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Abstract—In this paper we introduce a path extraction  not interpret the designer’s intent from the inaccuratéscr
algorithm for multi-stroke scribbled paths by making use  ple representations. Although research in computer-aided
of path-centred concentric sampling circles. Circle and ke sketching has provided tools such as ‘I Love Sketch’ [2],

geometry is then exploited to efficiently obtain piece-wisknear . . -
models of the multi-stroke segments in the drawing. Parzen- FibreMesh [3] and SketchUp [4], these tools involve online

window estimation is used to obtain the probability distribution ~ drawing and assume that designers are willing to draw
of the grey-level profile of the sampling circles to determie  directly onto a computer. However, surveys with practicing
the intersecting angle of the sampling circle with the stroe  designers show that designers tend to prefer paper-based
segments and hence determine the line model parameters. The gcribpling in the early design stages [5]. The interpretati
results obtained show that the algorithm identifies the linemod- - . . NGO .
els accurately while reducing considerably the computatioal algorlthr_ns required by online SC_“bb"”Q systems are abnsi
time required to obtain the line models. erably different from those required to interpret papesduh
scribbles, mainly due to the fact that for online scribbling
it is possible to capture each stroke drawn by the user as a
separate entity together with the temporal informationuabo
each stroke. This temporal information has been used by
Drawings are used in various disciplines as a means ohese systems to identify intended stroke-groups. In paper
expressing concepts which are not easily expressed througfased scribbling, this information cannot be made availabl
verbal communication alone. Scribbles are particularg-us without constraining the designers’ freedom. This means
ful for expressing visual concepts and are used continyouslthat the interpretation of paper-based scribbles reqtliras
by designers, especially in the early design stages. Theshe scribble stroke-groups intended by the designer are
scribbles typically illustrate a rough outline of the copce identified from the raster image, a processing step which
tual object and are characterized by over-tracing, wherebynline systems do not require.
random strokes are arranged into stroke-groups that form Although the identification of the designer’s intent from
the underlying drawing outline. It is interesting to notatth scribble drawings may seem to be a trivial matter since
despite the advent of computer-based drawing tools such ake human visual system allows us to do so quickly and
Paint Shop Pr@ or Photo Sho@®, designers rely on paper- with little effort, obtaining a machine interpretation dfet
based scribbling in the initial design stages as this placescribbles is considerably complex and there is little éitare
minimal drawing constraints and is by far the easiest toon paper-based scribble vectorization methods. One such
use. However, paper-based scribbling has its limitationts a method is that described by Bartolo et al in [6]. This
designers often introduce computer-based editing latéren  stroke simplification algorithm is based on Gabor filtering
design process. This will, for example, allow the desigoer t and requires post-processing to obtain the required vec-
experiment with different rendering techniques such that aors. This post-processing requirement motivates thiskwor
realistic representation of the initial design concept rhay which makes use of concentrsampling circles to obtain
obtained. Furthermore, designers tend to rely on computehistograms of the scribbled strokes to track the intended
aided design (CAD) tools to make the accurate drawingsirawing outline while modeling the scribble strokes as @iec
required in the advanced design stages. These tools giwgise linear line segments. This enables us to obtain vector
the added benefit of obtaining 3D, virtual prototypes ofdata from the scribble drawing through direct image-domain
the design, allowing the designer to create ‘walk-through’analysis.
animations of the concept [1]. The rest of the paper is organized as follows: Sec-
Thus, design solutions starting as simple paper-basetibn Il gives the literature background on the interpretati
scribbles evolve into rather complex graphic objects dyrin of paper-based scribble drawings, Section Il outlines the
a design process. However, to make this transition, th@roposed concentric circle tracking algorithm, Section IV
designer is often required to redraw the initial scribbless  presents and discusses the results obtained while Section V
CAD tools that allow the designer to create 3D models caneoncludes the paper.
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Il. LITERATURE REVIEW estimates. The orientation estimates are compared to the
The majority of the scribble drawing interpretation al- estimates.of the underlying line model parameters in or_der
gorithms are directed for on-line sketching environments!0 determine whether the line model parameters are still a
These usually involve fitting mathematical models suchvalid representation of the stroke-group. If these are ddon
as splines to the stroke segments in real time once ead} valid, the new parameter estimates are used to update the
stroke has been completed. Proximity and orientation kires liné model, otherwise, a new line model is initiated, hence
olds [7], [8] or gestural commands [9] are used to distinyuis obtaining a piece-wise linear representation of the st&ibb
between strokes that are intended to form a new edg@he rest of this section describes the concepts governag th
segment and those that are intended to modify existinglifferent aspects of the algorithm.
edges. Since these methods utilize the temporal informatio
available in online sketching environments to interpret th A. Using circles to validate and determine line parameters
scribbled drawing incrementally, these methods cannot be
adopted for the simplification of paper-based scribbles.
Vectorization algorithms such as Sparse Pixel Vector-
ization (SPV) [10] are normally used to represent paper- X5 = Xos + T's, [c0s 0, sin 0] " )
based drawings using vectors or parametric curves. However
such algorithms were developed to vectorize neat drawing#herex, = [z, y,] defines the coordinates of the sampled
and do not cater for the over-sketching that is normallypoints lying on the circumference of the sampling circle,
present in scribbled drawings [6]. Other path extractionX.s = [Zos,%o0s) IS the centre of the sampling circle while
algorithms which allow the extraction of line paths from 7, is the radius of thex'” sampling circle. The anglé €
paper-based sketchy drawings include that described in [11[0, 271] spans the circumference of the circle at an angular
This technique first thins the lines to single pixel thick resolution ofs6.
lines after which they are tracked. Principal Component The underlying scribble strokes can be modelled, up to
Analysis (PCA) is then applied at junction regions, which ar some approximation, by a straight line segment which can
points of ambiguity, to determine the most salient direttio be represented by (2), where and 6, are the parameters
given the current tracking direction. This algorithm iswio  of the line and[z;, y;]” are the coordinates of points on the
to have good results for sketched drawings but it is nottraight line as shown in Figure 1(a).
suitable for scribbled drawings which are characterized by
over-sketching along the whole drawing contour. Bartolo
et al. [6] developed an algorithm designed to be able to

process such scribbled drawings. This method is based 0f g3mpling circle centred on this line intersects the line at

a stroke grouping step achieved by using a specific Gabql,_ o dinates that satisfv (1) and (2). that is. satisfvi@
filtering scheme followed by line tracing of the resulting I sty (1) @), 's, satisfyi (

stroke groups. This method was shown to have good results
but depends on the resolution of the Gabor filter scheme and
assumes that the entire scribbled drawing may be processed

using the same filter resolution. The proposed techniquey,q may note that since the circle centre lies on the line,

avoids the filtering steps, thus removing this problem byy,e the coordinates of the circle centrg satisfy (2), such
obtaining sample statistics of the stroke groups from whichy,4i .. s 0, + yos sin 6, = r; and (3) is reduced to:
piece-wise linear vectors are derived to model the undeglyi o o

stroke groups.

In this algorithm, we define each sampling circle as:

7 = x;co86; + y; sin 0, (2)

71 = (Tos CO8 0 + Yos sin b)) + rs, cos(d — 6;)  (3)

rs, cos(d —0;) =0 (4)
[1l. PROPOSEDSCRIBBLE TRACKING ALGORITHM

The underlying concept of the proposed scribble patifHence, as shown in Figure 1, the sampling circle will inter-
tracking algorithm involves placing concentric sampling sect the line at two points namely ¥, wheret; — 6, = 5
circles on the stroke-groups in the scribbled drawing. Theand atY> where 6, — 6, = 37” such that the difference
probability density function of the scribble strokes thatbetween the intersecting anglés—6d-| = «. Since the angle
intersect with the sampling circle is obtained and this is; is a fixed parameter of the straight line segment, then,
used to obtain an initial estimation of the orientation o th the intersections of concentric sampling circles of insieg
underlying line model as well as the width of the strokeradii will always occur at the same valuestfandé,. This
group. The radius of the sampling circles is then iteragivel can be used for two purposes, namely to determine the extent
increased, obtaining at each iterate a new probabilityitlens to which the straight line model is a valid description of the
function for the stroke groups that intersect with the samdine and to identify the unknown parameters of the straight
pling circle and hence, new orientation and stroke widthline.
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segment at two intersecting angkes andé- (b) When the sampling circle (b)
is centred on the scribble stroke, it intersects with a nundfesample . ) ) ) )
points distributed on the circumference of the samplingleir Figure 2:(a) The grey level profile obtained from a sampling circle

centred on a scribble stroke. (b) The Parzen estimate of thieapility
density function obtained for this grey-level profile.

B. Circle and scribble stroke group intersection

In the scribbled drawing, the stroke segments are ran
domly distributed on the underlying drawing outline such
that when the sampling circle is centred on the over—traceﬂJ
stroke group, this does not intersect at a single sampld,poi
but on a number of sample points along the circumference
the sampling circle as shown in Figure 1(b). Therefore, ford
a scribbled drawing, an estimate of the intersecting angle
must be obtained by analyzing the grey-level distribution
G, (0r) = I(x,) along the circumference of the sampling
circle. Taking the stroke intensity to be above the back-C. Path extraction

ground intensityG, (6)) will result in a discrete probability ~ The path extraction algorithm has three steps, namely
density function of the intended line strokes as shown inan initialization step, a path following step and a junction
Figure 2(a). The probability density function of each s&ok recovery step. In the initialization step, the concentiiicles
group can be used to obtain an estimated intersection angige used to determine the parameters of the new linear
and an estimated stroke width and hence validate the |in§egment_ The path following step is used to determine the
model. However, this probability density function is s¢éwsi  extent to which these parameters are valid while the re-
to the gaps present between the stroke groups and this makigsialization step is used to determine a new centre point
it difficult to determine whether the distributions are doe t once the line parameters are no longer valid.
a single stroke group or to multiple stroke groups. For this 1) Theinitialization step: The algorithm assumes that the
reason, Parzen estimation with a Gaussian kernel, definagentre of the first sampling circle is at the centre of thekstro
by (5) is used to obtain a robust statistical model of thegroup and that this centre point will be specified by the
probability density function. user. The algorithm also assumes that the ragjusof the
first sampling circle is such that the sampling circle is ¢éarg
POy — 1 Moy G (B) — G (6 enough to _int_ersefct with the stroke-group at two intereg_cti
n(0k) = 57 Z e 557 ()  angles. This implies that the,;, must be greater than twice
i=1 the width of the stroke-group on which it is centred. If
whereo is the standard deviation of the Gaussian functiony,s, is smaller than this, the sampling circle will be located
M is the length of the grey-level profilé&,, (6;) [12]. The  within the stroke-group an®,,(thetay) would not have two
probability density function will contain a number of high distinct probability density functions. Thus, the initidlue
energy bands corresponding to the stroke-groups intedect of r,, is iteratively increased in steps &f until two distinct
by the sampling circle as shown in Figure 2(b). Each of thes@robability density functions are identified. This samglin
bands can be considered as a probability density functionircle is considered as the first sampling circle from which
which models the statistics of the stroke group, such thathe estimated intersecting anglés and 6, are obtained.
it is necessary to separate the individual probability dgns These estimated intersecting angles are used to verifyathat
functions. We achieve this by evaluating the mean energy dine model may be initialized at that point, by determining
P,.(0x) and using it as a threshold, below which g (6y) the differencdd; — 65|.

is considered as being due to the image background, hence
separating the individual probability density functions.

The mode of each of the individual probability density
nction occurs either at strokes which have a higher in-
M, nsity or at strokes which occur at a higher density. Both
Oﬁ';\ses are indicative of higher adherence to the underlying
rawing outline. Thus, the angle at which the mode of each
probability density function occurs is used as the estithate
intersection angle as shown in Figure 2(b).
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The initial point can be considered as a valid point for aparameters and the path following step is repeated. On the
line model if |§; — 65| = © + 6, whered, is a tolerance other hand, if the new sampling circle determines that the
on the accuracy of the line model. The tolerance vaélues  line model is no longer suitable for the scribbled strokes, a
necessary to take into account the roughness of the salibblee-initialization step is performed in order to initializenew
drawing which causes shifts in the estimated intersectiompath.
angles even if the scribbled strokes are visually perceived 3) The re-initialization step: This step is performed after
as forming part of the same line segment. If the selectedhe path following step in order to identify a new centre poin
centre point is found to lie on a straight line segment, thefor the sampling circles. This step will therefore allow the
estimated intersection anglés andd- as well as the width algorithm to initialize a new line model for the scribbled
of the stroke-group are used to obtain initial estimateqief t strokes. We achieve this by taking a new circle using the
line parameters. These are then used in the subsequent p#dist valid track point as the centre of the circle. The Parzen
following step. window estimation is performed on the grey-level profile

2) The path following step: This is an iterative step which obtained from the circumference of this circle. This will
increases the radius of the sampling circle byin order  enable the algorithm to determine the stroke segments in the
to determine the extent with which the underlying drawingvicinity of the current stroke. One of these stroke segments
outline may be represented by a straight line model. Thigs selected arbitrarily and the intersection point is usethe
can be achieved comparing the estimated intersecting@ngleentre point for the new sampling circles. The line model is
obtained for thex! sampling circle with the corresponding initiated using the new intersection angle as parametérs. T
estimated intersecting angles, obtained from the preyioupath following step is again used in order to determine the
(n — 1)*", sampling circle. If the difference between the full extent of the new line model and the process is repeated
estimated intersecting anglég, — 6,,_;| is within some until no other stroke segments may be determined.
toleranced,, then the line model parameters are considered )

a good representation of the underlying drawing outline. D- !mplementation Issues

In practice however, evaluating the probability distribat The path extraction algorithm makes use of five param-
of the grey-level intensities over the entire samplingleiis ~ eters namely, the orientation resolutiod, the standard
unnecessary and an arc section of the sampling circle whictleviationo of the Parzen window estimator, the initial radius
contains just the concerned probability density functisn i r,s,, the increment in the length of the radids and the
sufficient to determine the suitability of the line model for angle threshold),;. These parameters must be suitably set
the nt* sampling circle. To determine the location and sizeto ensure proper path tracking. The orientation resoluftbn
of this arc, the estimated intersecting angle and strokéhwid determines the distance between two sampling points on the
obtained for the:* sampling circle are propagated onto the circumference of the circle. Thus, in order to ensure that th
(n+1)t" circle to determine the angular rangever which  distance between these sampling points remains constant fo
the over-traced stroke segment is expected to interselat witsampling circles of different radii, the orientation ragan
the (n+ 1)*" circle. This is achieved by taking into account 66 must change accordingly. We choose to set the distance
that the estimated intersecting angle is expected to remaipetween two points on the circumference to one pixel to
the same for strokes that can be modeled by straight linensure that all pixels on the circumference of the circle
segments and that the width of the strokess expected are sampled. Then, the angular resolution must be set to
to remain consistent, such that the angular rangsan be 0 = %
defined as This will imply that the length of the grey-level profile/

will increase as the radius of the sampling circle increases
(6)  specifically, M = 27r,. Thus, the standard deviation for

Tn+1 the Parzen window must also increase as the radius of

This selection reduces the computational costs by ensurinifpe sampling circle increases as otherwise, the length of
that the Parzen window estimation is evaluated only for arthe arc over which the Gaussian function is effective will
arc of interest rather than for the entire sampling circle.vary from one sampling circle to the other. This would be
Furthermore, by using only a selected arc of the samplingindesirable as it would imply that the Parzen window would
circle it is possible for the path following step to propagat be less effective for circles that have larger radii. In our
the line path even when the stroke has neighbouring strokémplementation, we set the standard deviatio. @M.
which would intersect with the sampling circle should this In a similar manner, the angle threshdld must also
be considered in its entirety. vary with the radius of the sampling circle. In line fitting,

If the new sampling circle determines that the scribbledit is standard practice to place a threshold on the maximum
strokes may be represented by the same line parametedistance between a pixel and the line in order to determine
then the intersecting angle and arc-length determined fronf the pixel fits the line [13]. However, if a similar fixed
the (n + 1)"" sampling circle are used to update the linetolerance value is applied to the intersecting angle, thi pa

Wn,

Op41 = 971 +
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set t00.5. The two algorithms were used to perform path ex-
slﬂy{_ okl , traction on sketchy images such as that shown in Figure 4(b).
Y, For these images, the SPV algorithm obtained an average

_ PRI of 0.69 with a standard deviation of.10 while the
Flgl_,lre 3:Fixed orientation tolerances will allow larger deviatiofiem proposed algorithm obtained an average PR0.@0 with a
the line model for sampling circles with larger radi standard deviation df.15. This shows that the performance

following step would allow larger deviations from the line of the proposgd algorithm .is comparable .to that obtained by
for sampling circles with larger radii as shown in Figure 3_the SPIV algkc])rlthm for rilatlvelx_ngat drﬁ\wmg.sgbl-llo(\j/vgvee.th
Thus, rather than specifying a tolerance value for the inter>" Y algorithm cannot be applied to the scribbled drawings

section angle, we specify the maximum accepted distance such as that shown in Figure 4(c) whereas as shown in

between the actual intersection point of the stroke-grawp a Fh|gure ° t_r;)eblproposed glgorlthm Caﬂ extratr:]t I'ni paths fromd
the sampling circleY, and the intersection point estimated these scribbles too. Figure 5(c) shows that the propose

by the line model; as shown in Figure 3. For small angles algorithm results in good localization of the line pathsreve

this corresponds approximately to the arc length between thyvhen these are obtained from the scribbled drawing. This

predicted intersection angle and the actual mode angle suéﬁ possible because the Parzen window estimation allows
thats ~ 64, 7,,. Thus, the angle tolerance is seftg = &= the grouping of the over-strokes present in the scribbled
~ n'n:" ’ , .

- 4 ; : .
The value selected for the initial radiugs, is not critical drawing such that the angle at Wh.'Ch the sampling circles
since the initialization adjusts the size of the initial sdimg and the stroke segments mt_ers_e_ct is evaluated for theestrok
circle in order to obtain two distinct density functions. group r_ather tha_m fgr the |.nd|V|FjuaI sFrokes. The Par;en
However, following an empirical study on the line widths estimation us_ed n this algor|thm_ IS app_hed_only _to a sectio
of the scribbled strokes obtained from scribbles such agf the sampling circle, where this section is being selected
that shown in Figure 4(c), we determined that an initialaccording to the line model parameters. This contrasts with
value ofr,,. pixels was a s’uitable value for images havingthe scribble simplification algorithm described in [6] wher
. o .
a resolution of300dpi, requiring few adjustments in the the stroke simplification requires the use of a number of
initialization step ' Gabor filters which are applied to the entire image. As a re-
The radius incrementr determines the number of sam- sult, the proposed algorithm reduces the computationa tim

pling circles taken for a given stroke segment. While arequired to obtain the line paths, in particular, for images

larger radius increment reduces the number of samplin f size 198.0 XSMOOQ'TSIS the p{ospgaed algorltthm rehquwes
circles required and hence reduce the computational cos processing ime sona-t. Z computer, whereas

required to obtain the line models, smaller radius incremen € scribble simplification algorithm described in [6] rags

will allow more detailed path following. In particular, at 880s.
junction regions, smaller radius increments will allow the V. CONCLUSION
path following to approach closer to the junction, hence This paper describes a vectorization algorithm that can
obtaining a better representation of the stroke segmerés. e used to extract piece-wise linear vectors from scribbled
set the radius increment @ = 15 pixels which allows us drawings. The results obtained show that the algorithm’s
to obtain good precision in the line models. accuracy compares well with the accuracy obtained by
established vectorization algorithms such as SPV for neat
drawings. Moreover, the algorithm performs faster thamoth
Figure 5 shows the result obtained by the proposed algoscribble simplification algorithms.
rithm for the neat sketches and scribble shown in Figure 4 Although the vectorization algorithm uses piecewise lin-
and compares this result to that obtained by the sparséar models, the work reported in this paper may be ex-
pixel vectorization (SPV) algorithm described in [14]. The tended to include other stroke geometry models, including
performance of the two methods can be compared using tH&r example, circular arcs. This may be done by retaining
evaluation protocol described in [10]. In particular, thiegP ~ the same framework of sampling circles but exploiting the

IV. RESULTS AND DISCUSSION

Recovery Index (PRI) is defined as intersections of the sampling circles with different getnice
models.
PRI =~Dp+ (1 =7)(1 - Fp) (7) REFERENCES
#P,NH#P, . . [1] A. Pipes,Drawing for Designers, R. Mason, Ed. Laurence
where D, = =27~ is the pixel detection ratef}, = King Publishing, 2007,

g
_ #PyN#Py ; ;

1 %Py 1S the pixel f_alse alarm rate;, 1S the set .Of [2] S.-H. Bae, R. Balakrishnan, and K. Singh, “I Love Sketch:

foreground pixels present in the ground truth image whije As-natural-as-possible sketching system for creating &Dec

is the set of foreground pixels detected by the path extracti models,” in Proceedings of the ACM Symposium on User
algorithm,v is the relative importance of the detection and is Interface Software and Technology, 2008.
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Figure 4:(a) A ground truth representation, (b) A neat sketch, (c) Abbted drawing
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Figure 5:Results obtained by (a) SPV algorithm for the neat sketchpiposed algorithm for the neat sketch (c) proposed ahyorfor the scribbled
drawing. In each case, the vector results, shown by blue egigmare overlayed on the original images.
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