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ABSTRACT

We present an approach of geometric fitting of fisea shapes to 3D data points, where the size efitting
problem is relatively large. The shapes studiedasgnt ship propeller blades of dimension up to\8ith, preci-
sion requirements of few mm. Moreover, the shapedraeform and designed using a geometric modad i
ent on hundreds of numerical parameters. For theistlustry it is crucial to optimally deal withdtshape pa-
rameters in order to judge whether or not a pdeicmanufactured part fits within the tolerances Wave de-
veloped a method to evaluate the shapes numeradlywe report on the approach we took. The seitgitf a
deviation objective function with respect to criticdesign parameters could be acquired. Also sameepures
for automated optimization were explored.
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2003], the major purpose of 3D scanning and meas-
1; .I NTRODUC_TION . ~urement is, historically, the verification of maaof
Fitting of geometric shapes to predefined datatgoin y,req parts against design requirements. Reverse en
can be regarded as a special case of functiondjtti  gineering of shape is mostly done in order to calcu
where the function specifies a surface of dimera&ion  |3te and present spatial deviations between a gdlysi

ity 2 in three-dimensional (3D) space. Shape @t opject and a nominal geometric model of the obgect
a well developed technique applied in surface recon g face.

struction for reverse engineering, or as part sti@pe hi | | |
feature recognition process, for example [Chivate I_n this paper we explore Some ways to evaluate rela
1993, Bardinet 1998, Thompson 1999, Li 2000, Pieg| tively complex shapes_ of sh_lp propeller blades.sehe
2001]. In most applications, the shape is modeted a shapes have large d|men5|ons_ (up to 3 meter each)
function of shape parameters, for example when theand SthUId mdeet high . reqwr_er_nentsh Off surflace
shape is represented by B-spline functions (then th 5”!0‘“ NESS an geometrlc_premsmn. The ormat re-
parameters are the control point coordinates) sa a qmrem_ents OT the_shapes is evaluated according to
form feature. In the latter case the parameters arefuantities defined in ISO standard 1SO 484 of manu-
called design parameters, since the parameteestefl [acturing tolerances [ISO 1981]. To evaluate the

a quantity which is relevant to the particular aqgp sh;_pe_: of a pro dpeller blade against thel sfcanlda:dl?sj It
tion or purpose of the shape. sufficient, in industry, to measure a relativelyadim

o ] number (about 100) of surface points. It is obvious
Although designing new shapes starting from 3D

: : ' _ that practicing the right methodology for shape
range data is getting technically feasible [Vergees eyajuation is critical, since the rejection of anma

Permission to make digital or hard copies of alpart of f_actured propelle_)r would be _extremely costly. lo-se
this work for personal or classroom use is gramtigdout tion 2 we describe the nominal model of the shape
fee provided that copies are not made or distribtioe and the definition of the design parameters, aed th
profit or commercial advantage and that copies hisiar general process of shape evaluation. In sectior 3 w
notice and the full citation on the first page. dapy oth- investigate the sensitivity of the geometric deauviat
erwise, or republish, to post on servers or tosteiute function on critical shape parameters. In sectiove4
to lists, requires prior specific permission andidee. propose a semi-automatic method to determine
whether or not a shape conforms to the 1SO require-
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ments. An outlook to application of the method to plemented) by rotating the profile in thgplane
larger number of parameters is given in section 5. by that angle.

2 DESIGN AND MEASUREMENT OF e p is the pitch distance, defined as the theoretical

amount of shift due to a screw revolution of 360
THE GEOMETRIC SH_APES_ _ degrees, op=2T; tg . and hencey = atan
The purpose of a propeller is to deliver propulgion pJ27r,
a ship by pressing water backwards with its rotatin e
blades. The shape of a blade is designed to move ¢ is the skew distance designed for the profile. It

water particles into the direction of its axis ofa- is implemented by a shift of the profile in the
tion. The distance that a water particle would theo surface of the cylinder in a direction perpendicu-
retically be moved during one full revolution ofeth lar to its axis.

propeller is called the pitch of the blade. Once th
requirements of the propeller are determined by the”
customer, the designer creates the shapes. Thal actu
production is achieved by filling molds with a cepp
alloy. The inner shape of the molds is not exactly
equal to the shape of the blade, since there shmld Examples of a profile curve is shown in figure 2.
compensation for shrinkage of the metal after capli

0 is the rake distance designed for the profile. It
is implemented by a shift of the profile in the
surface of the cylinder into a direction paraltel t
its axis.

down. In this paper we will only consider the noatin Exanple profile in 2D
model of the shape, as designed, and the shape of
physical propeller blade after its manufacturingg{F oo
ure 1). E &0
—— % 40
g
2 0 —————————————————
20 50 000 50 200 00
x-coordinate (mm)

Figure 2. One of the profiles G; of an example
blade design.

The profilesG; are mapped into space by applying
the transformatiorT; to each of its pointg; as fol-

lows:
B P g'i = Ti (Gy) = Ti(x;, Vi), 1)
Figure 1. Example of a propeller blade. The marks such that
on the surface indicate the locations of the verifi- , .
cation measur ements. X r, sin(f;)
The model of the shag®is constructed frorm pro- gy =Yy |= r, cos(f; )
file curvesG'y, ..., G'y, WhereG’; defines the inter- z, o, +(x, —0;)sin(@) - y; cos@)

section ofB with a cylinder of radiug; with axis
equal to the rotation axis of the propeller. Howeve and
G’; is specified by the designer as the developr@ent
of the closed curve onto theg-plane. ProfileG; is
specified byn points g; with coordinates, v; ).

fy = (=y; sin(@)—- (4 —g )cos@ ) f .

oh ol i From the pointx; the mapped profile&'; can be
i=1, ... m j=1, ..,n. Here we assume thatis the  yarived fori=1,...mand from these the nominal blade

same for all profiles. To each profi® the following designB. Figure 3 shows the poings of an example
quantities are assigned, which will determine the blade design witir=25. '

mapping ofG; into R*:
Equation (1) implies the coordinate system conven-

* 1 is the radius of the cylinder onto which the oy ysed, which differs from the one depicted in
pointsg;, j=1,...n will be placed. [1SO 1999].

*  q@is the pitch angle designed for the profile. The From (1) we see that in 3D poirgg; are located on

pitch angle determines the pitch distance (de- cylinders with axes in the-axis of the coordinate
fined below). A pitch angle can be designed (im- gystem.

WSCG 2009 Communication Papers 10 ISBN 978-80-86943-94-7



surface. A drop of water near the pressure surdéce
the blade will observe the surface moving toward it
and receive a momentum into the positiirection.

If the pitch would increase then the shape in Big.
would be further twisted abowt If the rake of a par-
ticular profile gets positive, then in 3D the plefi
shifts into the positive-direction, according to equa-
tion (1). When its skew increases, the profile nsove
into the positivex-direction in 3D. Obviously, rake
and skew have a smaller effect on the performafce o
the screw than has the pitch.

Figure 3. Profile points positioned in 3D space
using equation (1).

In the simplest case, if rake, skew and pitch ame- v
ishing, a profile point in the origin of the 2D pkis
placed in 3D at the intersection of thaxis with the
cylinder. Points with positivex-values in the 2D
plane will be positioned with negativecoordinates
in 3D, sincef; is getting negative. Points with posi-
tive y in 2D will have lowerz-coordinates in 3D.
Now, if the pitch angle (or pitch distance) is tet
positive value, points in the profile having large
values in the 2D plane move up into positize
direction in 3D. In other words, due to increasing
pitch the profile is rotated in 3D about tiaxis in
the positive sense,e. counterclockwise, and thus
influences the shape of the propeller. If the pliepe
is operated and be rotated clockwise aboutzttes,
the profile would then be rotated clockwise abdnet t
z-axis and the water be pressed into the positive
direction and thus the ship be propelled into thgan
tive z-direction. Then the water is pushed by the pres-
sure side, as it should for forward propulsion tod t
ship. The shape of the blade resulting from eqgnatio
(1), see Fig. 4, should be interpreted in 3D reéatd

-
L

the ship as follows. The forward direction of theps

is in the negative-direction, they-direction is verti-
cally upward and the-direction is horizontal to the
right as seen from an observer on the ship looking
forward. The blade is orientated such that the line
from axis of rotation toward the tip of the blade i
roughly into the positivey-direction. As seen from
behind the ship the blade is pointing upward agsd it
pressure surface is visible. Due to forward openati
the tip of the blade has a speed into the positive
direction. The profile point located nearest to the
origin of the 2D plane (as in Fig. 2) will in 3D V&
the largest x-value and will move into the positive
direction and therefore is a point on the so-called
leading edge of the blade. The concave part of the
profile (the lower part in Figure 2) is facing thesi-

tive z-direction in 3D and is hence in the pressure
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Figure 4. Shape of B in 3D space after applying
equation (1) to the profile points.

The model depicted in Fig. 4 includes the foothsf t
blade, which was not represented by the profile
points. We show this picture to provide a clear im-
pression of the positioning of the blade relativette
propeller and the ship. However, from this point on
we will refer to a simpler shape design directly ob
tained from the profile points, see Fig. 5. Thigsh

is used for the computation of distances between
measured points on a surface and the designed sur-
face later. The shape consists of two B-spline sur-
faces, one representird3, (the pressure surface as
designed) and the oth@B; (the suction surface)
The pressure surface in Fig. 5 was obtained fran th
designed profile pointg’; as follows. The profile
points form two networks ofmxn = 25x19 points
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each, one for the pressure surface, one for thesuc
surface. Using a tensor-product B-spline approxima-
tion method [VNI 2006] we determined the B-spline
surface of polynomial degree 3 in both directions,
having 15 control points in each direction approxi-
mating the profile point network of the pressure-su
face in a least-squares sense. The suction suice
was obtained similarly.

u
'ix
z

Figure 5. Shape of B consisting of two B-spline
surfacesfitted to the profile pointsin 3D.

Once a blad® has been manufactured it is inspected
as to verify whether its shape fits within the tele
ances supplied by the customer. The current proce-
dure at the Wartsila company includes the digitimat

of the shape of physical paBt Typically, about 100
data points are acquired of each of the two susface
0B, andoB,. Let us denote these two point setspby
ands, wherep;, s O R® andi is an index from 1 to
the number of points in the set. The locationshef t
measured pointg; and s relative to the designed
shapes are shown in Fig. 6 for the example model.
Suppose that the data poimtsare all in front of the
designed surfacéB, when viewed from an angle as
in the upper picture of Fig. 6. Then, in case taeia
tion would exceed a tolerance it could be resolwed
machining or polishing material away from the pres-
sure side oB However, when the data point would
be behind the designed surface, there is a rigkBha
is too thin, and there were no correction posdiyle
machining. It is therefore the general policy t@-pr
duceB for whichp;, < p’;; for all i, wherep;, is thez-
coordinate ofy andp’j; is thez-coordinate of’; , the
point in 0B, closest tagy;. Similarly, s, > s';, for all 5
ands’; is the point indBs nearest ta. In the particu-
lar example shown in Fig. 6 theresiduals have all
have that property.
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Figure 6. B-spline surface representing the pres-

sure surface and points measured on it (top); same

picture of the suction surface (bottom).

In Fig. 7 the distributiorz-differencesD,, calculated
as p, — p’i; ands, - s’i, ,have been plotted. TH2,
against the radius of the data points, their distance

from the z-axis, are shown in Figure 8. The data

points appear in a vertical linear pattern, dught

fact that the surface was measured at about 5 posi-
tions on a profile of a particular cylindrical radr.

3. SENSITIVITY ANALYSISOF

SHAPE PARAMETERS
Instead of correcting physical pdtitself we can (at
least theoretically) also modify the designas to

fulfill the measurement conditions, — p’;; > 0 ands;,

- §',. < 0 (if necessary) and/or to decrease the mean
error of the physical part against the modified rom
nal design model.
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Distance to suction surface
of initial design Figure 8. Z-residuals of the measured data points
versustheir radius.
45 From equation (1) it follows that if the ral® of
40 some profile(s)G; is increased by a positive amouant
35 then the valuep’;, ands’;, will increase by an amount
> 30 between 0 and, depending on the location of the
$ 25 surface point relative to the changed profiles. In
q% 20 terms of the two plots in Fig. 8 it means that p®in
r 15 both plots will move down whea is increased and
10 will move up when decreased From Fig. 8 it can be
5 reasoned that at near 3500mm the rake should not
0 ; — be increased since it would make some ofDhdor
-30 -25 -20 -15 -10 -5 O the suction side negative and thus bring some data
Dz (mm) points inside the blade’s volume. A decrease of the
rake would be admitted. The largest deviation be-
_ — _ _ tween data points and suction surface occuns=at
Figure7. Distribution of signed Z-residuals of the 3000mm, so an increase of rake in that region might
measured data poi ?rt]ztg;zz nominal surface of improve the shape fit in a least-squares sense.

We performed a numerical sampling of rake values
i around the design valugsby setting:
In doling.so, the_negotiation bgtween customer and Oi=p+A for 1<i<5
supplier is made in terms of design parameterkerat
than in terms of spatial deviations of measureatsoi gi=p+A; for 5<i<9 (2)
from the nominal shape. We wish to gain understand- _ .
ing of the effect on the shape due to modificatdén pi=p+A for 95i<13,
shape parameters. The parameters which are the leasvhere we used step sizes of 5mm Agr A, and As.
critical to the performance of a propeller are ithie The indexi=1 corresponds to the data points on the
parametergy. Suppose that the design fulfills all re- profile with largest radiusr; = 3650mm, and the
quirements is still not optimal. Then modificatioh highest,i = m = 25, for this particular blade design,
rake could improve the shape while remaining meet-the radius isr,s = 730mm. TheA-parameters influ-
ing the requirements. This offers an opportunity to ence the rake values and thus the position of ¢he d
optimize a manufacturing condition sign pointsg' j as follows.A; affects points in the
region of approximately 3600mm << 3650mm A,
in the region 3100mm k< 3600 and; in the region
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Table 1. Deviation of data points from the shape for three configurations.

Measure Initial design | A;,3=(-20, -5, +5) Freem ... pu
Dist. sq. P (mr) 15609.3 13644.7 16059.2
Dist. sq.z P (mnf) 13103.8 10991.3 13565.8
Av. dist. P. (mm) 12.5 11.9 12.9
Max. dist. P (mm) 26.9 21.1 27.2
Dist. sg. S (mr) 18442.2 19684.8 15885.3
Dist. sq.zS (mnf) 12391.2 13897.0 11223.5
Av. dist. S (mm) 13.8 14.5 12.7
Max. dist. S (mm) 27.4 27.0 25.9
Dist. sq. P and S (nfin 34051.4 33329.5 31944.5

2370mm <r < 3100mm. The best fit by sampling was The sums of the distances squared from the meas-
obtained forA; = -20mm, A, = -5mm andA; = urements of the pressure surface (P) and suctien su
+5mm. We also performed a shape fit with... o, face (S) are presented, as well as the average and
as independent free parameters. The results of thenaximum distances.

analysis are shown in the second data column of Ta—W

ble 1 e performed a 12-parameter fit where the objective

function was the sum of the two sums of distances
4 squared, displayed in the lower row of Table 1. The
Distance to pressure surface . . . .
improved design result from the 12-parameter fit, listed in thehtig
most column of Table 1, is not realistic, since the
rake values deviate strongly (between 10 and
1000mm) from the original design, leading to a dis-
torted shape of the blade (not shown). So, although
the fitting criterion is well satisfied, the shapeuld
be unacceptable. The method of stepwise varyirgy set
O 50 1000 1500 2000 2500 3000 3500 4000 of 3 adjacent rake values, as in equation (2) e/
R (mm) a more reliable result. The individual data poiiais
this configurations are shown in Figure 9, and loan
Distance to suction surface compared to Figure 8. One improvement of the de-
improved design sign in Figure 9 is the reduction of the error la t
0 pressure surface aroumd= 2900mm. It goes at the
5 cost of a slightly larger sum of squared distarates
the suction surface, but the total error, of baih s
faces together reduces from 34051.4mro
33329.5mm
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0 500 1000 1500 2000 2500 3000 3500 4000 We study the effect of changing rake more closgly b
R (mm) varying Az around its best valuds = 5mm found

during the rough stepwise sampling. The quantities

Figure 9. Z-residuals of improved shape design, defined for Table 1 are plotted as a functiorAgin

for optimal A;, A, and As. Figure 10.

WSCG 2009 Communication Papers 14 ISBN 978-80-86943-94-7



Shape deviation Table 2. Fit of shape to data points with free pa-
rameters A;, A, and As.
= 120000 - |
& w0 10 Sp—to P total Measure As5= (<20.0, 5.2, 3.5)
© __ 80000
S T 60000 \l\ / \ i
FE oo 7\& ) Dist. sq. P (mr) 15228.2
g 2000077* _—— =
? 0 T T Dist. sq.z P (mnf) 12345.6
-40 -30 -20 -10 0 10 20 30 40
A3 (mm) Av. dist. P. (mm) 12.7
Figure 10. Deviation of shape from data points a _
function of deviation of rake with indices 7 to 11. Max. dist. P (mm) 23.0
The sum of distances squared of the data points_.
measured on the pressure surface (labeled “to P” inD'St' sq. S (M) 17640.9
Figure 10) is minimal foA; = 19mm, compared t8; .
= —14mm for the suction side. The total sun of dis- Dist. sq.2 S (mr) 12381.9
tances squared in thedirection are shown as well. .
The total sum reaches its minimumAgt= 3mm. Av. dist. S (mm) 13.7
4. POSSIBLE FITTING STRATEGY Max. dist. S (mm) 26.2
The minimal total sum (as used for Figure 10) is 4 _.
criterion for goodness of shape, since it impliesst t Dist. sq. P and S (rrfin 32869.1

material should be removed from both sides of the
physical part in order to achieve zero-error. Hosvev

care should be taken that the modified shape design
never touches or encloses data points. 1

As mentioned, leaving each rake value as a free pa-
rameter in a fit does not work properly. The main
reason for this is the instability of shape gerierat 2.
from the design pointg' j. This problem does not
occur during the regular design process, where the3.
overall smoothness of the shape is controlled.tf®r
purpose of the numerical experiments, however, we
used a simpler, faster shape generation method as t
keep the objective function efficient. In this simp

fied method it can occur that the shape becomeg wav
when subsequent rakes are changed very unevenly.
To avoid those fluctuations, we varied the rakeieal

in sets, as in equation (2). The result of such & f
shown in Table 2. Indeed the total sum of squared
distances is reduced compared to the estimateésalu -
in the middle data column of Table 1, however at th
cost of a larger distance at the pressure sidéneof t
blade.

The fitting result in Table 2 was obtained by sefti 6.
the starting values foi,, A, andA; to -20, -5 and 5.
When choosing different starting values, the figity 7.
cally appear to be worse.
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The fitting strategy could be composed as follows:

Import the data points from measurements of the
pressure side and the suction side of the propeller
blade(s).

Calculate the deviation of the data points from
the nominal design of the blade surface.

If any of the data points is contained in the vol-
ume of the nominal model or if any data point is
too far off from the nominal design, issue a mes-
sage.

Starting form the nominal design parameters,
minimize the total of the sums of squared dis-
tances of data points to the shape, where a subset
of the shape parameters are free in the fitting
procedure.

Perform some sampling of the free parameters
and conduct the action as described in step 4. If
any shape is found better fitting the data points,
then save these parameter values.

Verify whether this shape is conform the specifi-
cations of the customer. If not reiterate step 5.

Use the resulting shape to generate a milling or
grinding process to achieve a physical part
matching a design.
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5. DISCUSSION material. However, if the measurements would reveal

We have shown for a particular case that instead ofthat the pitch values are not as designed (and enayb
the shape of the nominal design, an improved shapeeven exceed the tolerances) then it can be attémpte
can be found to control the final machining procafss 0 create a new design model with improved pitch

the physica| part. The new Shape can provide abett Values, but still contained within the volume ogth

balanced machining result because the shape is “pos
tioned” halfway the data points of the pressure sur
face and those of the suction surface. Then the
amounts of material to be removed from the twosside
are approximately equal, making the machining proc-
ess more efficient.

Using the simplified surface construction methde, t
objective function of the fitting procedure is suff
ciently efficient as to generate new shape proposal
about 100s or less. However, as mentioned, theae is

small deviation between the shape constructed using

the company’s high-end CAD system and the shape
we obtained by a straightforward least-squaresccubi
B-spline surface fitting against the design pouits

of equation (1). In this B-spline fit, there areltiple
options for the B-spline knot vector and the polyno
mial degree of the B-spline functions [VNI 2006].
There is also an issue in the computation of tise di
tance between a data point to the B-spline surface.
Finding the point in the B-spline surface closesat
given data points depends on a Quasi-Newton fh wit
the u- and v- parameters of the B-spline surface as

manufactured part.
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