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Abstract. Freehand sketch on a paper is commonly seen being used as it is an effective
convenient way to express rough ideas. The sketch is typically transformed to be a 3D CAD
model by a designer for subsequent operations such as rapid prototyping process where a
physical prototype is fabricated from a 3D CAD model. To speed up the realization of an
idea, a research called adaptive layered manufacturing from overtraced freehand sketch has
been being developed as an attempt to shorten steps from having a sketch drawing to
obtaining a physical prototype. Presented in this paper is the current progress of the
research. A single line drawing identification module is being developed to transform a
paper-based overtraced freehand sketch to be a single line drawing. This module is required
to generate more information about the sketch (i.e., the number of lines and their starting
points and endpoints) since the initial information is limited to a batch of points. The
algorithms developed for this module have been implemented on LabVIEW program. Some
examples of sketch to a single line drawing transformation are also presented in this paper.
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1 Introduction

Product design and development (PDD) is critical to the success of manufacturers,
especially, in today’s high competitive market where voice of customer is as
important as manufacturer’s capability. The trend of product development has
changed from manufacturer-oriented to customer-oriented [1]. In the early days,
tools and techniques limited manufacturer’s capability to offer simple products.
Advancement in technology has opened up a market. High competition has made
voice of customer louder. It is arguable that the only way for the manufacturers to
be competitive in the market is to adopt a customer-driven strategy [2]. Today,
customer needs are even more sophisticate. They demand faster and better
responsiveness [3]. The earlier introduction of a product creates momentum that
could not only increase product’s sales but also extend them much further into the
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future. Therefore, goods and services must be met or exceeded customer
expectation and delivered quickly.

Rapid prototyping (RP) has been introduced and become an important
technology that allows designer-customer realize and experience their ideas rapidly.
It can help reduce 30-50% of manufacturing time for product development [4]. RP
is a technology for fabricating complicated physical prototype without molds and
dies. A 3D CAD model is translated into a stack of 2D contours which are used to
generate machine commands for constructing a prototype layer by layer. Typically,
a rapid prototyping process starts with obtaining a 3D CAD model, which can be
created on any CAD software. Since the data formats are different among the
software, the created model will be converted to a common format, called
Stereolithographic (STL) file. The STL model is then sliced, and based on these
sliced layers, machine commands are generated to build a physical prototype layer
by layer. Post processes may be required depended upon the selected RP technique.

Besides creating a 3D CAD model on commercial software, today’s
technologies make it happens for the 3D CAD model to be created from its
physical object as well as engineering drawing when they are available.
Manufacturer can use reverse engineering, RE, to reconstruct a CAD model
directly from a product that customer brings in, and by coupling RE with RP its
physical prototype can be delivered back to customer in a short period of time.
Several researchers have tried to improve and to realign steps in both processes to
make their direct integration work more effectively [5-6]. The similar idea has
been extended to reconstruction a physical prototype directly from orthographic
views drawing, used universally for a long time for communicating designer’s
ideas to part manufacturing on a shop floor [7].

Another media that customer can use to communicate with manufacturers is
sketch. Freehand sketch is a quick rough drawing for portraying ideas, and
commonly used during the conversation to elaborate an explanation. Typically, a
sketch is started with single lines, also known as non-overtraced strokes. Unless
these lines unambiguously represent idea, additional lines are drawn repeatedly
over the existing lines. This is known as a sketch with overtraced strokes [8]. So
far, geometrical reconstruction has been researched to support reconstruction of 3D
CAD model from online sketch on a tablet PC [9-11] and a non-overtraced sketch
on a paper [12-14] while a paper-based overtraced freehand sketch is commonly
found in practice.

Therefore, there should be a system that allows 3D model to be reconstructed
from a paper-based overtraced freehand sketch. Furthermore, it is foreseen that
direct interfacing a paper-based overtraced frechand sketch with RP will shorten
product development time.

Presented in this paper is an ongoing research on direct fabrication of a physical
prototype from a paper-based overtraced freehand sketch. In the next section, the
system overview is presented, and followed by the current state of the research and
implementation. The conclusion and future work are addressed in the last section.
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2 System Overview

Although a paper-based overtraced freehand sketch is simple and convenient, its
extended applications are limited. To be workable in subsequent operations, a
designer is required to translate lines and to create a 3D model manually. For
constructing a prototype, the obtained CAD model is fed into a typical RP process
that will first convert a 3D model to be an STL model before being sliced. This
tessellated model is only an approximation that its accuracy and file size are
dependent upon the number and sizes of all triangular facets [15]. Several
researches have been conducted to minimize errors from STL conversion [16] and
even further avoiding it with direct slicing concept [17].

In order to support a fabrication of a physical prototype from a sketch, “direct
interface between a paper-based overtraced freehand sketch and RP” is being
researched. This system is intended to bypass 3D model reconstruction and STL
conversion to speed up process. Sliced file will be generated directly from a paper-
based overtraced freehand sketch. This system composes of two key modules:
single line drawing identification and contours generation. The input to the system
is the image of an overtraced freehand sketch that the number of overlapping lines
and their starting points and endpoints are unknown, since available information is
limited to a batch of points. Therefore, the first module is being developed for
transforming a paper-based overtraced freehand sketch to be a single line drawing
such that additional information can be extracted. The obtained single line drawing
will be sent to the second module that will be developed to generate a stack of
contours. An algorithm will be developed to analyze the complexity of the
appeared object on the drawing, to identify acquisition position, and to construct a
contour at that position. The result of the second module is a stack of contours that
will be used to generate commands directly for fabricating a physical prototype
layer by layer.
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Figure 1. The current state of single line drawing identification (a) an overtraced sketch,
(b) a thick line sketch, (c) a dual line sketch, (d) a segment sketch, (e) a fitted segment
sketch, and (d) a single line drawing
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3 The Current State of the Research

This section presents the progress of this research. Currently, this research focuses
on the first module to identify a single line drawing from a paper-based overtraced
freechand sketch. Our first attempt to identify a single line drawing from an
overtraced freehand sketch was developed based on the assumption that the point
density is higher at corners than on edges [18]. Vertices-then-edges identification
approach was pursued. The developed algorithm filled overtraced lines to form
thick line sketch; filtered out the low density areas; and identified vertices from the
centroids of the remaining high density areas before forming edges. However, the
algorithm did not guarantee that all corners would always have higher point
densities than edges; and some imaginary lines created were not marked on the
original image, although the representative points were found. As a result, a new
approach has been introduced. As illustrated in Figure 1, this new approach tries to
obtain edges first [19]. Similar to previous approach, the new algorithm first
combines overtraced lines to form a thick line sketch, but instead of seeking for
corners, boundary extraction is applied. That results in a dual line sketch (Figure
1c). Segments representing edges can be obtained by expanding internal contours
and/or shrinking external contour simultaneously. The obtained discrete segments
will then be connected to form line drawing of the sketch.

Since it was first introduced, the algorithm has been improved. The time-
consuming vector scan method has been replaced by morphological dilation and
erosion operations for expanding and shrinking activities. The line drawing
creation part has also been updated. The steps taken in the four main activities:
thick line sketch creation, contour boundary extraction, segments identification,
and line drawing creation are presented in Figure 2.

Thick line sketch creation Contour boundary extraction
INPUT: An image of | Extract contour boundaries |
a paper-based
overtraced Create thick line sketch |:> *
freehand sketch .
Identify contours
Line drawing creation Segments identification
OUTPUT: An image of | Classify the types of segments Identify contour
asingle line <:| + <:| neighborhood
drawing *
| Fit segments |
+ | Identify segments |
| Identify junction relationships
| Connect segments |

Figure 2. The overview of single line drawing identification
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3.1 Thick Line Sketch Creation

A binary image of an overtraced freehand sketch, an input to the system, will be
transformed to be a thick line sketch in this step. The process starts with acquiring
data points in the window with size about the largest gap between overtraced lines
in the sketch. This window is slid along the sketch image from left to right and top
to bottom. At each position, the center point of the window is recorded on a new
image, if the number of data points inside the window is greater than or equal to an
assigned threshold value. By overlapping the windows, these recorded points will
form a thick line sketch.

3.2 Contour Boundary Extraction

After the thick line sketch is created, the next step is to extract contour boundary
and to identify contours. This process applies morphological operation to erode
data points on the image. A 3x3 window is slid on the image of the thick line
sketch from left to right and top to bottom. The center point of the window is
drawn on the new image, if eight pixels exist in the window including the center.
This operation results in a dual line sketch which always gives a set of closed
contours. A contour tracing algorithm [20] is then applied to obtain ordered
sequences of external contour and internal contours.

3.3 Segments Identification

This process starts from identifying contour neighborhood. The segments are
determined from every two contours that are said to be neighbor. By resizing these
contours toward each other, segments can be formed. Morphological dilation and
erosion operations are applied to expand internal contours and shrink external
contour respectively. During resizing process, points on segments in the narrowest
gaps will appear first. All points will appear after points in the largest gap area
meet. The wide span from the first iteration the meeting points appearing to the last
iteration may result in a line segment with more than 1-pixel-wide. Therefore to
achieve a 1-pixel-wide line segment, stopping condition, formulated statistic values
representing the average and standard deviation of the shortest distances between
points on the two contours, is applied. The obtained segment sketch is sent to the
next process for creating line drawing.

3.4 Line Drawing Creation

The segments, obtained from contour expanding and shrinking technique, can be
classified into three types: straight line segments, intersecting line segments and
curve segments. For identifying types of segments, linearity analysis is performed
first to separate segments into two types: straight line segments and non-straight
line segments. A segment is a straight line, if mean square error (MSE) between
the observed data and the fitted data is less than or equal to a threshold value which
is 4 according to our experiments. For obtained straight line segments, linear least
square fitting is applied. In case of non-straight line segments, a local maximum
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curvature is applied to divide each of the segments into sub-segments at dominant
points where a segment changes its direction. Starting from one end of the
segment, dominant point candidates are assigned for every five consecutive points.
Tangent angles are calculated for all candidates. The points that the angles exceed
the acceptable range will be dominant points. Linearity test is performed again on
each of sub-segments. Unless it is a straight line sub-segment, Sturges’s rule is
executed to identify the number of control points before interpolation is applied.
Sub-segments belonging to the same segment are then connected.

After beautifying all segments, their junctions are identified. A junction is
defined as a single point where at least three segments are met. A matrix is created
to represent relationships among all contours. To reduce the computation time,
combination method is then applied to only internal relationships to generate all
possible candidates for internal junctions. The internal segments are checked
against the obtained junctions and those segments that still have free end will be
connected to the external segments. The junction identification steps are illustrated
in Figure 3.

To form a junction, the associated segments are extended (extrapolated) to
intersect with each other. Ideally, they will meet at one location, and that point will
be a junction. In practice, however, they often meet at different locations and form
a triangle. In this case, the centroid of the triangle is used to represent the junction.
A single line drawing is created after all junctions are connected.

4 Implementation

All algorithms, developed for the four steps, have been implemented on LabVIEW
program and have been linked to form the first module. Illustrated in Figure 4 is
the front panel screen of a single line drawing identification module. To execute
this program, a user is asked to upload a binary image of an overtraced frechand
sketch. This input is displayed on the top-left side of the screen. The four images in
the right side of the screen show work in process. A single line drawing, an output
of this program, is shown at the bottom-left corner. The program has been tested
with several examples. The examples are shown in Figure 5.

5 Conclusions

This paper presents an ongoing research on adaptive layered manufacturing from
overtraced freehand sketch with the objective to direct interface a paper-based
overtraced freehand sketch with RP. At the present state, a single line drawing
idnetification module is being developed and implemented. This module
transformes an overtraced freehand sketch to be a single line drawing. For the
future work, an algorithm will be developed to analyze and acquire the information
of a single line drawing to generate commands for fabricating a phyiscal prototype.
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