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Abstract There is a natural analogy between coded struc-
tured light and a digital communication system [7].
In this paper we preserfb, s)-BCSL, a new coded The projector coordinates are encoded by the slide
structured light method for 3D photography. It em-patterns and transmitted through the scene. At each
ploys a sequence of complementary color stripgoint of the camera image, a noisy transmission is
patterns to define correspondences within a canreceived and needs to be decoded. The transmis-
era/projector shape acquisition system. Uniquesion channel is the object’s surface and the transmit-
codes are associated with the boundaries of suded message is the encoded position of the projector
cessive stripes in time. The use of color fully ex-pixel. Considering this analogy, two main issues
ploits current imaging hardware and makes possihave to be studied:
ble an effective trade-off between spatial and tem- 1. Limitations of the transmission channel, re-

poral coherence. Furthermore, alternating comple-  lated to surface reflectance properties.

mentary colors completely eliminates photometric 2. How to encode projector pixels, which will

restrictions. restrict the class of objects suitable to be
scanned.

1 Introduction In this paper, we propose a new coded structured

light scheme based on time-varying complementary
Shape from structured light is an active stereo vicolor stripe boundaries.
sion technique. Measurement of depth values is car-
ried out with a system that resembles a two-camera The original contributions of our work include:
stereo system, except that a projection unit is used e A stripe boundary encoding that, through the
instead of the second camera. A very simple tech-  use of color supports high resolution depth tri-
nigue to achieve depth information with the help of angulation, and, at the same time, guarantees
structured light is to scan a scene with a projected  the existence of stripe boundaries.
laser plane and detect the location of the reflected e An scheme that employs a sequence of com-
stripe in the camera image. Assuming that the pro-  plementary color patterns to completely elim-
jected laser can be seen by the camera, and both are inate the restrictions on reflectivity properties
calibrated, the depth information can be computed  of the scene.
by triangulation using the known correspondences.

In order to get dense range information, the laser Our scheme is very robust to image noise and can
plane has to be moved in the scene. In an attempeliably detect both stripe projected color and stripe
to alleviate the problem of capturing only one depthboundaries with subpixel accuracy. Moreover, it is
line per image, a slide containing multiple stripesalso able to recover surface reflectance using time
is projected onto the scene. To distinguish betweemtegration of color.
different stripes they must be coded appropriately,
in such a way that their location in the projector In summary, these unique characteristics provide
can be identified. This type of encoding scheme ign excellent trade-off between spatial, temporal and
calledcoded structured light (CSL). photometric coherence for structured light coding.
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The paper is organized as follows. Section 2 readvantages: it gives higher spatial precision and re-
views the literature of CSL methods and discusseguires less slides (better temporal coherence).
how our approach is related to previous research |n order to allow the greatest possible varia-
in the area. Section 3 describes the deSign of Ol,tlions in scene reﬂectance' the Scheme Of Ha”_
(b, s)-BCSL coding scheme. Section 4 presents theyo|t and Rusinkiewicz is based on black and white
mechanisms to minimize restrictions imposed Orstripes. This option leads to an undesirable prob-
the scene to be scanned. Section 5 shows somgm: *ghost” boundaries must be allowed (i.e.,
results obtained with an experimental 3D photog+pjack to black and white to white transitions).
raphy setup using our scheme. Finally, section rhejr scheme is also complicated by restrictions on
concludes with directions for future work. boundary transitions because of the decoding algo-

rithm, which is augmented by an additional step that
) solves the matching problem.
2 Previouswork The most recent work done by Zhang, Curless
and Seitz [17] uses a dynamic programming tech-
The research in structured light coding can be dinjgue to compute an optimal surface given a pro-
vided in two distinct periods. Early work started jacted pattern and the observed image. The camera
with the investigation qf active vision systems and,gnq projector correspondence is obtained up to pixel
more recently, a new impulse to the area was proesolution and a post-processing step is carried out
vided by 3D-photography applications. to achieve sub-pixel accuracy.

S:Iassmal ’research of CSL methods was done in The concept of using color boundary codification
80's and 90's [2, 10, 13, 15]. A good survey of the;s 1, esent in [17] but the option to use a one-shot
work developedlln this period can b(.e.found in [1]. codification implies in considering a sub-sequence
The flavor of this work was to empirically create o¢ .onsecutive stripes to guarantee uniqueness of
light p_atterns to capture the geometry of Scannegodification with the desired resolution. Augment-
3D objects. ) ) _ing the size of the basis used in codification com-

Three main approaches were used in the desigjicates the decodification step. The price of adopt-
of projected light coding systems: spatial chromatiGng a one-shot codification is that requirements on
modulation; spatial intensity modulation, and tem-gpatial coherence cannot achieve its minimum, and
poral intensity modulation. some information will be lost due to discontinuities

Chromatic modulation imposes restrictions onin the scene. Some considerations to reduce color
the allowable colors in the scene. When spatialisalignment and account for color crosstalk are
codification is used, local continuity of the scene isdone in designing and processing correspondences,
necessary for recovering the transmitted code. Corbut the problem is not robustly solved, as shown in
versely, temporal codification restricts motion of thetheir results. To increase resolution and robustness,
scene. the same pattern is shifted and projected, leading to

A characterization of CSL methods in terms ofa spacetime analysis of the color stripe pattern.
the underlying assumptions about reflectance, spa- oyr coding scheme adopts a stripe boundary time
tial and temporal coherence of the scene is giveRoging as in [6], but uses color to augment the cod-
in [6]. ification basis. In this way, we avoid the need of

In recent years CSL systems have been revisiteghost boundaries. The larger basis makes possi-
by many researchers with the motivation to find aple to achieve higher resolution and better preci-
theoretical basis that could provide a better undersion, as discussed in [4]. This basis also makes
standing of known methods and make possible téhe decodification more efficient, consisting essen-
develop new improved systems [11,12,17]. tially of a table lookup [8]. We propose a pro-

Such a shift of paradigm can be seen in thecedure that solves the reflectance restrictions im-
work of Hall-Holt and Rusinkiewicz [6], who pro- posed by the traditional color coding methods, such
posed a CSL scheme based on stripe boundaries. &3 in [17]. Our scheme employs alternating com-
their scheme, the codes are associated with pairs pfementary colors. This makes the use of colored
stripes, instead of with the stripes themselves as istripes non-restrictive, in any sense, to reflective
traditional methods. Boundary coding has severaproperties of the scene.
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3 The(b,s)-BCSL Scheme for the s slides, we can efficiently recover the posi-
tion of the corresponding projected boundary.
In designing a code for structuring light, the main  The problem of generating a set of stripe se-
parameters to be considered are the number of dijuences can be modeled as a the problem of finding
ferent stripe colors (i.e., the base lengttof the  a eulerian path in a suitable gragh G hasb® ver-
code) and the number of slides projected at each tices, each corresponding to a possible assignment
step of geometry acquisition. We call the resultingof the b colors at a given position for each of the
coding, a(b,s) CSL scheme and leads to a totalslides. For instance, fdr = 3 ands = 2, G has
of v° different patterns. A larger number of pat- 9 vertices, each labeled by a 2-digit number in base
terns can be obtained if one codes the transitions, as shown in figure 1(a). For example, verfdx
between stripes, rather than the stripes themselvesorresponds to projecting color 0 in the first slide
For a boundary-coded scheme (i.€, s)-BCSL), and color 1 in the second, at a given stripe position.
the number of different patterns &b — 1)]° (we
assume that two successive stripes may not have the
same color, to avoid ghost boundaries).

Increasing the number of colors and slides allows
using a larger number of stripes, thus increasing the
resolution of the acquired geometry. However, dis-
tinguishing the stripes becomes harder and the re-
strictions become more severe. The goal in design-

ing a BCSL scheme is to be able to provide satis- d() d(0)
factory resolution, without making stripe recogni-
tion too complex and without imposing strong co- (@ graoh (32) (b) neighborhood

herence constraints on the scene.

Schemes having = 1 are purely spatial codings,
imposing no restrictions on object movement. For Figure 1: (3,2)-BCSL Encoding.
s > 1, we have spatial-temporal codings. Among

these, the case = 2 reduces the need for time co-  Tpe edges of G correspond to the possible tran-
herence to a minimum, namely that objects in thegtions for two consecutive stripe positions. The
scene move slowly enough so that the displacemeRbpidden transitions are those that repeat the same
between the two captures is smaller than the proggor at the same dlide, in order to disalow ghost
jected stripe. boundaries. For instance, in 1(a), there is not an

In our scheme, we only use the primary colorsedge connecting vertex 01 to vertex 02, since that
R, G and B and the corresponding complementaryyould mean that two consecutive stripes in the first
colors C, M and Y, respectively. This is equivalentgide would use color 0. On the other hand, there
to using a binary code (0 or 1) for each color chanis an edge connecting vertex 20 to vertex 01. This
nel. We avoid using Black (0 in all channels), sincesjtuation isillustrated in figure 2 and 3: at the same
black stripes may be confused with shadow areasorder position, we go from color 2 to color Oin the

For symmetry reasons, we do not use White, eithefjrst glide and from color 0 to color 1 in the second.
Thus, the maximum number of different colors is 6.

Usingb = 6 ands = 2, leads to 900 coded bound-
aries for (6, 2)-BCSL. This is more than what can
be processed by most cameras or projectors. slide 1 ]

[l I (@)

3.1 Coding

We turn now to the problem of generating a partic-

ular sequence df-colored stripes for each of the

slides. This sequence should be generated in suchgure 2: Example of boundary code for dashed
way that, given the stripe transitions at some pixePdge in Figure 1(a).
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For the (3, 2) case, the neighborhood structureis
shown in figurel(b), with each vertex having 4 pos-
sibleneighbors. For thegenera (b, s) scheme, there
are (b—1)° possible neighborsfor each vertex, lead-
ing to aregular graph where each of the b® vertices
hasdegree (b—1)°. Itismoreappropriate, however,
to think of G as a directed graph where each vertex
has (b — 1)° incoming arcs and (b — 1)° outgoing
arcs, since the same pair of vertices correspond to
two distinct transitions, one for each ordering.

Possible color stripe schemes correspond to paths
with no repeated edges (meaning that each muilti-
slide transition occurs only once) in the directed
graph G. The maximum number of stripes is
achieved for a eulerian path, i.e., a path that vis-
its once each edge of G. This path certainly exists
since the every vertex in G has even degree and G
is connected (for b > 3) ([16]).

In fact, there is a very large number of different
Eulerian paths in GG, and an optimization problem
can be formulated to search for the best path accord-
ing to some desired criteria. The computation of op-
timal paths is an open and beautiful problem from
the coding theory point of view, and several heuris-
tics have been proposed to tackleit. Horn et a. [7]
formulated the problem as one of designing optimal
signals for digital communication. They consider
more important to encode with very distinct code-
words points which are spatially distant, than to en-
code neighbor points with similar codewords. They
use this criterion to evaluate the path quality. We
could also adopt an image processing perspective,
using information about the photometric properties
of the scene to be scanned as the criteriato generate
an adaptive best code.

In most cases, there is no need to use the com-
plete Eulerian path, since it suffices to use a path of
length equal to the maximum resolution handled by
the cameras or projectors used.

In the present work we generate the complete
path, given abase b and the desired number of dides
s, without considering any optimization criteria. To
achieve the desired number of stripes, we ssimply
truncate the path.

The encoding algorithm is described bel ow:
Input: A connected digraph G with din(v) =
dout(v) foral vin V(G).

Procedure BCSL_Code(G)
Step 1: Choose an initial vertex vy in V(G).
Construct an spanning in-tree 7" starting from
vo using a breadth-first search algorithm.

Step2:  Specify an arbitrary ordering of the
edges that leave each vertex v, with the
restriction that the edge in T" has to be the last
one.

Step3: Construct an eulerian circuit starting
from v, as follows: whenever w is the current
vertex, exit along the next unused edge in the
ordering specified for edges leaving u, where
din(v) isthe number of in-edges of v in graph
G, and o (v) isthe number of its out-edges.

Figure 3 shows a particular (3,2)-BCSL gener-
ated by this algorithm; this stripe coloring scheme
isused in the first example presented in Section 5.

slidel

[ Nalbs]

slide2

D oD

Figure3: (3,2-BCSL usingR, G,Bashase. The
outlined boundary has code 20|01 (see figure 2).

3.2 Decoding

We now consider the problem of recovering a bor-
der position, given the color transitions at each
dlide. This is equivalent to find the position of a
given edge in the eulerian path found in the previ-
ous agorithm.

We adopt a decoding agorithm presented in [8]
to obtain the position of aidentified codeword. In
our case, to identify the codeword meansto find the
colors on hoth sides of the projected boundary that
are reflected by the object. A specific image pro-
cessing method, described in section 4, is used to
achieve thisgoal.

LAn in-tree starting from vy, is a tree consisting of a unique
path from each vertex uin V(G) to vg.
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The decoding algorithm employs a decoding ta-
ble that allows computing, in constant time, the pro-
jector position of a given stripe boundary found in
the images. This table is shown in 1 for the (3, 2)
case. Each row of the table corresponds to a ver-
tex v of G (i.e., to astripe color assignment for all
slides), ordered according to its expansion in base
b. Each column corresponds to one of its neigh-
bors, ordered according to the pattern shown in fig-
ure 1(b). Each one of the neighbors can be conve-
niently expressed by means of arithmetic operations
modulo-b, explaiting the regularity of the adjacency
relationships, as shown in detail in [8].

The entry in a given row and column of the ta-
ble gives the position, in the eulerian path, of the
arc corresponding to the transition from the vertex
associated with the row to the neighbor associated
with the column. For instance the entries 0, 3, 6 and
9 in the first row mean that vertex v = 00 occurs
four timesin the path, at those positions. The corre-
sponding transitions are to neighbors do, d1, d2 and
ds, which are vertices 11, 12, 21 and 22.

Suppose now that a given transition, from vertex
v; to vertex v; has been detected. To find its posi-
tion in the path, it suffices to determine the location
of v; in the neighborhood of v; and recover the en-
try for that column in the row corresponding to vo.
For instance, suppose that the transition illustrated
in Figure 2, from codeword 20 to 01, has been de-
tected. Since 20 expands to 6 in base 3, the corre-
sponding row is V(6). Subtracting the digits of 01
and 20 module-3 yields 11. To find the position of
01 in the neighborhood of 20 it suffices to subtract
1 from each digit and expand the resulting pattern
in base 2. In this case, we find 00 = 0, meaning that
11 isthe dy neighbor of 20. Since the table entry at
the (V(6), d(0)) position is 16, this means that the
found transition corresponds to the 16th boundary,
as marked in Table 1 and in Figure 3.

4 Uncompromising Use of Color

Considering the proposed codification and the de-
coding algorithm discussed in the previous section,
the problem of corresponding camera pixels to pro-
jector pixelsisreduced to an image processing task,
responsible to identify in camera images the transi-
tions and colors of the projected stripes.

As we have adopted a vertica stripe boundary
coding, scan lines can be treated independently.

vertices
V(0)
V(1) 14 17 19 11
V(2 28 34 22 24
V(3) 26 29 18 21
V(4) 1 31 33 35
V(5) 15 4 8 13

V(6) 23 2 12

V(7) 27 5 7 2
V(8) 2 10 20 30

Table 1: Decoding table for (3,2)-BCSL.

4.1 Detecting Stripe Boundaries

The crucia step for range image accuracy is the
measurement of stripe transition positions in the
cameraimage.

It is desirable to determine the stripe edge po-
sition with subpixel accuracy. A known method
to obtain sub-pixel accuracy on boundary position
consists of projecting the positive and the negative
slides of the same pattern.

In this methodology the position of the stripe
edge P iscomputed as the intersection between the
line AB and the line EF of positive and negative
patterns respectively. (See Figure 4.)

positive negative
1600 signal signal

;
100 /F
;

Figure 4: Boundary from complementary patterns.

The above technique assumes that the considered
sampling pointsliein the linear part of the edge pro-
file. Thisistruein general, except for very narrow
edges whose width is less than two pixels.

The linear interpolation technique with inverse
patternsisalso very robust against dightly different
width of black and white stripes. This phenomenon
is caused by asmall isolating gap between adjacent
stripesin the LCD array.
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Trobina[14] did a comparison of the techniques
for detecting stripe position and concluded that lin-
ear interpolation with inverse pattern is more accu-
rate and robust. The study considered only black
and white patterns (one channel). We extend this
techniquefor color patterns (three channels) and ex-
ploit the information redundancy to make it more
robust with respect to projected shadows.

Shadow regions are viewed by the camera, but
are not illuminated by the projector. These areas
are characterized by having a very small brightness
difference in both positive and negative slides. For
these areas, the stripe pattern is not processed and
no range values are obtained.

Our boundary detection technique is based on
pairs of complementary color stripes. Two subse-
quent slides are projected with stripes of comple-
mentary colors. Each color channel is processed as
in the one-channel inverse pattern edge detection,
except that we merge boundaries of distinct chan-
nels which are within 2 pixel distance.

Shadow regions are detected by analyzing the
magnitude and derivative of the complementary
color difference image. A point is in shadow if
the absolute value in the three channels of the dif-
ference image are al bellow the threshold, and the
derivative in the horizontal directionislarge.

4.2 Recovering Color

Theintensity p of aprojector light beam is scattered
from the object surface into a camera pixel. If the
camera characteristic is linear, the sensor clips in-
tensity at a maximum value. The digitized intensity
per channel is given by:

—IR = min(uR +TRpR7IRmax)
—[G = min(uG + repa, IGmax)
—IB = min(uB +TBpB7IBmax)

where (ugr,uq,un) is the ambient light compo-
nent, (rr, ra, rr) isthelocal intensity transfer fac-
tor mainly determined by local surface properties
and (pr, pa, pB) isthe projector intensity for each
channel [9]. Supposing that Igr,..., IG... ad
Ig,,.. arenever achieved we have: (Ig, Ic,IB) =
(ur + TRPR, UG + TaPG,UB + TBDB).

We can estimate parameters v and r if wefix pro-
jector, sensor and object in relative positions, and
produce sequential projected patternsvarying p. As
mentioned previously, our option was to project two

complementary slides, that is, if p; = 0 onfirstdide
then p;, = 1 on second. We have:

Ui
Ii{ Ui + 74

If we just take the maximum value per pixel for
each channel between the complementary dlides, it
will be equivalent to recovering the value of each
pixel asif it wereilluminated with white light com-
ing from the projector, thatis, p = (1, 1, 1). Equiv-
alently, if we take the minimum value per pixel for
each channel, we are recovering the ambient light,
that is, p = (0,0, 0).

One problem in the use of color coding is the
cross-talk between the RGB sensors [3]. In that re-
spect, color fidelity can be improved by a color cor-
rection pre-processing step that takes into account
the response of the projector-camera system.

The traditional use of color in coding restricts
the object surface reflectivity, because we would not
want to modify the projected color when acquiring
the surface. By projecting complementary slides,
the reflectivity restrictions are eliminated.

From the signa transmission point of view we
are introducing redundancy on the transmitted mes-
sage replicating it on complementary slide. Thisis
agood procedure asit reduces the probability of er-
rors and the codeword read can be checked to assure
the correctness of the received message.

Note that, the use of complementary colors a-
lows us to recover both the stripe and scene colors
using only two dlides.

The considerations above are valid for al pixels,
except at stripe boundaries. At those locations, we
recover color by interpolating the information from
neighbor pixels at both sides of the boundary.

whenp; =0
whenp; =1

5 Experimental results

Now we demonstrate the application of our (b, s)-
BCSL scheme with some examples.

We start with an overview of the method using
avirtua acquisition pipeline in which the camera—
projector setup is simulated with BMRT [5]. The
model in this example is the Stanford Bunny.
Color Plates 1(a) to (d) show the input images for
the two dide pairs of a(3,2) code. Plate 1(e) shows
the computed stripe boundaries. Plates 1(f) and
(g) show the stripe codes for dide pairs (a)(b) and
(c)(d), respectively. Plate 1(h) shows the recovered
texture.
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We continue with results generated using a real
acquisition setup, consisting of a FujiPix 2400Z
digital camera and a Sony VPL-CS10 projector.
The acquired images have a resolution of 1024 x
768 in JPEG format. Three objects with different
characteristicswere used in thefollowing examples.

The first object is a Ganesh statue, which has a
detailed geometry and homogeneous surface prop-
erties, as can be seen in Figure 5(a). We used
three (b, s) codeswithincreasing resolution: (3, 2),
(4,2) and (6, 2). The stripe width is 18 pixels for
the (3,2) code, 10 pixelsfor the (4,2) code and 5 pix-
elsfor the (6,2) code. The (b, s) sides were gener-
ated with 600 x 480 pixels. Note that the maximum
resolution of our codification was achieved only for
the (3,2) code, and we could achieve the 5 pixel res-
olution using the (4,2) code (we used the (6,2) code
just to exemplify its use).

Figures 5(b), (c) and (d) show the computed
stripes for the (3,2), (4,2) and (6,2) codes, respec-
tively, and Figures 5(f), (g) and (h) show the corre-
sponding stripe boundaries. Figure 5(€) shows the
mask for background and shadow areas.

The second object is a furry frog which has a
fuzzy geometry. Figures 6(a) and (b) show one of
the dide pairs. Figure 6(c) shows the stripe bound-
aries and Figure 6(d) shows the recovered texture.

Thethird object isaBabuskadoll. It hasasimple
shape, a complex painted texture and also a highly
reflective surface. Color Plates 2(a) and (b) show
one of the dlide pairs, Color Plate 2(c) shows the
stripe codes and Color Plate 2(d) shows the recov-
ered texture.

6 Current Work

We are working on an extension of the method that
can process slow moving objects. In this way, we
will be able to generalize the (n, 2) version of our
codification to dynamic scenes. The main idea is
to motion blurr the frames, perform tracking of the
stripe boundaries and warp the images accordingly.

We can also formulate a one shot version of
(b,s)-BCSL. In this case, instead of projecting
stripe coded patterns, we generate a checkerboard
pattern alternating vertically the 2 tempora pat-
terns. A vertical “ghosts’ restriction has to be for-
mulated. In this one shot version, vertical pixelsare
not independent and the image processing phase has
to be revised.
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(b) (3, 2) code (d) (6, 2) code

(&) mask () (3, 2) edges (@ (4, 2) edges (h) (6, 2) edges

Figure 5: Ganesh.

(a) didei (b) dlidei+1 (c) boundaries (d) texture

Figure 6: Frog.
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(@) Slidei () Slidei+1 (©) Slidei+2 (d) Slidei+3

(Slidepair A) (Slide pair B)

(e) Boundaries (f) Stripe code A (9) Stripe code B (h) Texture

Color Plate 1: Bunny.

(a) Slidei (b) Slidei+1 (c) Stripe code (d) Texture

Color Plate 2: Babuska.
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