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ABSTRACT

A new paradigm for automatic non-photorealistic rendering
(NPR) is introduced in this paper. Existing NPR approaches
can be categorized in two groups depending on the type of
input they use: image based and object based. Using multi-
ple images as input to the NPR scheme, we propose a novel
hybrid model that simultaneously uses information from the
image and object domains. The benefit not only comes from
combining the features of each approach, but most impor-
tant, it minimizes the need for manual or user assisted tasks
in extracting scene features and geometry, as employed in
virtually all state-of-the-art NPR approaches. We describe
a particular implementation of such an hybrid system and
present a number of automatically generated pen-and-ink
style drawings. This work then shows how to use and extend
well developed techniques in computer vision to address
fundamental problems in image representation and render-
ing.

1. INTRODUCTION

A simple schematic drawing obtained with NPR techniques
emphasizes high level or salient perceptual features and at
the same time effectively communicates shape and geome-
try, thus the interest in producing computer generated NPR.
In particular, stroke-based drawings can be synthesized by
adequately placing individual strokes over the image. It is
the combination of two basic illustration principles: density
and orientation of strokes that conveys the desired appear-
ance to the drawings. Varying the stroke density we can
represent different textures and lighting conditions. Stroke
direction carries the shape information, and orientations that
follow principal directions of objects in the scene are known
to be appropriate in representing shape [1]. NPR synthe-
sis has then two stages: 1) Feature and geometry extrac-
tion stage: determine the density-orientation combination
of strokes that adequately represents the underlying scene.
2) Rendering stage: produce a configuration of strokes that
represents the target density-orientation combination.
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1.1. Previous Work

NPR algorithms can be categorized according to the type
of input they use: image based NPR use 2D photographs
as input [2, 3]. As any type of image can be used, there is
no restriction in the complexity of models that can be ren-
dered including real scenes, landscapes, etc. On the down
side, no geometric information can be inferred from the im-
age which is necessary to convey 3D shape to the drawings.
Object based NPR use 3D models as input [4, 5, 6]. These
are limited to work on computer generated scenes, and nor-
mally no other information but the geometry is available.

NPR algorithms can also be classified according to the
degree of user intervention they require, ranging from inter-
active to fully automatic. The one we propose here belongs
to the small yet very important class of fully automatic al-
gorithms. Note that this automation degree refers only to
the feature and geometry extraction stage, and this is where
existing NPR algorithms perform poorly. Interactive image
based systems were proposed in [2] and [3]. In [2] the user
manually selects a desired stroke texture for the different re-
gions in an image, the stroke direction and density being
the key elements in defining a texture. In [3] target tone
values are obtained from the input image, and interaction
techniques are provided for the user to manually edit a di-
rection field that specifies the orientation of stokes. In object
based algorithms [6, 5] target tone values are obtained using
standard lighting computations and principal directions can
easily be computed on the 3D model. These algorithms have
then a higher degree of automation, however, unless mate-
rial or color properties are attached to the mesh we may fail
to reproduce important surface features (eyes in faces is one
such example).

For the rendering stage two class of methods have been
used: the first draws individual strokes in the specified di-
rection until the target density is reached [2, 4, 6, 7]. The
second uses pre-defined textures (stroke arrangements rep-
resenting different tonalities) and a texture synthesis algo-
rithm reproduces those patterns throughout the image [5].
Besides reproducing the essential fone-orientation informa-
tion, salient scene features can also be used to further en-
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Fig. 1. NPR from multiple images. From the image set we extract princi-
pal directions. The rendering uses these orientations and tone values from
an image of the set.

hance the renderings. Representing silhouettes, creases, edges,

etc. can significantly enhance visual comprehension, as done
in [6, 5, 8]. The relation of NPR to halftoning becomes ev-
ident, in the sense that both operate on an analog principle:
the local density of primitive elements is proportional to the
local grayness of the target image. Specifically, the grid-
less halftoning technique [9] is partially motivated to mimic
graphic artwork similar to NPR techniques, and relies on
analog image formation principles. By exploring this rela-
tion we think both techniques can benefit from one another.

1.2. Overview and Contributions

Using multiple images as input to the NPR scheme, we pro-
pose a novel hybrid model that simultaneously uses infor-
mation from the image and object domains (see Figure 1),
this having a number of advantages: 1) target illumination
values are obtained directly from image gray levels (greatly
reducing geometric modelling tasks), 2) we can automati-
cally compute principal directions using multiple image ge-
ometry, 3) salient scene features to enhance renderings can
easily be extracted from input images using standard image
processing techniques, and 4) general scenes can be ren-
dered (not only computer generated objects). Most impor-
tant, the combination of all these features allows a degree of
automatization not achieved by any existing image or object
based NPR algorithm. As examples of our hybrid approach,
we use input from two multiple-imaging systems: binocular
stereo and a multiple-light photometric stereo.

Our implementation of such a system has the follow-
ing steps: 1) get surface normals and principal directions
directly from images and calibration data without interme-
diate 3D reconstruction (Section 2), 2) use input images as
target tone values, and 3) generate the drawings using tex-
ture synthesis rendering (Section 3). We present a number
of automatically generated examples in Section 4.

Tone values and principal directions may be obtained in
many ways from multiple-image systems using well estab-
lished computer vision techniques. Likewise, the rendering
stage can use any existing non-photorealistic depiction or
halftoning technique. What is novel and important is the
concept of combining both sources of information (2D and

3D) as input for NPR, it’s main implications being the in-
creased degree of automation and the possibility to put to-
gether the advantages of each approach. This work also
shows that those aspects of 3D geometry relevant to NPR
can be extracted from multiple-imaging systems without go-
ing to the trouble of generating the 3D model.

2. GEOMETRY FROM MULTIPLE IMAGES

The geometry relevant to NPR are principal directions of
objects in the scene, consequently, any multiple-image sys-
tem that allows computation of principal directions can be
used as input to our system. Actually, since we get principal
directions from the normals, any imaging system allowing
computation of normals can also be used. In the binocular
stereo setting two photos of the same object are taken from
different positions in space. Having a calibrated system, the
usual approach is to build the 3D reconstruction of the sur-
face from which normals and principal curvatures will then
be derived. Instead, we follow the approach in [10] and
use the images directly to compute surface normals without
reconstructing the surface. In the photometric stereo set-
ting the camera is held at a fixed position and pictures are
taken as we change lighting conditions on the scene. We use
the acquisition devices in [11] that allow automatic acquisi-
tion of multiple images, each illuminated with an individual
strobe light source. In this case, from the intensity images
and light source directions we directly obtain normals using
a least squares fitting procedure [12].

Principal directions of a surface S are given by the eigen-
vectors of its second fundamental form IIs. Suppose the
surface of an object in the scene can be represented as the
graph of a function f. In this special case and considering
the proper parametrization, I1s can be expressed in terms of
the already computed normals and their derivatives. Solv-
ing the eigenvalue problem we then get the principal direc-
tions. As pointed out in [6], stroke orientation should fol-
low the curvature of the overall shape, whereas fine scene
details are expressed through tonal variation. Accordingly,
we compute principal directions in a lower resolution grid,
smooth the resulting direction field, and then resample it on
the original grid. Note that we are interested in smoothing
orientations (invariant to 7 rotations), not directions (invari-
ant to 27 rotations). For doing so, an adaptation procedure
is first applied [13], to then run an anisotropic vector diffu-
sion technique [14] that denoises directions preserving dis-
continuities.

3. RENDERING
The rendering is done using a priority-based texture syn-

thesis algorithm [15]. We first build a basic set of textures
using the Tonal Art Maps (TAMs) introduced in [5]. Since
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Fig. 2. Pattern formation: first blend two adjacent images from the TAM,
then rotate the blended image.

TAMs only represent a discrete number of tones, blending
between contiguous images is needed to represent interme-
diate tone values. For this reason, TAMs are specifically
designed to have spatial coherence so the blending between
adjacent textures can be done without artifacts. For each
pixel in the synthesized image we have a target tone and
orientation values, ¢ and 6, respectively. The texture synthe-
sis will use patterns representing these (¢, ) combinations
constructed as follows: first blend the two adjacent discrete
tone images [¢| and [¢] from the TAM, and then rotate the
blended image an angle 6, see Figure 2.

4. DATA SETS AND EXAMPLES

A number of examples are presented in Figure 3. From
binocular stereo pairs of real faces we generated (a) and
(b). Note how principal directions guide the orientation
of strokes so we get a compelling idea of shape and how
features like the eyes are accurately reproduced (this could
not be done simultaneously with single 2D or 3D existing
techniques without significant user intervention). Examples
from photometric stereo images are shown in (c¢) and (d).
(a), (b) and (c) were rendered using the algorithm in the
previous section, (d) was generated with the INSPIRE ren-
dering system [7] that uses individual placement of strokes.

5. SUMMARY AND DISCUSSION

We presented an automatic system for the generation of
non-photorealistic illustrations using multiple images as in-
put. The novelty is in the simultaneous use of image and
object space features to guide the rendering algorithm, be-
ing this that allows full automation of the synthesis process.

We would like to point out potential weaknesses for sys-
tems of this kind. First, as it is well know in stereo vision,
we may get poor stereo estimates in some image areas. This
will give unreliable normal estimates and consequently in-
accurate orientations. Note that this will be improved con-
sidering more images and not just two as for the results

shown in this paper. Second, and this is a general problem
with NPR techniques, when computing principal directions
we may get umbilical surface points where principal direc-
tions are not defined. If these are isolated points, either the
smoothing can take care of these values or more sophisti-
cated filling-in procedures can be applied like in [6].

To illustrate the ideas, we have used in this paper sin-
gle objects, as commonly done in NPR applications. On the
other hand, the combination of 2D and 3D NPR as here in-
troduced provides the necessary tools for dealing with full
scenes, see Figure 3 (e). This is the subject of current re-
search. Note that in this case, the image+geometry infor-
mation can be obtained from multiple images or from scan-
ners that simultaneously output range and color informa-
tion. How to deal with color images and its relation to color
halftoning will also be addressed. Extending this work to
NPR of video data and for real time applications (where
frame-to-frame coherence issues arise) is the subject of cur-
rent efforts as well.
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