree-representation of its projection

The key to interactively rendering large point getan efficient hierarchical representation.
Recursive grids such gsgrids (Duguet & Drettakis 2004) are appropriatacspl data
structures for representing point sets due to flesiibility and fast traversal algorithms. In a
p-grid each cell is uniformly subdivided inp3 sub cells. For e.g. a two-grig<2) each cell

is subdivided into eight sub cells, which resuttghie well knowroctree(see Figure 3). We
use octrees because they are the opigaids regarding storage and rendering efficiefficy i
no intermediate samples are stored (Duguet & Dkistta004). An octree has a compact
representation as byte stream requiring less thegethit to encode a three-dimensional
position of a point. To reconstruct the locatiortted encoded points from the stream of byte
codes, the octree can be linearly traversed (see algorithm 1). During reconstrattion o
addition of well scaled numbers are required. Fealisg or rotating the point set costly
matrix vector operations need only be applied ghtgboints (Botsch et al. 2002).

if | =0then Algorithm 1:decode(x, Yy, z, |, octreelndex)
setPixel(x,y,z);
else
octreeByte octre@cyeeindex;
octreelndex octreelndex+1;
fork 0,!,7 do
if octreeBytgthen
vec displacementVectors
octreelndex decode(x+veg y+veg, z+veg, I-1, octreelndex);
return octreelndex;

3 Interactive Mobile PBR in Java

Based on the restrictions of mobile environments adhere to the following design
decisions: We limit spacial resolution of the 3Ddabto 258 grid cells. During rotation we
reduce resolution further to 128The renderer supports 256 colors, sufficient rizpre-
senting faces. The implementation uses fixed paritihmetic and only Java 1.3 features.
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Smartphones have a typical display size of 320x206epth of eight (256resolution), is
sufficient for a high quality representation. Ider to achieve high frame rates even on older
hardware, we use a lower resolution, a depth ars¢¥28) during rotation. This gives high
frame rates while maintaining a good user expedgeAs the user focuses on adjusting the
position while rotating, performance is more impaoitthan details. The resulting artefacts of
the lower resolution are perceived more as blyhasting (Siegel 2000).

We restrict ourselves to the fixed lighting unadtbrfrom the scan process, which eases
computation considerably. A face with a constaghtli source in front of the face
independent of the rotation provides a good expeédor the watcher. The regions, that are
relevant for cognition (eyes, nose, and mouth)anphasized. The used 3D representation is
most detailed in frontal view, but tends to exhlmies when rotated and looked at from the
side. Facial skin does not come with a wide rarfgeifterent colors (Jones & Rehg 1999)
and face recognition works equally well on graylsémages as used in the examples. We
restrict ourselves to 256 arbitrary colors fronoaki up table.

The implementation uses only Java 1.3 featuresdfmmall JavaME smartphones. We use
fixed point arithmetic, which is faster and makég tapplication deployable on devices
without floating point support, which are populan@g business users providing longer
battery life. We favor Java runtimes that provid#spot techniques (Sun 2002), such as
Symbian OS phones (Symbian OS 8.x), but do noueecbther JavaME smartphones.

4 Preparation and Finishing

The initial input data from the scan process cassitseveral hundred thousand points. This
amount of data can not be rendered interactivelynost common mobile devices. Hence,
the number of points given by the original rangeges has to be reduced to a suitable size.
This is automatically performed by the uniform ¢&rgg nature of the octree approach. To
further reduce the number of points, we eliminditeells that are never visible. To this end,
we merge all cells that are visible from at least of several viewpoints (see Figure 5, left).
This preparation step results in a more compact octree representation offttoe 3ibdels.
However, this smaller model still produces an id=ttfrontal view compared to the unal-
tered model. As this step is performed on the séti® not time-critical.
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Figure 4: Hidden points removal (left) and holdifig) (right)

Due to performance reasons, we render at most xeé while projecting an octree cell.
This is not a problem for the initial frontal vielwut when the model is rotated or scaled. In
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this case, the limited amount of data can resutioles impairing the image quality. Thus we

fill these holes in a 2D finishing step followiniget rendering of the octree. We use a simple
scanline algorithm based on a neighborhood critetlmat closes holes of type 1-4 (see

Figure 4, right). Elimination of potential holesthe border (type 5) is not attempted. For the
visual effect of the described hole filling steje $8gures 6 and 7.

5 Interactive Rendering

Quickly creating 2D images of the 3D model frommfjiag perspectives is the main goal in
the rendering phase. Thus, an efficient implemantaif the rendering process is necessary.
Still, image creation and display would consumeagtilable computing resources. Without
further measures, the user interface would be shggsulting in a bad interaction experi-
ence. First, we describe how we achieve a good user interaction perception, tthetaiive
some optimizations for the implementation of thedering phase in the Java environment.

The user directs rotation with the navigation kef/¢he device and expects a fixed rotation
speed, which can easily be achieved by separatotghview transformation and rendering.
On slow devices the frame rate drops, but rotadiseed remains constant. This is common
in interactive simulations and supported by theaJ®ame API, which is used. However,
always rendering the high definition model (256solution) is too time consuming for many
older smartphones. But a resolution of 42&hich is about eight times faster, is still
acceptable during rotation. Therefore, the intévaatendering algorithm displays 2D images
derived from the 1Z8resolution model during rotation and immediatefterathe user has
released the keys, renders a 2D image derived fhen258 resolution model displaying a
high definition freeze image. In addition, we apply the 2D finishing agitlesldn section 4.

Figure 5: Unscaled 8 bit depth, 8 bit depth finigipi 7 bit depth, 7 bit depth finishing.

In Figure 5 we see first a plain image generateadobthe 256 model slightly rotated. The
visible artifacts are eliminated by the finishingpess. The second image is the one the user
will see after rotation stops. During rotation theger sees the fourth image, which is gener-
ated from a 128nodel (third image) plus finishing. The effects of the finishing process are
significant. Examining the image series with aldlig scaled image in Figure 6, we see the
effects of the finishing process in the high resolution freeagénWith seven bit, the image
quality is acceptable for rotation. The finishing step helps, but visible artifacééem
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Figure 6: Scaled 8 bit depth, 8 bit depth finishifgit depth, 7 bit depth finishing

Thus, even on older smartphones, the renderingdapday of the high definition model is

achieved within at most 200-300 ms. Typically usgwosnot realize that the image is ren-
dered twice. Reactions to user input below 300 fies ¢he action (releasing a key) are not
perceived as wait time. The rendering algorithnsus® threads, one for the high definition
rendering (H) for freeze images and one for thedefinition rendering (L) used while rotat-

ing. H starts as soon as the next frame is to bplalied (every 100 ms) and no key is
pressed, which is necessary to reduce perceivey.délno key is pressed after H has fin-
ished the last image is kept and both threads wailityasting precious power resources.

Unfortunately, a common user interaction patterohianging the rotation direction quickly
in order to achieve both a horizontal and a vdrtiottion as shown in Figure 7. For exam-
ple, the user holds the vertical navigation key #meh instantly, moves the thumb to the
horizontal navigation key. In effect, the user aslkes the navigation key for a short time
period, which is sufficient to start H. However, less than 300 ms, a new key is pressed.
Thus rotation is started, which triggers L, whilestill runs. To sustain an agile user experi-
ence L must starts instantly and display its restdtavoid "sluggishness#. In order to not
waste computation and thus not hinder L, we neatioip H as soon as a key is pressed.

‘ ‘ Abort ‘

= ‘W ‘-

-

User

Key press Key press Time
vertial navigation horizontal navigation

Figure 7: User interaction changing position andhdering threads

Stopping is requested via a shared variable available to H. In order to achiehehgtkr-
formance and quick response, the check pointsaifshared variable need to be carefully
chosen. Fortunately, this can be easily achievedhegking at a fixed tree depth whether
computation needs to be aborted. We chose depthieghws reached around 512 times per
rendering phase meaning computation can be abuwitbith a millisecond, while the test
itself is mostly executed 512 times and thus netl@iing performance of the rendering.
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Having reduced computation time by reducing commrianeeds, we now focus on the
implementation of the rendering algorithm. Modeawal runtime environments can execute
well written code almost as efficient as similaplementations in C. In the implementation
of the rendering algorithm, we avoid common perfange pitfalls, such as useless object
creation (Shirazi 2002). In addition, most mobikevides have either weak floating point
performance or no floating point support at alluhwe implemented fixed point arithmetic.

The 3D model is represented as array of charattetee decoding algorithm. However,
packaging and delivery of the 3D model to the vieisgcontrary to expectation, not simple.
The obvious approach is to bundle data and viewaniinstallable package (JAR) and then
extract the data during runtime. While this is suped by JavaME, some smartphones do
not adequately support reading data files. In amdithe amount of memory needed to read
the data is more than twice as large as the d=gH,itvhich tends to exceed available heap
memory on some devices. It appears that regardfdbe data used the entire contents of the
JAR file are read into main memory. Thus, we havesen to compile the data stream to
Java code and bundle the resulting class filesaguing the data and the viewer. The data
stream is split into small chunks and distributed over several classes as statican&hbe
split into several classes was necessary because the Java virtual machine limits classes to
contain at most 65536 bytes (Lindholm & Yellin 199®uring runtime one sufficiently
large array is allocated and filled. The size @& thstallable package is not increased com-
pared to storing the byte array as file. On thephmay the size of the final array represent-
ing the data stream is occupied. This approach ehdn all tested devices (see section 6).

The main part of the renderer is the recursive diagpalgorithm computing all 2D points of
a scaled and rotated 3D model (algorithm 1). Nibtat the last recursion step reaches a leaf
of the tree, where only a point is rendered. Tlhasputation and copying all information, as
is necessary for the inner nodes, is wasted. Iftiaddthe number of recursive calls of a leaf
dominates the number of all recursive calls. lrula dctree at depth we have about*&
(sum of 8for 1 i < k) inner recursive calls and 8cursive calls for leafs. Hence, over 85
percent of all recursive calls may only set a piX¥a for a surface on average only half of
the child cells contain voxels, we have for defti8 approximately %= 65536 calls for
leafs. Still over 66 percent of all recursive cal® leaf calls. Thus, eliminating the last
recursive call has the most impact and gives algori2. Further recursion elimination was
not attempted, as there is no useless computati@mopmying of data involved. Finally, we
have unrolled the fixed sider-loop iterating over the eight different sub cells.

octreeByte  OCtre@cyeeindex; Algorithm 2decode(x, vy, z, |, octreelndex)
octreelndex octreelndex+1;
fork 0,!,7 do
if octreeBytgthen
vec displacementVectorg
if | = 1then
setPixel(x + veg y + veg, z + veg),
else
octreelndex decode(x+veg y+veg, z+veg, |-1, octreelndex);
return octreelndex;
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As many devices do not support floating point haadeywe use fixed point arithmetic for all
non integer computation. In order to compute thg,»and z coordinates of a 3D point of a
rotated and scaled model a series of pre-computediats are successively added (Botsch et
al. 2002). As typical views always depict the aentiace, scaling up is limited to a small
factor. Artifacts up to a factor of two can almasimpletely be eliminated (see Figure 6).
The model fits into a cube with edge length 512inéag 9 bits in original size. Providing 17
bits for the integer parts leaves 15 Bits precistbis seems to be more than adequate. With
fixed point arithmetic with 32 Bit integer numbexsd only addition as mathematical opera-
tion during tree traversal we do not expect nunagtigsues.

6 Evaluation

For all tests we use the 3D model from Figure le Tésts were run on different devices as
shown in Figure 2 ranging from an older Panasom@0<to a modern Nokia N95.

original depth 8 depth 7
spatial resolution - 2563 1283
number of points 443163 67741 19076
size (incl. color) - 91.5 Kbyte 25.4 Kbyte

Figure 8: Model used for evaluation

Operating System Processor Display resolution raurabcolors
Panasonic X700 Symbian OS 7.0s ARM-920T, 104 MHz 6x208 65536
T-Com MDA Pro | Windows Mobile 5| XScale PXA270, 520Hd 640x480 65536
Nokia N70 Symbian OS 8.1a ARM-926, 220 MHz 176x208 262144
Nokia N95 Symbian OS 9.2 ARM-11, 330 MHz 240x320 718216

Table 1: Devices used for evaluation

In Table 2 we show the effects of the different liempentation enhancements to the decoding
algorithm. We have only measured the time to compillitimage points of the frontal view
without actually displaying the image (as displayan image is provided by the Java library
and not affected by our implementation).

Floating Point Fixed Point
baseline recursion loop baseline recursion Loop
elimination unrolling elimination unrolling
Panasonic X700 - - - 361 283 134
T-Com MDA Pro | 344 286 283 90 67 60
Nokia N70 355 306 278 160 116 91
Nokia N95 221 196 598 96 75 473

Table 2: Time (msec) per image, 25Bontal view, different implementations









