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Abstract 1. Introduction

o o - _ Robots are widely used for spray painting in the automotive
In spray painting appllcatlons, itis essential to generate a spray gumdustry_ Paint Speciansts typ|ca”y program the robot man-
trajectory such that the entire surface is completely covered and "Bally and produce coverage paths based on their experience,
ceives an acceptably uniform layer of paint deposition; we call thigftan requiring three to five months to completely plan trajec-
the “uniform coverage” problem. The uniform coverage problem i§gries on a new automobile model (Jacob Braslaw, private
challenging because the atomizer emits a non-trivial paintdistrib%ommunicaﬁon)_ This programming time is a critical bot-
tion, thus making the relationships between the spray gun trajectofjaneck in the “concept-to-consumer” timeline for bringing
and the deposition uniformity complex. To understand the key i§-new automobile to the market. Automating the process of
sues involved in uniform covage, weconsider surface patches that rajectory planning will help the paint specialists reduce this
are geodesically convex and topologically simple as representatiypogramming time by offering them reasonable guidelines for
of subsets of realistic automotive surfaces. In addition to ensuringffective paths. Moreover, automation of trajectory planning
uniform paint deposition on the surface, our goal is to also miniprocedures will enable minimization of the cycle time and are-
mize thg assqmated process cycle time and. paint waste. Basedfifttionin paintwaste, thus helping the paint specialists to pro-
the relationships between the spray gun trajectory and the outpg,ce more efficient paint application systems. In this work, we
characteristics (i.e., uniformity, cycle time and paint waste), Ouflevelop procedures for automated generation of end-effector
approach decomposes the coverage trajectory generation prou‘?l"&jectories to optimize robotic spray-painting output charac-
into three subproblems: (1) selecting a seed curve, (2) determinigyistics over simple surfaces. However, the methodologies
a speed profile along each pass, and (3) selecting the spacing Rgsscribed in this paper can also be applied to general material

tween successive passes. Using concepts such as area mag”iﬁcar@ﬂovalldeposition applications such as CNC machining or
and the Gauss-Bonnet theorem from differential geometry, as wglhne shaving.

as standard optimization procedures, we present procedures to solveTg make the problem of trajectory generation more chal-
each subproblem independently from the others. We demonstrate figing, this work considers the use of electrostatic rotating
trajectory planning procedures by approximating real automotivgyq| (ESRB) atomizers (one of the most popular spray paint-
surfaces by simple surfaces in simulation, and finally evaluate ﬂ?ﬁg mechanisms) which emit paint distributions that are sig-
effectiveness of our algorithms experimentally on real automoti\fﬂﬁcanﬂy complex. This complexity is further compounded

surfaces. by the surface geometry of non-planar automotive surfaces,

KEY WORDS—uniform coverage, trajectory planning, sprayvhere the paint distribution pattern “warps” depending on the

painting, surface deposition surface curvature. o _
Taking the atomizer and the surface properties into consid-

eration for automated trajectory generation requires a large
multidimensional search-space. For example, a naive ap-
proach to trajectory generation that assumes that the trajectory
is discretely represented hytrajectory points requiresn?

variables (three each for spray gun position and orientation,

The International Journal of Robotics Research
Vol. 24, No. 11, November 2005, pp. 883-898,

DOI: 10.1177/0278364905059058 and one for speed per trajectory point). Typically, in the au-
©2005 SAGE Publications tomotive industry, the axis of the spray gun is held normal to
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the surface to obtain uniform electrostatics effects. Also, paint Surface CAD  Deposition model
specialists typically use constant speed trajectories. There- moglel parameters
fore, with these constraints, the discretized representation of
the trajectory with: points will require 4 variables (three for
position, one for orientation for each trajectory point). Thus,
the dimensionality of the search space of the discretized tra-
jectory representation remains very large even after applying [ select Sefd SEIE |
typical spray painting constraints. —

ypFinall)li, tK: natur% of the desired output characteristics ‘ el ‘

‘ Segment surface into simple regions ‘

For Each Simple Region

themselves make automation of trajectory generation a chal- Repeat

lenging task. The material deposition process is typically Determine optimal index width between
multi-objective in the sense that it is desirable to minimize eHlikenapas A st dias el pass
cycle time and paint waste, while obtaining an acceptable de- Generate offset pass
position uniformity (typically measured as normalized stan- and optimize speed along it

dard deviation of ma_terial depositio_n)._These c_haracteristics until the region is

often lead to a conflicting set of criteria for trajectory gen- covered completely

eration and care must be taken to balance the overall cost
trade-offs against these characteristics.
To make the optimization of coverage path parameters

@)

tractable, our approach relies on decomposing the uniform Indexing Seed
coverage problem into several subproblems that can be solved curves Curve
relatively independently (see Figure 1(a)). First, the geomet- ~ \\_ ..~ 4 """

rically and topologically complex automobile surface is seg-
mented into “simple” patches, i.e., surfaces that are topolog-
ically simple (i.e., diffeomorphic to a disk with no holes) as
well as geodesically conveéXsee Figure 2). Next, on each
simple surface patch, we generate trajectories by selecting
a seed curve and repeatedly offsetting it sideways until the
surface is covered completely (see Figure 1(b)). Thus, the tra- (b)

jectory generation problem on a simple patch is then reduced lorithmi . ¢ . lanni
to the three relatively decoupled subproblems: (i) selection 5{9- 1. (a) Algorithmic overview of our trajectory planning

a seed curve on the surface, (ii) selection of the speed profit orléhm. (b) Oll” algfonthmb gentlaratgs a covgrage pathd
along a given pass, and (iii) selection of the spacing betwe@f] &' .|trar.y simpie sur a}chgs %/ S€ e?tmg a Seed curve an
a given pass and its adjacent pass. Note that the seed C&Uéettmg it sideways within the surface to generate new

(sometimes referred to as the start curve) is the first pass gé’ﬁ-sses‘
erated during the trajectory planning procedure, and is not, in
general, the first pass traversed by the atomizer when it starts
covering a given surface.

The selection of the seed curve impacts the spatial locatigfiformity in the direction along the passes (see Figure 3).
and orientation as well as the number of the remaining passg$produce uniform paint deposition in the direction orthog-
in the coverage path, which, in turn, affect the uniformitisnal to the passes, we optimize the spacing between passes,
of paint deposition and the overall cycle time. Thus, selectalled the “index width”, to overlap the paint profiles of two
ing the seed curve can be seen as determining a good “seg@jacent passes appropriately. Finally, we follow the indus-
pointto start the coverage trajectory optimization procedumy norm of selecting the orientation of the atomizer normal
Next, the uniformity of paint deposition can be seen as having the surface. The effectiveness of our trajectory generation
two components: (i) uniformity along the direction of passegramework for simple patches lies in the fact that each of the
and (ii) uniformity in the direction orthogonal to the passeshree subproblems can be solved in a reasonable amount of
Optimization of the atomizer speed along the trajectory pr@ime essentially independently from the others. This approach
duces consistent paint profiles along a pass, thus improvigges not yield globally optimal solutions in general; however,
it enables the user to obtain practical and effective atomizer
1. A surfaces is geodesically convex if for any two poinis ¢ € S, the  trajectories quickly.
shortest path connecting the two points is a geodesic curve. Recall that a1n this paper. we focus primarily on the development of
geodesic curver has identically zero geodesic curvature, igla(t)] = P p, ' P . y . P
{lé(1))'. J& (1)) = O for all 7, whereJ@(r) is the unit vector orthogonal to @utomated trajectory generation _t00|3 for_3|mpl_e patches. Our
a@(z) lying in the tangent space &t work on surface segmentation is described in Atkar et al.

. K
2.
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We describe the procedures for seed curve selection in Sec-
tion 3, whereas we formulate the speed optimization problem
in Section 4. We address the index optimization problem in
Section 5 for surfaces with increasing geometric complexity:
planar surfaces, extruded sheets and surfaces with non-zero
Gaussian curvatureFinally, we demonstrate our coverage
procedures for a variety of surfaces in simulation as well as
experimentally in Section 6. We would like to emphasize that
(@) the effectiveness of our coverage procedures to optimize all
output characteristics on real automobile surface can only be
examined in the overall framework of trajectory generation,
and in this work we make no such attempt. None the less,
we are able to evaluate the effectiveness of our procedures
to optimize uniformity (which in the most important output
characteristic) on real automobile surfaces.

B

Shortest path
(a geodesic)

Shortest Path
(not a geodesic)

2. Prior Work

2.1. Related Work

Spray painting and CNC machining applications are concep-

Fig. 2. (a) A geodesically convex bent sheet; here the shortet:lé?”y similar in the sense that both these applications re-

curve joining any two points is a geodesic, (b) The surfa uire the end-effector to uniformly traverse the target surface.
) J g any P 9 ) ; t%herefore, similar methodologies can be employed to auto-
is not geodesically convex because the shortest curve in t

e
surface joining two points A and B is not a geodesic.

(b)

mate path planning for these applications. For spray painting
and CNC machining, most prior researchers typically focus
on a particular subproblem for the trajectory generation proce-
dure: seed curve selection, speed optimization, or index width
Bell Atomizer F'-_' Travel optimization. However, _only a few researchers have studied

! all the three problems simultaneously.

ﬁ 2.1.1. Seed Curve Selection

f’"ﬁh‘"\ For seed curve selection, most prior researchers (Suh, Woo,

R Y \ and Noh 1991; Asakawa and Takeuchi 1997; Sahir and Balkan

.." Y ‘-._ “ | 2000; Sheng et al. 2000) select a pass orientation that aligns
S i with one of the faces of a bounding box that surrounds the
Paint Profile Depgsition surface, while choosing the relative position (with respect to
Pattern the surface boundary) of the seed curve arbitrarily. Such an

approach to seed curve selection implicitly tries to minimize
Fig. 3. A typical deposition model and the paint profile acros&Ycle time, but does not consider the effects of the relative
the paint swath on a flat planar sheet. posmon' of th_e seed curve on pamt umform'lty and can Igad to
poor uniformity results. To minimize cycle time for direction-
parallel CNC milling applications of planar surfaces, Held
(1991) selects an appropriate orientation for passes to min-
imize the number of cells, thus minimizing the number of
(2005). Note that the effectiveness of any automated trajectdgol retractions and the number of turns in the coverage path.
generation procedures depends heavily on reasonably acBimilarly, Huang (2001) gives an approach for reducing the
rate and fast paint deposition prediction on arbitrary surfacesycle time for coverage by minimizing the number of passes
our prior work on deposition modeling addresses this isstile the coverage path; however, this work is limited to planar
(Conner et al. 2002, 2004). problems. Kim and Sarma (2003) use vector fields to choose
This paper is organized as follows. We first review the
. The Gaussian curvature of a surface at a given point is the product of

relevant literature on trajectory planning for material deposfﬁe principal curvatures of the surface at that point, ke &, 1y - knay.

tion or rer_n_oval appll_cathns n Secpon 2.1. Qur prior WOTrksaussian curvature measures how much the surface bends in two orthogonal
on deposition modeling is briefly discussed in Section 2.2irections.

Downloaded from http://ijr.sagepub.com at CARNEGIE MELLON UNIV LIBRARY on August 9, 2008
© 2005 SAGE Publications. All rights reserved. Not for commercial use or unauthorized distribution.


http://ijr.sagepub.com

886 THE INTERNATIONAL JOURNAL OF ROBOTICS RESEARCH / November 2005

the pass orientation that minimizes the cycle time with an Complement
implicit constraint on deposition uniformity; however, they of the Symmetrized

. . . . Medial Axis of
Gauss Ma|
do_fnot (_:on5|d(|e_r _tlhe effect of the vector field orientation on the Complement of p
uniformity explicitly. Symmetrized

Symmetrized

Smith etal. (2002) study the effect of the spatial orientation
Gauss Map

of the passes (and thus, that of a seed curve) on the surface
finish of a machined surface. Their approach generates the
coverage path by intersecting the target surface with a series
of parallel equidistant planes, whose normal is maximally
“away” from the normals to the surface. This maximally or- Optimal
thogonal section plane normal corresponds to the center of the Normal
largest circle inscribed in the complement of the symmetrized

Gauss map of the target surface (see Figure 4). This approach ) ) ) .
to coverage path generation ensures that the maximum scad- 4- Smith et al. (2002) determine the optimal section
lop height (the difference between the machined surface aR@"mal as the center of the largest circle inscribed in the
the designed surface) is minimized. However, this approa@@Mplement of the symmetrized Gauss map of the surface.
does not consider minimizing the cycle time or the material

waste, and is sensitive to small curvature changes in the target

surface. Chen et al. (2003) select the spatial orientations of

passes in multiple flat patches to maximize paint uniformi%&lbetween the adjacent passes. For CNC milling applica-

near the boundaries shared between the pqtches. Their WoHKs, Suresh and Yang (1994) derive the optimal spacing be-
does not consider curved surfaces, or the impact of spatigleen adjacent passes for a ball-end milling tool. Sarma and
orientation of passes on cycle time and paint waste. Dutta (1997) extend this derivation to desired distributions of
scallop height, including the constant scallop height distribu-
tion. Determining the optimal inter-pass spacing for robotic
Given the spatial location of a coverage path, Ramabhadrgpray painting is relatively more involved due to the com-
and Antonio (1997) present a framework for efficiently optiplexity of the paint distribution flux coming out of the spray
mizing the speed profile of the coverage path. For a specifigéin (Conner et al. 2004). However, most prior path planning
average paint thickness, they consider two different probleragproaches consider simplistic deposition models such as cir-
for optimizing the end-effector speed: minimization of thecular (Suh, Woo, and Noh 1991), parabolic (Sheng et al. 2000;
painting time subject to lower bounds on speed, and miFreund, Rokossa, and RoBmann 1998; Chen et al. 2002), or
imization of the variation in coating thickness. Both theseeta distributions (Sahir and Balkan 2000). Likewise, most
problems are set up as constrained quadratic programs. Thsfithese approaches make first-order approximations to the
approach does not consider any bounds on end-effector aceglrface geometry, thus limiting their use for realistic auto sur-
eration or upper bounds on end-effector speed. Kim and Sarfages. Under these assumptions, the selection of index widths
(2003) develop a speed optimization model for coverage pagetween adjacent passes is easier (Suh, Woo, and Noh 1991;
generation framework based on vector fields. Their approaglakawa and Takeuchi 1997; Sahir and Balkan 2000; Sheng
determines the end-effector speed along a pass as the maxial. 2000; Smith et al. 2002; Chen et al. 2003; Kim and
mum end-effector speed allowed by actuator joint and torqu®&arma 2003), but fails to capture the realistic scenario.

limits, thus minimizing the time required by the end-effector Finally, commercially available path planning systems,
to sweep each pass in the path. This approach is suitable §#ch as RobCAD ™project a user-specified planar path onto
CNC machining, where the surface finish of the machineghe target surface. Simple simulation tools then estimate the
surface is independent of the end-effector speed, and it is dgitput characteristics of the resultant coverage path. The lim-
sired to minimize the machining time. However, for sprayted specification of the deposition model and the requirement
painting applications, the end-effector speed has a signific#ot manual specification of the coverage path limit the utility
impact on the uniformity of paint deposition. Therefore, it isof such software tools.

necessary to vary the end-effector speed along the coverage

trajectory in a way that ensures that resultant paint thickne
is acceptably uniform.

Gauss Map

2.1.2. Speed Optimization

352 Our Prior Work: Deposition Modeling

In automated path planning systems, it is necessary to effec-
2.1.3. Index Width Optimization tively determine the suitability of a given coverage trajectory.

] o ) . . Therefore, it is desirable to have a paint deposition model that
Most prior efforts that optimize the uniformity of material de-

position and removal focus on determining the optimal spag-A product of Tecnomatix Technologies Ltd.
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can predict, with a reasonable accuracy, the paint deposition e
on an arbitrary surface for a given coverage trajectory. In Con-
ner et al. (2004), we develop a simple model that provides a 2
significant improvement in paint prediction over earlier mod-
els while retaining sufficient tractability for use in our plan-
ning tools. The deposition model captures the shape of the
paint distribution from a spray gun in an analytical represen- o
tation. The deposition model is composed of one bivariate and Deposition
two revolved Gaussians (Conner etal. 2002, 2004). We extract Model Plane
the parameters for the deposition model by applying data fit-
ting techniques to the experimental data obtained by painting
flat panels (see Figure 3). We then determine the deposition
at any point on a given arbitrary curved surface by using the
area magnification concept from differential geometry (see
Figure 5).

Our geometric deposition model assumes that paint parti-
cles flow along polynomial curves after leaving the spray gupig. 5. Our deposition model determines the deposition on
nozzle (Conner etal. 2004). While this assumption is not corany given point on an arbitrary surface using concept of area
pletely accurate, our experience shows us that the assumptiaagnification.
is reasonable for surfaces with low curvature. We would like
to emphasize that although deposition models are required by
the planning procedure, the coverage planning procedures we
develop in this work are independent of the particular depo-

Surface

>V

sition model used. eral, not a geodesic; the geodesic curvature of the offset curve
is a function of the surface’s Gaussian curvature. On such sur-
3. Seed Curve Selection faces, the relative position of the seed curve with respect to

the surface boundary has a significant impact on the geodesic

Seed curve selection impacts two important output criteri@urvature of subsequent offset curves, and thus on paint uni-
uniformity of paint deposition and the cycle time. As menformity as demonstrated in Figure 7. In Figure 7(a), the seed
tioned in Section 1, the paint deposition uniformity can beurve is selected as a geodesic; however, the offset curves de-
seen as having two components: one along the direction wdlop high geodesic curvature as they cross the region of high
the pass, and the other in the direction orthogonal to the pa&aussian curvature near the “vertex” region of the cuboidal
To ensure that the spray gun deposits equal amounts of pasntface. In Figure 7(b), the seed curve is a geodesic as well, but
on each side (that is, left and right sides) of the pass and thitidivides the surface symmetrically. Here, the offset passes on
produces consistent paint profiles in the direction of the padmth sides of the seed curve develop some geodesic curvature;
the end-effector should travel along a “straightest” pass, towever, the bending of the resultant offset passes is now sig-
ideally a geodesic curve (see Figure 6). Therefore, we restritficantly reduced, thus improving the likelihood of achieving
the set of candidate seed curves to geodesics. uniform coverage. This figure demonstrates the impact of the

The choice of the seed curve as a geodesic reduces the seddtive position of the seed curve on geodesic curvature of
curve selection problem to one that includes only two varihe passes. Therefore, it is desired to select the appropriate
ables: (1) the spatial orientation of the seed curve, and (2) thesition of the seed curve to ensure that the offset curves have
relative position of the seed curve with respect to the surfaceinimal geodesic curvature.
boundary. Note that to increase the likelihood of uniform paint In order to examine the effect of the relative position of
deposition, we must minimize the geodesic curvature on ntite seed curve on offset passes, it is convenient to employ the
only the seed curve but also the rest of the offset passes. On SBauss—Bonnet theorem (Thorpe 1979) and to study the effect
faces with zero Gaussian curvature (e.g., planar or extrudefisurface Gaussian curvature on the integral of geodesic cur-
surfaces), the offset of a geodesic curve is also a geodesiature along a given offset curve (rather than the maximum
Therefore, in such cases, the relative position of the geodesiecd minimum values of geodesic curvature). Let us consider
seed curve with respect to the surface boundary has no afsegmenc,; of the smooth seed cureg (see Figure 8). Let
fect on the geodesic curvature of the resultant offset curvabe end-points o, be o (7)) anday(t,). We will generate
Then, the relative position of the seed curve with respect tn offset curve of’,, by measuring the distance between the
the surface boundary can be picked arbitrarily. offset curve and the seed curve along geodegjesdy,, that

However, on surfaces with non-zero Gaussian curvatuege orthogonal to the seed curve at point@,) andw,(z,). Let
(e.g., a sphere), the offset of a geodesic seed curve is, in g€h; be the offset o€, at an offset distancA; we require that
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s

(@) (b) (c)

Fig. 6. Effect of geodesic curvature on uniformity of paint deposition. (a) When the pass is a geodesic, i.e., a straight line on
the planar surface, there is symmetrical paint deposition on each side of the pass. (b) When the pass has constant non-zero
geodesic curvature, i.e., a circular arc, there is more paint deposition on the side towards which the pass bends. (c) When the
pass has varying geodesic curvature, the paint deposition on either side of the pass is highly non-uniform.

Seed curve .’ S ‘%
curve :;“‘x . X
High K region x::‘“-t"\
region — o iy
~ Tangent Tangent_—=-x g
discontinuity discontinuity
(pruned (pruned
self-intersection) self-Intersection)

(@) (b)

Fig. 7. (a) The geodesic curvature of offset passes increases as the passes sweep past a region of high Gaussian curvature. (b
If the seed curve (shown as a dark thick curve) splits the surface into two regions with equal integrals of Gaussian curvature,
the geodesic curvature of the passes is minimized.

the offset distanca is less than the focal lendth,. We are We first apply the local Gauss—Bonnet theorem to triangu-
interested in determining the integral of the geodesic curvéar regionsp; and¢,

ture alongC,,;. We assume that the surfacei$ continuous,

thus allowing us to assume th@j;, y,, andy,, are all smooth

curves. 3
Let ¢ be the region bounded hy,,, C,;, ¥, andy, . Let / K + / Ky = ZQi.J- -, (1)
C.i. be any smooth curve joining, (0) andy,, (A). Denote & o, j=t

the surface region bounded b, y,, andC,;, as¢;, and its

boundaryd¢, consists of curve€,, y,, andC,;, with appro-

priate orientation. Similarly, lep, be the region bounded by Wherek is the Gaussian curvature of the surfagec, is the
C.. v, andC,,, andd¢, be the boundary ap,. geodesic curvature of the triangular boundagy, andé, ; is
the jth internal angle of the boundary. Note tldg}, is shared
4. If a5 (1) represents a lateral offset of curvg at a distance of (measured by both boundarie§¢1 and Ao, but is traced in Opposite

in the surface), the focal length af) is the smallest distancg® for which : . L. .
the offset curvex+ self-intersects. Note that at the self-intersection poinplrecuons' Addltlona”y' the Imegralfmo Ky and fm ke are

ag+ (%), the magnitude ok, (+*) is equal to zero. zero by definition of geodesics. Therefore,

Downloaded from http://ijr.sagepub.com at CARNEGIE MELLON UNIV LIBRARY on August 9, 2008
© 2005 SAGE Publications. All rights reserved. Not for commercial use or unauthorized distribution.


http://ijr.sagepub.com

Atkar et al. / Automotive Surface Patches 889

the more the geodesic curvature of the offset curves increases.
If the sign of the Gaussian curvature remains the same on the
surface, we can say that the larger the area bounded between
the offset curve and the seed curve, the higher the geodesic
curvature of the offset curve will be. Therefore, the possibility
of self-intersection is maximal on the bounding passes (see
Figure 8). From eq. (4), we infer that in order to minimize
the geodesic curvature on the bounding passes, the seed curve
should divide the surface into two parts such that the integral of
the Gaussian curvature is equal over each part. This approach
determines the relative position of the seed curve as defined
by a geodesic Gaussian curvature dividing curve.

For a given surface, there are an infinite number of
geodesics that are also Gaussian curvature dividers. We wish
to choose a seed curve from this family of geodesic Gaus-

Fig. 8. Application of the Gauss—Bonnet theorem to thE;an curvature dividers, such that the cycle time is minimized.

region bounded by the seed curve, its offset curve, and t rpderthe assumption that all candidate coverage trajectories
two bounding orthogonal geodesics' ' yield the same amount of average paint deposition on the sur-

face (through a control of paint flow rate), the portion of cycle

time when the spray gun is actually depositing paint on the
surface remains approximately constant for all coverage tra-
jectories. As such, the overall cycle time is proportional to the
time required for the spray gun to negotiate turns in the path
(i.e., when not depositing paint on the surface). Therefore, to

Bounding
Passes

minimize cycle time, it is necessary to minimize the number
/Kg + / Ky = /Kg - /Kg - / Kg of turns in the coverage path.
o oo Cor Yo Chia To determine the optimal orientation of the seed curve that

minimizes the number of turns in the coverage path, we first
approximate the geodesic seed curve by a curve of planar
+ /Kg =+ / Ky — /Kg intersection that is also a Gaussian curvature divider. Note
o c that if a section plane is orthogonal to the target surface at
all points on the resultant intersection, the intersection curve
is a geodesic curve. Therefore, to ensure that the seed curve
= /Kg - /Kg' 2
Cst Cof

dia Cof

approximation is sufficiently close to being a geodesic, we
require that the normal to the section plane be orthogonal to
) ) the average target surface normal.
Clearly, f, K + J,, K = [, K. Since geodesicg, and Next, we generalize the concept of surface “altitude” from

v, are orthogonal to the seed cung, + 625 = 6i2 =  panarsurfaces given by Huang (2001) to non-planar surfaces,
(7/2). Also, from Rausch, Wolter, and Sniehotta (1997), thg here the surface altitude is now measured as the sum of

geodesics orthogonal to the seed curve are also orthogonai{@ |engths of the longest orthogonal geodesic curves starting
the offset curve, that ish ; + 6,1 = 62, = (7/2). APPIYING  rom the seed curve, and extending on either side of the seed
these relations to the summation of eq. (1) applied t0 regiop§e (see Figure 9). To determine the seed curve, we will
¢1 andg, , we arrive at select the section plane normal that yields minimal surface
altitude. Then, such a choice will result in minimal number
f Ky = / K + f Kq. (3) of passesin the resultant coverage path, and thus equivalently
Cu minimal cycle time and paint waste.

C, ¢
' Thus, our seed curve selection procedure simultaneously

Finally, if the seed curve is a geodesic, then optimizes the resultant paint deposition uniformity (charac-
terized by passes with low geodesic curvature) and cycle time

/Kg - / K. (4) (characterized by minimal number of turns in the coverage

path). In implementation, we first determine the spatial ori-

o ’ entation of the seed curve that minimizes the cycle time by

Equation (4) conveys that the more the surface boundéglecting the optimal section plane normal. Then, we proceed
between the offset curve and the geodesic seed curve berig@select the relative position of the seed curve by determining
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/\ Surface :
/ \ Altitude Profiles

N \N

Target Surface

(@)

Orthogonal
Geodesic

Sub-Offset Curves Current Pass

Fig. 10. Speed optimization attempts to minimize the
variation of paint profiles in the direction of the pass.

Orthogonal

Geodesic speed profiles on a pass-by-pass basis. The underlying as-

(b) sumptions in our approach are that the speed optimization
improves the uniformity in the direction of the passes, and the
Fig. 9. (a) Huang's approach selects the orientation @ferage paint deposition along a given pass remains constant
the passes that minimizes the surface altitude in directiqar any candidate speed profile along that pass. Then, under
orthogonal to the passes, thus minimizing the cycle timghese assumptions, we have observed that for most surfaces,
(b) We extend Huang's approach to curved surfaces ky|ocal change in the speed profile along a pass affects the
determining the surface altitude as the sum (L1+L2) of thgaint deposition uniformity on only a subset of the surface
lengths of longest orthogonal geodesics on either side of tB@rrounding the pass; thus making the scope of our optimiza-
seed curve. tion approach semiglobal.
Our objective here is to find a speed parametrization of the
pass that minimizes the standard deviation of paint deposition
the Gaussian curvature divider corresponding to the optimlzgl the dlrect|op of the pass. Denpte by theget {5(:) :.0 5. .
section plane normal. r<T} ac_and|date pa_\rametnzatlon of t_he pass, thus |mpI|C|tIy
representing a candidate speed profit¢/yyd:. Here, T is
the time required for the atomizer to cover the pass at the
4. Speed Optimization nominal speed and will be the same for any candidate speed
profile along the pass. Let the surface surrounding the given
Automotive paint specialists typically use constant speed trBass be parametrized asa patch, where the iso-curves of
jectories. The size of the ESRB deposition pattern is relativelyrepresent the suboffset curves (i.e., regular offset curve, but
large with respect to a typical automotive surface; thereforg0t a part of the coverage path) spaced at distarfoem the
constant speed profiles typically require long oversprays R#SS. Let, (1) represent a unit-speed parametrization of a
ensure that the boundary effects, which produce non-uniforpiiboffset curve.
paint deposition near surface boundaries, are minimized. If If ¢la.(u), s()] gives the paint deposition flux at point
there is a restriction on the maximum acceptable level of paifit () when the spray gun is atr), the total paint deposition
waste, shorter oversprays must be used, but not withouhe. (1) is given by
compromise in the paint deposition uniformity. Additionally,
on non-planar surfaces, the changes in the surface curvature
along the pass result in non-uniform paint deposition along
the pass. Speed optimization attempts to compensate for these
curvature related results and improves the uniformity of paint The average paint depositiaf), is given by
deposition in the direction of the passes (see Figure 10). )
Unlike prior approaches (Ramabhadran and Antonio 1997; d :/ {d [a.(w), 3]} du ©)
Kim and Sarma 2003) that use speed optimization techniques ’ [, ’
over the entire path, our approach uses a semiglobal (i.e., not
local, and not entirely global either) method that optimizewherel, is the length of the suboffset curug(u).

T
d (e, (), §) = /¢[av(u),S(t)] dr. ®)
0

oy
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Then, the variation of the deposition aloag(u) is given turns in the coverage path. Additionally, to ensure that the

by paint deposition is acceptably uniform, we explicitly require
. that the normalized standard deviation of paint deposition is
var, (§) = {d o, (). 5] —d,} q @ below the maximum allowable limit. Next, we present pro-
v\ = I, " cedures to obtain solutions for the index width optimization
@ on surfaces with increasing geometric complexity: planar sur-
Thus, our objective function, i.e., the standard deviation dficeS, extruded surfaces, and surfaces with non-zero Gaussian
the paint deposition in the direction of passes is curvature.
@) = / Ivar (5) dv 8) 5.1. Determining I ndex Widths on Planar Surfaces
~vo Onaplanar surface, geodesics are simply straight lines. There-

fore, the seed curve, chosen as described in Section 3, willbe a
straight line. The offsets of the seed curve are parallel straight
lines and accordingly the resultant coverage path consists of a
min, Y (§) (9) family of parallel lines. Moreover, for any such straight pass,
the planar surface is locally isometric everywhere (ignoring
) boundaries of the surface). This local isometry of the surface
pin < 4 < Gy V1 €0, T, leads to recurring isometric paint profiles as we move along
o the direction orthogonal to the passes. From this recurring
wherev,;, andv,,. are the velocity limits and,;, anda,...  jsometry of the paint profiles, it is intuitive that the optimal
are the acceleration limits as dictated by the paint proceggjyson to the index optimization problem yields the same
parameters and the robot joint speed/acceleration limits. i,qex width between any two adjacent passes.
~ Inimplementation, we solve eq. (9) using a quadratic op- Ths assumption of constant optimal index width between
timization program with linear constraints by appropriately, jiacent passes enables us to examine the effect of index width
discretizing the spray gun pass, the sampling of the Suboffy, naint deposition uniformity (see Figure 11; Conner et al.
set curves, and the suboffset curves themselves. In theosinr) 1o evaluate paint uniformity, we consider the interac-
it is possible to obtain an exact optimal solution that minigons hetween the deposition profile curves of a sufficiently
mizes the objective function by using calculus of varlatlons{érge number of passes spaced at constant index width.
_however, the complex form of the objective function (a_trlple From the graph, we observe that there is a “sweet spot”
integral) and the presence of the speed and acceleration cgpygex width that corresponds to a local minimum of the
straints limit the scope of determining solutions using calculu§ ;ndard deviation (around 525 mm index width for the atom-
of variations onawide class of surfaces. We examine the effege \yhose deposition pattern was considered in Figure 11).
tiveness of our speed optimization formulation in Section G@ainting the target surface at this higher index width is desir-
on a few test surfaces. able because higher index widths lead to a fewer number of
turns in coverage path, and thus smaller process cycle time.
5. Index Width Optimization This corresponds to the minimization of the objective func-
tion in our index optimization problem, as mentioned earlier
Once we have optimized the end-effector speed to produirethis section. Unfortunately, the sensitivity of the standard
acceptable paint uniformity along the direction of a pass, waeviation of paint deposition to the index width is high at
focus on how to place passes next to one another on the siine sweet spot; in other words, small changes in index width
face; that is, select index widths between the passes. Givaithe sweet spot produce high variations in paint deposition
the position of the seed curve, the objective is to select thumiformity. In order to ensure that the paint deposition uni-
positions of the rest of the passes in the coverage path by dprmity over the surface is not sensitive to small changes in
timizing index widths such that the paint profiles of adjacenhdex width, we typically do not use the sweet spot spacing
passes overlap appropriately and produce acceptable unifoetween the passes. To ensure that the index optimization pro-
mity orthogonal to the direction of the passes. At the saneadure avoids the sweet spot, we restrict the search of index
time, the index widths should be as wide as possible in ordetidths to a closed interval termed the “index width search
to reduce the number of passes in the coverage path, therebgge”, which excludes the sweet spot. In implementation,
reducing the cycle time and paint waste. Therefore, our indéitis search range in discretized at an appropriate resolution.
optimization procedure seeks to determine the set of index Thus, for planar surfaces, the index optimization proce-
widths between adjacent passes that minimizes a combirmwe selects the optimum index width as the largest index
tion of the two costs: (i) the normalized standard deviatiowidth in the index width search range that yields an acceptable
of paint deposition over the surface, and (ii) the number afniformity. As mentioned earlier, since the planar surface is

wherev, is the nominal width of the deposition pattern.
Finally, the speed optimization problem is formulated as

such that v,,, <22 <v,, Ve[0T,
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Fig. 12. Index width optimization on extruded sheets: the
rRaint deposition uniformity is calculated along the indexing

urve bounded between the previous pass and the candidate
pass.

Fig. 11. Graph of normalized standard deviation of pai
deposition versus the index width for a typical ESR
deposition pattern.

Then, the resulting paint deposition uniformity in the sur-
Lace region surrounding the current pass depends on the cu-
t . o
em{JIatlve deposition due to the set of the known pasfgs,
@ncluding the current pass) as well as a set of future passes,
F, whose locations are unknown at the moment. For typical
. ESRB atomizers, it is sufficient to consider the deposition
5.2. Determining I ndex Widths on Extruded Sheets due to three or four future passes because future passes that

To lift the index width selection framework from planar sur2'€ farther away from the current pass have negligible paint

facesto non-planar surfaces, we first consider a special Clasggposmon near the region surrounding the current pass.

surfaces —extruded sheets. Extruded surfaces have zero GausC determine the optimum index width,,, between the

sian curvature, yet are non-planar in general. Many automurrent pass and its next adjacent pass (i.e., the first future

bile surfaces, such as doors, are designed based on extru%ﬁs)’ we vary the posmo_n of the next three_ or four future_
surfaces, making this a useful class of surfaces to considePaSSes such that the spacing between the adjacent passes lies

Although different choices of seed curve orientation arld the index width search range. We then evaluate the paint de-

available on the extruded surface as described in Section@,smon uniformity on the optirr_lizati(_)n profile curve bounded .
for clarity of presentation, we assume that the passes are alggwlezen \t/t]/e ((:jurrent pbass and its arsljacent fult_ur%pass ((jseg Fig-
the zero curvature direction (see Figure 12). Thus, the surfa )- We denote byar(F, X} the normalized standar

curvature orthogonal to each pass varies from pass to passgﬁY'at'on of paint deposition due to the known passes and the

general, the paint profiles along any two passes on an extrucfee&eCted future passes, measured on the optimization profile

surface are different due to the variation in surface curvaturgs' V& bounded between the current pass and the first .futurg
As a result, the optimal spacing between passes varies as ss. The sets of future passes that yield acceptable paint uni-
face curvature changes ormity over the selected optimization profile are categorized

Our path planning approach generates new passes by fﬁ§tthe set of feasible index widths.

computing the optimal index width between a known pass Then, the |nd.ex width optimization problem for the ex-
and its adjacent pass, and then laterally offsets the knoNHded surfaces is formulated as

pass W|_th|n the surface. At the beginning c_Jf the trajectory min, f[var(F, K). L (w,, —w )] (10)
generation procedure, only the seed curve is known and we Weur r

determine its adjacent passes. The newly generated passes a¥gch that var(F, K) < var,.

also categorized as known passes and the process of generat- F, € SR Vi,

ing new passes from the most recently generated known pass

continues until the surface is covered completely. For the sakdere f is the objective function (monotonically increasing
of clarity, at a given instance of time, we term the known pasda its arguments)L. is the altitude of the surface for the given
we are considering the “current pass”. seed curvew,,., is the index width between the current pass

isometric to itself everywhere, the same optimum index wid
is chosen for all passes, assuming that there is suffici
overspray.
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and its adjacent known pask, representsth element of set Extruded Current Pass
F, andSR is the index width search range. Surface /

Note that the cost component associated with quantity APProximation
(w.r — Wy in the objective function ensures an appro-
priate balance between the deposition on the region between
the current pass and the previous pass, and the deposition on
the region between the current pass and the candidate pass.
Then, the index width from the set of future passes that yields
the minimal cost is chosen as the optimum index width, and
accordingly the new candidate offset pass is generated.

Target Surface

— Indexing
- Curves

5.3. Determining Index Widths on Surfaces with Non-zero Previous Candidate Pass

Curvature Passes

On surfaces with non-zero Gaussian curvature, the curvature

of the surface, in general, changes not only as we move alopgy. 13. Index width optimization on arbitrary surfaces. At
an indexing curve (as in the extruded surface case), but aksqch of marker point, B, C, D, andE, we approximate the
as we move along a given pass. As such, the geometry gifrface with an extruded surface using the indexing curve,
the indexing curve (i.e., the curve orthogonal to start curve)nd determine the uniformity graph along the indexing curve.
changes as we move along a given pass. Here, in order49 B,, C,, D,, and E; are the corresponding offsets of the
determine the offset of the current pass, we sample the curremérker points.

pass at a finite number of “marker” points spaced at intervals

based on the total curvature of the pass. At each marker point,

we then determine the indexing curve as the intersection curve

of a plane whose normal is along the tangent to the pass at Index Width Selection
that marker point. We determine the optimum index width along Indexing Curves
along each indexing curve and obtain the corresponding offset _
marker point by tracing along the indexing curve a distance - 18 : optimum
equal to the optimum index width from the current marker ©§ 14 index width
point. The offset curve is then determined by interpolating 3 8 '3
between the collection of offset marker points. e §' 03]

To determine the optimum index width at each marker 8 = 8;?
point, we first approximate the surface locally with a sur- £ 3 o2
face of extrusion generated by extruding the indexing curve 2 % 0

along the direction tangent to the pass at the marker point 2000
(see Figure 13). Employing the same approach used for the 0/\'9,
extruded sheets, we then determine the set of feasible index — ~@, 7
widths, 7', on the extruded surface approximation at each b, %, °0°

o : , ® % jdth (mm)
marker pointi. For! marker points, we construct index sets Index W
formed by a combination operation by picking a single ele-

mentfromleagb'-" atalttime.Tha[_tis, an index setisrepresentegy 14 |ndex width optimization on arbitrary surfaces. The
asl = {w', w?, ..., w'}, wherew' € 7. Note thateachindex qimization procedure determines the optimum index width
set, formed by choosing a different combination of elements; o 5ch marker point for surface shown in Figure 13.

from eachF, represents a different offset curve.

For each index set, we calculate the objective function as
the summation of the objective function for extruded surface
approximations at each marker point (i.g;, f;, wheref; is
the objective function for the extruded surface approximatioto minimize the geodesic curvature of the offset curve. Then,
at marker point as described in eq. 10), and an additionaby constructing all index sets and evaluating the associated ob-
component that collectively measures how much the cangéctive function for each index set, the optimal index set can
date index width at each marker point differs from those at thee identified and correspondingly the adjacent offset curve
neighboring marker points. This additional component of thean be determined.
cost function favors index sets that have the same candidateln implementation, instead of considering all possible in-
index widths at all marker points, and thus implicitly attemptslex sets, our approach considers only those index sets which
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represent the same index width at all marker points. That ispmparison between the two approaches, the relative position
we restrict the search for the next offset curve to only thog#f the seed curve in the GMM approach is selected such that
which maintain a constant spacing from the current pass at #ie seed curve is also a Gaussian curvature divider. For both
marker points. Such a restriction not only allows us to quicklthese approaches, coverage trajectories are then generated us-
determine a good solution to the index width optimizationg the trajectory generation algorithm described in this paper,
problem, but also implicitly reduces the possibility of subseexcept that the index width between any two adjacent passes
guent offset passes developing self-intersections. Moreover kept constant.

this optimum “constant index set” solution can serve as the The test surfaces used by Smith et al. (2002) are very small
starting point for a gradient-descent based method that opepmpared to the width of spray gun deposition pattern. To
ates in the search-space of all possible index sets for furth®ave realistic paint deposition scenarios, we scale surface 2
improvement in uniformity. described in Smith et al. (2002) by a factor of 10P®4 (see
Figures 15(a) and 15(b)). In Table 1, we compare (in simu-
lation) the output characteristics obtained by employing our
method to those of the GMM method. On a scaled version of

To validate the utility of our seed curve selection proceduré,urface 2 d(_ascrlbed In Sm|th_et al. (2(_)(_)2)' our me’Fhod yields
we compare the simulation results for coverage paths coft20% relative improvement in deposition uniformity, where

structed using our method to a method based on the Galjg measure the uniformity in terms of normalized standard
map (Smith et al. 2002). Similarly, to examine the eﬁecgieviation of paint deposition. Also, there is a relative improve-

tiveness of our speed and index optimization procedures, Nt of 16.6
generate spray gun trajectories using our planning tools orP5U"Ms)- .
variety of simple surfaces and study the effects on paint de- We also compare the two seed curve selection approaches
position uniformity. To evaluate paint deposition uniformity!o" more realistic auto body surfaces, e.g., a surface ap-
corresponding to the generated trajectories, we simulate f@Ximating the surface of a Ford Crown Victoria front side
paint deposition process on corresponding surfaces using {FBYer (see Figure 16). For this fender-resembling surface, our
paint deposition model described in Conner et al. (2004). Armethod yields normalized standard deviation for paint equal

paint simulations discussed in this paper assume that the pe{fﬁ?‘o 180/_0’ where the resultant coverage pathiis frge from self-
particles flow along polynomial curves. Next, we experimenuptersectmns. The coverage path constructed using the GMM

tally measure the paint uniformity on some real automobil@ethOd yields higher normalized standard deviation of paint
surfaces. deposition at 13.08%. Additionally the coverage path has self-
The surfaces used for verification of our planning too@tersections,thus making the end-effector motion practically

have varying geometric complexity including planar Sheetgjfeasmle. F(_)rthls fender surface, our methoc_j gives the num-

cylindrical surfaces, a door panel from a Ford Excursion arf" Of turns in the coverage path equal to six, where as for

a fender from a Ford Crown Victoria. We model each of thi!® GMM method it is nine. Thus, our seed curve selection

two automobile surfaces by a singi8-continuous NURBS MProves not only uniformity but cycle time also.

surface thatis slightly simplified by removing holes and merg-

ing multiple NURBS patches toge_therfr_om the corresponding Speed Optimization Results

CAD data. We then generate trajectories on the correspond-

ing approximation surfaces, and use these same trajectoff@sexamine the improvement in the resultant paint deposi-

for experimentally painting the surfaces and for simulatingon uniformity using speed optimized trajectories over con-

paint deposition on the surface CAD models (see Figure 1&tant speed trajectories, we evaluate the resultant paint uni-
formity in each case over a few surfaces and list the results in

6.1. Seed Curve Selection Table 2. We measure the uniformity in terms of normalized

_ standard deviation of paint deposition. The results show thatin
Our procedures determine the seed curve as a curve of planar

intersection such that it is a Gaussian curvature divider and
also minimizes the number of turns in the coverage path. We _
compare the effectiveness of our seed curve selection prod@ble 1. Comparison of our Method to GMM Approach

6. Simulation and Experimental Results

6% in cycle time (measured in terms of number

dure with the Gauss map modified (GMM) procedure closely Proposed GMM
related to the method used by Smith et al. (2002), which se- Approach Method
lects the seed curve using a section plane that is maximally Test Std Std
orthogonal to the target surface. In other words, the section Surface dev  Turns dev  Turns
plane normal computed by the GMM approach corresponds

to the center of largest circle inscribed in the complement of Surf #2 11.34% 12 13.67% 14
the symmetrized Gauss map of the surface. For a meaningfulCV fenderapp  10.18% 6 13.08% 9
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Navg

Fig. 15. (a) On a scaled version of surface 2 from Smith et al. (2a02)s the Gaussian curvature divider seed curve
determined by our approach. The spatial orientatiom*aé obtained as the intersection a section plane with optimal normal

N* that minimizes the number of turns in the coverage path. The GMM approach, based on the Smith et al. method, determines
the curvex, as the seed curve. The spatial orientation pfs along the intersection of a maximally orthogonal section plane

(with normalN,). (b) Symmetrized Gauss map for the surfagg, is the average surface normal. Note that althoNgland

N* are orthogonal to the surface normal, their spatial orientations are significantly diffdréatnot maximally orthogonal

to the surface; however, it minimizes the number of turns in the coverage path.

seed curve

50

T -

B B 1 40

"1 1 L &1 111 a5
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intersections

Fig. 16. Seed curve selection on a surface approximating the Crown Victoria fender. (a) The trajectory generated using GMM
approach has self-intersections near the high curvature region on the left side of the fender. (b) Our approach yields trajectory
free from self-intersections and simultaneously minimizes number of turns in the path.

simulation, the speed optimization substantially improves threanipulator fitted with a 50 mm ABB Micro-Micro Bell
uniformity of resultant paint deposition. Also, the planar suratomizer.
face example shows that to produce similar uniformity, the The experimental data on the Ford Excursion door show
overspray required by the speed optimized trajectories tisat the speed optimized trajectory (15.88% normalized stan-
shorter than that required by a constant speed trajectory. dard deviation; see Figure 18) yields an improvement in the
To examine the effectiveness of our trajectory planningaint deposition uniformity over a constant speed trajectory
system, we performed a number of experiments on the Foftl7.80% normalized standard deviation); however, the rela-
Excursion door in a paint booth. The door was mounted ont&e improvement in uniformity due to speed optimization is
vertical rectangular board which was bigger in size than th@nall. This relatively small improvement in uniformity is at-
door. The door was painted using a single ABB S3 robotitibuted to the fact that the simulation paint deposition differed
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Table 2. Impact of Speed Optimization on Normalized %0
Standard Deviation of Paint Deposition é 240
Simulation € 20
Const. é 200
Surface Speed Optimized %‘ 180
Excursion door 21.82% 15.73 % 2w
Approx. to Crown Victoria  16.62 % 11.92 % = w0
0 500 1000 1500 2000
fender Distance along pass (mm)
Plane 100mm overspray 8.60 % 3.88 %
Plane 235mm overspray 3.88%

Fig. 18. A typical optimized speed profile along a spray gun
pass.

Table 3. Index Width Optimization Simulation Results

Normalized
Standard
Target Development
Surface (%)
Planar Sheet 2.64%
100 cm Radius Cylinder
passes parallel to axis 2.21%
“mzo 100 cm Radius Cylinder
(@) (b) passes around cylinder 4.19%
Fig. 17. (a) Simple surface approximation to the FOFdApproximation to Ford Excursion Door
Excursion door and the resultant paint deposition on the passes along zero curvature direction 6.81%

Eu_rface. t(?h) The_ cto(ljor m?[? ShOWT’ Its spemfgally ?ﬁs'gn;d tOApproximation to Ford Excursion Door

ring outine paint deposition variation. © nce the path on paqges along max. curvature direction 4.48%
the approximation surface is generated, we simulate the paint o o
deposition on the CAD model of a Ford Excursion door. Approx. to Crown Victoria fender 11.92%

from the measured paint deposition by as much as 30% (néag curve. On the other hand, if the surface curvature changes
regions of high curvature) for the Excursion door (Connealong the indexing curve as in the case for the Ford Excur-
et al. 2004). The effectiveness of speed optimization inhesion (with passes along zero curvature direction) and the Ford
ently relies on accurate simulation of paint deposition; an@rown Victoria fender, the normalized standard deviation of
more realistic deposition models will enable the speed optpaint deposition from the obtained trajectory exceeds the de-
mization procedure to significantly improve the uniformity insired level. The higher standard deviations observed on these
real systems. surfaces reflect the fact that the index optimization process is
semiglobal in nature, and does not necessarily yield globally
optimal solutions.

We also studied the effect of index optimization on paint
To study the effect of index width optimization on paint de-uniformity experimentally by painting the middle and lower
position uniformity, we consider a variety of target surfacegortion of a Ford Excursion door with similar settings used
generate passes for each of them and evaluate the paint depiasithe speed optimization tests. During the experiments, our
tion uniformity by simulating the paint deposition process (seglanning tools generated the index optimized path with a side-
Table 3). In each case, we set the maximum allowed normalays overspray pass near the door bottom. In simulation, this
ized standard deviation at 4% and assume sufficient overspizath yielded a paint deposition uniformity of 7.16% on the
is available to minimize the boundary effects. We observe thdbor. However, because of robot workspace constraints, we
the index optimization yields the desired uniformity in caseBad to manually remove the bottom overspray pass from the
where the surface curvature remains constant along the inderverage path. For the coverage path without the overspray

6.3. Index Width Optimization Results
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pass, the uniformity of resultant paint deposition was 13.13% Segmentation of the automobile surface into geometrically
in simulation, whereas experimentally it was measured to lzes well as topologically simple subsets is an important step in
16.5%. If we optimize the index width with the constraint thabur trajectory generation framework. Such a segmentation of
there would be no bottom overspray pass, the resultant paihe surface enables usto apply the trajectory generation proce-
deposition uniformity can be improved to 9.01% in simulaeures described in this paper to each of the resultant segment.
tion. Thus, our planning tools perform with limited succes3hen, by joining the obtained trajectories appropriately, the
when there is a constraint on use of overspray passes. Nawgire surface can be covered completely and uniformly, thus
the less, our procedures yield desired uniformity results (whdminging us closer to a turn-key automated trajectory gener-
sufficient overspray is available) in a reasonable amount afion system for automobile surfaces. Our future work will
time, and can offer guidelines to the paint specialists to subddress these issues to extend the path planning algorithm to
stantially reduce the robot programming time. a broader class of surfaces.
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