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The current method for pavement sign marking operations is labor-intensive and very
dangerous due io the exposure of workers to passing traffic. It also requires blocking traffic for
a long period of time resulting serious traffic jam. This paper deals with the development of a
robotic system for automating the pavement sign painting operations. The robotic system
consists of gantry frame equipped with transverse drive rail and automatic paint spray system.
The workspace of the gantry robot is extended to one-lane width with the transverse rail system.
This research also includes the development of font data structures that contain the shape
information of pavement signs, such as Korean letters, English letters and symbols. The robot
path is generated with this font data through the procedures of scaling up/down and partitioning
the signs to be painted depending on the workspace size.
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processes. The current method that is adopted in
most of countries to apply the roadway symbols
and signs requires the placement of a stencil on
the pavement followed with either the application
of paint or torch-down of a thermoplastic type
maferial. These procedures are manuaily con-
ducted, which exposes maintenance-employees to
traffic accidents and possible injuries. They are
also very slow and labor-intensive operations.
Furthermore, these manual operations require
blocking traffic for a long period of time and
bring serious traffic jam.

There have been just a few studies to auto-
mate the sign painting operations in worldwide.
Kochekali and Ravani (1994) derived a path
planning algorithm for stenciling robot of road-
way marking. They developed very big articulated
robot system for the stenciling operations. Re-
searching path planning algorithm using robotic
system, Bui et al.(2003) suggested an adaptive
control methods for tracking welding path of
two-wheeled welding mobile robot. And Park et
al. (2002} designed a path generation algorithm of
automatic guided vehicle with sensor scanning.
Kotani et al.(1993) proposed a method for de-
tecting and following a half-faded lane mark on
pavement surface using image processing. They
built a prototype robot that could repaint half-
faded lane mark (Kotani et al., 1994). Although
there has not been much research on the robotic
painting of pavement signs, many researchers ha-
ve been worked on the subjects of robotic paint-
ing of free-form surfaces, such as automobile
bodies. Chen et al.{2002) developed a CAD-
guided paint gun trajectory generation system for
free-form surfaces. Suh et al.(1991) developed an
Automatic Trajectory Planning System {ATPS)
for spray painting robot. Their method was based
on individual parametric surface patches divid-
ed from a compound surface. Sheng et al.{2000)
developed an algorithm to cover a compound
surface. Although their algorithm guaranteed the
coverage of a compound surface, the problem
of paint thickness was not addressed. Antonic
{1994) developed a framework for optimal tra-
jectory planning to deal with the optimal paint
thickness problem. However, the paint gun path
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and the paint deposition rate must be specified.
In practice, it is very difficult to get the paint
deposition rate for a free—form surface. Asakawa
and Takeuchi (1997) dealt with the automatic
spray-painting by a 6-DOF industrial robot
equipped with an air spray gun. This study aimed
at making robot control without any special
knowledge on spray—painting.

Most of researchers listed above have focused
on the automatic trajectory generation for paint-
ing robot in automotive manufacturing lines.
These studies have been performed mainly to
achieve uniformity in paint thickness, time—effi-
ciency, and minimal wastage of paint. The issue
of automating the pavement sign painting opera-
tions has been addressed only by Kochekali and
Ravani (1994), Kotani et al.(1993, 1994), and
Lee et al. (2002} . However, Kochekali and Ravani
(1994) just proposed path generation algorithm
for painting letter signs with general-purpose
articulated robot and Kotani et al. {1993, 1994)
focused on detecting and re-painting existing
half-faded lane. This paper deals with fully au-
tomating the pavement sign painting operations
utilizing robotic technology. Lee et al. (2002) de-
veloped fully automatic robot system for autom-
ating pavement sign marking operations. How-
ever, they used different approach, such that
omni-directional wheel sets are used to extend the
workspace. Also, they just provided font structure
focused on English alphabet. This study includes
a novel design of robot structure that can cover
one-lane width, data structure of sign font, tra-
jcétory generation algorithm for paint nozzle mo-
tion, robot simulator, and experimental verifica-
tion of the designed system. With this robot sys-
tem, a single operator within a cab is capable of
planning and performing the sign painting opera-
tions on-site, so that the dangerous and time
consuming manual operations can be eliminated.
This system utilizes a transverse rail drive to
extend the workspace of gantry robot. The whole
body of the robot structure can be either mounted
under a truck or towed by a truck, still main-
taining one-lane width of workspace. This paper
also includes the font data structure for Korean
alphabet. The robot path is generated with these
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font dats through the procedures of scaling up/
down and partitioning the signs to be painted
depending on the workspace sive, The robotic

sign painting equipment and related control algo-

rithms are tested with real painting experiments ol

various signs, which shows satisfactory results.

2. Ganiry Robot with Exiended
Workspace

2.1 Pavement signs

Pavement signs can be classified into letlers
and symbols. The letter signs include alphabetic
words, for example, ], *ghyle]a’, *STOP’,
'SLOW?, *25°, ete, Qthers are the symbolic signs
whose representative examples are the arrows
that indicate traffic flow dircctions. Although the
regulations for drawing the symbols and letters on
pavement surfuce arc slightly different in each
country, the lollowing common conditions for

designing Lhe sign painting robot can be derived.

{1} Maximum lane width is approximately 3.6
m.

(2) leights of letters and signs are usually
about 2 m in urban arca. However, they become
longer in high-speed roadway and sometimes
reach up to 5m.

(3) A single word sign almost always censists
of at least more than two characiers, lor cxample,
‘STOP sign has 4 charucters. Therefore, there is
virtually no case that a single character is painted
bigger than half-lane width.

{4) Line width ol letter signs is approximately
15 cm.

(5) Sign painting opcralions require many
heavy components, such as pump, heater, gencra-
lor, compressed air, cte.

{6) Robot system 1s aperated in harsh environ-
ment.

{7) Minimum number of working crew should
be able to safely operate the robotic system inside
truck cab.

(8) Blocking trallic flow must be minimized,

2.2 Gantry robet mechanism
Based on the design considerations investigated

previously, basic robotl structure proper to the
sign painting operations needs i¢ be determined.
Cartesian robots consist of two or three prismatic
joints that are orthogonally aligned cach other,
which are somctimes called as gantry robot in
industry. The gantry robots are generally very
rigid and casy to control, but comprise small
workspace compared to their body sizve, The most
important considerations in designing the strue-
ture of the sign painting robot are big workspace
lo cover onc lane width and ruggedness. How-
ever, both of them can not be simultaneously
achieved with conventional gantry robots. As
such, we proposed a novel idea of robot structure,
of which drive mechanism to transversely trans-
port the entire gantry frame is attached to the base
of the robot. Fig. | shows the construcied rebot
mechanism. The overall system consists of the
basic gantry frame that has (X, V) 2 degrecs of
{recedom in Cartesian plane, the transverse ruils
and the associated rack and pinion, and paint
Spray system.

Gantry rebot is a most common type ol Car-
tesian robots. Moving [rame (referred as X -axis)
is mounted on the lincar guides atlached on the
frame aligned perpendicular 1o the moving frame.
This perpendicular [rame is referred as ¥ -axis
and the X-axis is powered by belt-drive mec-
hanism fixed along the Y-axis. Also, a moving
head that holds a paint nozzle slides along the
X-axis by belt -drive mechanism., The height of
the hecad unit {rom pavement surlace is deter-

mined by manually adjusting lead screw altached

Fig. T Picture of the proposed robot mechanism
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along the Z direction. All the belt-drive mec-

hanisms arc scaled 1o prevent the permeation of

paint and dust. The basic gantry [rame is designed
to have an effective workspace of 1000X2000
mm?, assuming that most of signs are formed with
at least more than three characters. Therelore, a
single character in most of signs can be drawn
without moving this gantry framc fiscll. Also, this
size ol robot frame can be easily mounted under
or towed by the support truck that carries other
equipments, since its width [its into that of most
commercial truck.

The width of cone lanc is normally 2~—3m,
which 1s bigger than the gantry frame. Therefore,
the workspace of the gantry frame is extended
by adding additional guide rail and drive mec-
hanism. As such, the gantry frame is mounted on
the transverse guide rails and driven by rack and
pinion mechanism. So, the basic ganiry can slidc
ofl to side way (o cover one lane width. The
longitudinzl distance of the workspace can also
be covered by moving the truck ferward. In this
way, the letters and symbols bigger than the basic
frame size can be drawn. However, an appro-
priate algorithm is required to adequately parti-
tion the total workspace into sub-regions and io
plan the robot paths. This will be described in

Jater chapters.

2.3 Paint spray system

The paint spray system is composed of three
components, airless pump, aufomatic spray gun,
and air compressor. The airless pump is the de-
vice 1o compress paint and maintain regular
pressure. Maintaining regular pressure is an im-
portant performance of the airless pump for the
best quality of painting resuli. Automatic spray
gun is equipped with solenoid valve lor spray
tming control that is managed by sysiem con-
troller. According Lo the shape of spraying trace,
many dillerent types of nozzles can be used. Since
gothic font letters and symbols ure appropriate
for roadway signs, a {lai-type nozzle is selccted
in this work. As shown in Fig. 2, the spraying
pattern with this nozzle Is a beeline whose length
can be adjusted by the height of the nozzle from
the pavement surface. In order lo prevent the
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Fig. 2 Paint spray system
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Fig. 3 Block diagram of paint spray control sysiem

dispersion of paint spray by wind, compressed
air curtain is installed surrounding the nozzle. It
is also important to keep the beeline pattern of
the paint spray perpendicular to the direction of
nazzle mevement in order to maintain uniform
widsh of signs. As such, a rotational joint is add-
ed to the end-effecter. Consequently, the end

cllecter of the gantry system has total (X, Y, &)
motion capuability and any shape of signs can be
drawn by appropriaicly sweeping the heeline
on pavement surface. The block diagram for the
paint spray system including its control is shown
in Fig. 3.

3. Modeling of Pavement Signs
Many countries have their own regulations on

the size of roadway signs. ln Korea, they are

defined in traffic regulation code 3-5 relative to
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the application of the Road Traffic Act. It says
that the length of roadway sign must be longer
than its width due to driver’s observation angle
and the limitations on the width of roadway
signs. These regulations are far less enough to
define the size of various roadway signs in differ-
ent painting situations. Although it paradoxically
provides more flexibility in manually painting the
signs, more strict definitions are required for au-
tomating the sign painting operations. There are
many factors to be considered when automating
the operations, such as how to define the shapes
of the signs, how to place the signs on a given
workspace, how to generate robot paths, and so
on. The following sections contain the descrip-
tions for resolving these matters.

3.1 Font file system for pavement signs

It is necessary to know the shape information
of roadway signs before painting operations in
order to generate the path of the painting robot.
The data structure that contains the shapes of
characters is usually referred as font file system.
That is, the font is a file that has the information
of letters and figures. Existing font file systems
are largely divided into bitmap and vector types
by the method describing geometric entity. The
bitmap font is composed of the set of points that
is called as pixels, and the vector font is composed
of the set of lines and curves. The bitmap font is
made by binary area coding method. In the area
coding method, the area associated with a sign is
defined as the number ‘1" and the other blank area
as the number ‘. As a result of area coding, a
sign can be represented by binary code and the
binary code is converted into decimal or hexa-
decimal code for storage. This font is advan-
tageous in decoding and scanning speed but is
disadvantageous in causing unnatural shape in
case of magnification and reduction of the font
size. The vector font is composed of the charac-
teristic points that are extracted from letters and
figures. The characteristic points are analogous to
bone joints in human body. According to the
composition of functional code, the vector font
can have a different structure. The vector font
data consist of position and functional code. The
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position code represents the coordinates of the
characteristic points and the functional code re~
presents the function that must be carried out for
the specific characteristic points. Because of these
reasons, this font has more complex data structure
than the bitmap foni. However, the performance
of vector font on the function of scaling up and
down is better than that of bitmap font because
the vector font is composed of the combination of
line and curves.

Most of existing vector fonts that are recently
used for computer system define the outline of
character shape. However, the spray pattern with
the robot system equipped with a flat nozzle is a
line and a sign is drawn by sweeping this line
along the centerlines of the sign. Thus, the exis-
ting outline fonts are not appropriate to apply-
ing to the paint robot. Accordingly, a novel font
system for roadway sign modeling has been
developed based on the vector font. In the new
font system, the characteristic points are selected
based on the centerlines considering the opera-
ting concept of the roadway sign painting system
(Shin et al., 2002).

3.2 Data structure of basic font file system

The data structure of the font file system that
is newly designed based on the concept of cen-
terline tracking with flat spray is composed of
functional code and position code. The position
code defines the coordinates of the position of
characteristic points and the functional code de-
fines the functions to be executed for the corre-
sponding characteristic points. The defined items
in the functional code are motion pattern of the
spray system (straight line or curve}, on/off state
of the paint spray, spray nozzle angle, the infor-
mation of magnification or reduction of a sign,
etc. Fig. 4 shows the explanation of each digit in
the functional code. Fig. 5 shows the concept of
extracting the characteristic points for robot path
generation and the corresponding data structure
with the example of handicapped sign.

Each sign is made of several strokes that are
geometric entities such as lines and curves. The
line stroke is defined with two end points. Bezier
function that is widely used in design and manu-
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{b) Data structure for the corresponding charac-

teristic points
Fig. 5 Example of extracting characteristic points

and their data structures

facturing areas is employed to represent the curve
stroke in this paper. The gencral equation of the
n™ order Bezier function that is made of »+1
control points, p; 1s expressed as {Faux and Pratt,
1981},

p@dzéﬁhﬂﬂ—w”%ﬂmgugn (n
where

- 7!
T N =) @

The shape of the Bezier curve can be adjusted
with dragging the contrel points. For most of
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traffic signs, the 2™ order Bezier curve is enough
to precisely describe their shapes, which is simply
expressed as

plae) = (1 — 1) 2ot 22 (1 —20) o+ 24 pn,
(0<u=1)

(3

where fg, P2 are two end points and fn is the
control point around the middle of the curve,

Basic code is the font data file system designed
for standard frame size before applying to real
workspace. When a sign is applied to rcal work-
space whose size is different from the standard
size, this code is evolved to cxtended code in
order to account for scaling up/down and parti-
tioning the sign to be fitted into the real waork-
spacc, The functional code in the basic font file is
composed of seven fipures. The digit D7 gives the
information of scaling up/down in the (X, Y)
coordinates. This function is to translate and ro-
tate Lhe coordinates of the characteristic points
in order to fit the target sign into the real work-
space that is different from the basic frame size.
The number 1 in D7 means that this characteris-
tic point has nothing to do with the coordinate
translation and rotation. Thus, the coordinates of
this point must not change on all occasions. In
case of number 2 or 3, the coordinates of the
characteristic point arc translated toward the di-
rection of cither X -axis or ¥ -axis only accord-
ing to given scale factor. In case of figure 5, the
coordinate of characteristic point is translated
toward the directions of both of X and ¥ -axis.
The digits D4~D6 represent the information of
desired nozzle angle. The digit D3 determines the
action of spray system. The figure 1 and 0 in this
place mean the action of nozzle on or off, respec-
tively. The digits D2~D1 represeat the form of
trajectory of spray system. The number ‘10° in this
place represents the trajectory of siraight line and
the number ‘20" represents a Bezier curve. Fig. ¢
shows the examples of the basic codes about the
letter 8™ and “I”.

3.3 [Iixtended font code

Extended code is the font data structure rede-
fined as actual size by censidering environmental
variables, such as scale factor, vehicle position,
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etc. The real painting operations are directly per-
formed by this extended code. The date structure
of the extended code is similar to thal of the basic
code except one different point. That is, the func-
tional code of the extended code has two more
digits to represent sub-regious resulting nine fig-
ures. The added inlormation is concerned with
the opcrational workspace of the system. The
digit 38 represents the number of sub-regions in
the direction of Y-uxis. Also, the digit DY re-
presents the number of sub-regions in the diree-
tion of X -axis. Fig. 7 shows the examples of the
extended codes about the letter ‘S” and ‘T°. The
detail procedures to partition the whole work-
space inlo the sub-regions will be described in
following scctions.

4. Robot Path Generation Algorithm

The tracking performance on the desired tra-
Jjectory of spray system is the most important of

all the consideration [actors. The desired trajec-

a) Magnifted *S" and ‘T" in X

LR I T AT iy 1 ¢ | Nusezle
T
(b] Extended code lor the magnilied 'S’ and ‘T’
Fig. 7 Example of extended codes for °$ and “T°
magnilied in X direction with the scale Tactor

of two

tory of the system is gencrated with the infor-
mation of the font data modeled by characteristic
points. After the trajectory is determined, it is sent
to the controller of actuators. The following sce-
tiong include the descripticns of these processes.

4.1 Tnput target sign

In the painting operation, the trajectory of the
spray system is mainly determined by the coor-
dinates of the target sign’s characteristic peints.
Onee a target sign is inputted, it is decomposed
inte characters. The letters are composed ol the
combination of the clementary alphabets, Accord-
ing to the principle of making letters, original
extracting algorithm is needed for the system to
extract the element of alphabet systematically,
The extraction algorithm for Korcan letters is
more complex than that {or the other languages
because the Korean letters are composed of 259

consonants and vowels whose sizes are various
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according 1o the position. In this case, automata
algorithm to select suitable font data of the al-
phabet element is needed. The model used for the
cembination rule of Korean alphabet is called as
Hangul automata. Fig. 8 shows the state transi-
tion diagram of the Hangul automata. On the
othier hand, English is possible withcut automata
algorithm by using the combination of 26 alpha-
bets, ANSI code only. And symbols are sclected
from database.

4.2 Path partition

In case the size of the target sign is Jarger than
that of gantry, the concept of path partition is
necessary. Fig, 9 shows a path partition concept
when the total workspace is divided inte 4 sub-
workspaces. In this case, the order ol operations
aboul the sub-regions must be determined sys-
tematically by path puartition algorithm. Judging
[rom Fig. 9, the optimal painting operalions must
be carried out in the sequence of workspace
number 00, 10, 11, 01 i turn.

As a result of partitioning the workspace, new
cxtended codes arc generated. The intersecling
points at the houndary lines of sub-workspaces
must be included in the new code. Therefore, the
first step ol the path partitioning operations is to
determine the gantry’s moving dircction, position,
and the ovder of operations by using the informa-
tion of the actual painting size of the sign and
the hasic size of the gantry’s workspace, The next
step 1s to rearrange and redefine the font data
with the additive information. Those are the in-
dices lor sub-workspaces and the coordinates of
iniersecting points at the boundary lines between

the sub-workspaces as shown in Fig. 9.
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Fig. 9 Generating extended code due to workspace

partitioning
5. Experimental Results

5.1 Virtual sign painting

If sign paintings arc incorrectly applied on
pavement surfuace, it is very hard to remove them.
Therefore, very careful attention must be paid
when generating robot path for a sign to be paint-
cd. In order to aid the verification of the ro-
bot path, off-line graphic program is developed,
which is referred as Virtual Sign Painting {VSP).
This is an auxiliary system for supportling the
actual robot system. The V8P is programmed
with Open(Gl. and simulates the kinematic motion
of the robot system with 3 dimensional graphical
image. This is merged into the control program,
so thal when operator inputs a sign to be painted
and related parameters, it can virtually verify the
painting results in prior to applying real paint
spray on pavement surlace. The VSP can be also
utilized as a virtual trainer to educate a ncw crew
to learn the operational procedures of the sign

painting robot system.

5.2 ILxperiments

The experiments were carried out with the VSP
and the actual painting robot system. The per-
formance ol this system wus measured by com-
paring the results to the VSP screen. The follow-
ing factors were considered when cxccuting the
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cxperiments ; the average time for painting one
Korcan letter, the quality of painted shape, the
cttect of scaling up and down, and the painting
shape of skewed signs.

The Figs. 10~15 show the results by VSP and
the actual robol system. These experiments were
performed with three kinds of signs and with
changing painting conditions. [Figs. 10~11 are
the painting results of Korcan letter signg. Figs.
1213 are the painting results of English letter

signs. Migs. [4~15 arc the painting results of

symbel signs. More specifically, FFig. 10 shows
the actual painting result ol basic code test. The
necessary painting time was 145 sceonds, Fig, [1
shows the actual painting result of extended code
test that requires path partitioning. In this ex-
periment, these letters were scaled up 1.2 times
to lateral direction. The painting time was 103
seconds. Fig. 12 shows another painting result
of basic code test. The painting time was 103
seconds. Fig. 13 shows the actual painting result

of a skewed sign. In this experiment, these letters

were scaled down 085 times (o both directions

i ==
(b} Experimental result

Fig. 18 Basic code test with Korean word "9k
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Basic code test with English word “STOP
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Fig. 14 Symbaolic sign test (handicapped sign)

and rotated 6 degrees about Z-axis. The actual
painting time was 90 seconds. Figs. 14 and 153
show the actual painting results ol symbolic signs,
handicapped and directional signs. The painting
times were 120 and 65 seconds, respectively.

The comparative analysis ol experimental re-
sults displayed satisfactory results. Especially, we
obtained the satistactory results in the considera-
tion of average requiring times. It took about |
minute in average sense to paint a single sign with
the actual system. Compared Lo the manual oper-
ation that roughly takes about 20-30 min, this i3
tremendous increase in productivity.

The quality of painted results is determined by
paint spray quantity and timing. The amount of
spray paint must be constant all over the painting
operation and the automatic gun must be operat-
ed al the exact time by the controller. Through the
analysis ol painted signs, we found out the facts
that the quality was not good at the starting and
finishing points. This phenomenon takes place by
the delayed command of spray timing. Strictly
speaking, the spray guantity at the starting point

{b) Cxperimental result
Fig. 15 Symbeolic sign test (directional sign)
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is less than that of steady state. On the other hand,
the spray quantity at the finishing point is larger
than that of steady state. Therefore, the method
of trial and error is needed to overcome these
problems. The factors related with spray timing
are the height of the nozzle, air compressor pres-
sure, airless pump pressure, the densily of the
paint, and the moving velocity of spray system.

7. Conclusions

In this paper, & novel roadway sign painting
system which is capable of painting all kinds of
signs, is proposed and constiucted. The over-
all mechanism of the robot system determined
through carefully analyzing the operational re-
quirements is a gantry frame equipped with the
transverse rail and associated drive mechanism.
The transverse rails that make the basic gantry
frame slide off to sideways are used to extend the
workspace of the robot system to one-lane widih
while maintaining the footprint of the robot sys-
tem within the width of normal truck size. A new
path generation algorithm for the robot system is
also developed, which uses the newly defined font
data structures that is quite adequate te flat nozzle
paint spray. For the case that the workspace is
larger than the basic gantry frame size, the algo-
rithm for partitioning the robot path and the cor-
responding font data is proposed. Through actual
painting experiments, the validity of the proposed
gantry structure with extended workspace is con-
firmed as one of the best structure for roadway
sign painting operations. The sign painting oper-
ation with this system is at least 10~20 times
faster and needs less workers than current manual
operations. Finally, the most important thing of
using this system is that the safety of working
crew will be ensured and the traffic jam will be
reduced owing to the fast operations.

Acknowledgments

The authors greatly acknowledge the KICT-
TEP for the support of this work through the
project No. A~07 (Development of Roadway
Sign Painting Robot System) .

Daehie Hong, Woo-Chang Lee, Baeksuk Chu, Tae- Hyung Kim and Weo Chun Choi

References

Anotnio, J, K., 1994, “Optimal Trajectory Plan-
ning for Spray Coating,” Proceedings of the 1994
[EEE [nternational Conference on Robotics &
Automation, pp. 2570~2577.

Asakawa, N. and Takeuchi, Y., 1997, “Teach-
ingless Spray-Painting of Sculptured Surface by
an Industrial Robot,” Proceedings of the 1997
TEEE International Conference on Robotics &
Automation, pp. 1875~ 1879.

Asama, H., Sato, M., Bogoni, L., Kaetsu, H.,
Matsumoto, A. and Endo, 1., 1995, “Development
of an Omni-Directional Mobile Robot with 3
DOF Decoupling Drive Mechanism,” Proceed-
ings of IEEE International Conference on Ro-
botics and Automation, pp. 1925~ 1930,

Bui, T.H., Nguyen, T.T., Chung, T.L. and
Kim, S.B., 2003, “Adaptive Tracking Control
of Two-Wheeled Welding Mobile Robot with
Smooth Curved Welding Path,,” KSME Interna-
tional Journal, Vol. 20, No. I, pp. 1682~1692.

Chen, H., Sheng, W., Xi, N,, Song, M. and
Chen, Y., 2002, “Automated Robot Trajectory
Planning for Spray Painting of Free-Form Sur-
faces in Automotive Manufacturing,” Proceedings
of the 2002 IEEE International Conference on
Robotics & Automation, pp. 450~455.

Chen, P., Mitsutake, S., Tsoda, T. and Shi, T.,
2002, “Omni-Directional Robot and Adaptive
Ceontrol Method for Off-Road Running,” IEEE
Transactions on Robotics and Automaiion, Vol.
18, No. 2, pp. 251~256.

Faux, 1. D. and Pratt, M. D., 1981, Compuia-
tional Geometry for Design and Manufacturing,
John Wiley & Sons, New York.

Hong, D., Velinsky, 8. A. and Yamazaki, K.,
1997, “Tethered Mobile Robot for Automating
Highway Maintenance Operations,” Robotics and
Computer Integrated Manufacturing, Vol. 13,
No. 4, pp. 297 ~307.

Kochekali, H. and Ravani, B., 1994, “Feature
Based Path Planning System for Robotic Sten-
ciling of Roadway Markings,” ASCE Specialty
Conference on Robotics for Challenging Environ-
menis, pp. 52~60,



Gantry Robot with Fxtended Workspace for Pavement Sign Painting Operations

Kotani, S., Yasutomi, S., Kin, X., Mori, H.,
Shigihara, 8. and Matsumuro, Y., 1993, “Image
Processing and Motion Control of a Lane Mark
Drawing Robot,” International Conference on
Intelligent Robots and Systems, pp. 1035~ 1041.

Kotani, S., Mori, H., Shigihara, §. and
Matsumuro, Y., 1994, “Development of a Lane
Mark Drawing Robot,” Proceedings of the 1994
IEEE International Symposium on Industrial
Electronics, pp. 320~ 325,

Lee, W. C,, Shin, J. B,, Shin, H. H. and Hong,
D., 2002, “Automation of Roadway Sign Painting
Operations,” Proc. of KSAE 2002 Spring Confer-
ence, pp. 1461~ 1466.

Park, T.J., Ahn, . W. and Han, C. 8., 2002,
“A Path Generation Algorithm of an Automatic
Guided Vehicle Using Sensor Scanning,” KSME
International Journal, Vol. 16, No.2, pp. 137~
[46.

Sheng, W., Xi, N., 8ong, M., Chen, Y. and
Mac~-Neéille, P., 2000, “Automated Cad-Guided
Robot Path Planning for Spray Padinting of Com-

1279

pound Surfaces,” IEEE/RSJ International Con-
Jference on Intelligent Robotics and Systems,
pp. 1918~1923,

Shin, H. H., Lee, W. C., Yoo, I. H,, Hong, D.,
Choi, W.C. and Kim, T.H. 2003, Control
Algorithm of Roadway Sign Painting Robot Sys-
tem,” Proc. of KSPE 2003 Spring Conference,
pp. 1723~1727,

Spong, M. W, and Vidyasagar, M., 1989, Robot
Dynamics and Control, John Wiley & Sons, New
York.

Suh, S.H., Woc, [. K. and Noh, 8. K., 1991,
“Development of an Automatic Trajectory Plarn-
ning Aystem (ATPS) for Spray Painting Ro-
bots,” Proceedings of the 1991 IEEE Interna-
tional Conference on Robotics & Automation,
pp. 1948~1955.

Wilson, L., Williams, G., Yance, J., Lew, J.,
Williams II, R. and Gallina, P., 2001, “Design
and Modeling of a Redundant Omni-Directional
RoboCup Goalie,” Proc. of RoboCup 2001 Sym-
posium, pp. 288~297.





