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Dans cette étude, une méthadd développépour estimeet prédireles coeffitents d'erreur de

OD GplRUPDWL R CNECRXiQoHxPsbUS Idifjdrentes conditions de chargerentr

etudier l'effet dedifférents poids et les couples sur les erreurs de la madbmélocs lourds
identiques(10 kg chacupainsi que des entretoises lumiénet été concus et fabriqué&prés

installer les bocs et les boules sur la palette, la machine sonde les bould#f@mnts angles
indexés par rapport a sdsux xes de rotation (B et C axe=) utilisant les codes G générés par
programmeRUMBA (the 3D reconfigurable uncalibrated master balls artifact). Au total, il y a 26
types d'erreurs et chaque erreur a maxindencing coefficients qui sont appelés coefficients
d'erreur estimésl.es données obtenues a partir de la machore traitées afin d'estimer les
vaOHXUV GHV FRHIILFLHQWY G HUUHXU SRXU FKDTXH HUUHX
graphiquespolyndmes de chaquerreur en utilisant leurs coefficients d'erreln outre, &

matrice de corrélation de Pearsestobtenue pour tous les coefficients d'erreur et des poids et
des couplesLes éléments de la matrice de corrélation (ertreet 1) indiquente degré de
dépendance de chaque coefficient d'erreur pour les autres coefficients, ainsi que le poids et le
couple.Enfin, le procédé d'astement de la courbe est utilisé pour modéliser cheggificient
d'erreuren fonction du poids et du coupléecipermet de prédire la valeur du coefficient d'erreur

pour toutes les valeurs de poids et de couglIXSSULPDQW OD QpFHVVLWp OfF
L'analyse résiduellé¢la différence entre les valeurs expérimentales et les valeurs pyéafites
ensuiteutilisée pour vérifier I'ractitude du modéleLes résultats de cette étude montrent que
cette méthode est suffisamment précise pour estimer les errelasr@dehinesqui esttestés
(HU40T machineCNC a cing axe}. Le modéle nous permet d'estimer les valeussodefficients

d'erreur en fonction dpoids uniquement, en fonction du couple uniquement et en fonction du
poids et du couplesimultanément Cette connaissance est importante pour la compensation

d'erreur oda suppression d'erreur dans la machine pogmneanter la précision de la fabrication.
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ABSTRACT

In this study,a method idevelopedo estimateand predicthe error coefficientsf a five-axis
CNC mahine tool deformation under different loading conditions. $tudy the effect of
differentweights and torques on the machine etrimisnticalheavy blocks (10 Kilograms each)
as well as light spacers (less than 1 Kilogram) are designefthbincated After assemblinghte
blocks and master balls on the paltee machine probes thoalls for different indexationgrom

the rotary axes (B and C axes)f the machineusing Gcodes generated from the 3D
reconfigurable uncalibrated master balls artefact (RUMBA) proghartotal, there ar@6 types

of errors and each error has maximum five coefficients which are called estimated error
coefficients.The raw databtained from machinis processed to estimate the values of the error
coefficientsfor each errarThen, he polynomial function oéach error can be achieved by using
their error coefficients.Furthermore, 3 H D U \CBrfl&tibn matr is obtainedfor all error
coefficients and weights and torqu@ie elements of the correlation matrix (betwekrand 1)
show the extent of dependenai/each error coefficient to other coefficients as well as to the
weight andtorque.Finally, the curve fitting method is used to model each erefficientas a
function of weight and torque. €modelingallows predictingthe value of the error coeffent

for any weights and torque without doingan experimental testResidualanalysis(difference
between the experimental and the predicted valise)enused to verify the accuracy tifie
modeling. The results of this study show ththis methodis accurate enough testimate the
errorsof the tested machine to@HU40T 5axis CNC machine toolsYhe model enables us to
estimate the error coefficient values as a function of weight independently, torque independently
and weight and torque simultanesly. This knowledges importantfor error compensation or

even error removah machine to increase the precision of the manufacturing.
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Chapter 1 Introduction

Five axes CNC machining is very popular industry for fabricatinggomplex parts in aerospace

and other precision fields. In these machine tools, there are three linear axes (X, Y and Z axis)
and two angular axes (the rotation of the pallet and the rotation of the cutting tool). The finished
parts which have been machined lnyefaxis CNC machine tools, have smooth surface with high
quality and high accacy [1,2]. However the presence of two rotary axes can increase the
number of error parameters and decrease the machine calibration, gspdwal the direction

of cutting tool is not parallel to the gravity. These kinds of machine tools are called Horizontal.
Their cutting tool is horizontal and thus, the workpiece, the palled the cutting tool are
effected by their weights3].

There are numerous studies regardingchine tools errsr In some studies, the circular test
method has been used teasure the errors and diagndke source of errors. For instance,
Zargarbashi and Mayexrssessed axis motion error using magnetic doublebhgl]. In another
study, Knapp used a new device calledtd®t to measure -X-Z deviations of circular and
spherical movements to calibrate parameter errors such as backlash, positiomjrgyjeareness
and parallelisn{5]. Hong et al presented a methaw identify the motion error sourcéaon
directional error pattern and directional error pattern) by using circulaj@psSome other
studiesinvestigated th accuracy of the machine tooBor instancel.ei andHsu presented an
error model in the template of homogeadtansformation matrix (HTM) andid accuracy test

on a 5-axes CNC machine tool with 3D probeall [7,8]. Lu et al presented a newwo-
dimensional method to investigate the existence aéka&dror motion in the spindl§,10]. Iwai

and Mitsui developed a method to determine 11 error parameters created by the link length and
the inclination of the link axes using rogaencoders and link mechanisifid]. Yang developed

a multirprobe measuremesti/stem to investigate the motion accuracy of higrecision micre
coordinaé measuring machind2]. In some studies, the laser interferometer has been used for
measuring the positiong errors in machine tools. ZieyetiMize developed a method to magth
volumetric positioning error by using the laser ball @d&B) consisting ofa laser interferometer
aligned with a telescoping ball bfr3]. Castro andBurdekin developed a method to evaluate the
positioning acuracy of machine tools and CM[4]. In recent studies, machine tools have been

calibrated by probing thartefactmaster balls to measure the error parameters during machining.



ErkanandMayer analyzed the volumetric errors affive-axe CNC machine tool by probing an
uncalibratedartefact[15,2]. Mayer and Erkanalso calibrated the-&xis machine tools by using
reconfigurable uncalibrated master badigifact (RUMBA) [1]. However, there are limited
studies on the effect of loading on machine tool errors.

In this project, we aimed to invegéte the effect of load on machine geometry with respect to
different torques and weights by installing different workpieces on the machine. This allows us
estimating the error parameters during machining to compensate them or at least reduce the error
values and increase the precision of manufactuiihg. compensation can be done by adding the
offset manually (in the generatedd@de) or automatically (define the offset in the gausicessor

of the machine tool), fixing the position of the machine axes (such as guideway)htc.we

will be able to ecognize the significant machine errors and compensate them before the
machining. After compensating the errors, the cutting tool will approach to the exact point of the
part which is defined in the-Gode file.

To this end, identical heavy blocks (10 Kjlams each) as well as light spacers (less than 1
Kilogram) were designed and fabricated. After assembling the blocks and master balls on the
pallet, the machine probed the balls for different indexations from the rotary axes (B and C axes)
of the machinausing Gcodes generated from the RUMBA progrdmtotal, there ar@6 types

of errors and each error has maximum five coefficients which are called estimated error
coefficients. The raw data obtained from machine is then processed to estimate thefuiakies o

error coefficients.

There are numerous erraources during machining. Some are systematic and may be
compasatedHowever, he exact number of emrgparameters is unknowtt is thought that load
induced erras are moresignificant under certain conditionsgn this study, 8 error coefficients
which combineaxis component errors aadis location errarhave been investigateld.6]



The project methodology follosfive steps:

1. Designand buildmeans to applgontrolled loading conditions

2. Determine the ball location for the RUMBA method and write appropriaiedd
3. Conduct the test

4. Analyze the error to identify possible patterns

5. Represent each error as a function of loading

1.1 Designand build means to apply catrolled loading conditions:

Loading is quantified as force (weight) and related torque. A judicious use of weight units and
stacking arrangements allow a sufficient variety of loading conditions for the subsequensanalys
A GHVLJQ EDVHG RQ D 3VWD QG R¥dBlecorR BaGh_iipdk X @ téidgrad EORF N

steel piece.

When stacking the block# is essential to verify that the combined deflection and tilt of the stack
does not create excessive deviations inmfaster ball positions relative to the machine table.
Thus, we have to calculate the maximum deviation and the angle of deviation in the assembled
blocks.The stack is modelled as endfixed beam and the weight force is a distributed force.

The maximum dflection occurs at the end of the beam.

To achieve variousoading conditions, some spacers are inserted between the blocks and the
table. The spacer is an aluminysrece with a cubic shape. The spacer must be as light as
possible to minimize the effect of its weight since the objective of the spacer is to increase torque

not weight.

The blocks have been designed and fabricated. The mainiblotkde of steel and machined

There are four islands at the corners of a block to have a more definite contact with each other
and avoid rocking. There are four holes for fixing the blocks together and installing the master
balls on them. The spacesiso have four holes Wt havesmaller dimensions (due to material

stock availability).



1.2 Determine the ball location for the RUMBA method and write appropriate G-code

RUMBA methodallows usingdifferent master balls iniffierent location of the pallgfAppendix
y [2]. Thus, the number of master balls and their location are adjusaadligiving us an
opportunity to have more access to different spheres in different combin&tiers. are some
ways forcalibrating the artifact master ball

1. The ball center coordinate measured as a nominal value. The nominal coordinates for
other measurement locations are calculated. The difference between the measured and the
calculated coordinates idemé$ the volumetric errofd.7].

2. The artefact is calibrated oncaordinate measing machine CMM) and then probe on
the machine tools. The difference between these two data can generate the erm®r vector
[18].

3. A 3D artefactis createdoy mounting a 2D ball plate in different locations. The relation
between machine errors and the uncertaistyised ¢ predict the volumetric errors
[19],[20].

Having the coordinates of each bale G-codesare generatetb define the probe djectory
throughout the test. Faach test, to probe the balls in different positions, the patieds to be
rotatedin C-axis by 360 degrees and inaBis by 180 degrees (The B axis will be mooeedrits
range of90 to +90).

1.3 Conduct the test

All the tests argerformed orHU40T 5axis CNC machine toal§ he experimental test is based

on the probing the spheres in different combinations (the pallet rotates around its B rotary axes).
The probe approaches to the spheres according to-tte&wlich is generatethy RUMBA
usingMatlabprogram The following limitatiors should be considered

1. The available blocks:
12 blocks and 4 spacers have been fabricated with respect to the range of Z axis in the
HU4O0T five axis CNC machine tools.



2. The HU40T stadard specification:
All twelve tests have been designed regarding to the machine tools limitation. The
maximum possible weight that can be installed on the pallet is 100 kilograms. The

maximum distances for Z axis and X axis are 80 and 600 mm respecély.
1.4 Analyze the errar to identify possible patterns

After experimental tests, we are able to process dtee ahd estimatihe error parameterdVith
the processed data, it is possible to plot the polynomial graphs otygeobf motion error for
different loading conditions (different test#).this section, the goal is to find a possible pattern

between load and error values
1.5Represent eaclerror as a function of loading

In this chapter, the objective is to find the etation matrix to show the levebf dependency
between the error coefficients and weight and torque. The most correlated error cogHigent
identified Then, each error can be defined as a function of load, torque and both of them
simultaneously. Thus, the wed of each error coeffient can be estimated for ameight and

torgue. Finally, residual analysis is done to verify the accuracy of the modeling.



Chapter 2 L oading fixtures

To investigate the effect of load on the machine geomatlyading systemeedso be mouned

on the pallet.
2.1 Designstack

The weight of different parts during machining creaé&srque relative to the center of the pallet.
The loading system consists of a set of stantééodks and standard spaceiihis helps us to
simultaneously monitor the trend of changemachine errors wittorque and weight by runing

the testwith different weights and different torqueBhe blockis a 10-kilogram steel piece.
Figure 21 shows the designed blockhe block fasfour holes forbeing fixed m the pallet or on

the other blocks and 4 islands for fixing it on the other blocks and reduce rocking. Some of the
blocks haveextrahole at thecenter of the other holélsat can be used for gliag a master ball on
theblock

For achieving more possible loading conditions, a spacer has been designed. The spacer is made
of aluminum with four holes (for being fixed on the main blocks). The spacer has been hollowed
out as much as possible to reduce the effect of the wanghtreates maximum torque. Thus, we

can do various tests with different weights and torques. Fig@eatibws the designed spacer.

Figures 23 and 24 show the fully dimensioned block and spacer, respectively.

Figure 21: Block Figure 22: Spacer
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Figure 23: The fully dimensioned block
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2.2 Assemble the blocks

The blockshave been assembled symmetrictdlyavoid creating torquaround Caxis of the

pallet The possible patterns for assembling the main blocks and the spacers can be:

x Diagonal: The blocksareinstalled onadiagonal of the pallet.

x Four corners: In this pattern the combioatof blocks andpacers iplaced at the corners
of the pallet.

Figure 2-5 shows all the possible loading configuratiavigh respect to the designed blocks and
the limitations of the machine tools

~Lo

Figure 25-3 test3

Figur&-2 test4



<
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Figure 25-9 test9 Figure 25-10 test10
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Figure 25-11 test11 Figur&-22 testl?2

Figure 25: Different assembly of tests

Table 21 presents all the possible tests with the number of blocks and spacers and their patterns. The

maximum weight that ipermitted to be used dhe HU40T CNC machine tools is 100 kilograms.

Table 21: The tests specifications

Tests Pattern Number Weight(N) Torque(N.m)
of blocks

1 No pattern 0 0 0

2 Diagonal 2 200 5
3 Diagonal 4 400 20
4 Diagonal 6 600 45
5 Diagonal 8 800 80
6 Diagonal 10 1000 125
7 4 corners 4 400 10
8 4 corners 8 800 40
9 4 corners 10 1000 75
10 | Diagonal(with spacer 2 200 20.1
11 | Diagonal(with spacer 6 600 90.3
12 | Diagonal(with spacer 2 200 35.2
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2.3 Stck deflection

It is essential to verify that the maximum deflection of a stack of blocks and also the angle of
their deflection do not create excessive devigtim the mastdoall positionswhich are placed

on the blocks, relative to the machipallet Equations 21 and 22 calculate the maximum
deflection and angle of the deflection respectively:

_ éHp _ eHA
T <H¥HA 1) . = 6HYHA

(2-2)

y: maximum deflection (m)rad , : angle of deflection (radWherew is weight force (N/m)L is
the total length of whole blocks (n},is module of elasticity (= 200 GPandl is area moment
of inertia (1 9.

O  9x5HIKS5/
56 56

With | = =05415E9=3.97xsr?9 | 8

by DG MUH W K HhelghtCoWWHe HbCk@espectively.

Table 22: Thevalues ofmaximumdeflection and the angle of the deflection for all tests

Test | Maximum deflection (y)| $QJOH RI GHIC
(km) (urad)
1 0 0
2 0.0038 0.0241
3 0.048 0.1926
4 0.0244 0.6500
5 0.0770 0.1540
6 0.1881 3.009
7 0.0006 0.0481
8 0.006 0.3851
9 0.0406 1.083
10 0.004 0.1504
11 0.0823 1.46D
12 0.0193 0.3851
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As shown in table 2, the maximum deflectiorwas for tests with huge load and huge torque.
However, the maximum values for the deflection and the angle of the deflectibaoryare
0.1881 P DXIBI0 UP@Bspectively. Thus, the testtd notcreak excessive @viations
With above values, it is possible to sketch the graph and show the trend of maximuniodeflect
and the angle of deflectiofrigure 26 and figure2-7 are histograms of the linear and angular

deflection

0,0000002
1,8E-07
1,6E-07
1,4E-07
1,2E-07

0,0000001

8E-08
6E-08
4E-08
2E-08

0 -

Maximum deflection (m)

testl test?2 test3 test4 testS test6 test7 test8 test9 testlOtestlltestl?2
Number of the tests

Figure 26: The maximum deflection of the blocks for each test

0,0000035
0,000003
0,0000025
0,000002

0,0000015
0,000001

Angel of deflection (rad)

0,0000005
0 -

testl test2 test3 test4 testS test6 test7 test8 test9 testlOtestlltestl?2
Number of the tests

Figure 27: The angleof the deflection for each test
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Chapter 3 RUMBA ball location and G-code

RUMBA methoduses a combination of master ballstbe machine pallet tprobe the dat§].
In this method, the number of master balls and their locatiorthe palletare adjustable This

flexibility helps to probe the master balls flifferentrotary axes indexations

Four master balls are used in each test with the same loaati¥aY plane to maximize
consistency between the tesWe triedto keep the test conditions constant to achieve more
accurate results. The length of each masterdaall be changed in each tetd facilitate their
access for probingIn some tests (with four corners pattern), mesessaryo slightly change the

ball location.

The artefact combinesphere ball plate and magnetic link. The artefastse beeralibrated by
calibrating the ball plate and the magnetic ball link separately on CMilire 31 shows an

artefact.

s

=7

S—

Figure 31: Master ball aefact

In RUMBA method, the master balls do not need to be calibratddtihe CMM. Thusthey

wereplaced on the pallet without any calibration.

The probe wamounted in the tool hold€cutting tool)of the machine tooFigure 32 shows the
probe, made of MP 700 by Renishaw. The maclprebedeach ball to determine its exact
coordinate from five touches, four at the equator and one at the pole. The points on the equator
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werealong (A5° diameterThis increases the accessibility of touch pointa wariety of artefact

locations

Figure3-2: Probe

The measurements can vary in different runs and can be influenced by other factors such as

thermal effect.

X Repeatability: to verify theepeatability of machine tools, each test was dankeast 3
times

x Thermal effect: The temperature of the machine tomdy changeluring the test.This
can dfect the accurey of theresults.To minimize the thermal effect and to be consistent,
all the testswhich lasttwo andhalf hourswere done in the morninghen machinavas

cold.

3.1 The mathematical model

The mathematical modélas beerdesigned for thédU40T five-axis CNC machine tools. This
model represents the nomimabdeling, exact modelingnd the approximate modeling of the 5
axis CNC machine tools to estimate the values of the error parameters. Before presenting the

model, the mathematical model of a joint motion and a link will be calculated.
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There are a lot of error samas inmachinetools such as geometric deviation, thermal effects,
elastic deformation, dymic effects, NC related errdr$6]. The following listdefineseach type

of error:

X Geometric deviation exist;n guidevays links andstructural elementsvhich can be

compensated by physical modificatiohthemachine tools.

x

Thermal effects which are causedh®at originating fronmachinemotor, coolant system
andthe environmentThermal errors can be classified as gqushiatic errorsvhich change
slowly in time and are related to the machsteictures [2]L This type of error can be
reducedby using the machine a known timeand by the maintenanceof the motor

guiding systenand coolant system.

X

Elastic deformations in workpiece or even machet@mentssuch as cutting tool, weight

and guidewayecause of forces.

X

Dynamic effects because of inertial forces.

X

NC related errorcan happen because of the machine todlsrnal interpolationNC
command isthe main part of each machineol whereall the Gcode programs are

translated to the machine language there.
In this work, only the geometric deviations are considered:

X Mathematical modeling of a joint motion

X Mathematical modeling of a link
3.1.1 Mathematical modeing of a joint motion

Figure 3-3 showsthe nominal X axigX) and its polynomial curve (actual trajectory). In this

figure, he linear errotblack vector)s ( (8§ and the angular err¢red vectors)s ( Y&
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Figure3-3: Mathematical modeling of a joint motighlack vector is the linear err¢i¢and the

red vector is the angular vecto¥g)

Equation 3-1 indicates the relation between the actual coordinateZzpfind the nominal

coordinate in machine frame and X frame respectively
2 B AUk §aTH2 (3-1)

( Ugis the linear error matrix and (R) is the mobile frame rotatidais the distance between the

reference poinfzero point) and the nominal joir{R) in the above equation égjual to:

S r r
f4=l=ea s ri (3-2)
r r s

H4: rot(ECX, Qrot(' $: &rot('#: &, =rot ([zZ) URW \' URW .(8-3

) ?7KO FORBJ
rot(ECX,d =rot ([,2) = eOBJ ?KDO ri
r r s

?KOUr OEJU
rot('$: = URW e\r s i
FOEJU ?KOU
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s r r
rof('#: 8, = URW .a[ ?KOWFOE]U
r OEJU?KOU
Equation3-1 is a vector form of a joint motion modelinghe mathematical model of a joint
motion can be also writteiin homogenous transformationatnx form (HTM). Equation3-4

represerdthe HTM model of a joint motian

|<4:mzsfén s r r T 'NN |<é’:é’25aen
S %a g qf S T Tip NKP%@NKPS$:a; NKP#: &, o r %
T4, K rr . sr ‘o 1€y, i
i ¢ O P r r s r r-s | g O
(3-4)

3.1.2 Mathematical modeling of a link

Figure 3-4 showsthe model of one link with respect to its nominal and actual positiothis

figure, the blue vector{(§ is a link error and the black vectdqr¥&are the axis location errors.

Plnominal

-

B / §2
/‘<

/
—

Figure3-4_a:Modeling of the link and its parameters
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Figure3-4_b: Modeling of the link and its axis location errors

The vector form of the link model is presented in equeidn

) 1, . 'RNEO | .
kg = ' e1;i+ J4(eoedr La(& OP%)) (35
<r; "OEO

Equation3-5 can be rewritten as equatiostf):

i T 1 . "REO .
N4 = HI+ e1;i+(rot( %la@rot ($1:a)rot (#1:;4)) (€ oed+rot( 'y,z:d8
rooo<r "oEO
Jot (',ec)rot(oged) (HI+ f9%2;])  (3-6)
r <O=éf)2sé

Where 4®425is the numerical component of vectdf2sprojectedLQ IUDPH 'A:dl H
Hoedl '"#ed DAXDbHset of X, Y offset of X, Zoffset of X tHV SHFW I, ¥$H Qi JIU'" dt o
areaxis location errors of the-¥xis around the z, y and x axis respectivélye HTM for this

model carbe presented in equatioB-{):

Nashap = M6 fo P6 A6 OD2 (3-7)
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which @n be expanded by equatidag):

N4=84

i 254 s r r T 11

A N i %188 = $14, " = #14 15

T<N4=84 q I r s r <1:

1 25é|\| :

| s o r rr s r r S
NEO S I 1 r i 25@1:\

N .1 ’\.HI ! A o« M ! A . 1 A<O:E'© X |

f ' yedB L ER T e A oepel S r Uz 4 (3-8
OEPT L s e S(38)
OEOD 1002, Ki

r r r S r-r r sij S O

The whole 5axis machine tool is modellday successively}combining the two cited models of
the joint motion and the link of the machin€he model of the cutting tool (spindle) and the

workpiecehave to also be considered in the modeling

3.1.3 Nominal modeling

The HU4O0T fiveaxis CNC macime toolhas a topology WCBXFZST, wherep: 1 pn%&nd

M7 DUH IRU ZRUN $SépihéieiD QR XWRBRW LEBERPH UHVSHFWLMHO\ p&fY
rotary axes of the machingy;f u<yY DQG pu=Y UHSUHVHQW WKHTS8&JLVPDWI
nominal modeling of the machine presents the machine &iv@matic regardless to the esaf

the machine. Thus, in the nominal machine, it is assumed that the machine works perfectly

accurateFigure3-5 shows thenominal kinematic chain
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5

= n|
N

Figure3-5: Thenominalkinematic chairof the 5axis CNC machine tool

3.1.4 Exact modelling

In the exact modellingall the error parameters are considered. There are six errors (three linear
and three angular) for each prismatic axes and there arsialsgors (three radial motion, two
tilt error motion and one indexation error anguléor each rotary ag of the machine tools.

Figure 3-6 shows the kinematic chain of the exact modelling of the machine.



Figure 36: Theexactkinematicchainof the 5axis CNC machine tool
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Below list presentall themotionerrors from the exact modeling which can be occurred in the

machine tools:

1
2
3
4
5.
6
7
8
9

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

'EXX":
'EYX":
'EZX":
'EAX
'EBX":
'ECX":
'EXY':
‘EYY":
'EZY":
'EAY'
'EBY":
'ECY":
'EXZ":
'EYZ'":
'BEZZ":
'EAZ":
'EBZ":
'ECZ":
'EXA'
'EYA':
'EZA":
‘EAA'
'EBA":
'ECA':
'EXB':
'EYB':
'EZB' :
'EAB':
'EBB':

Linear positioning error of X axis
Straightness error of X axis in Y direction
Straightness error of X axis in Z direction

: Angular error of X axis around X axis (roll)

Angular error of X axis around Y axis (pitch)
Angular error of X axis around Z axis (yaw)
Straightness error of Y axis in X direction
Linear positioning errorfoy axis

Straightness error of Y axis in Z direction

: Angular error of Y axis around X axis

Angular error of Y axis around Y axis
Angular error of Y axis around Z axis
Straightness error of Z axis X direction
Straightness error of Z axis in Y direction
Linear positioning error of Z axis

Angular error of Z axis around X axis
Angular error of Z axis around Y axis

Angular error of Z axis aund Z axis

: Axial error motion of A axis in X axis

radial motion error of A axis in Y axis

radial motion error of A axis in Z axis

: Angular positioning error motion of A axis around X axis

Tilt error motion of A axis around Y axis
Tilt error motion of A axis around Z axis
radial motion error of B axis in X axis
Axial error motion of B axis in Y axis
radial motion error of B axis in Z axis
Tilt error motion of B axis around X axis

Angular positioning error motion of B axis around Y axis



30.
31.
32.
33.
34.
35.
36.

'ECB':

'EXC'

'EBC'
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Tilt error motion of B axis around Z axis

: radial motion error of C axis in X axis
'EYC':
'EZC":
'EAC':

radial motion eor of C axis in Y axis
Axial error motion of C axis in Z axis

Tilt error motion of C axis around X axis

: Tilt error motion of C axis around Y axis
'ECC":

Angular positioning error motion of C axis around Z axis

Al WKH HTXDWLRQV IRU QRPLQDO DQG H[DFW PRGHOLQJ KDYH

3.2 Generating G-code

RUMBA method generates -Gode after defining the balls locations and the accessible

combinations (which ball can be probed and which cannot) [2]. Thed8 is written according

to the posprocessor of the HU40T-&is CNC machine toolln programming Gcode it is

necessary to use rigppmmandstthe right place. Her¢he commands are presenied:

x N: The number of the blocks (N11 means th8 hlbck in G-code program

X G: Functions related to the spindle motions.

1. GO: Rapid positioning

o g bk~ w N

GO1: Linear interpolation

GO02, G03: Circular interpolation

G17, G18, G19: Plane selection

G90, (P1: Position system

G20, G70, G21, G71: Length units (inch, mm)

7. G40, G41, G42: Tool Radius Compensation

X F: Feedrate function

X M: Miscellaneous codes

1. MOO: Program stop

a k> 0N

MO1: Optional stop
M30: Program end
MO03: Spindle on and rotate clockwise

MO04: Spindle on and rotate countdockwise



24

6. MO5: Spindle off to stop
7. M19: Spindle off to stop at a certain angle
X S: Spindle speed function

x T: Tool function

The RUMBA method uses the specific numbers to call the coordinates of each sphere in different

rotary axes indexation. Here, a part of thedée is shown:

#15=0.000000 #11=120.000000 The Y location(mm)
#4=0.000000rhe spindlgA-axis)rotation #12=120.000000 He Z locationmm)
#9=1.000000rhenumber of the master ball M19A#4

#500=90.000000 The B-axis rotation(®) GO B#500 C#501

#501=180.0000 The Gaxis rotation(®) GO X#10 Y#11

#10=151.600000 The X location(mm)

We should take notéhat the coordinate frame changaseach rotary axes indexation which
means that thexes have different directisrduring rotating the pallet. For instance, when the
pallet is in B=0 and C=0, the linear axes arerdfias showin figure 37, but when the pallet

moves to B=F90° , the axe will have a new direction sameiadigure 3-8.

Figure37: MachinePdlet in B=0°,C=0° Figure38: MachinePdlet in B=-90°, C=0°
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Figure 39 shows a flowchart for generatingg®de in RUMBA. We should follow the flowchart

to produce a right @ode.

Define the balls
locations

/ Check the /
> accessibility of <
/ each ball /

Conflict
between the

probe and
the balls

NO

Remove the axis
indexation for the
specified ball

YES

Over
travelling
oflinear
axes

NO

Run RUMBA and
Generate G-code

YES

Remove the axis
indexation for the
specified ball

Figure 39: The flowchart for generating-Gde in RUMBA
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Chapter 4 Conduct the test

4.1 Machine tool

Tests were conducted on5saxis machine tooin the laboratoire de recherche en fabrication
virtuelle (LRFV) at Ecole Polytechnique de Montré@he machineis aMITSUI SEIKI 5-Axis
High Production Mahining Center Model HU40T. Table 4 presentshe standard features of

the cited machine.

Table41: Standard Featured the machine tool

Working Capacity

Table longitudinal stroke (X axis)

610 mm(24.02")

Spindle head vertical stroke (Y axis)

560 mm (22.05")

Column travel stroke (Z axis)

560 mm (22.05")

Interference of whole machine cover

with work piece on pallet

In machine 500 mm @ (19.6" @)
In Optional APC 500 mm @ (19.6" @)
Feed Rate

X, Y and Z axes 36,000 mm/min (1,417 IPM)

B axis 0.001°: 7,200°/min. (20 rpm)

C axis 0.001°: 7,200°/min. (20 rpm)

Cutting feed

X, Y and Z axes 0.1~20,000 mm/min. (0.004~787 IPM)

B axis 0.001°: 0.1~7,200°/min.
C axis 0.001°: 0.1~7,200°/min.
Minimum Resolution

X, Y and Z axes 0.001 mm

B & C axis 0.001°

Power Required

Electrical Service Required AC 200/220V 3 phase 50/60 HZ 60 KVA
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Air required

Air Service Required

0.5- 0.7 Mpa, 0.7 m3/min. (70 ~ 110 psi @
cfm) (Dry and clean air)

Air Service for 12,000 RPM Spindles aj
Higher

0.5- 0.7 Mpa, 1.0 m3/min. (70 ~ 110 psi @

cfm) (Dry and clean air)

Machine Dimensions

Length 5,800 mm (229"

Width 3,930 mm (155"

Height 2,792 mm (110")

Machine Weight 13,500 kg. (29,700 Ib.)
Numerical Control Equipment

CNC Control FANUC 30i MA

The experimental testeave beenGHVLIJQHG ZLWK UHVSHFW WR WKH PDFKL

the maximum spad®r the blocksn Z-direction

height. Thus, it is impossible to put 7 blocks

is 300 mm and each designed block has 50 mm

together on the pallet (the total height will be 350

mm). The other limitation ithe maximumoadsof 100 kilograms.

The Gcode file is transferretb the NC of the machine. The N@&ad the commands in the

program andtranslates it to the machine language. Thus, pittdbe approachew the exact

positionof the sphered-igure4-1 showsthe HU40T 5axis machine tool




28

Figured-1: MITSUI SEIKI 5-Axis High Production Machining Center Model HU40T
4.2 Master balls

Figure 4-2 shows one artefact master balhese artefacts are used for probing. Hhnefact
combines a sphere and a .bat the baseof the artefact there is an adapter szrewit into the
pallet holes. We can also install the master balls on the desi¢pad lvith a thread changer
The material of the sphere is ceranmitie probe, which will be explained in the next section,

touches the master ball five times to calteiheapparenposition of the center of the ball.

In this method, it is not necessary to calibrate the artefacts with CMM before probing. We only

need to maintain the sphericity and the acefquality of the master ba]25].

Figure 42: Theartefactmaster ball
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4.3 Probe

The probes a Renishaw MP700 with 360 degree transmission sysgpimdle mounted optical
transmission measurement probe is used for high accuracy component setting and inspection on

medum to large machiningenters Table4-2 givesthe probe components.

Table 42: The probe components

MP700 probe 3D touch inspection probe

OMP optical module probe

OMM optical module machine

O-M-I optical machine interface

PSU3 power supply unit for M-I or MI 12

Probing software is available for most types of
machine control

The stylusof the probeis adjustable. It means thétere arenumber of styluses with different
lengtrs. Their usage depends on the accessibility for probing the master balls.

In this study, itwas prefered to use the long stylus fdhe tests for more accessibility to the
master balls in different combinations of A, B andiXsrotations.As longer stylus can make
larger errorsthe length of the stylus should be optimiz&igure 4-3 showsthe actual prob
which wasused inthis study.

Figure 43: TheMP 700 Renishaw probe
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Before uing the probe,it is calibratedwith a gildemeisterdevlieg systerwerkzeuge gmibp
microset. This device showise deviation of the stylus from the reference (zero) point. Figydre

shows this microset which combines fooain pars as follows

1. First monitor: This monitor represents the X.Y and Z coordinates of the tip of.stylus
Thus,we can detect the values of stylus deviation in each direction.

2. The hole: The probis placed in the hole to be fixed on the system.

3. Second monitor: This monitor indicates the geometry of the tip of stylus. Thus, it is
possible to compensate the deviasibg returring the stylus to zero point.

4. TheColumn modifiesthe height of the probe wittespect to the length of stylus.

Figure 44: Gildemeisterdevlieg systerwerkzeuge gmbh microset
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4.4 Block

The designed bloclwvas 148 x 148 x 50 mm. The
materialwas steel and its weightvas equal t010
kilograms. Theravere4 holes orthe blockwhich
are the place for screnvThere were4 islands at
the corners of the block. These islands help fix
blocks on each other more smoothly and alsaid
slipping. On the surface of some blocks, thess
another hole to install the mastball on them\the

aim was todesign the blocks with a simpl

geometry to install them easily on the pall&gure

4-5 shows the designed block.

Figure 45: Thefabricatedblock

4.5 Spacer

The spacemwas designedto keepthe heavy steal

blocks away from thepallet surface.The spacers
helped toreach themaximum allowable machine
torque. Thespacer was made ofuaninum and i$

dimensionwas 102x102x75 mm. The spacewas

hollowed out as much as possible to reduce
effect of the weight and reach the maxim
torque.There are 4 holes on the spacer for fixiing
on the blocks or on theallet The spacerwere
placed on the pallasshown in chapter 2. Figuré

4-6 illustrates the designed spacer.

Figure 46: Thefabricatedspacer
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4.6 Set of axes indexations

In this study,experimental tests have been dovith the same saif rotary axesndexations As
mentioned before, it is better to keep all conditions congtathie differenttests to have better
comparison. All theaxes indexations/hich wereused in thigroject are shown in figure-& In
these figures, there is no loadifigture and the aim is onlyo show the pllet in different

locations Figure 47 shows the position of the B and C axes.

Figure 47: The position of B and C rotary axes of thechiae pallet

B=-90°, C=180° B=-45°, C=90° B=0°, C=0°

B=45°, C=90 B=90°, C=180° B=60°,C=135°




B=30°, C=45° B=-30°, C=45° B=-60°, C=135°

B=-75°C=-170° B=0°, C=180° B=0°, C=90°

B=0°, C=0 B=0°, C=90° B=0°, C=180°

Figure 48: 15 of 19 axes indexations
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There are 19 combitians for each test. Figure8lindicates 15 out of 19 combinatiorizor the
last 4 combinations, The B and C axis se&to zero and the A axis (spindle rotati@mesetto O,

90, 180 and 270 degreeespectively.

Fourartefactmaster ballsareset successivelgn the pallein diagonalblockspattern andn four
cornersblocks pattern. The locations X and Y axesare constant in diagonal pattern and four
corners pattern separately. This stabiétyninates the result variatiohe locatios of master
ball are shown ifigure 49. Table 43 also shows the nominal masterldaloordinates for all 12

tests (12 weights and torques).

©
§6.11 18

Figure 49 a Diagonalpattern Figure4-9_b: 4 Cornerspattern

Table 43: The nominal master balbordinates for different tests

The number X coordinate | Y coordinate| Z coordinate Bar
of the test (mm) (mm) (mm) length(in)
Testl Balll 80 -80 127 5
Ball2 -80 -160 76.2 3
Ball3 -80 80 152.4 6
Ball4 160 160 76.2 3
Test2 Balll 120 -120 151.6 4
Ball2 -80 -160 76.2 3
Ball3 -120 120 151.6 4
Ball4 160 160 76.2 3
Test3 Balll 120 -120 176.2 3
Ball2 -80 -160 101.6 4
Ball3 -120 120 176.2 3




Ball4 160 160 101.6 4
Test4 Balll 120 -120 226.2 3
Ball2 -80 -160 152.4 6
Ball3 -120 120 251.6 4
Ball4 160 160 127 5
Test5 Balll 120 -120 276.2 3
Ball2 -80 -160 101.6 4
Ball3 -120 120 276.2 3
Ball4 160 160 101.6 4
Test6 Balll 120 -120 326.2 3
Ball2 -80 -160 177.8 7
Ball3 -120 120 351.6 3
Ball4 160 160 127 5
Test7 Balll 120 -120 126.2 3
Ball2 -120 -120 177 5
Ball3 -120 120 126.2 3
Ball4 120 120 151.6 4
Test8 Balll 120 -120 176.2 3
Ball2 -120 -120 227 5
Ball3 -120 120 176.2 3
Ball4 120 120 201.6 4
Test9 Balll 120 -120 226.2 3
Ball2 -120 -120 227 5
Ball3 -120 120 226.2 3
Ball4 120 120 201.6 4
Test10 Balll 120 -120 201.7 3
Ball2 -80 -160 127 5
Ball3 -120 120 201.7 3
Ball4 160 160 101.6 4
Testll Balll 120 -120 301.7 3
Ball2 -80 -160 177.8 7
Ball3 -120 120 301.7 3
Ball4 160 160 152.4 6
Testl12 Balll 120 -120 277.2 3
Ball2 -80 -160 177.8 7
Ball3 -120 120 277.2 3
Ball4 160 160 101.6 4
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4.7 Validation test

In chapter two, the maximum deflection and the angel of the deflection for different loading
conditions were calculated theoreticaBut it is important to validate theesultswith a practical
testto prove that there is no significant deflection on the blotksis, an experimental tests
defined forverifying the deflection of the blocks on the machifre this test, 10 blocksvere
mounted diagonally on the pallet of the mae. A magnetic ball bar Renishavasthen used to
show the distortion of its lengtidne magnetic sphere wanounted on a sidef the top block

and the other waplaced on thpallet. The Renishaw ball bar svéhen connected to the computer

to show the xact length of the ball bar at each 5 degree-ai( rotationThenominal length of

the ball bar wa equal to 150 mniThe ball barshouldbe first calibrated and then placed on the
machine Figure 410 and figure 411 show the set up for validation teBigure 412 presents the

length variation of the ball bdor different Gaxis rotations.

Figure 410: The validation test set wpith only blocks
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180 180

270 570

microns :
microns

(a) (b)

Figure 412: The length variation of the magnetic ball bar RenisiHayvwith only blocks and (b)
with blocks and spacers
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In figure 412 the trendsesemblea circle. This indicates that thmeaximumlength variation of

the ball baris P Thus, it can be concluded that the deflection of the blocks is insignifinant.
the validation test, we did hoalculate the deflection of the bloc#sectly. However, there is a
possibility to verify the maximum deflection of the blocks with respect to the length variation of
the magnetic ball bar. Figure8 shows the 2D schematif the validation test. Equationy
presents the relationship betweie maximum deflection of the b&lar andthe ball bar length
variationby assuming that the deflection of the blocks and the deflection of the ball bar are equal

Figure 413: The 2Dschematic of the validation test

¥é >i-
As it is shown in equation-4, the maximum deflection of the blocks is a functioringf angle

. Thus, he best set up for thealidation tests is that the ball bar is mounted on the machine

pallet parallel to the surface of the pallet (vertical). In that case, the ball bar length variation will

ERf U\ .L¥PEG\ 2L L OE&, (4-1)

be equal to the deflection of the ball ifar=y).
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Chapter 5 Analyze the error data

In total, there ar@6 motion errorsand each error has maximum five coefficients which are called
estimated error coefficients. The values of these coefficients are calculafRddMBA method
usingthe raw databtained from machine taol'hus, the polynmial function of each type of the

error(motion error)can be achieved by using their coefficients.
5.1 Polynomial graphs

The polynomial function can be written as a function of one,dwmore arguments. Equation 5
1 LQGLFDWHY WKH SRORRHAIDDUIX@HWYIWRQ GAWHKRLY BRODQYRRQI
IXQFWLRQ u[fT LV DUJXRshyeVintgye) Tand=y ) R&Q DUH FRQVWDC

coefficients.
FO) = 5+ STESTOE « S0 T80+ 505875+ 5 TR (5-1)

The polynomial functions can have different graphs with eespgo their degree. Figure 15
indicates the graphs of different degree of polynoniiae graph of a neoonstant polynomial
always tends to infinity when the variable increases indefinigd)y [

Polynomial of degree 2 Polynomial of degree 3
20 20
15 15
10 10
5 5
0 0
-5 -5
-4 -2 0 2 4 -4 -2 0 2 4
Polynomial of degree 4 Polynomial of degree &
10 40
30
5
20
10
0
0
b -10
4 2 0 2 4 2 0 2 4

Figure 51: Different polynomial graphs
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The range of motion errorsan be defined as polynomial funct®orEach degree of the error
indicates onef its error coefficiens. For instance, the polynomial function tbie errorEXX is

defined as equation2
EXX=":: rH:% ":: sH:E':: tH:®E"':: uH:"E':: vH:>®7% (5-2)

EXXO0is the zero degreerror coefficient which ionstant and it shows the value of XX

regardless to volumetric errorBEXX1 is the first degreeerror coefficientand it indicates the

linear polynomial equation &XX ':: tis thesecond degreerror coefficientwhich shows the
guadratic polynomial equation &XX ':: uis thethird degreeerror coefficientand it indicates
the cubic polynomial equation &XX ':: vis the burth degreeerror coefficient(which is

called backlash errognd it indicates the cubic polynomial equatioreafX

All the other range of motion errors follewthe same equation @ to define their polynomial

function

Therefore, each range of motion error can be written as a polynomial function by using the values

RI WKHLU FRHIILFLHQWYV ZKLFK KDYH EHHQ HVWLPDWHG $¢
coefficient of each motion error is estimated by RUMBA using the data obtained from the

machine and then entered in polynomial equation. The polynomial graphs of each motion error in
different set up (experimental tests) are sketched and overlaid to show how the range of the error
changes for different loading conditi®. Thus, it is possible to follow the trends of each range of

error with respect to different weights and torquBotting polynomial curveshave been
programmedLQ ODWODE $SSHQGL[ ¥y

The following figures show the polynomial graphs of eamhge ofmotion error for different
weights and torques. To have a better understanding of how the error changes, the rainbow colors
have been used. They start with color blue and end eulbr red. The order of the colors is

presented belownd dso showgraphically in Figuré-2:

1. Blue continues : te$tW=0N, T=0N/m)

2. Blue dash : te&(W=200N, T=5N/m)

3. Cyan continues : tesd (W=200N, T=20N/m)
4. Cyan dash : te$2 (W=200N, T=35.2N/m)
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5. Green continues : te&(W=400N, T=10N/m)
6. Green dash : te3(W=400N, T=20N/m)

7. Yellow continues : tedt(W=600N, T=45N/m)
8. Yellow dash : tedtl (W=600N, T=90N/m)

9. Magenta continues : t&sfW=800N, T=40N/m)
10.Magenta dash : tes{W=800N, T=80N/m)
11.Red continues : te3(W=1000N, T=75N/m)
12.Red dash : te6{W=1000N, T=15N/m)

140
©

100

\ 4
¢

[e2]
o

Torque (N/m)

4

N
o

L 4

200 400 600 800 1000 1200
Weight (N)

$

Figure 52: Therainbow colors of the polynomial graphs

In these figures, thirorizontal axis showthe range of theorresponding joinpositioning These
rangescan be defined from the probing fil€o this aim, the maximum and the minimum values

of each axis should be considered.

X The range of the X axis is equal t80mm, 300mm).

x The range of the Y axis is equal[-250 mm, 250 mm].

X The range of the Z axis is equal to [0 mm, 305 mm].

X The rangeof the A, B and C axes are equal to [0°, 36090f, 90°] and {180°, 180°]

respectively.
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EXX=":: rH:% ":: sH:°E':: tH:%E':: uH:"E"'::
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Figure 53: The poynomial graphs of the error EXX

ual to zero there iIQ R (;; HUURU
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,Q RWKHU ZRUGYV ZKHQ WKH PD

in X direction, the EXX error is zero; but as soortrespallet moves in Xthe EXX error will be

created

The graphs are quite similar which have ascending trajectory in large waight®rques and

descending trajectory in small values of weights and tordfie® follow the colors from color

blue to color redthe value of the error generally decreases by adding more load on the machine.

The alsolute valueof the error in each graps symmetrical and that is expedtThe maximum

error value is around 0.2 mm and the minimum absolute valumis.0
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EYX=";: rH:% ";: sH:®E"';: tH:®E";: uH:"E";: vVH:>%7%

0.08
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Errorvalue (mm)
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01 i 1 i 1
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Figure5-4: The poynomial graphs of the error EYX

There is no EYX erroat X=0mm. It means that the value of the error is equal to zero or the
effect of load neutralized this type of motion erabX equal to zero

Some of the graphs have ascending trajectory and some other have descending tnajectory
different loading conditions.

From color blue to color red, the value of the error generally increases by increasing weight and

torque.

The maximum value is close @08 mm and the minimum absolute value is 0.
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Figure5-5: The poynomial graphs of the error EZX

There is no EX error at X=0mm. It means that the value of the error is equal to zero or the effect
of load neutralized this type of motion erairX equal to zero

Most ofthe graphs have an ascending trajectorthe range of X axis. In other wordshenthe

machine pallet moves from XH to X (+), the value of the EZX motion erraill increase

From color blue to color red, the error valgenerally decreases by adding more load on the
machine.

The maximum error value is 0.15 mm and the minimum absolute value is 0.
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Figure5-6: The poynomial graphs of therror EAX

If we follow the colors from color blue to color red (which belong to minimum weight and torque
and maximum weight and torque respectively), the value of the error generally increases by

adding more load on the machine.

The trends of the graplese quite constdnn the range of the X axis positioh means that the
YDOXH RI WKH ($; HUURU GRHVQIWtGEX@E)QRJIJH VLIQLILFDQWO\ IL

The maximum absolatvalue of the error is close @001 mm and the minimum absolute value
is 0.
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EBX="$:rH: % '$:sH:°E'$:tH: " E'$:uH:"E'$:VvH:>>7°

Error value (mrad)

A{mm)

Figure5-7: The poynomial graphs of the error EBX

There is no EYX error at X=0mm. It means that the value of the error is equal to zero or the
effect of load neutralized thigpe of motion erroat X equal to zero

The value of the errain the range of positive X is largéhanthe error value in the range of
negative X

7KH YDOXH RI WKH (%; PRWLRQ HUURU GRHVQYWorFtkebQJH VL

PDFKLQH 7KXV LW FDQ EH FRQFOXGHG WKDW DGGLQJ ORDG
motion error significantly.

The maximum error value is 0.0065m R U . P
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Figure5-8: The poynomial graphs of the error ECX

The trends of the graphs are quite constant in the range of the X axis position. It means that the
valueofthe E; HUURU GRHVQYW FKDQJAtWXGRLILFDQWO\ IURP ;

From color blue to color red, the error value generaityeasesy adding more load on the
machine.

The maximum value of the erroregjual t00.002 mm and the minimum absolute value mr@.
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EXY=":; rH;% ':; sH;°E":; tH;®E":; uH;"E"':; vH;>®7?°
EXY
0.1 ; J ; ! ! !
€ T
E Mg
i 7 ol
= : 3
m X 4
- g
2 o
o 4
g o - — . R
03k _— i h_““_——‘——“——-—a*mﬁﬂ ....... i
035 i 1 ] i | i 1 i i
260 200 150 100 60 O &0 100 150 200 250

Y(mm)

Figure5-9: The poynomial graphs of the error EXY

If we follow the colors from color blue to color red (which belong to minimum weight and torque

and maximum weight and torque respectively), the value of the error genethases by
adding more load on the machine.

All the graphs follow the same trend in the range of Y akigey have a completely ascending
trajectory according to the absolute values.

The maximum absolute error value is around O@8 and thaninimum abstute value is close
to 0.12mm.
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Figure5-10: The poynomial graphs of the error EYY

The value of the error increases from negative Y to positive Y.

From color blue to color red, the error value generaityeasesy adding more load on the
machine.

Most of the graphs have similar trend (quite constant in the range of Y axis). However, some
graphs such asyan contnues, cyan dash and yellow daetve different patterns.

The maximum error value is 0.15mm and the minimum absolute valuans 0
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Figure5-11: The poynomial graphs of the error EZY

There is no EZ¥error atY=0mm. It means that the value of the error is equal to zero or the effect

of load neutralized this type of motion erairY equal to zero

Most ofthe graph$iave the same trend whichgeadraticlt means that the EZY motion error is
symmetrc in the range of Y axis.

From color blue to color red, the error value generdgreasedy adding more load on the
machine.

The maximum absolute error valueclese t00.055mm.
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Figure5-12: The polnomial graphs of the error EXZ

There is no KZ error atZ=0mm. It means that the value of the error is equal to zero or the effect

of load neutralized this type of motion erairZequal to zero

All the graphs havascending trajectory in the range of Z axis position. In other words, the error

values increase by increasing the value of Z axis.

From color blue to color red, the error value generaityeasesy adding more load on the
machine.

The maximum error valuis close td.03mm.
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Figure5-13: The poynomial graphs of the error EYZ

Most of the graphs have the same trend. Howewengsgraphs (magenta dash antoye dash)
havedifferent trajectory

There is no EYZrror atZ=0mm. It means that the value of the error is equal to zero or the effect
of load neutralized this type of motion erairZ equal to zero

Adding more loaden the machine palle6 RHVQTW KDYH DQ\ VLIJQLILFDQW HIIHI

The maximum error value @ose t00.07mm.
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Figure5-14: The poynomial graphs of the error EZZ

There is no EZ£rror atZ=0mm. It means that the value of the error is equal to zero or the effect
of load neutralized this type of motion erairZ equal to zero

The range of the erremaluein large weights and torques are quite constantarigposition.

If we follow the colors from color blue to color red (which belong to minimum weight and torque

and maximum weight and torque respectively), the value of the error gendealiyasedy
adding more load on the machine.
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Figure5-15: The poynomial graphs of the error EAZ

The values of the erran small weights and torques at Z equal to zero are insignifibanbtin

large weights, they staftom -0.0006mm.

The error valuegenerallydecrese in the range of Z axis. In other words, when the probe moves
forward to approach the master balls artifact, the EAZ value will decrease

The maximum absolute error value is around 0.0066
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Figure5-16: The poynomial graphs of the error ECZ

Most of the graphs (except magenta dash and green continues) have the samadttbed a

value is close to zero in the rangeZodixis position.

Adding more load®n the machine palleGRHVQ W KDYH DQ\ VSHFLILKA HIIHFW

most of the loading conditions

The maximum absolute value of the error is around 0.6099R U . P
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Figure5-17: The poynomial graphs of the error EXB

All the graphs have an ascending trajectory (except magentaidakg)range of B axisn other

words, the absolute error values generally decreases fro&0Bto B= 90°.

The graphs are quite close to each othéhénrange of B axidt means that adding more loads
RQ WKH PDFKLQH GRHVQYW KDYH VLJQLILFDQW HIIHFW RQ WK

The maximum absolute error value is around On35.
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Figure5-18: The poynomial graphs of the error EYB

All the graphs have the same tretom color blue to color red, the error value generally
increase$y adding more load on the machine.

Theabsolutevalues of the error decreage B negative and increase in B positimemost loading
conditions

Magenta daskvhich belongs to test numb®8i(W=800N, T=80N/m)xhangesnuch more than the
other graphs ithe range of B axis

The maximum error value is around Orgén.
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Figure5-19: The poynomial graphs of therror EZB

Most of he graphs have the same tranatept red dash which belongs to maximum weight and
maximum torque

The graphs are quite close to each other in the range of B axis. It means that adding more loads
RQ WKH PDFKLQH GRH \ffecfioN the EXBerkob vb@ée. ILFDQW H

The maximum error value is around 0.
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Figure5-20: The poynomial graphs of the error EAB

Most of the graphs have tlsame trendThey have a descending trajectory in the range of B axis

of the machine tool.

If we follow the colors from color blue to color red (which belong to minimum weight and torque
and maximum weight and torque respectively), the value of the error genemégsesby

adding more load on the machine.

The maximum error value is around 0.09&.
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Figure5-21: The poynomial graphs of the error EBB

From color blue to color red, the error value generaityeasesy adding more load on the

machine.

The graphs have the same trend (descenidir) negative constantclose to B zerand then

ascendingn B positive.
Most of theerror valusin different loading conditions are closezeroat B equal to zero.

The maximum absolute error value is around 0.0064
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Figure5-22: The poynomial graphs of the err&CB

From color blue to color red, the error value generally increases by adding more load on the
machine.

Most of theerror valusin different loading conditions are closezeroat B equal to zero.

The maximum error value is around 0.00d&h R U . P
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Figure5-23: The poynomial graphs of the error EXC

ThereisnoK& HUURU DW & HTXDO WR JHUR ,Q RWKHU ZRUGV ZK

around its C axighe EXC error is zero; but as soon as the pallet rotates around CX@erior
will be created.

From color blue to color red, the error value generally increases by adding more load on the
machine.

Each graph has a minimuwalue and a maximum value C (F) and C (+) respectively

The maximum absolute error value is around O010bh2
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Figure5-24: The poynomial graphs of the error EYC

Thereisno EC errorat CequaltjHUR ,Q RWKHU ZRUGYV ZKHQ WKH PDFKL
around its C axis, the¥&C error is zero; but as soon as the pallet rotates around CY theior
will be created.

From color blue to color red, the error value generally increases by achiregload on the
machine.

Most of the graphs follow the same trestept yellow continues and red dash

The maximum absolute error value is around 0.022mm.
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EYC=";%r H%+ '; %sH®B E"'; %t H®B E'; %uH% E'; %vH%"> >

Error value (mm)

Figure5-25: The poynomial graphs of the error EZC

ThereisnoBE& HUURU DW & HTXDO WR JHUR ,Q RWKHU ZRUGV ZK

around its C axis, theZE error is zero; but as soon as the pallet rotates around CZ@eror
will be created.

From color blue to color red, the error value generditgreasedy adding more load on the
machine.

All the graphs except yellosontinueand yellow dashhave the same trend.

The maximum error value is around 0.09B.
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EAC="#% HY%+ '#%S HBE'#% H®W E #%HY E'#% H%>?°

Error value (mrad)

Figure5-26: The poynomial graphs of the error EAC

ThereisnoB& HUURU DW & HTXDO WR JHUR ,Q RWKHU ZRUGV ZzZK

around its C axis, theAL error is zero; but asoon as the pallet rotates around C, tA€Eerror
will be created.

From color blue to color red, the error value generaiyeasesy adding more load on the
machine.

The error valuesf EAC are much smaller than the other types of errors. Thusmibtion error
is negligible.

The maximum error value is around 0.00006 U . P
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EBC="$% H%+ '$%sHWBE'$%U HBE'$%HY E'$% HW>?°

Errorvalue (mrad)

Figure5-27: The poynomial graphs of the error EBC

Thereisno EBC errorat CequaljtiUR ,Q RWKHU ZRUGYV ZKHQ W#H PDFKL
around its C axis, the EBC error is zero; but as soon as the pallet rotates ardwend&BT error

will be created

From color blue to color red, the error value generally increases by achiregload on the

machine.
All the graphs except yellow continue and yellow dasdtiha same trend.

The error valuesf EBC erroare much smaller than the other types of the eriidrss, it can be

negligible.

The maximum error value is around 0.0000f%m R U . P
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ECC="%%H%+ '%%HWBE ' % %HYBE ' % %HY E'% %H%> ?°

05

Error value (mrad)

- i i ; i ; i
-4 i . .

Figure5-28: The poynomial graphs of the error ECC

7TKHUH LV QR (&& HUURU DW & HTXDO WR JHUR ,Q RWKHU ZRL

around itsC axis, the ECC error is zero; but as soon as the pallet rotates arotmedECCt error
will be created

From color blue to color red, the error value generally increases by adding more load on the
machine.

All the graphs have the same trearttl quite symmetrical

The maximum absolute error value is around 0.003 & . P
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The values of the errors for spindle (EXA, EYA, EZA, EAA, EBA and ECA) have been
considered to be zero. It means that the spindle errorsndbhave any large effect othe
machine toolggeometry In addition, the range of motion errors for EAY, EBY, ECY and EBZ
are equal to zerdrhese error parameters have bheen processed because of their small values

and insignificant effect on the machine.

All the types of the errors have been analyZBte maximum value belongs to the error EZB
whichwas0.5 mm and the minimum value belongs to the error EBC whiadequal to 0.00005
mm. Most of the error types incredsky adding more loading fixtures ohe machine tools,
although theravere some errors whichvere unchangedr decreased by increasing weigHts.
general by approacing to the zero point of the axis positi¢¥, Y, Z, A, B and C) the value of
the error decreaddin most cases the errorlua is going to be zejoThus,it can be concluded
that the value of the errevashigh in the maximum and minimum range of the positionaas

minimal around the zero point of the position.
5.2 Discrepancy of the errors

It is also possible twerify the range of the error versus weight and torque in 3D graph. This can

help to see the performance of the machine in different loading conditions with respect to each
error type. To this aim, the minimum and maximum values of each range ofoti@ errors
werecalculated and then sketched for differengtights and torque&quation 510 calculates the
difference between the max and the min valuesrafr EXX The other error parameters follow

the same equatiokigure 529 shows all the error tye In these figures, theolors are in the

same order as thgolynomial graphs (blue, cyan, green, yellow, magenta and Péatjing the
JUDSKY KDV EHHQ GRQH LQ ODWODE ZLWK pVWHPT IXQFWLRQ

A'iigLefS':i: g Fecel'll
:KHUH thé fubbér of the test.

In these graphs, the discrepancy of each type of the error in different loading conditions is shown.
It can be seen that the discrepancy of red and magentavharsigher than the other bars

indicating thathe performance of the athine tool reduceldy adding more loads on it. It is also
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possible to compare only the values for same weight and different torques. In this case, the range

of the error generally increasbg

increasing the value of the torque. Therefore, torgae contibuting effectin increasing the

value of the errors.

As it is shown in figure 29 like in polynomial graphs in previous section, the maximum value
of the error belongs to the EZB and the minimum valtiehe errorbelongs to the EBC. In

addition, the value of therror increasefor most errordy adding more loads on the machine

(from color blue, minimum weight and torque, to color red, maximum weight and torque). In

general, it could be concluded that the perfamoe of the machine is more affected by increasing

weight and torque values.
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Figure 529: Discrepancy of the errors in different tests
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5.3 Volumetric Errors

The volumetric error of the tool is the difference between the aatutthe nominal position of
the tool. The volumetric error of the workpiece has the same definition (difference between the
actual position of the workpiece and the nominal position@fatbrkpiece). The volumetric error
of the machine tool is the difference of the tool volumetric error and the workpiece volumetric

error.
CR(fe R F RS The volumetric error of the tool

Where <fJQZQ' and <% 2§ are the actual and the nominal position of the tool respecimgilh

are projected in the foundation frame of the machine
<R (& <R F¥R2C  The volumetric error of the workpiece

Where <6%«29' and <= 28 are the actual and the nominal position ofwlekpiecerespectively

which are projected in the foundation frame of the machine
G, o= CREF TROQ& The volumetric error of the machine

The volumetric error can be also written as a function of the errors. The relationship between the
volumetric error and machine errors is defined by the Jacobian matrix which is shown in

following equation:
VE=J

"KHUMETL LV WKH YHRDXASIHWWM/IKAH - D F R E L DYisRi2 Wrkot padrqge@rsy
matrix.

All the equations for calculating the position of the tool, the position of the workpiece, the
volumetric error matrix and the Jacabimatrix have been presented in appendiXlahd
DSSHQGL[ yRB Uéa&tvo&lid W ithé th@minal and the exact modeling of the machine
HU40T (the nominal and the exact kinematic chain have been shown in figura@figure 6

in chapter 3 respectively.
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Figures 530 and 531 show the maximurmand mean volumetric error for different tests. Each
graph presents the volumetric error value before and after modeling. It is expected that the values

after modeling are much smaller than the previous ones.

—Max volumetric error (before modeling)

. ==Max unexplained volumetric error (after modeling)
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Figure 530: The maximum volumetric error fdifferent tests
- Mean volumetric error (before modeling)

5 —Mean unexplained volumetric error (after modeling)
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Figure 531: The mean volumetric error for different tests

The volumetric error before modeling presents the error value that come directly from the
machine and the volumetric error after modeling presents the error vélae the model
(RUMBA) estimats and these values are close to zero in different loading conditions. Thus, the
model can perfectly explain the loaded machine and estimate the value of the error coefficients
with a high accuracyn addition, as it is shown, the volumeterror is not affected significantly

by increasing weight and torque. One reason of this can be due to the fact that the tool branch and
the workpiece branch neutralize their errors and therefore, the difference of the volumetric errors

is not too large.
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Chapter 6 Error modeling

In this chapter, waimed to (i) find acorrelation between error efficients, weights and torques

(i) model all the estimated error coefficients as a function of weight, torque and the combination
of weight and torqueand(iii)) find the goodness dhe fitting. The model then can be used t
predict and calculatéhe value of each error coefficient and also each range of error without
doing any other experimental te$he total number of the error coefficients are 180r{tet 36

types of errors), although some of them are equal to Zalde 61 shows all the possible error

coefficients.

Table 61: All the possible error coefficients

EXX(Q EYXO0| EZXO| EAXO| EBXO| ECXO0| EXYO| EYYO| EZYO| EAYO| EBYO| ECYO
EXX1 EYX1 EZX1| EAX1| EBX1| ECX1] EXY1| EYY1| EZY1l] EAY1| EBY1l ECY1
EXX2 EYX2| EZX2| EAX2| EBX2| ECX2| EXY2| EYY2| EZY2| EAY2| EBY2| ECY2
EXX3 EYX3| EZX3| EAX3| EBX3| ECX3| EXY3| EYY3| EZY3| EAY3| EBY3| ECY3
EXX4 EYX4| EZX4| EAX4| EBX4| ECX4| EXY4| EYY4| EZY4| EAY4| EBY4| ECY4

EXZQ EYZO| EZZO| EAZO| EBZO| ECZ0| EXAO| EYAO| EZAO| EAAO| EBAO| ECAO
EXZY EYZ1| EZZ1| EAZ1| EBZ1| ECZ1] EXAl| EYAl| EZAl| EAAl| EBAl| ECAl
EXZ2 EYZ2| EZZ2| EAZ2| EBZ2| ECZ2| EXA2| EYA2| EZA2| EAA2| EBA2| ECA2
EXZ3 EYZ3| EZZ3| EAZ3| EBZ3| ECZ3| EXA3| EYA3| EZA3| EAA3| EBA3| ECA3
EXZ4 EYZ4| EZZ4| EAZ4| EBZ4| ECZ4| EXA4| EYA4| EZA4| EAA4| EBA4| ECA4

EXBQ EYBO| EZBO| EABO| EBBO| ECBO| EXCO| EYCO] EZCO| EACO| EBCO| ECCO
EXB]1 EYB1l| EZB1| EAB1| EBB1| ECB1 EXC1| EYC1] EZC1| EAC1| EBC1 ECC1
EXB2 EYB2| EZB2| EAB2| EBB2| ECB2| EXC2| EYC2| EZC2| EAC2| EBC2 ECC2
EXB3 EYB3| EZB3| EAB3| EBB3| ECB3| EXC3| EYC3| EZC3| EAC3| EBC3| ECC3
EXB4 EYB4| EZB4| EAB4| EBB4| ECB4| EXC4| EYC4| EZC4| EAC4| EBC4| ECC4
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After removing the nullvalues the numbenf error coefficients iqual to83 asshownin table
6-2.

Table 62: The 83 estimated error coefficients

EXX2 EYXZ EAXO ECX(Q EXYQ EYY(Q EAZQ ECZO
EXX3 EYX3 EAX] EBX]1 ECX] EYY1 EXZ1 EZZ1 EAZ1 ECZ]
EZX2 EZX3 EAX2 EBX2 ECXZ EXYZ EYYZ2 EZY2 EXZ2 EYZ2 EZZ2| EAZ2| ECZ2
EAX3 EBX3 ECX3 EXY3 EYY3 EZY3 EXZ3 EYZ3 EZZ3 EAZ3| ECZ3
EXBO EABO EBBO ECB1 EXC1 EYC]1 EZC1 EAC] EBCI]
EXB] EYB1 EZB1] EAB1 EBB1 ECBZ EXCZ EYCZ EZC2 EACZ EBCZ ECC]
EXBZ EYBZ EZB2 EAB2 EBB2 ECB3 EXC3 EYC3 EZC3 EAC3 EBC3 ECCZ
EXB3 EYB3 EZB3 EAB3| EBB3 ECC3
EBB4 ECC4

6.1 Correlation

Dependency between two set of data is defined as a relationship between theilCaheéstion

is a statistical relationship which shows the value of the depend&ocynstance,electrical
sources produce less power on a mild day and this is based corrblation between electricity

and weather.dn this example there is a causalat®nship, because extreme weather causes
people to use more electricity for heating or cooling; however, statistical dependence is not

sufficient to demonstrate the preseraf such a causal relationshij26,27].

There are different types of correlatioaefficient which measure the degree of correlation. The
FRPPRQ FRUUHODWLRQ FRHIILFLHQW LV FDOOHG pu3HDUVRQ ¢
showing the linear relationship between two variabités.obtained by dividing the covariance of

the two variables by the product of their standard deviations

A AN

0adNL,
Corr(X,Y) =———

a a

(6-1)
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The correlation matrix of n random variables;, : ¢ « : ), is the nHn matrix whose i,j entry
is corr(: y :v. [28] The correlation matrix is symmetric because the correlation betwgand

. vis the same as the correlation betweeand :

All the datawere enteredn a matrixwhich combinedhe values of or coefficients, weights

and torquesThe outputwasa symmetric matrixvhich shoved the correlations between all the
error coefficients and weights and torques. To this aimMagab 1 X Q F WFLIRRUQJ B R Was[ \
used.

Input:
ot 'rru 't 4aa'%%w 9 6
PASHEPI o}
PAGIPT Ni
PA@P! N
5 i N
4 7 d2Hzw (6-2)
o 1 NI
a 3 Ri
PAQSE’T N
Output:
ot 'rruw "t o aa'%www 9 6
et S o)
vy 1 S N
e 0 S [\
E 1 S N
4 : S ; §5sz (6-3)
a - N
%% ° N
9 S o
| S N

sO



79

In the input, all the values of the error coefficigrdre close to zero and Matlab conside¢hese

values as nullThus, most of the elements of the correlation masrighown as NaN (Ne&

number).A NaN is obtained as a result of mathematicallyafimd operations like 0.0/0#&nd

inf-inf. For solving this problem, we normaldeach column of the input matrix by dividing the

elements of the column by the norm of the coluifime norm of a matrix is a scalar that gives

some measure of the magnitusfethe elements of the matrii KH QRUP RI D PDWULJ[ W;¥
calculated by following equation:

Norm (X) = 8:s°E:* E®E : ° (6-4)

After running the Matlab program, the correlation mawaxs FUHDWHG  $Bh&HMtGxL [
gaveus all the correlation values between the error coefficients and weight and torque. The last

two columns and the last two rows represent the correlation of the error coefficients and weight

and torqueAll theeletPHQWYV RI WKH FRUUHODWLRQ PDWUL[ KDYH EHHC

6.1.1 Correlation between the error coefficients

The error coefficients are defined as a degree of polialaequation for each range of motion
error. It is expeatdthat there isa correlation between the zero degree and the second degree of
each range of errdex. EYYO0 and EY'2) and also betweefirst degree and third degree of the
errors(ex. EYY1 and EY¥). The reasonwasthat these coefficientserelinked togethetwo by

two which wasconfirmed by the results $33(1',; R The dependency between EY4dd

EYY2 was equal t0-0.748 and he dependency between EYY1 and EYW&s equal t0-0.977.

The negative signh means that these two parametemvarselycorrelated Therewas asimilar
relation between the other group of degrees of errors (0 and 2, 1 and 3) reg#rttessror

data.



6.1.2 Correlation between the error coefficients and weight and torque
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Table 63: Correlation matrix for weigt and torque

The last two columns of the correlatio

matrix belong to the values o

dependency between the err

coefficients and the two paramete

weight and torque. With these daitas

possibleto verify which error is most

correlated to the cited parameter

EYYO and EZZ2 are most correlated

the weight and torque respective

which are equal to 0.505 and 0%8

EZZ1 and EYX3 are correlated to V

and T but reversely which are equaltg

0.573 and -0.746 espectively. On the

other side, EBC3 and EBX3 have th

smallest dependency with the weig

andtorque which are equal to 0.082d

-0.030 respectively. Weight and torqu

are corrtated with the dependenc)

0.829 The reason of the correlatio

between thesdwo parameters is tha

weight and torque are linked togethg

and torque is actually a functioof

weight. The error coefficientEZB1 is

also correlated to torque with

correlation-0.739. This correlation car

explain the large value of the motio

error EZAB in polynomial graphs.

" T W T

EXX2 | 0,048 0,399 EXBO | -0,436 | -0,743
EXX3 | 0,053 0,436 EXB1 | 0,246 0,524
EYX2 | -0,303 | -0,425 EXB2 | 0,362 0,675
EYX3 | -0,380 |_-0,746 EXB3 | -0,265 | -0,503
EZX2 | -0,362 | -0,439 EYB1 | -0,226 | -0,197
EzX3 | -0,366 | -0,267 EYB2 | -0,284 | -0,480
EAXO | -0,153 | -0,284 EYB3 | 0,277 0,324
EAX1 | -0,366 | -0,319 EZB1 | -0,437 | -0,739
EAX2 | -0,228 | -0,126 EZzB2 | 0,237 0,524
EAX3 | 0,243 0,174 EZB3 | 0,204 0,469
EBX1 | 0,488 0,677 EABO | 0,091 0,123
EBX2 | 0,320 0,262 EAB1 | 0,211 0,553
EBX3 | 0,054 | -0,030 EAB2 | -0,109 | -0,144
ECX0| 0,217 0,551 EAB3 | -0,125 | -0,464
ECX1 | -0,180 | -0,425 EBBO | -0,329 | -0,367
ECX2 | -0,324 | -0,633 EBB1 | 0,090 0,414
ECX3 | -0,043 | -0,049 EBB2 | 0,098 | -0,235
EXYO | -0,369 | -0,661 EBB3 | -0,192 | -0,461
EXY2 | 0,297 0,095 EBB4 | 0,456 0,639
EXY3 | -0039 | 0,222 ECB1 | 0,017 0,030
EYvo | 0505 0475 ECB2 | 0,212 0,545
EYY1 _0,'220 0,181 ECB3 | 0,002 | -0,082
EYY2 | -0211 | 0,042 EXC1| 0,281 0,638
EYY3 | 0282 | -0,120 EXC2 | -0,154 | -0,496

EXC3 | -0,290 | -0,649
EZY2 | 0,301 0,408

EYC1 | 0,390 0,572
EZY3 | -0,044 | -0,375

EYC2 | -0,131 | -0,407
EXZ1 | 0258 0,054 EYC3 | -0,393 | -0,565
EXz2 | 0,334 ] -0,170 EzC1| 0,078 | 0,371
EXZ3 | 0,325 0,150 EZC2 | 0,004 | -0,187
EYZ2 | 0140 | 04I0 EZC3 | -0,092 | -0,368
EvZ3 | 0098 ) -0,059 EACL| 0273 | 0,405
EZZ1 1 95271 "Eac2 | 0139 | 0,091
EZZ2 | 0275 EAC3 | -0272 | -0,395
Ezz3 | 0,027 | -0,394 EBCL | -0,008 | -0,165
EAZO | -0,260 | -0,597 EBC2 | 0,205 0,559
EAZ1 | 0,143 0,516 EBC3 | 0,002 0154
ECZ0 | -0,219 | -0,417 Ecc3| -0,139 | -0,370
ECZ1 | 0,145 0,310 Ecc4| 0,182 0,247
ECZ2 | -0,096 | -0,205 W 1,000 0,829
ECZ3 | 0,055 0,085 T 0,829 1,000
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There is also a relation between the number of degrees

T If the 2nd degree and ther@ degreeare correlated to weight or torque, the Oth degree and
the Ist degree willhave to be correlated to thegarametersas well This doesnot mean that
these degrees are necessarily correlated to W and T. hecdne tahe correlation othe 2d
degree and ther@degree with W and T.

¥ If the Oth degree and thestidegree are corrated to weight or torque, the 2madhd the 8
degree d not necessarily correlatend even, if they are correlated, itais a resulbf the weight

or torque.
6.2 Curve fitting

After finding the correlation matrix between the error coefficients and weight and torque, each
error @efficientcan be modeleds afunction of weight torque and a combination of weight and
torque.To this aim, a modelvasfitted tothe data (estimation result for each error coefficient) to
achieve themodeling equationThus, each error coefficientas presented bythe following

equdion:
E??n=F (W,T) ZKHB@%¥arnube X,Y,Z, A, BorC

n is thedegreeof the error coefficient which can be 0, 1, 2, 3 ofndmber 4 is the backlash

coefficient) WandT are weight and torque respectively.

The Curve fittingmethodology is to find the best fit between the set of data. This curve shows the
trend of the data and predicts the unavailable data pdmtether words, the curve fitting

modeling defines the relationships between different varigb®8(Q.

Theprocess of curve fittingrasprogrammed in Matlab and the graphareplotted. There are83
graphsshowingthe model of the error coefficient with respect to the weight and torque.

This sectiorhas 3 parts:

1. Model the error coefficients afunction ofonly weight
2. Model the error coefficients asfunction ofonly torque
3. Model the error coefficients as a functionbothweight and torque
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6.2.1 Model the error coefficients asa function of only weight

The 2D graphof eacherror coefficient versus weiglshows the variation of therror coefficient

in different loaling conditions Figure 61 shows the fitted curve for some different error

coefficient.
8 EXX3
%10
B s o s s s e 9 s s ......... ........ ....... i
4_ ..................................................................................... .
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Figure 61: The error coefficients modeling as a function of weight
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The degree of the polynomialer each error coefficientan berandomlydefined considering
some restrictionsThe number of the points is equal to 6. Thus, if we choos€e"tdedree for the
curve fitting, the graph wilpassall the points and this modeling is not valuable. Thessfthe
3" degree of the polynomialvas chosen to have a meaningful modeling and low residual

(residual analysis will be explained in section 6.3).
The original formula of the error coefficient model is defined by following equation:
S(W) = pIxW"3 + pZW"2 + pXW + p4 (6-5)

ZKLFK UNV: WKH HUURU F R HIVLZEHBWWD@equation presents the error

coefficients modeling in matrix format:

-Q:9;

| )

@95y 92

;a4 g .

DG Nas 2 HI (66)
IQG:Q;'S' S 8H5

Q.9 ;0

7TKH FXUYH ILWWLQJ PHWKRG KDV EHHQ GRQH LQ ODWODE ZLW

The HOHPHQWYV RIAWKR WP BIWPHK [HIBU RU MR bideir shduh\Wwi agpgeXdixW L R Q
3 ytableF-1.
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6.2.2 Model the error coefficients as a function obnly torque

This time, the error coefficients are defined as a function of torque. Thus, they can be estimated

by anyvalues of the torqueSomefitted grapls are showrnin figure 62.

estimated error value(mm)
estimated error value(mm)

estimated error value(mm)

. LI .y 4
15 i 1 1 i 1 i 5 i 1 1 i 1 i
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Torgue [M.m) torque(N/m) Torgue [H.m]
EVBI o 10° ECCA
0.01 T T T T T T -1.4 T T T T T T
101 2] PETRRP AR b CA—— o I ............ T—— ABr :
: ; 3
: £
0005} | Y.
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0018 : 5
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: hr : : : : : :
20 : g : 5 : ! :
0.0 \ N ) L S ............ ............ ............ i ]
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Torgue [H.m) torque(Nim) Torgue (M.m)

Figure 62: The error coefficientenodeling as a function of torque
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In this modeling, the number of points is also equal to six and the clueggreof the
polynomial curve fitting is 3 (the optimized numider the degree to have optimized fitted and

low residual value).
The original formula of the error coefficient model is defined by following equation:
e(T) = pIxT"3 + pXT"2 + pXT + p4 (6-7)

ZKLFK pH [ 1 LV WKH HUUR Uué& RHkus| Wwe tadd Gepvede &l the foefficietR U T

in a matrix format:

-A:6;

| AP

T a NI — ) 6 . .
i A g 2 $?< 18 Hf65J (6-8)
1A 6.6, S gus

IA76;0

The HOHPHQWY RIBWKR W BIWEK [HLBUR U Fravé bdef sheuWi apiedXxW L R Q
R stable F2.
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6.2.3 Model the error coefficient as a function ofboth weight and torque

In the third part, the error coefficients are defined as a function of weight and torque
simultaneouslyThis model is more precise compartogprevious mode)decause, as mentioned

before, the two parameters, weight and torque, are linked together arafféioeyeach otheby

changing their values. Thus, with this model, we are able to see the error coefficient changes
versus weight and torque together to verify and estimate the error valuenyitalues of weight

and torqueat the same timeTherefore, thereisa 3D grgp IRU HDFK HUURU FRHIILFLF
axis showsweight, Y axis shows torque and Z axiows the error value. In thi©3graph,there

is asurface to represent the model of the error coefficient versus weight and teigjue. 63

showssome graphs fadifferent erro coefficients. The rest ashown in appendiX3 y.y
The original formula othe mentioned model is definedfoilowing equation:

E(W,T) = p00 + pl8W + pOIXT + p20xW"2 + plXWxT + p02xT"2 + p3XWA"3 +
P2IXWA2XT + pl2xXWXT"2 + pOXT"3 (6-9)

KLFK p( [\ 1 LV WKH HUURU FRHIILFLHQW p[f LV ZHLJKW p\f

The cited formula can be written as a matrix format:

—_ —
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3 ytable F3.
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Figure 63: The error coefficients modeling agumction of weight and torque
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6.3 Goodnessof-Fit Statistics (residual analysis)

After curve fitting, the goodness-fit is used to show how well the curve is fitted to the data set.
One way to see the goodness of fit is analyzing the residual of the med&lu& analysis
shows the difference between thieservedvalues and theexpected values frothe model The
difference between thestimatecerror coefficient valugand the value of curve fitting model is
defined as a residual [31,32].

The result of JRRGQHVYVY RI ILW LV SUHVHQWHG E\ GLIVHXIDQWISDU
HEGMXVIWEK® bH T 5quéréfis tlhe most common parameter for defining the lack of

fit. This parameter is alwaybetween zero and one. The curve fitting is good wherrRsquare

is close tooneandthe curve fitting is inaccurate whehe value of the BBquare is close tvera

The residual analyssan be explained witfollowing simpleexample:

X=1:10; Y=sin(X);
Fit 1:

In the first model, the cubic polynomialused to model the data set. After processing the curve
fitting method the results have been achieved. Figudeshows the data fits and residuals for fit
1.

| Data... || Fiting... || Exciude... || Plotting... || Analysis... |

Data and Fits

Figure 64: The data fit and the residual graph forIFit
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f(X) = pIxx"3 + pxx"2 + pXx + p4 p4 = 3.295

Coefficients (with 95% confidence bounds): Goodness of fit:

pl =-0.02582 SSE: 2.05

p2 = 0.4583 R-square: 0.5731

p3 =-2.362 Adjusted Rsquare: 0.80
RMSE: 0.5846

As it is shown in residual grapthe goodness of fit is not acceptafitee value of the Bquare is
equal to (6731)and the value of the residual waite big in relative to the data valudhus,
the higher degree fahe polynomial function washosen

Fit 2:

In the second fit, the™4degree of the polynomial waised to model the data set. Figu® 6
shows the data fits and residuals for fit 2.

| Data... || Fitting... || Exclude. .. || Plotting... || Analysis. .. |

Data and Fits

o6l | | i | | | | | |
1

Figure 65: Thedata fit aml the residual graptor Fit 2
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Linear model Poly4: p4 =1.838
f(X) = pIxx"4 + pAX"3 + PHXN2 +paxx + p5=0.01862
pS

Goodness of fit:

Coefficients (with 95% confidence bounds):

SSE: 0.5491
pl =-0.009546

R-square: 0.8857
p2 = 0.1842 _

Adjusted Rsquare: 0.794
p3 =-1.079

RMSE: 0.3314

In the second fit R-square wa higher than the value thefirst fit and theresidual wa smaller.

However, higher degree was examined.
Fit 3:

In the third fit, the % degree opolynomialwas used to model the citddta set.

| Data... || Fitting... || Exclude. . || Piotting... || Analysis. .. |

Data and Fits

05l i i i i | i i i i

Figure 66: Thedata fit and the residual grafdr Fit 3



Linear model Poly5:

f(X) = pIxXx"5 + p2xx"4 + pXX"3 + paxx"2
+ p5xx + p6

Coefficients (with 95% confidence bounds):

91

p5 = 7.618
p6 =-3.488

Goodness of fit:

SSE: 0.0802
pl =0.002452
R-square: 0.9833
p2 =-0.07697 _
Adjusted Rsquare: 0.962
p3 = 0.8625
RMSE: 0.1416
p4 =-4.113

In this fit, the value of Rsquare wa equal to 0.9833 whictvas good enoughor a model of

curve fitting.

It can beconcludel that the goodness of fitnprovesby increasing theumber of the coefficients
of the model. In this project, becausthere was no ideabout thebestdegree for each error
coefficient, theoptimized fit (with minimum degree of polynomial and higR-square)was
selected So, the optimized degree of the paymal functions forthe errormodelingwas equal
to 3

The residual analysis has been done for all the models (as only a function of weight, function of
torgue and function of weight and torque). The value of ttsgjirare for all thditted curves are
over than 0.7and this is quite acceptable for the modeling. In Figui® §ome of the error

modeling and their residual analysis as different functions have been shown.
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Conclusion

In this study, a method was developed to investigate the effect of load on machine geometry with
respect to the weight and torque resulting from the loading of a heavy workpiece. To this end,
some heavy blocks (to achieve maximum weight) and some sptcachieve maximum torque)

were designed and installed on the machineo@e was generated for each experiment for the
probing process. The raw data from the machine was processed using RUMBA program and the
errors were analyzed. Using processed datapohgmomial graph for each error parameter was
plotted for different loading conditions. Then, the correlation matrix between the error
coefficients and weight and torque was defined. With this matrix, it was possible to see how
much each error coefficientorrelated with weight and torque and also with other error
coefficients. Each error coefficient was modeled as a function of weight, torque and weight and
torque. Finally, the residual analysis for each curve fitting was presented to verify the déferenc
between the estimated value and the modeling value of the error coefficients to validate the

model.
Polynomial graphs

After processing the data of the machine, the polynomial graphs for each error parameter for
different loading conditions were plottedrfcomparison. Most of the errors increased with
increasing load. However, there were some errors which lies@nding trend. For instance,

EXX, EZX, EZZ and EZC errors decreased by adding more loads. There were also some other
errors which were not afféed significantly by increasing loads such as EYZ, EAZ, ECZ and
EZB. The other errors like EAY, EBY, ECY, EBZ and the spindle errors were considered zero
(they were negligible). One reason for decreasing the error by adding loads can be due to the fact
that the weight vector and the initial unloaded error vector may be in opposite directions and

neutralize these types of errors.

The maximum value of the error parameters was 0.5 mm vilelcmged to the error EZBradial
motion error of B axis in direction. The smallestabsolutevalue belongdto the error EBCHilt
error motion of C axis around Y axighich wasHT XD O WhR Thus, the maximum error

occurred between B and Z axis when the pallet rotates fror@8=o B=90" The minimum
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error occurred between C and Y axis when the pallet rotates frorl83 to C= 180"and no

significanterror occurred in Y direction.
Correlation

As it is discussed in chapter 6, the error coefficient EYYO, the zero degree of the positioning error
of Y axis, had the highest dependency to the weighth(the correlation of 0.50%and the error
coefficient EZZ2, the second degree of the positioning error of Z axis, had the highest
dependency to the torgywith the correlation 0.685The results show that wéits and torques

had more significant effects on the positioning error than on the other types of errors and these
positioning errors were directly correlated with weight and tor§iZZ1 and EYX3were also
reverselycorrelatedwith weight and torque, resgigvely. Their values of dependency weeequal

to -0.573 and0.744 respectively. In contrasthe third degree of thelt error motion of C axis
around Y axis, had the lowest dependency to the weigtt (he correlation of 0.002and the

error coeffitent EBX3, the third degree of the angular error of X axis around Y axis (pitch error),
had the lowest dependency to the terdwith the correlation 0.030This means that the third
degree of the error coefficient had small dependency to weight andetamp these two

parameters (W and T) did not have any significant effect on the cited errors.

The correlation factor between weigind torque was equal to 0.8329 expected, because these

two parameters are linked together, torque is a function of weight and distance.
Curve Fitting

All the error coefficients were modeled as a function of weight and torque to estimate the value of
the error for different loadingonditions without doing further tests. However, all the tests were
done on the HU4O0T fivaxis CNC machine tool. Thus, the model is only valid for this machine
and its application for other machine tools even with the same topology has not been proven.

Since the real polynomial degree for each error coefficient was unknown, the degree of the best
curve fitted with the highest-Bquare factor was chosen. TH&dgree polynomial was used to
model the errors. There were four coefficients for the functiomis @ne variable (weight or

torque) and 10 coefficients for the functions with two variables (both weight and torque).
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The models revealed the following results:

1. Most of the zero degresrors (EYYO, EABO, EBBO, ECX0, ECZ0, EXBO0) h#te same
trend asceding trajectory and descending trajectory by increasing torque and weight,
respectively. However, two of them (EAXO and EAZO) had a direct relation with weight
and a reverse relation with torque.

2. Most of the first degree of linear errors were decreased by torque and increased by weight.
The first degree of linear positioning errors (EYY1, EZZ1) had the same trend. On the
other side, most of the first degree angular errors were increased bydarcydecreased
by weight (EZB1, EZC1, EAB1, EAC1).

3. The second degree errors had different patterns for different loading conditions, although
the second degrees of linear positioning errors (EYY2 and EZZ2) were similar and they
decreased by torque and ieased by weight.

4. The third degree of linear positioning errors (EXX3, EYY3, EZZ3) had the same trend,
they were increased by torque and decreased by weight. The other 3rd degree errors had
different trends.

5. The error coefficients EBB4 and ECCA4 for ttamge of errors EBB (angular positioning
error of B axis) and ECC (angular positioning error of C axis) respectively, had
completely different trends. EBB4 was increased by torque and decreased by weight,

whereas ECC4 was decreased by torque and incrbgseeight.

Overall, some error coefficients had a direct relation with torque and weight and some had an
inverse relation. fie value of the error coefficientas barelyincreased by both weight and
torque. Although, these two factors (weight and torque)liaked together andake a direct
relation, they hadifferent effects on the error parameters.

Residual analysis

The residual analysis showise difference between the data set and the model. The smaller the
difference is, the higher the accuracy o tturve fitting. Because there was no exact polynomial
function for each error coefficient, the best fitted polynomial curve with the higheguéte
value was chosen. In most cases, the value of tkguBre was around 0.9 and the value of the

residual vas close to zero.
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The number of the polynomial coefficients is increased by increasing the degree of the
polynomial functions. In our modeling (with two variables, weight and torque, simultaneously),

the 3° degree polynomial with 10 coefficients was usEde values of these coefficients in the
ORGHOLQJ WDEOH SUHVHQWHG LQ DSSHQGL[ By ZHUH YHU\ "

error coefficients.

The modeling process was completed with correlation matrix, curve fitting and residual analysis.
The model enables us to estimate the error coefficient values as a function of weight

independently, torque independently and weight and torque simultaneously.

In conclusion, adding load on the machine incredle value of some error parameters and
decrease the values of the other error parameters depending on the directions of the weight
vector and initial unloaded error vector. dadition the weight and the torque have different
effect on the error coefficients. Although, weight and torque are dingaijyortional, some error
coefficients are affected differently by weight and torqué can be also concluded that the

positioning errors are most affected by weight and torque values.

This knowledge can be further used in error compensation to increasprecision of the
manufacturing. However, the results of this study could be more accurate if the other source of
errors such as high temperature of the machine, vibration, internal forces, NC interpolation, etc is
also considered. It is recommended tntmue this study with more loading conditions to
achieve more data points, simulate the cutting forces during probing and keep the environment in
the same condition.
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Appendix

$S S HQ @Maflab programs)
1.RUMBA PROGRAM?Z]

clear all
%%Scale bar (2 balls) followed by the RUMBA.
workpiece_twists_nom_balls=[120 -120 326.2 0 0 O;

-80 -160 177.8 0 0 O;

-120 120 326.2 0 0 O;

160 160 127 0 0O O];
Nballs=size(workpiece_twists_no m_balls,1); % includes RUMBA and scale bar
balls
ball_id=1:size(workpiece_twists_nom_balls,1); % defines which
workpiece_tool_twists are for ball artefacts.
ball_radii=ones(Nballs,1)*6.35; % Each ball has a radius to be defined. Here

they are all equal.
%ball_radii=[6.35; 6.35; 6.35; 6.35; 6.35; 6.35];% Each ball has a radius to
be defined. Here they are all potentially different.

%% Graph production requested
produce_graphs_flag=1; %1: Graph are produced; 0: No graph produced.

%% Twist of the faces to be probed even if only probed once. Defined as the

point to touch in the last workpiece joint frame and the alpha, beta, gamma

rotations use

% the order gamma then beta then alpha to align the z axis with the normal to

the face.

workpiece_twists_nom_faces=][]; % Last three components are in degrees.
Nfaces=size(workpiece_twists_nom_faces,1);

%% Scale bar.

Rumba_or_Samba=0; %State (0O=Uncalibrated artefact; 24=Calibrated artefact made
of balls 2 and 4)

scale_bar_length =3.046686e+002; %Scale bar length, even if not used.

%% The indexations of the rotary axes to be used.
A=[zeros(42,1);0;90;180;270];
Bvalues=[90 45 0 -45 -90 -60 -30306075000000];
B=[Bvalues(1);
Bvalues(2);Bvalues(2);
Bvalues(3);Bv  alues(3);Bvalues(3);Bvalues(3);
Bvalues(4);Bvalues(4);
Bvalues(5);
Bvalues(6);Bvalues(6);
Bvalues(7);Bvalues(7);Bvalues(7);
Bvalues(8);Bvalues(8);Bvalues(8);
Bvalues(10);Bvalues(10);
Bvalues(11);Bvalues(11); Bvalues(11);Bvalues(11);
Bvalues(12);Bvalues(12);Bvalues(12);Bvalues(12);
Bvalues(13);Bvalues(13);Bvalues(13);Bvalues(13);
Bvalues(14);Bvalues(14);Bvalues(14);Bvalues(14);
Bvalues(15);Bvalues(15);Bvalues(15);Bvalues(15);
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Bvalues(16);Bvalues(16);Bvalues(16);Bvalues(16)

I;
Cvalues=[18090 0 -90 -180 -135 -4545135170180900 -90 -18007;
C=[Cvalues(1);
Cvalues(2);Cvalues(2);
Cvalues(3);Cvalues(3); Cvalues(3) Cvalues(3);
Cvalues(4);Cvalues(4);
Cvalues(5); ...
Cvalues(6);Cvalues(6); .
Cvalues(7);Cvalues(7); CvaIues(?)
Cvalues(8);Cvalues(8);Cvalues(8);
Cvalues(9);Cvalues(9);
Cvalues(10);Cvalues(10);
Cvalues(11);Cvalues(11); Cvalues(ll) Cvalues(11);
Cvalues(12);Cvalues(12);Cvalues(12);Cvalues(12);
Cvalues(13);Cvalues(13);Cvalues(13);Cvalues(13);
Cvalues(14);Cvalues(14);Cvalues(14);Cvalues(14);
Cvalues(15);Cvalues(15);Cvalues(15);Cvalues(15);
Cvalues(16);Cvalues(16);Cvalues(16) ;Cvalues(16)

I
abc_values=[A B C];

artefact_id=[4;
3:4; ..
1,2;3;4;
3;4,
2; ...
3:4; ..
1,34,
2;3:4,
1;4,
1:4; ..
1,2;3;4,
1,2;3;4,
1;2;3;4;
1;2;3;4;
1,2;3;4,
1:;1;1;1

]; % The identification number of the balls and faces to be probed at each

indexation set.

%% Prepare the indexation for each artefact probing operation and also the
sequence of artefact identifier for the whole process.

%% Tool definition for each artefact probing operation
tool_id=ones(size(artefact_id,1),1); % Each time a ball or face is measured
this contains the tool identifier.

tool_length(1)=100;

%% Process conditions for face probing

approach_distance=10; % Expected travelled dist ance to touch.
overtravel_distance_to_touch=5; % By how much the machine carries on searching
for a touch beyond the expected touch.

retract_distance=1; % The probe comes back after the touch by this distance.

102
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stylus_tip_radius=3;

%% Define by a twist o f three translations in x,y and z and three rotations
around x, y

% and z. The first twist is from the foundation frame to the first joint.

% The tool and workpiece are not considered.

%

tool_branch_link_twists_error_actual=tool_branch_link_twists_error_no m+0.0000*
(randn(ntb,6) -.5);
%
workpiece_branch_link_twists_error_actual=workpiece_branch_Ilink_twists_error_n
om+0.0000*(randn(nwb,6) -.5);
tool_branch_link_twists_error_actual=
[ 0 0 0;
0 0 0;
0 0 0;
0 0 0;
0 0 0;
0 0 o] % Twists are columnwise

before transpose action.
workpiece_branch_link_twists_error_actual=

[ 0 00;
0 00;
0 00;
0 00;
0 00; .
0 001, % Twists are columnwise before transpose

action.

% Motion errors coefficients for the polynomials (starting with
% the zero degree)and the backlash coefficient (an offset) for the six
components
% of error fo r the six axes X, Y, Z, A, B, C (even those not present on the
% machine.
% Each column is for one polynomial, i.e one motion error component
% of one axis. Points are generated and a polynomial fitted.
% [EXX0 EXX1 EXX2 EXX3 EXX4 EXXR ;EYX0 EYX1 EYX2 EYX3 EYX4 EYXR ; EZXO0
EZX1 EZX2 EZX3 EZX4 EZXR ; EAXO EAX1 EAX2 EAX3 EAX4 EAXR ; EBX0 EBX1
EBX2 EBX3 EBX4 EBXR; ECX0 ECX1 ECX2 ECX3 ECX4 ECXR;
% [EXYO EXY1EXY2 EXY3 EXY4 EXYR;EYYOEYY1EYY2EYY3EYY4EYYR ; EZYO
EZY1 EZY2 EZY3 EZY4 EZYR ; EAYO EAY1 EAY2 EAY3 EAY4 EAYR ; EBYO EBY1
EBY2 EBY3 EBY4 EBYR; ECYOECY1ECY2ECY3ECY4 ECYR;
% [EXZO EXZ1 EXZ2 EXZ3 EXZ4 EXZR ;EYZO EYZ1 EYZ2 EYZ3 EYZ4 EYZR ; EZZ0
EZZ1 EZZ2 EZZ3 EZZA4 EZZR ; EAZO EAZ1 EAZ2 EAZ3 EAZ4 EAZR ;EBZOE BZ1
EBZ2 EBZ3 EBZ4 EBZR; ECZ0 ECZ1 ECZ2 ECZ3 ECZ4 ECZR;
% [EXAO EXAL1 EXA2 EXA3 EXA4 EXAR ;EYAO EYAL1 EYA2 EYA3 EYA4 EYAR ; EZAO
EZA1l EZA2 EZA3 EZA4 EZAR ; EAAO EAAL EAA2 EAA3 EAA4 EAAR ; EBAO EBAlL
EBA2 EBA3 EBA4 EBAR; ECAO ECA1 ECA2 ECA3 ECA4 ECAR;
% [EXBO EXB1 EXB2 EXB3 EXB4 EXBR ;EYBO EYB1 EYB2 EYB3 EYB4 EYBR ; EZBO
EZB1 EZB2 EZB3 EZB4 EZBR ; EABO EAB1 EAB2 EAB3 EAB4 EABR ; EBBO EBB1
EBB2 EBB3 EBB4 EBBR; ECBO ECB1 ECB2 ECB3 ECB4 ECBR;
% [EXCO EXC1 EXC2 EXC3 EXC4 EXCR ;EYCO EYC1EYC2 EYC3 EYC4 EYCR ; EZCO
EZC1 EZC2 EZC3 EZC4 EZCR ; EACO EAC1 EAC2 EAC3 EAC4 EACR ; EBCO EBC1
EBC2 EBC3 EBC4 EBCR; ECCO0 ECC1 ECC2 ECC3 ECC4 ECCR]'

motion_error_coef actual=

[0 0.0000112 0.000000113 0.000000000114 0 ; 0 0 0.000000123 - 0.00000000124

0;00 - 0.000000133 0.00000000134 0 ;
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0.000141 -0.0000000142 +0.000000000143 - 0.0000000000000144 0 ;0
+0.0000000152 - 0.000000000153 +0.000000000000154 0; 0.000161 -
0.000000000162 +0.0000000000163 - 0.000000000 00164 0;

0.0211 0 - 0.00000213 0.00000000214 0 ; 0.0221 - 0.000222
0.00000223 0.00000000224 0 ; 0 0 0.00000233 - 0.00000000234 0 ;

0 - 0.0000000242*0 +0.000000000243*0 - 0.0000000000000244*0 O
;00*0. 00252 0*0.00000000253 0*0.0000000000254 0; 0000O;

0 - 0.00000312 0.000000313 - 0.00000000314 0 ; 0 0 0.0000000323
0.00000000324 0 ; 0 0.0000332 0.000000333 - 0.00000000334 0 ;

0.000341 +0.00000000342 - 0.0000000000343 +0.0000000000000344 0 ;0
0*0.00352 0*0.000000353 0*0.000000000354 0;  0.000361 0.000000000362 -
0.0000000000363 0.00000000000364 0;

00000 :00000 :00000 -

00000 :00000; 00000:
0.00511  +0.00000512 -0.00000513 +0.00000005140  : 0

0.00000522 0.00000523 0.0000000524 0 ; 0 0.0000532 0.00000533 0.0000000534
o ;
0.000541 - 0.0000000542 +0.00000000543 - 0.000000000544 0 ; 0.000551
0.00000000552 0.00000000553 0.000000000554 0.000555; 0 0.000000562

0.000000563 0.0000000564 0;

O - 0.000612 0.000000613 - 0.000000614 0 ; 0 0.000622 -

0.0000000623 0.0000000624 0 - 0 - 0.00632 0.000000633 0.0000000063 40
" 0 -0.000642 0.0000643 - 0.00000644 0 : 0 0.000652 - 0.0000000653 -

0.000000000654 0; 0 0.000662 0.0000663 0.00000664 0.000665]'

mt_para_motion_def=[141;161;511;541;551;312;341;36
1; ... % The classical 8 par ameters.

% mt_para_motion_def=[251;241; 132;451;441;421;,%
The classical 8 parameters.

211221, % Spindle location.
222,332 % Scale Y and Z relative to X.
%% 1 1 2 % X scale is automatically included ( cond=)
113;
114; .. % X-axis scale 2nd and 3rd degree terms.
223;
224; .. % Y-axis scale 2nd and 3rd degree terms.
333;
334; .. % Z-axis scale 2nd and 3rd degree terms.
552; % B- axis B angular positioning, 1st,
553;
554; .. % B- axis B angular positioning, 2nd and 3rd degree.
662 % C- axis angular positioning,1st degree term,
663;
6 6 4; % C- axis angular positioning, 2nd and 3rd degree.
123;
124; .. % X- axis straightness in y, 2nd and 3rd degree terms.
133;

134; .. % X-axis straightness in z, 2nd and 3rd degree terms.
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%% 2 1 2; % Couple with the Y to Z out - of - squareness.
213;
214; .. % Y- axis straightness in x, 2nd and 3rd degree terms.
233
234; .. 9% Y-axis straightness in z, 2nd and 3rd degree terms.
313;
314; .. % Z-axis straightness in x, 2nd and 3rd degree terms.
323;
324; .. % Z-axis straightness in y, 2nd and 3rd degree terms.
142;
143;
144; .. % X-axis angular error around x, 1st, 2nd and 3rd degree terms.
152;
153;
154; .. % X-axis angular error around vy, 1st, 2nd and 3rd degree terms.
162;
16 3;
164; .. % X-axis angular error around z, 1st, 2nd and 3rd degree terms.
%% 242,243,244, %Y - axis angular error around x, 1st, 2nd and 3rd
degree terms. Two tools are needed to distinguish from straightness orscale
termes
%% 252,253,254, %Y - axis angular error around y, 1st, 2nd and 3rd
degree terms.Two tools are needed to distinguish from straightness orscale
termes
%% 262;263;264;,%Y - axis angular error around z, 2nd and 3rd degree
terms.Two tools are needed to distinguish from strai ghtness orscale termes
342;
343;

344; % Z- axis angular error around x, 1st, 2nd and 3rd degree terms.
(cond=113.2082)

%% 352;353;354;,%Z - axis angular error around y, 1st, 2nd and 3rd
degree terms. (two tool length are needed). Not strong because the bryan
length is constant to produce a straightness
362;
363;
364; .. % Z-axis angular error around z, 1st, 2nd and 3rd degree terms.
(cond=113.2979)
512
513;
514; .. % B- axis radial (x) motion, 2n d and 3rd degree. (cond=113.5946)
522;
523;
524, % B- axis axial (y) motion, 2nd and 3rd degree.

(cond=116.9237)

532; %(cond=116.9346)

533; %(cond=277.2891)

534, % B- axis radial (z) motion, 2nd and 3rd degree.
(cond=327.4958)

542; % (cond=304.6686)

543; % (cond=334.3825)

544, .. % B- axis A tilt, 1st, 2nd and 3rd degree. (cond=335.0143)

562; % (cond=335.4621)
563, 9% (cond=335.9265)
564; .. % B- axis C - tilt, 1st, 2nd and 3rd degree. (cond=10E+15).
Probably couples with 6 6 4 but why not 562 and 563.
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612; 9% (cond=352.5610)
613; 9%(cond=520.7955)
614, .. % C- axis radial (x) motion, 1st, 2nd and 3rd degree.
(cond=551.7 340)
622, 9%(cond=1011.9
623; 9%(cond=1015.5)
62 4; % C- axis radial (y) motion, 1st, 2nd and 3rd degree.
(cond=1039.5)
%
632; % (cond=1041.0)
%
633; 9%(cond=1051.9)
634, % C- axis axial motion,  2nd an d 3rd degree. (cond=10+15)
642, 9% (cond+1052.3)
643; % (cond=1056.2)
644, % C- axis yaw,1st, 2nd and 3rd degree.
%
652, % (cond=1064.3)
653, % (cond=1066.1)

654, % C- axis yaw,1st, 2nd and 3rd degree. ( cond=1085.9)
% 115;
% 2 25;...% Backlash on the EXX
% 335;...%Z - axis backlash.
% 445, %A - axis indexation backlash.
555; % B- axis indexation backlash. (cond=1561.1)
665 % C- axis indexation backlash. (cond=high and variable, no convergence

to a solution)

I

wb_link_para_def=[]; % All workpiece branch link errors can be selected
(index 1 is th axis order in the branch and index 2 is the error (xyzabc))
tb_link_para_def=[]; % All tool branch link errors can be selected

[motion_error_coef_estimation_error,
tool_branch_link_twists_error_estimation_error,

Workplece branch link_twists_error_estimation_error,
tool_twists_estimation_error, workpiece_twists_estimation_error,
mean_vol_err_| norm_wtot_ fu lImodel, max_vol_err_| norm_wtot _fullmodel] =

workpiece_ branch link _twists_error_actual,

motion_error_coef actual, workpiece_twists_nom_| balls
Workplece_tW|sts_nom_faces mt _para_motlon_def wb_link_para_def,
tb_link_para_def, .

abc_values, artefact_id, tool_length, tool_id, stylus_tip_radius,
approach_distance, overtravel_distance_to_touch, retract_distance,
scale_bar_length, .

Rumba_or_ Samba ball_radii, produ ce_graphs_flag);

load( ‘junk' );
mean_vol_err_norm_wtot_fullmodel
max_vol_err_norm_wtot_fullmodel
cond_J _reduced_normalised=cond(J_reduced_normalised)
rankJ_reduced_normalised=rank(J_reduced_normalised)
Nbr_coef_estimated=size(mt_para_motion_def,1 )+1
max(max(abs(motion_error_coef estimation_error)))
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2.POLYNOMIAL GRAPHS FOR EACH RANGE OF ERROR

clear all
clc
error={ 'EXX' 'EBY’ 'EZA 'EXC'

'EYX' 'ECY" 'EAA' 'EYC'

'EZX' 'EXZ' 'EBA' 'EZC'

'EAX' 'EYZ' 'ECA' 'EAC'

'EBX' 'EZZ' 'EXB' 'EBC'

'ECX' 'EAZ 'EYB' 'ECC' };

'EXY' 'EBZ' 'EZB'

'EYY' 'ECZ' 'EAB'

'BEZY! 'EXA' 'EBB'

'EAY' 'EYA' 'ECB'
test=[0 0 O -0.000474681 O - 0.000421654 - 0.189273502
0.0435970120 0 0 O O O O 0.000204604 0 0.0005801630 0 O
00O -0.19776664 0 0 0.000437287 6.40E -06 000O0OO0O
0;
0 0 0 1.80E -09 4.03E - 09 -2.82E-08 0 2.64E -05 00 0O
-0.000191839 0 7.35E - 05 -3.62E-06 O -1.03E-05 0 0O 0 0O O
0 - 0.199878102 - 0.014256293 - 0.095944374 - 0.000466226 -4.41E - 05
0.000439031 - 0.00330205 0.002404289 8.95E -05 3.19E -06 1.08E - 05 -
4.86E - 06;
8.11E - 08 3.02E -07 -1.76E -07 1.14E -09 -1.28E -09 1.07E -09 4.67E -
08 - 2.55E - 07 -1.64E-07 0 O O 8.59E - 07 -1.02E - 07 -2.15E - 07
1.53E-08 O 5.85E - 08 O 00O 0O O 0.03573853 - 0.000138738
- 0.091190372 - 0.000165583 1.37E - 05 - 0.000166829 0.000216177
0.000855978 -7.36E -06 1.72E -06 - 1.94E - 07 -4.31E - 06;
6.97E -11 1.46E -09 1.31E -09 -3.15E -13 2.66E -12 1.09E -13 -
2.70E -09 6.51E -10 4.64E -10 0 0 O -1.01E-09 792E -11 2.17E -
11 -2.03E-11 © -1.07E-10 0 O O O O O 0.018371271
0.011023751 0.013851252 9.44E -05 4.71E - 05 - 8.80E - 05 0.000340329 -
0.000243436 6.30E - 06 -3.72E - 07 -1.11E -06 5.07E -07;
0O0O0OO0OO0ODODODODOOOOOOOOOODO
0O 0O0OO0OOOO 0 216E -06 000O0O0OO0O - 2.91E - 05;
00O -0.000401835 0 - 0.000232339 -0.177515773 0.029239426 0
0O 0000 0 223E -05 0 2.85E -05 00 0O0OO0O -
0.177223121 0 O 0.00033 3524 -589E-06 0 0 O O O O O;
0 0 0 1.99E -07 -2.76E - 07 -1.14E-07 O -554E-05 0 0 O O
-3.67E-05 0 - 7.39E - 05 -6.37E-08 0O -724E-08 0 0O OO OO
- 0.198957467 - 0.002346157 - 0.076991594 - 0.0 00225889 - 2.62E - 05
0.0003998 0.000879362 0.000566728 - 0.000372887 2.43E - 07 - 8.74E - 06 -
3.93E - 06;
-6.51E -08 2.12E -07 7.19E -07 2.11E -09 -1.34E -09 148E -09 -
1.82E - 08 -1.16E - 07 -367E-07 0 0 0 3.66E -08 7.85E -07 - 2.76E -
07 242E -09 0 7.66E -10 0 0 O 0O 0O O 0.02425184
0.001935952 -0.08179698 -0.000126204 4.73E - 05 - 0.000107405
0.000239676 -0.000938318 0.000173012 - 4.99E - 06 - 4.06E - 07 - 6.57E - 06;
-2.01E-09 1.69E -09 1.93E -09 -7.10E - 12 -1.13E -12 457E -12 -
1.26E -09 3.71E -10 -1.02E-09 0 0O O 3.10E -10 -3.97E - 09 -2.11E -
10 -205E-11 O -861E-12 0 O 0 0O 0O O 0.02604611 -
0.001164638 0.009203618 1.57E -05 6.08E - 06 - 5.86E - 05 - 6.54E - 05 -

6.98E -05 3.71E -05 -7.10E -08 8.36E -07 - 4.40E - 07;
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00000000D0D0D0O0O0O0OOOOT OO
00000000O -1.30E-06 0 0 0 0 0 0 - 1.25E - 05;
000 -0.000372637 0 -9.10E -05  -0.263547837 0.00398384 0 0
0000 0 328 -05 0 -1.15E-05 0 0 0 0 0 O -
0.249174175 0 0 0.000336047 1.13E -05 00000 0 O;

0 0 0 139 .08  -202E-07 -872E-08 0O 0.0005937510 0 0 0

-4.90E -05 0 0.000487567 1.75E -07 0 1.32E 07 000000

- 0.091657582 - 0.0 02604597 - 0.145774797 -8.90E -05  -8.87E - 06
0.000347999 - 0.000655504 0.002405319 0.000242007 3.54E -06 1.29E -06
9.25E - 07;

6.12E-09 201E -07 279E -07 1.04E -09  -650E-10 -3.43E-10 -
501E -08 124E -08  -230E-07 0 0 0 3.44E -07 9.77E -08 1.22E -
06  -2.06E-09 0 -6.49E-10 0 0 0 0 O 0 0.055123214 -
0.001082645 - 0.033965073 - 0.000136657 -161E-05 -2.69E-05 - 5.00E -
05 -0.000248414 1.49E  -05  -110E-06 1.83E -06  -4.77E - 06;

2.81E-09  -1.92E-10 825E -10  -1.18E-12 2.13E -12 1.94E -12 -
1.08E -09 -4.31E-09 -110E-09 0 0 0 -959E -10  -5.79E -10 - 6.32E -
09 2.25E -13 0 257E 12 00 0 0 0 O 0.011965572

0.001406533 0.019255922 7.33E  -06 3.16E -06  -4.72E-05 7.18E -05 -
0.000230745 2.30E  -05  -4.12E-07 -150E-07 -4.80E - 07;
00000000D0D0D0O0O0O0OOOOTODO

00000O0OO O 230E 06 000000 - 3.14E - 05;
0 00 -2.73E-05 0 - 0.000479736 - 0.19126993 0.002170646 0 0 0

000 0 664E -05 0 -7.15E-06 0 0 0 0 0 0 -
0.180546421 0 0 8.72E -05 352E -06 00000 O O;

0 0 0 1.44E -08  -758E-08 -6.68E-09 0 0.0006095770 0 0 O
-0.000100714 0 0.000487778 6.83E -07 0 -9.12E-07 0 0 0 0 0

0 0.012720365 - 0.004432425 - 0.075866762 -0.000480463 2.43E  -05
0.00011788 0.004125531 0.001035647 0.000182866 5.57E -08  -159E-05 -
4.40E - 07;

4.89E -08  -6.24E-10 -240E -08 2.21E -11  -6.17E-10 -556E-10 1.11E -
08 6.82E -08 -1.16E-07 0 0 O 6.00E -07  -4.40E -07 1.11E -06
-6.43E-09 0 879E -09 0 0 0 0 O O 0.026661557 -0.003912 391
0.017601666 -3.86E -05 -3.05E -05 -0.000189853 9.03E  -05  -0.000258836

- 0.000281166 -1.08E -06 4.61E -07  -5.82E - 06;

2.70E-09  -576E-10 6.09E -10  -1.36E-12 2.36E -12 1.25E -13 -
1.44E -09  -4.47E-09 -210E-10 0 0 0 -1.07E-09 7.56E -10  -5.43E -
09 1.47E -11 O -1.99E-11 0 0 0 O O O 0.006888218 -
0.0003462 0.010192869 5.90E -05  -370E-05 -3.85E-05 -0.00040978 -
0.000103826 -2.39E -05 1.63E -08 1.62E -06  -2.82E - 07;

00000 00000000D0D0O0O0OO0DO

00000O0OO O 1.90E 06 000000 - 3.32E - 05;
000 -0.000209353 0 -0.00087738 - 0.1882583 0.0198320620 0 0

000 0 321E 05 0 1. 33E-06 0 0 0 0 0 0 -
0.179919138 0 0 0.000288941 -169E-05 0 0 0 0 0 0O O

000 171E -08 6.26E -08 3.98E -08 0 3.67E -05 000 0

6.76E -05 0 8.50E -05  -414E-07 O 448E  -07 0 0 0 000

- 0.184244144 -0.01006325 - 0.082270814 - 0.000946659 - 1.90E - 05
0.000317449 - 0.001979041 0.007694845 -0.000619898 3.75E  -05  -4.91E - 06
- 3.65E - 06;

-1.40E -07 1.79E -08  -120E-07 -142E-09 512E -10  -5.71E-10 8.47E -
08  -1.26E-07 -417E-08 0 0 O -7.21E-07 -7.13E-07 -1.48E -08

567E-09 O -184E-08 0 0 O O O O 0.02821871 - 0.00048406 -
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0.079472912 - 0.000127532 2.24E - 05 - 0.000353873 0.000800595

0.000223002 -6.17E -05 -2.92E - 06 - 2.32E - 06 - 5.58E - 06;

6.06E -10 8.39E -10 - 6.20E - 10 - 1.60E - 12 -1.25E - 13 -4.77E - 13 -
507E -09 8.01E -10 942E -10 0 O O 2.60E -09 146E -09 - 6.89E -
10 -1.13E-11 0 8.69E -11 0 0 0 0 0 O 0.022493314

0.0064958 23 0.013353582 0.000155997 1.60E -05 -5.16E - 05 0.000200468 -
0.000811836 4.93E - 05 -3.99E -06 5.15E -07 - 4.39E - 08;
000OO0OODOODOOOOOOOOOOOODO

0O 00O0OOOO O 7.09E -06 0 O 0 00O - 2.68E - 05;
00O - 0.000369776 O - 0.000817683 -0.177712038 0.028583184 0

00 0 00O -1.38E-06 0 6.29E -05 00 00O0O -
0.171594509 0 O 0.000273758 -111E-05 0 0 O O O O O;

0 0 0 5.26E -09 - 1.46E - 07 -1.06E -07 O -3.01E-05 0 0 O O
-3.13E-05 O - 6.10E - 05 -2.42E-07 O -761E-07 0 0 0 0 0O

- 0.072236234 - 0.001920204 - 0.072707098 - 0.000799987 2.19E - 05
0.000314724 0.001243344 0.00311529 - 0.000705044 6.60E - 06 -1.39E - 05
1.52E - 06;

-1.62E -08 1.90E -07 104E -06 189E -09 -7.16E -10 1.39E -09 -
1.98E - 08 - 6.35E - 08 -7.56E-07 0 0 0 244E -07 9.06E -07 - 2.88E -
07 3.78E -09 0 7.03E -09 0 0 0 OO0 O 0.022872035

0.002281952 -0.022807065 - 0.00010072 4.90E -05 - 0.000362519

0.000703277 -0.000860503 0.000163463 - 4.50E - 06 - 2.48E - 06 - 4.37E - 06;
-145E -09 153E -09 1.17E -09 143E -12 -1.78E -12 3.64E -12 -
1.21E-09 4.60E -11 -1.22E-09 0 0 O -6.25E - 10 -3.29E - 09 - 1.24E -
09 -195E-11 O -237E-11 0 0 O 0 0 0 0.013992917 -
0.001962294 0.009057396 9.37E -05 -3.57E - 05 -4.08E - 05 - 0.000114312

- 0.000330226 7.26E -05 -7.05E -07 1.46E -06 - 5.66E - 07;
0O0000O0OOODOODOOOOOOOOOOOO

00 00O0O0O0OO -162E-06 0 0 0 0 0 O - 2.39E - 05;
00O - 0.000480661 O - 0.00021259 2 - 0.19687035 0.0363629730 O

0 0 0O 0O 0 840E -06 O -6.66E-05 0 0 0 0 0 O -
0.198413302 0 0 0.000402499 -872E-06 0 0 0 0 O O O

00O -2.93E -08 6.67E -08 -6.94E -08 0 3.20E -05 00 00
-258E-05 0 3.23E -05 1.03E -07 0 3.75E -07 0 000O0O

- 0.110025595 - 0.006692352 - 0.096055982 - 0.00020758 - 3.42E - 06
0.000402143 0.00013579 0.003202358 0.001247311 2.40E -05 572E -07 -
2.33E - 06;

3.05E-08 3 .57E-07 250E -07 154E -09 -3.53E - 10 -4.64E -10 258E -
08 -1.33E - 07 -1.77/E-07 0 0 O -6.90E -08 4.12E -07 - 3.60E - 07
3.02E-10 O -1.20E-10 0 O O O O O 0.035267759 - 7.85E - 05 -
0.045786892 - 0.000154452 1.64E - 05 - 7.42E - 05 - 0.000864658 -
0.00063209 0.00031627 -290E -06 2.98E -06 - 3.88E - 06;

1.06E - 11 -6.91E -10 6.17E -10 1.94E -12 -1.22E -12 156E -12 -
1.64E -09 2.00E -10 -149E-09 0 0 O 4.34E -10 -1.26E -09 6.07E -
10 -8.16E-12 O -254E-12 0 0 0 O O O 0.015211084

0.003099853 0.010752721 3.48E -05 138E -06 -5.77E - 05 -3.23E - 05 -
0.0003294 - 0.000116159 -244E -06 7.59E -08 - 1.95E - 07;
0O0000O0OOOOOOOOOOOO 0 00O

O 00 O0OOOO O 4.69E -06 0 000O0O - 2.68E - 05;
00O -0.0004 71095 0O 0.001938927 -0.282110448 0.0243816220 O
000O0O - 0.000664829 0 -0.000104903 0 0 0 0 0 O

- 0.308136093 0 0 0.00022737 -205E-05 0 0 0 0 O 0 O
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0O 0O 0 5.06E -08 3.06E -07 -5.8 6E-08 0 0.0007522640 0 0 O
-0.000380741 0 7.10E -05 8.79E -06 0 1.53E -06 0 0O0OO0O

0 -0.179917865 - 0.004852355 -0.217304028 0.001953365 - 1.54E - 05
0.00021449 0.003127625 0.014145963 0.003085596 5.48E -05 1.08E -06 2.58E -
06;

4.67E - 07 -1.08E - 07 -3.13E -07 8.15e -10 -1.49E - 09 - 2.04E - 09 -

7.44E -09 1.02E -07 -1.27E-08 0 0 0O 9.00E -07 1.29E -06 4.23E -
06 -468E -08 0 -9.80E-09 0 O 0 0O 0O O 0.095542491

0.000155785 -0.075329938 -5.81E - 05 -7.92E - 05 0.000891182 - 0.001526723

- 0.001256809 -0.000117711 -2.66E -06 4.98E -06 - 6.28E - 06;

5.96E - 09 -2.20E-09 1.90E -09 -3.70E - 12 -1.88E - 12 -4.70E - 12 -

7.11E - 10 -4.42E - 09 -1.12E-09 0 0 O -4. 23E- 10 -2.12E - 09 - 1.04E -
08 7.28E -11 0O 1.90E -11 0 O O 0 0O O 0.019085576

0.003718637 0.040029129 - 0.000314963 6.15E -06 -6.49E - 05 - 0.000328798
-0.001401716 - 0.000220338 - 5.55E - 06 - 1.00E - 07 - 1.06E - 06;

0 0O 0O 0OO0OO0OO0OODODODOODODOODOOODO

0O OO0 O0OO0OO0OOO 127E -5 0 0O00OO0OO0OO -1.71E - 05;
0 0O -0.000145846 O - 0.000193697 -0.228939526 0.022221588 0

0O 00 0O 0 0 7.94E -05 0 5.07E -5 0 0O0OOO0OO -
0.21837229 0 0 0.000224701 2.46E -06 0 0OOOOO 0;

0 0O -7.08E - 09 -1.03E-07 3.69E -08 0 2.12E -05 00 0O
3.84E-05 O -2.43E -05 -1.74E -06 O -1.14-06 0 0 0 0 0 O

- 0.194302536 - 0.008153058 -0.120767023 - 0.000238487 - 6.86E - 05
0.000219587 -0.00 1212603 0.005703511 -0.000162094 1.70E -05 b5.95E - 06
1.23E - 06;

-9.51E - 08 -1.17E - 07 - 8.61E - 08 -5.35E - 10 -4.86E -10 1.11E -10 2.54E -
08 -6.15E - 08 -1.31E-07 0 0 O -1.41E - 07 -5.36E - 07 3.80E -07
1.10E -08 0 4.03E -09 O O OO O 0 0.042620785 - 0.000810718

- 0.088633537 -8.15e -05 2.73E -05 -7.17E - 05 0.000540534 0.000174439 -
3.56E -05 8.56E -08 - 3.38E - 07 -5.19E - 06;

2.54E - 10 6.36E -10 1.64E -10 -1.86E -12 2.49E -12 -2.09E - 12 -
3.37TE -09 537E -10 1.37E -09 0 0O O 5.51E -10 1.15E -09 - 1.30E -
09 -1.70E -11 0 4.50E -13 0 0 O 0 0 0O 0.018262428 0.0047489

0.016799487 453E -05 4.78E -05 - 3.66E - 05 0.000129803 - 0.000591548

2.48E - 05 - 1.85E - 06 -6.5 2E- 07 -4.77E - 07;

0O 0O0OO0OO0ODOODODODODOOOOOOOOODO

0O OO0 O0OO0O0O O O 573 -6 0 0OOOOO - 2.41E - 05;
0O O O 0.00039273 0 - 0.000630268 -0.207620003 0.0295083410 O

0O 0 00 0 6.68E -05 0 0.0001648650 0 0 0 O O -
0.259069545 0 O - 0.000342975 -0.000160107 0 0 0 0 0 O

0;

0O 0 0 2.00E -08 2.36E -07 2.53E -08 0 4.82E -05 0 00O
0.00011317 O -2.27E - 05 -3.08E-08 0O -3.05E-06 0 O OOO0O
-0.106376184 0.00549894 - 0.150859767 - 0.0006080 53 -5.57E - 06 -
0.000321411 0.0035022 -0.00042137 -0.000820169 -2.62E - 05 -2.19E - 05

- 1.64E - 06;

1.43E - 08 6.20E -08 - 1.06E - 06 -3.45E -10 3.24e -09 2.80E -10 8.56E -
08 -1.01E-07 2.02E -07 O O O - 3.63E - 07 -5.89E -07 4.8 9E-07
-5.18E-09 0 2.28E -08 0 O O 0 0O O 0.054652515 - 0.004620531
-0.031298608 0.000148041 - 7.46E - 06 - 0.000299857 0.000900738 -
0.000236971 -0.000171749 -2.03E - 06 - 2.69E - 07 - 2.39E - 06;

-1.39E -10 3.10E -10 -2.39E - 09 -1.75E -12 5.61E -12 1.91E -12 8.66E -
10 -2.31E - 10 -3.77E-10 0 0 0O 7.79E -10 1.52E -09 -7.25E - 10

184E-11 O -473E-11 0 0 O O 0O O 0.027898474 - 0.011295043
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0.016356029 5.20E - 05 -6.94E -05 4.22E -05 -0.0 0036949 3.11E -05 8.02E -
05 264E -06 2.22E -06 5.06E -08;
0O000O0O0OOO0OOODOOOOOOOOOO

0 00 O0OOOO 0 3.04E -06 0000 O0O - 2.90E - 05;
00O -0.000474681 O - 0.000421654 - 0.189273502 0.0435970120

0O 00 O 0O O 0.0002046040 0.0005801630 0 0 O 00 -
0.19776664 0 0 0.000437287 6.40E -06 0 000 O 0O O

0 0 0 1.80E -09 4.03E -09 -2.82E -08 0 2.64E -05 00 00O
-0.000191839 0 7.35E - 05 -3.62E-06 O -103E-05 0 0 0 0 O

0 - 0.19987810 2 - 0.014256293 - 0.095944374 - 0.000466226 -4.41E - 05
0.000439031 - 0.00330205 0.002404289 8.95E -05 319 -06 1.08E -05 -
4.86E - 06;

8.11E -08 3.02E -07 -1.76E -07 1.14E -09 -1.28E-09 1.07E -09 4.67E -
08 - 2.55E - 07 - 1.64E - 07 0 0 0 859E - 07 - 1.02E - 07 - 2.15E - 07
153E-08 0O 5.85E -08 0 0 00O O 0O 0.03573853 - 0.000138738

- 0.091190372 - 0.000165583 1.37E -05 - 0.000166829 0.000216177
0.000855978 -7.36E -06 1.72E -06 - 1.94E - 07 - 4.31E - 06;

6.97E -11 146E -09 1.31E -09 -3.15E -13 2.66E -12 1.09 -13 -
270E -09 6.51E -10 464E -10 0 0 O -1.01E-09 792E -11 217E -
11 -203E-11 O -107E-10 0 O O O O O 0.018371271

0.011023751 0.013851252 9.44E -05 4.71E - 05 - 8.80E - 05 0.000340329 -
0.000243436 6.30E - 06 -3.72E - 07 -1.11E - 06 5.07E - 07,
0O000OO0O0O0DODODOODOODOOOODOOODODO

0 00OOOOO0 216E -06 000O0O0O - 2.91E - 05;
000 - 0.001082026 0 0.000463604 - 0.295062368 0.06024498830 O
00O0O0O -0.00035851 2 O -0.000525460 0 0 0 0 O -
0.278831594 0 0O 0.000806837 -189E-05 0 0 0 0 0 O O

00O -2.30E -08 1.16E -07 -2.94E -07 0 9.46E -05 00 00O
0.000144412 0 - 0.00061426 3.16E -06 0O 5.90E - 06 000O0O0O
0.184076322 - 0.017680954 - 0.182724515 0.000446075 6.15E - 05

0.000736021 0.007532286 0.013704439 0.000183663 5.55E - 05 -1.07E -05 3.14E -
06;

-2.17E - 08 -5.70E -08 8.06E -08 b5.51E -10 -1.72E - 11 -2.15E -09 7.08E -
09 - 1.66E - 07 -157E-07 0 0 O -7.62E -07 151E -06 3.22E -06
-1.78E-08 O -264E-08 0 0 0 O 0O O 0.06259115 - 0.00295784
0.097457623 - 0.000362925 4.56E -05 0.000230106 - 0.000741627 -
0.001430585 5.54E - 05 - 2.01E - 06 2.43E - 06 - 5.93E - 06;

1.87E - 09 - 3.38E - 09 -5.91E -11 4.82E -13 -1.29E -12 487E -12 -
2.76E - 09 -5.79E - 11 -2.05E-09 0 0 0 1.33E - 09 - 2.49E - 09 -4.72E -
09 264E -11 0 3.87E -11 0 00 0O0O - 0.017078864

0.02185 3684 0.016462294 1.58E - 07 - 6.98E - 05 - 0.00010444 - 0.000750678 -
0.001383265 -9.33E - 06 -5.67E-06 1.01E -06 - 9.57E - 07;
0O000O0O0O0O0DODODODOOODOOOODOOOOO

0 00O0OOO O 101E -05 000O0O0O -1.72E -
05];

X=-290:290;

Y= -230:230;

Z=0:305;

A=0:360;

B=( - pi/2):(pi/2);

C= - pi:pi;

error_values={};
total_error_values={};
COlOI':{ lbl , lb . ] , ICI , IC . 1 , lgl , lg . 1 , lyl , ly . 1 , lm , m__ , rl , lr . 1 };
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list1=(}; list2={}; list3={}; list4={}; list5={}; list6={}; list7={};
list8={}; list9={}; list10={}; list11={}; list12={};

for i=0:11
for j=1:36
it j==111j==21|j==3 || j==4 || j==5 || j==6
error_values{i+1,j} = test(5*i+1,j)+ test(5*i+2,j)*X +
test(5*i+3,j)*(X.A2)+test(5*i+4,j)*(X.A3)+test(5*i+5,))*(X."4)

%subplot(6,6,))

fig ure(j)

plot(X,error_values{i+1,j},color{i+1})

xlabel(  'X(mm)" , 'fontsize’ ,12)

ylabel(  ‘error value(mm)' , 'fontsize' ,12)
grid on

title(error{j}, ‘fontsize' ,12)

elseif  j==7|j==8|j==9 || j==10 || j==11]| j==12
error_values{i+1,j} = test(5*i+1,j)+ test(5*i+2,))*Y +
test(5*i+3,))*(Y.A2)+test(5*i+4,))*(Y.A3)+test(5*+5,))*(Y.")
%subplot(6,6,))

figure(j)

plot(Y,error _values{i+1,j},color{i+1})

xlabel(  'Y(mm)' , ‘fontsize’ ,12)

ylabel(  ‘error value(mm)' , 'fontsize' ,12)
grid on

title(error{j}, ‘fontsize' ,12)

elseif  j==13 || j==14 || j==15|| j==16 || j|==17 || j==18
error_values{i+1,j} = test(5*i+1,j)+ test(5*i+2,))*Z +
test(5*i+3,))*(Z.72)+test(5%i+4,))*(Z./3)+test(5*i+5,))*(Z."4)
%subplot(6,6,))

figure(j)

plot(Z,error_values{i+1,j},color{i+1})

xlabel( 'Z(mm)" , 'fontsize’ , 12)

ylabel(  ‘error value(mm)' , 'fontsize' ,12)
grid on

title(error{j}, ‘fontsize' ,12)

elseif  j==19| j==20 || j==21 || j==22 || j==23 || j==24
error_values{i+1,j} = test(5*i+1,j)+ test(5*i+2,))*A +
test(5*i+3,))*(A."2)+test(5*i+4,))*(A.~3)+test(5*1+5,))*(A."4)

%subplot(6,6,))

figure(j)

plot(A,error_values{i+1,j},color{i+1})

xlabel(  'A(rad)’ , ‘fontsize' ,12)

ylabel(  ‘error value(mm)' , 'fontsize' ,12)
grid on
title(error{j}, ‘fontsize' ,12)

elseif  j==25]| j==26 || j==27 || j==28 || j==29 || j==30
error_values{i+1,j} = test(5*i+1,j)+ test(5*i+2,))*B +
test(5*i+3,j)*(B."2)+test(5*%i+4,))*(B."3)+test(5*i +5,))*(B."4)
% subplot(6,6,))
figure(j)
plot(B,error_values{i+1,j},color{i+1})
xlabel( 'B(rad)’ , ‘'fontsize’ ,12)
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ylabel(  'error value(mm)' , 'fontsize' ,12)
grid on

title(error{j}, ‘fontsize' ,12)

else

error_values{i+1,j} = test(5*i+1,j)+ test(5*i+2,j))*C +
test(5*i+3,))*(C.A2)+test(5%i+4,))*(C.A3)+test(5*i+5,))*(C.~4)
% subplot(6,6,))
figure(j)
plot(C,error_values{i+1,j},color{i+1})
xlabel( 'C(rad)’ , 'fontsize' ,12)

ylabel(  'error value(mm)' , 'fontsize' ,12)
grid on

title(error{j}, ‘fontsize' ,12)

end

total_error_values{i+1}=error_values;
hold on

if i==0
listl{j,1}=error{j};
listl{j,2}=min(error_values{i+1,j});
list1{j,3}=max(error_values{i+1,j});
elseif  i==1

list2{j,1}=error{j};
list2{j,2}=min(error_values{i+1,j});
list2{j,3}=max(error_values{i+1,j});
elseif  i==2

list3{j,1}=error{j};
list3{j,2}=min(error_values{i+1,j});
list3{j,3}=max(error_values{i+1,j});
elseif i==3

list4{j,1}=error{j};
list4{j,2}=min(error_values{i+1,j b;
list4{j,3}=max(error_values{i+1,j});
elseif i==4

list{j,1}=error{j};
list5{j,2}=min(error_values{i+1,j});
list5{j,3}=max(error_values{i+1,j});
elseif  i==5

list6{j,1}=e rror{j};
list6{j,2}=min(error_values{i+1,j});
list6{j,3}=max(error_values{i+1,j});
elseif  i==6

list7{j,1}=error{j};
list7{j,2}=min(error_values{i+1,j});
list7{j,3}=max(error_values{i+1 Jb;
elseif  i==7

list8{j,1}=error{j};
list8{j,2}=min(error_values{i+1,j});
list8{j,3}=max(error_values{i+1,j});

elseif i==8
list9{j,1}=error{j};
list9{j,2}=min( error_values{i+1,j});
list9{j,3}=max(error_values{i+1,j});
elseif i==9

list10{j,1}=error{j};
list10{j,2}=min(error_values{i+1,j});



list10{j,3}=max(error_values{i+1,j});
elseif i==10

list11{j,1}=error{j};
list11{j,2}=min(error_values{i+1,j});
list11{j,3}=max(error_values{i+1,j});
elseif i==11

list12{j,1}=error{j};
list12{j,2}=min(error_values{i+1,j});
lis t12{j,3}=max(error_values{i+1,j});

end

end
end
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3.RANGE OF ERROR AS A STEM FUNCTION (PERFORMANCE OF THE MACHINE)

W=[0;200;200;200;400;400;600;600;800;800;1000;1000];
T=[0;5;20;35;10;20;45;90;40;80;75;125];

error={ 'EXX' '‘EAY'
'EYX' 'EBY'
'EZX' '‘ECY"
'EAX' 'EXZ'
'EBX' 'EYZ'
'ECX' 'EZZ'
'EXY' 'EAZ'
'‘EYY' 'EBZ'
'EZY" 'ECZ'

for j=1:36
figure(j)
stem3(W(1),T(1),list1{j,3} - list1{j,2},
grid on
hold on
stem3( W(2),T(2),list2{j,3} - list2{j,2},
stem3(W(3),T(3),list3{j,3} - list3{j,2},
stem3(W(4),T(4),list4{j,3} - list4{j,2},
stem3(W(5),T(5),list5{j,3} - list5{j,2},
stem3(W(6),T(6),list6{j,3} - list6{j,2},
stem3(W(7),T(7),list7 {i,3} - list7{j,2},
stem3(W(8),T(8),list8{j,3} - list8{j,2},
stem3(W(9),T(9),list9{j,3} - list9{j,2},
stem3(W(10),T(10),list10{j,3} - list10{j,2},
stem3(W(11),T(11),list11{j,3} - list11{j,2},
stem3(W(12),T(12),list12{j,3} - list12{j,2},
hold off

ylabel(  'torque(N/m)' ); xlabel( ‘weight(N)'
value(mm)' );

title(error(j));
end

4. CORRELATION MATRIX
clear all
clc

test= [Like in previous program]

W=[0;200;200;200;400;400;600;600;800;800;1000;1000];

'‘EXA'
'‘EYA'
'‘EZA’
'‘EAA
'‘EBA'
'ECA'
'‘EXB'
'‘EYB'
'‘EZB'

|b|

s<<aaooo
T 1 1 1
N

); zlabel(

‘error

'EAB'
'EBB'
'ECB'
'EXC'
'EYC'
'EZC'
'EAC’
'EBC'
'ECC' };
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T=[0;5;20;35;10;20;45;90;40;80;75;125];
COR_input=[];
m=1;

v=0;,w=0;
for n=0:11
for i=1:36
for =15
COR_input(n+1,m)=test(5*n+j,i);
m=m+1;
end
end
m=1,
end
COR_input(:,181)=W;
COR_input(:,182)=T;

A=[;

p=L;
L1=length(COR_input);
while p<L1

if  sum(COR_input(:,p))==0
A=[A p];
%  COR_input(:,p)=[l;

end
p=p+1;
end
for i=1l:length(A)
COR_input(:,A®)=[];
A=A-1;
end

COR_input_norm=(];

for i=l:ilength(COR_input)
for j=1:12
COR_input_norm(j,i)=COR_input(j,i)/norm(COR_input(:,i));
end

end

p=[l;
b=1;
correlation1=ones(length(COR_input_norm));

while  b<=length(COR_input_norm)

for n=b:length(COR_input_norm )-1
p=corrcoef(COR_input_norm(:,b),COR_input_norm(:,n+1));

% plot(COR_input,W,T)

correlation1(b,n+1)=p(1,2);

correlation1(n+1,b)=p(2,1);

end

b=b+1,;
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end

5.MODEL ERROR COEFFICIENT AS A FUCNTION OF WEIGHT OR TORQUE

clear all
clc

test= [Like in previous program

I

coefficient={

'EXX0’ 'EY X0’ 'EZX0' 'EAXOQ’ 'EBX0’ 'ECX0’ 'EXYOQ’ 'EYYOQ' 'EZYO
'EAYOQ’ 'EBY0’ 'ECYO’ 'EXZ0' 'EYZ0' 'EZZO 'EAZO' 'EBZ0' 'ECZ0
'EXAQ’ 'EYAQ' 'EZAQ' 'EAAQ 'EBAQ 'ECAOQ' 'EXBO’ 'EYBO’ 'EZBO’
'EABO' 'EBBO' 'ECBO" 'EXCO' 'EYCO' 'EZCO 'EACO' 'EBCO' 'ECCO'
'EXX1' 'EYX1' 'EZX1' 'EAX1' 'EBX1' 'ECX1'" 'EXY1' < CEYY1 '‘EZY1
'EAY1 'EBY1' 'ECY1' 'EXZ1 'EYZY 'EZZT' 'EAZYL 'EBZ1" 'ECZ1
'EXAT 'EYAT 'EZATL 'EAAT 'EBAT' 'ECAL' 'EXB1' 'EYB1' 'EZB1"
'EAB1' 'EBB1' 'ECB1' 'EXC1' 'EYCY 'EZCL 'EACT' 'EBC1' 'ECCL'
'EXX2' 'EYX2' 'EZX2' 'EAX2' 'EBX2' 'ECX2" 'EXY2' 'EYY2' 'EZY2'
'EAY2' 'EBY2' 'ECY2" 'EXZ2 'EYZ2' 'EZZ2' 'EAZ2' 'EBZ2' ' ECZ2'
'EXA2' 'EYA2' 'EZA2' 'EAA2' 'EBA2' 'ECA2' 'EXB2' 'EYB2' 'EZB2'
'EAB2' 'EBB2' 'ECB2' 'EXC2' 'EYC2' 'EZC2' 'EAC2' 'EBC2' 'ECC2'
'EXXS' 'EYXS' 'EZX3' 'EAXS’ 'EBX3’ 'ECX3' 'EXY3' 'EYY3' 'EZY 3
'EAY3' 'EBY3' 'ECY3" 'EXZ3 'EYZ3 'EZZ3' 'EAZ3' 'EBZ3' 'ECZ3'
'EXA3' 'EYA3' 'EZA3' 'EAA3' 'EBA3' 'ECA3" 'EXB3' 'EYB3' 'EZB3'
'EAB3' 'EBB3' 'ECB3" 'EXC3" 'EYC3  'EZC3 'EAC3' 'EBC3' 'ECC3'
'EXX4! 'EYX4! 'EZX4' 'EAX4' 'EBX4' 'ECX4' 'EXY4! 'EYY4! 'EZY 4
'EAY4! 'EBY4' 'ECY4’ 'EXZ4' 'EYZ4' 'EZZ4' 'EAZ4 'EBZ4' 'ECZ4'
'EXA4' 'EYA4' 'EZA4' 'EAA4 'EBA4' 'ECA4"  'EXB4' 'EYB4' 'EZB4'
'EAB4' 'EBB4' 'ECB4" 'EXC4'  'EYC4'  'EZC4 'EAC4'  'EBC4'

'ECC4' };

W=[0;200;400;600;800;1000];
T=[0,;5;20;35;10;20;45;90;40;80;75;125];

error_coefficient=[];
k=1,

p=1;

u=1;

values={};

for i=1:36

for j=0:5

figure(Kk)

plot(W(j+1),test(5*j+1,i), ‘0" )

values{k,u}=[W(j+1),test(5*+1,i)];

xlabel(  'weight(N)' ); title(coefficient{ p.i}); ylabel( ‘estimated
error value(mm)' )

grid on

hold on

u=u+l,

end

k=k+1;

p=p+1;



u=1;
for z=0:5
figure(k)
plot(W(z+1),test(5*z+2,i), ‘0" )
values{k,u}=[W(z+1),test(5*z+2,i)];

xlabel(  'weight(N)' ); title(coefficient{p,i}); ylabel(

error value(mm)' )

grid on
hold on
u=u+1,
end
k=k+1;
p=p+1;
u=1;
for g=0:5
figure(k)
plot(W(g+1),test(5*q+3,i), ‘0" )
values{k,u}=[W(g+1),test(5*q+3,i)];
xlabel(  'weight(N)' ); title(coefficient{p,i}); ylabel(

error value(mm)'

grid on
hold on
u=u+l
end
k=k+1;
p=p+1;
u=1;
for n=0:5
figure(k)
plot(W(n+1),test(5*n+4,i), ‘0" )
values{k,u }=[W(n+1)test(5*n+4,)];
xlabel(  'weight(N)' ); title(coefficient{p,i}); ylabel(

error value(mm)' )

grid on
hold on
u=u+l,
end
k=k+1;
p=p+1;
u=1;
for m=0:5
figure(k)
plot(W(m+1),test(5*m+5,i), ‘0" )
values{k,u}=[W(m+1),test(5*m+5,i)];
xlabel(  'weight(N)' ); title(coefficient{p,i}); ylabel(

error value(mm)'

end

b=[];

grid on
hold on
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P=[];

for ¢g=1:180

for 1=1:6
a(g,)=values{g,I}(2);
b(g,l)=values{g,}(2);

end

s=fit(a(g,:)",b(g,:)', '‘polys" )

P(g,1)=s.p1;

P(g,2)=s.p2;

P(g,3)=s.p3;

P(g,4)=s.p4;

P(g,5)=s.p5;

P(g,6)=s.p6;

figure(g)

plot(s)

xlabel(  'weight(N)' ); ylabel( ‘estimated error value(mm)' )

end

6.MODEL THE ERROR COEFFICINET AS A FUNCTION OF WEIGHT AND
TORQUE

error_coefficient=[];

k=1;

p=1;

u=1,

values={};

for i=1:36
for j=0:11
figure(k)
plot3(W(j+1),T(j+1),test(5*j+1,i), ‘0" )
values{k,u}=[W(j+1),T(j+1),test(5*j+1,i)];
ylabel( ‘torque(N/m)’ ); title(coefficient{p,i});
xlabel(  'weight(N)' ); zlabel( ‘estimated error value(mm)' )
grid on
hold on
u=u+l,
end
k=k+1;
p=p+1;
u=1;
for z=0:11
figure(k)
plot3(W(z+1),T(z+1),test(5*z+2,i), ‘0" )
values{k,u}=[W(z+1),T(z+1),test(5*z+2,)];

ylabel( ‘torque(N/m)’ ); title(coefficient{p,i});
xlabel(  'weight(N)' ); zlabel( ‘estimated error value(mm)' )
grid on
hold on
u=u+l;
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xlabel(  'weight(N)' ); zlabel( ‘estimated error value(mm)'

xlabel(  'weight(N)' ); zlabel( ‘estimated error value(mm)'

xlabel(  'weight(N)' ); zlabel( ‘estimated error value(mm)'

end

a=[];
b=[];
c=[];

for
for

end

end
k=k+1;
p=p+1;
u=1,;
for q=0:11
figure(k)
plot3(W(g+1),T(g+1),test(5*g+3,i), 0" )
values{k,u}=[W(q+1),T(g+1),test(5*q+3,i)];
ylabel( ‘torque(N/m)' ); title(coefficient{p,i});

grid on
hold on
u=u+l
end
k=k+1;
p=p+1;
u=1;
for n=0:11
figure(k)
plot3(W(n+1),T(n+1),test(5*n+4,i), ‘0" )
values{k,u}=[W(n+1),T(n+1),test(5*n+4,i)];
ylabel(  ‘torque(N/m)’ ); title(coefficient{p,i});

grid on
hold on
u=u+1l;
end
k=k+1;
p=p+1;
u=1;
for m=0:11
figure(k)
plot3(W(m+1),T(m+1),test(5*m+5,i), ‘0" )
values{k,u}=[W(m+1),T(m+1),test(5*m+5,i)];
ylabel(  ‘'torque(N/m)’ ); title(coefficient{p,i});

grid on
hold on
u=u+l,;

end
k=k+1;
p=1;
u=1;

0=1:180

=1:12
a(g,l)=values{g,I}(2);
b(g,l)=values{g,l}(2);
c(g,l)=values{g,}(3);
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s=fit([a(g,:)",b(9.:)1.c(9.:)’, 'poly33" )

P(g,1)=s.p00;

P(9,2)=s.p10;

P(g,3)=s.p01;

P(9,4)=s.p20;

P(g,5)=s.p11;

P(g,6)=s.p02;

P(g,7)=s.p30;

P(g,8)=s.p21;

P(9,9)=s.p12;

P(g,10)=s.p03;

figure(g)

plot(s)
ylabel( ‘torque(N/m)’ ); Xlabel( 'weight(N)' ); zlabel( ‘estimated error
value(mm)' )

end
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Appendix 1-Table B-1: The estimated value of the error coefficients

TEST1 8.11E-08 6.97E-11 3.02E-07 1.46E-09-1.76E-07 1.31E-09 -0.00047 1.80E-09 1.14E-09-3.15E-1:
TEST2 -6.51E-08-2.01E-09 2.12E-07 1.69E-09 7.19E-07 1.93E-09 -0.0004 1.99E-07 2.11E-09-7.10E-1:
TEST3 6.12E-09 2.81E-09 2.01E-07-1.92E-10 2.79E-07 8.25E-10 -0.00037 1.39E-08 1.04E-09-1.18E-1.
TEST4 4.89E-08 2.70E-09-6.24E-10-5.76E-10-2.40E-03 6.09E-10-2.73E-05 1.44E-08 2.21E-11-1.36E-1.
TESTS -1.40E-07 6.06E-10 1.79E-08 8.39E-10-1.20E-07-6.20E-10 -0.00021. 1.71E-08-1.42E-09-1.60E-1:
TEST6 -1.62E-08-1.45E-09 1.90E-07 1.53E-09 1.04E-06 1.17E-09 -0.00037 5.26E-09 1.89E-09 1.43E-1
TEST7 3.05E-08 1.06E-11 3.57E-07-6.91E-10 2.50E-07 6.17E-10 -0.00048 -2.93E-03 1.54E-09 1.94E-1:
TEST8 4.67E-07 5.96E-09-1.08E-07-2.20E-09-3.13E-07 1.90E-09 -0.00047 5.06E-08 8.15E-10-3.70E-1:
TEST9 -9.51E-08 2.54E-10-1.17E-07 6.36E-10-8.61E-03 1.64E-10 -0.00015% -7.08E-09-5.35E-10-1.86E-1.
TEST1C 1.43E-08-1.39E-10 6.20E-08 3.10E-10-1.06E-06-2.39E-09 0.000393 2.00E-08-3.45E-10-1.75E-1.
TEST11 8.11E-08 6.97E-11 3.02E-07 1.46E-09-1.76E-07 1.31E-09 -0.00047 1.80E-09 1.14E-09-3.15E-1:
TEST12 -2.17E-03 1.87E-09-5.70E-03-3.38E-09 8.06E-08-5.91E-11 -0.00108 -2.30E-08 5.51E-10 4.82E-1:

TEST1 4.03E-09-1.28E-09 2.66E-12 -0.00042:-2.82E-03 1.07E-09 1.09E-13 -0.18927 4.67E-03-2.70E-0!
TEST2 -2.76E-07-1.34E-09-1.13E-12 -0.00023 -1.14E-07 1.48E-09 4.57E-12 -0.17752. -1.82E-03-1.26E-0!
TEST3 -2.02E-07-6.50E-10 2.13E-12-9.10E-05-8.72E-03-3.43E-10 1.94E-12 -0.26355% -5.01E-03-1.08E-0!
TEST4 -7.58E-08-6.17E-10 2.36E-12 -0.00048 -6.68E-09-5.56E-10 1.25E-13 -0.19127 1.11E-08-1.44E-0!
TESTS 6.26E-08 5.12E-10-1.25E-13 -0.00088 3.98E-08-5.71E-10-4.77E-13 -0.18826 8.47E-03-5.07E-0!
TEST6 -1.46E-07-7.16E-10-1.78E-12 -0.00082 -1.06E-07 1.39E-09 3.64E-12 -0.17771.-1.98E-03-1.21E-0!
TEST7 6.67E-08-3.53E-10-1.22E-12 -0.00021. -6.94E-03-4.64E-10 1.56E-12 -0.19687 2.58E-03-1.64E-0!
TEST8 3.06E-07-1.49E-09-1.88E-12 0.001939 -5.86E-03-2.04E-09-4.70E-12 -0.28211.-7.44E-09-7.11E-1
TEST9 -1.03E-07-4.86E-10 2.49E-12 -0.00019 3.69E-08 1.11E-10-2.09E-12 -0.22894 2.54E-03-3.37E-0!
TEST1C 2.36E-07 3.24E-09 5.61E-12 -0.00063 2.53E-08 2.80E-10 1.91E-12 -0.20762. 8.56E-03 8.66E-1!
TEST11 4.03E-09-1.28E-09 2.66E-12 -0.00042 -2.82E-03 1.07E-09 1.09E-13 -0.18927 4.67E-03-2.70E-0!
TEST12 1.16E-07-1.72E-11-1.29E-12 0.000464 -2.94E-07-2.15E-09 4.87E-12 -0.29506 7.08E-09-2.76E-0!

TEST1 0.043597 2.64E-05-2.55E-07 6.51E-10-1.64E-07 4.64E-10 -0.00019 8.59E-07-1.01E-09-1.02E-0
TEST2 0.029239-5.54E-05-1.16E-07 3.71E-10-3.67E-07-1.02E-09-3.67E-05 3.66E-08 3.10E-10 7.85E-0
TEST3 0.003984 0.000594 1.24E-08-4.31E-09-2.30E-07-1.10E-09-4.90E-0% 3.44E-07-9.59E-10 9.77E-0t
TEST4 0.002171. 0.00061. 6.82E-083-4.47E-09-1.16E-07-2.10E-10 -0.0001. 6.00E-07-1.07E-09-4.40E-0°
TESTS 0.019832 3.67E-05-1.26E-07 8.01E-10-4.17E-03 9.42E-10 6.76E-05-7.21E-07 2.60E-09-7.13E-0°
TEST6 0.028583-3.01E-05-6.35E-03 4.60E-11-7.56E-07-1.22E-09-3.13E-0%5 2.44E-07-6.25E-10 9.06E-0°
TEST7 0.036363 3.20E-05-1.33E-07 2.00E-10-1.77E-07-1.49E-09-2.58E-0%-6.90E-03 4.34E-10 4.12E-0°
TEST8 0.024382 0.000752 1.02E-07-4.42E-09-1.27E-03-1.12E-09 -0.00038 9.00E-07-4.23E-10 1.29E-0¢
TEST9 0.022222 2.12E-05-6.15E-03 5.37E-10-1.31E-07 1.37E-09 3.84E-0%-1.41E-07 5.51E-10-5.36E-0°
TEST10 0.029508 4.82E-0%-1.01E-07-2.31E-10 2.02E-07-3.77E-10 0.000113-3.63E-07 7.79E-10-5.89E-0°
TEST11 0.043597 2.64E-05-2.55E-07 6.51E-10-1.64E-07 4.64E-10 -0.00019 8.59E-07-1.01E-09-1.02E-0
TEST12 0.06024% 9.46E-05-1.66E-07-5.79E-11-1.57E-07-2.05E-09 0.000144 -7.62E-07 1.33E-09 1.51E-0t

TEST1 7.92E-11 7.35E-05-2.15E-07 2.17E-11 0.000205-3.62E-06 1.53E-03-2.03E-11 0.00058 -1.03E-0!
TEST2 -3.97E-09-7.39E-05-2.76E-07-2.11E-10 2.23E-05-6.37E-08 2.42E-09-2.05E-11 2.85E-0%5-7.24E-0:
TEST3 -5.79E-10 0.000488 1.22E-06-6.32E-09 3.28E-05 1.75E-07-2.06E-09 2.25E-13-1.15E-05 1.32E-0°
TEST4 7.56E-10 0.000488 1.11E-06-5.43E-09 6.64E-05 6.83E-07-6.43E-09 1.47E-11-7.15E-06-9.12E-0°
TESTS 1.46E-09 8.50E-0%-1.48E-03-6.89E-10 3.21E-05-4.14E-07 5.67E-09-1.13E-11 1.33E-06 4.48E-0°
TEST6 -3.29E-09-6.10E-05-2.88E-07-1.24E-09-1.38E-06-2.42E-07 3.78E-09-1.95E-11 6.29E-05-7.61E-0
TEST7 -1.26E-09 3.23E-05-3.60E-07 6.07E-10 8.40E-06 1.03E-07 3.02E-10-8.16E-12-6.66E-05 3.75E-0
TEST8 -2.12E-09 7.10E-05 4.23E-06-1.04E-03 -0.00066 8.79E-06-4.68E-03 7.28E-11 -0.0001. 1.53E-Of
TEST9 1.15E-09-2.43E-0%5 3.80E-07-1.30E-09 7.94E-05-1.74E-06 1.10E-08-1.70E-11 5.07E-05-1.14E-0(
TEST1C 1.52E-09-2.27E-0% 4.89E-07-7.25E-10 6.68E-05-3.08E-03-5.18E-09 1.84E-111 0.000165 -3.05E-0
TEST11 7.92E-11 7.35E-05-2.15E-07 2.17E-11 0.000205-3.62E-06 1.53E-03-2.03E-11 0.00058 -1.03E-0!
TEST12 -2.49E-09 -0.00061. 3.22E-06-4.72E-09 -0.00036 3.16E-06-1.78E-03 2.64E-11 -0.00053 5.90E-0¢
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TEST1
TEST2
TEST3
TEST4
TESTS
TEST6
TEST7
TESTS8
TEST9
TEST10
TEST11

5.85E-08-1.07E-10 -0.19777
7.66E-10-8.61E-12 -0.17722
-6.49E-10 2.57E-12 -0.24917
8.79E-09-1.99E-11 -0.18055%
-1.84E-03 8.69E-11 -0.17992!
7.03E-09-2.37E-11 -0.17159
-1.20E-10-2.54E-12 -0.19841.
-9.80E-09 1.90E-11 -0.30814
4.03E-09 4.50E-13 -0.21837
2.28E-08-4.73E-11 -0.25907
5.85E-08-1.07E-10 -0.19777

-0.19988 0.035739 0.018371. -0.01426 -0.00014 0.011024 -0.0959/

-0.19896 0.024252 0.026046
-0.09166 0.055123 0.011966
0.01272 0.026662 0.006888
-0.18424 0.028219 0.022493
-0.07224 0.022872 0.013993
-0.11003 0.035268 0.015211.
-0.17992 0.095542 0.019086
-0.1945 0.042621. 0.018262

-0.10638 0.054653 0.027898 0.005499 -0.00462

-0.19988 0.035739 0.018371.

TEST12 -2.64E-03 3.87E-11 -0.27883 0.184076 0.06259.. -0.01708

-0.00235 0.001936 -0.00116
-0.0026 -0.00108 0.001407
-0.00443 -0.00391. -0.0003%
-0.01006 -0.00048 0.006496
-0.00192 0.002282 -0.00196
-0.00669 -7.85E-05 0.0031.
-0.00485 0.000156 0.003719
-0.0081% -0.00081. 0.004749
-0.0113
-0.01426 -0.00014 0.011024
-0.01768 -0.00296 0.021854

-0.0769¢
-0.1457i
-0.0758i
-0.0822i
-0.07271
-0.0960¢

-0.217¢
-0.12077
-0.1508¢
-0.0959¢
-0.18272

TEST1
TEST2
TEST3
TEST4
TESTS
TEST6
TEST7
TEST8
TEST9
TESTI10
TEST11

-0.09119 0.013851. 0.000437 -0.00047 -0.00017 9.44E-05 6.40E-06-4.41E-05 1.37E-05 4.71E-0!

-0.081& 0.009204 0.000334 -0.00023 -0.00013 1.57E-05-5.89E-06-2.62E-05 4.73E-0% 6.08E-0t
-0.03397 0.019256 0.000336-8.90E-0% -0.00014 7.33E-06 1.13E-05-8.87E-06-1.61E-0% 3.16E-0t
0.017602: 0.010193 8.72E-05 -0.00048 -3.86E-05 5.90E-05 3.52E-06 2.43E-05-3.05E-05-3.70E-0!
-0.07947 0.013354 0.000289 -0.00095 -0.00013 0.000156 -1.69E-0%-1.90E-05 2.24E-05 1.60E-0!

-0.02281. 0.009057 0.000274
-0.04579 0.010753 0.000402

-0.08863 0.016799 0.00022%
-0.0313 0.016356 -0.00034
-0.09119 0.013851. 0.000437

-0.0008&

-0.0001. 9.37E-05-1.11E-05 2.19E-05 4.90E-05-3.57E-0!

-0.00021. -0.0001% 3.48E-05-8.72E-05-3.42E-06 1.64E-0% 1.38E-0f
-0.07533 0.040029 0.000227 0.001953-5.81E-05 -0.00031. -2.05E-05-1.54E-05-7.92E-05 6.15E-0
-0.00024 -8.15E-0'5 4.53E-05 2.46E-06-6.86E-05 2.73E-0% 4.78E-0!
-0.00061. 0.000148 5.20E-05 -0.00016 -5.57E-053-7.46E-06-6.94E-0!
-0.00047 -0.00017 9.44E-05 6.40E-06-4.41E-05 1.37E-05 4.71E-0!
TEST12 0.097458 0.016462. 0.000807 0.000446 -0.00036 1.58E-07-1.89E-0% 6.15E-05 4.56E-0%-6.98E-0!

TEST1
TEST2
TEST3
TEST4
TESTS
TEST6
TEST7
TEST8
TEST9
TESTI10
TEST11
TEST12

2.16E-06 0.000439 -0.00017 -
0.0004 -0.00011.-5.86E-0% 0.000879 0.00024 -6.54E-05 0.000567
2.30E-06 0.000348 -2.69E-05-4.72E-05 -0.00066 -5.00E-0% 7.18E-05 0.002405
1.90E-06 0.000118 -0.00019 -3.85E-0% 0.004126 9.03E-05 -0.00041. 0.001036
7.09E-06 0.000317 -0.00035% -
-1.62E-06 0.000315 -0.00036 -4.08E-05 0.001243 0.000703 -0.00011. 0.003115
4.69E-06 0.000402 -7.42E-05-5.77E-05 0.000136
1.27E-05 0.000214 0.00089:. -
0.00022 -7.17E-05-3.66E-05 -0.00121. 0.000541.
-0.0003 4.22E-0% 0.003502 0.000901. -0.00037 -0.00042 -0.00024
2.16E-06 0.000439 -0.00017 -

-1.30E-06

5.73E-06
3.04E-06 -0.00032.

1.01E-05 0.000736  0.00023

8.80E-05 -0.0033 0.000216

5.16E-05 -0.00198 0.000801.
6.49E-05 0.003128 -0.00153

8.80E-05 -0.0033 0.000216
-0.0001. 0.007532 -0.00074

-0.00086 -

0.00034 0.002404 0.000856

-0.0002%
-0.00026
0.000z 0.00769% 0.000223
-0.00086
3.23E-05 0.003202 -0.00063
-0.00033 0.014146 -0.00126
0.00013 0.005704 0.000174

0.00034 0.002404 0.000856
-0.00075 0.013704 -0.00143

-0.00094 -

-0.0002¢
6.98E-0!
-0.0002:

-0.0001
-0.00081
-0.0003:
-0.0003:

-0.0014
-0.0005¢
3.11E-0!
-0.0002¢
-0.0013¢

TEST1
TEST2
TEST3
TEST4
TESTS5
TEST6
TEST7
TEST8
TEST9
TESTIC
TEST11
TESTI12

8.95E-05-7.36E-06 6.30E-06 3.19E-06 1.72E-06-3.72E-07 1.08E-05-1.94E-07-1.11E-06-4.86E-065-4.31E-06 5.07E-07-2.91E-0!
-0.00037 0.000173 3.71E-05 2.43E-07-4.99E-06-7.10E-08-8.74E-05-4.06E-07 8.36E-07-3.93E-06-6.57E-06-4.40E-07-1.25E-0!
0.000242 1.49E-05 2.30E-05 3.54E-06-1.10E-06-4.12E-07 1.29E-06 1.83E-06-1.50E-07 9.25E-07-4.77E-05-4.80E-07-3.14E-0!
0.000183 -0.00028 -2.39E-05 5.57E-08-1.08E-06 1.63E-08-1.59E-05 4.61E-07 1.62E-06-4.40E-07-5.82E-053-2.82E-07-3.32E-0!
-0.00062 -6.17E-05 4.93E-05 3.75E-05-2.92E-06-3.99E-06-4.91E-06-2.32E-06 5.15E-07-3.65E-06-5.58E-06-4.39E-03-2.68E-0!
-0.00071. 0.000163 7.26E-0% 6.60E-06-4.50E-065-7.05E-07-1.39E-05-2.48E-06 1.46E-06 1.52E-06-4.37E-06-5.66E-07-2.39E-0!
0.001247 0.000316 -0.00012 2.40E-05-2.90E-065-2.44E-06 5.72E-07 2.98E-06 7.59E-083-2.33E-06-3.88E-05-1.95E-07-2.68E-0!
0.003086 -0.00012. -0.00022. 5.48E-0%5-2.66E-06-5.55E-06 1.08E-06 4.98E-06-1.00E-07 2.58E-06-6.28E-06-1.06E-06-1.71E-0!
-0.00016 -3.56E-05 2.48E-05 1.70E-05 8.56E-08-1.85E-06 5.95E-06-3.38E-07-6.52E-07 1.23E-06-5.19E-06-4.77E-07-2.41E-0!
-0.00082 -0.00017 8.02E-05-2.62E-05-2.03E-06 2.64E-06-2.19E-05-2.69E-07 2.22E-06-1.64E-065-2.39E-06 5.06E-03-2.90E-0!
8.95E-05-7.36E-06 6.30E-06 3.19E-06 1.72E-06-3.72E-07 1.08E-05-1.94E-07-1.11E-05-4.86E-06-4.31E-06 5.07E-07-2.91E-0!
0.000184 5.54E-05-9.33E-06 5.55E-05-2.01E-06-5.67E-06-1.07E-05 2.43E-06 1.01E-06 3.14E-06-5.93E-06-9.57E-07-1.72E-0!
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$SSHQGL[ 111 7KH HTXDWLRQV RI QRPLQDO PRGHOLQJ
error (according to figure 35 and figure 36)
Nominal modeling
X Vector form
<<;:r'if,2§: LR L0 DL, 4 R 2,
LRG = R+ TN 4 B, 4 WY,
<=8 25: <¢—“q,'¥2§C_ <(;—“q,?2éC

C® L= R ot P+ V0L + TR F YR F WL F R, F ¥

B2 = & & K BF &F $F %F X

T r r = r r R S

BHI, Eeal, Eai, £ HI, i, Fai, BERi, eS|
r r \Yj r r ? R S
X HTM:

46= 6 36 96 ¢ 2,
£6= {66 76 2

%6= 46 £67°

s r r T S r r r S r r r
; r s r r. r s r U r s r r.
46= f L 46= 1 6=
N rros 00 Fros 00 s
r r r s r r r s rr r s
s r r = S rrr S r rr
- r s r r. r s r > r s r r.
§6= f  $6= f 6= f
rros r r s "% rros 7
rr r s r r r s rr r s

Exact modeling

x Vector form:
el = wR 10+ ga] TU 4] OD1o+ A U 4] OPL + 04 UEE
o4 > = 2 1]

H[LC
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w2l = <R+ gl &% Na[ N+ Na[ oG g oF 1,4 545 URE
yA >[ “T]]

<& ol %%24 F <=2
s rr s rr s r
th=a s ri,H=a s ri,%=a s ri
r r s r r s r r s
s r r s rr s r
fd=a s ri,Nd=ea s ri,y4=&a s ri
r r s r r s r r s

N4=rot (z, ¥(x) rot (y, ¥(x)) rot (x, ¥%(x))
S4=rot (z, ¥(y)) rot (y, Y(¥) rot (x, ¥(y))
S4=rot (z, ¥(2)) rot (y, ¥(2) rot (x, ¥(2))
2 4 Aot (z, (@) rot (y, Y(a)) rot (x, ¥(a))
>4 Aot (z, ¥(b)) rot (y, ¥(b)) rot (x, (b))

74 Aot (z, Y(0)) rot (y, Y(c)) rot (x, ¥(c))

s r r

rot (x, ¥x))= & ... ‘:{@:é;; F-<e)’@:§;;i
rooe<eNs:§;; ..U,
S g r

rot (x, Yy)) = & ...‘:3,(@:>;; FO(‘.%Z);;i
rooeceY,i>;; R A
S r r

ot (x, Wz) =& ... %0 Fecetliogi
rooeceY,:0g R A =
S r r

rot (x, WA) = & ... 1%:f FeceXaifil
rooec<eXe:fy: L0%f



S r

rot(x, WB) = & ... %,;;

rooeceYs:

S

r
rot(x, WC) =& .. 1%
%

"1

roeceY.: =

Y]

LS
ot(y, Yo) =N 1
FeceX:S;;

NS SIS
ot(y, Yy)=N
FeceX >;,;

IR e =5
rot(y, ¥@)=N 1
FeceX :0g

X
rot(y, Y(A)=N r
FeceX :f:;

LSS
rot(y, (B)=N 1
FeceX )

IR S
rot(y, (C)=N r
FeceX ..,

S
r

S
r

FeceXr,ii
LN

0(‘.\,{: Ty
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] LS
rot (z, ¥(x)) = es<¢Y:§;;
,

] LY
rot (z, ¥(y)) = es<¢¥ >;;
r

] LYo
rot (z, ¥(2)) = es<¢ Y : 0g;
r

LY

rot (z, ¥(A)) = es<e¥ :f;;
r

Y

rot (z, ¥(B)) = es<¢¥:,:;

r

) Y
rot (z, ¥(C)) = esce¥:.::
r

X HTM:

) o) Y~ OpnOn ©
¢6= 6 36 96 3656 .6 2,

ca— ¢n N Yar <
&£6= 6 N6§6§6 76,6 7,

g\

s r r T
A S T . Oa_
66= fr r s rJ'OG_
r r r s

FeceV:

r

L A

w~

FeceYi>::

r

T 2

FeceV:ce

r

R e 2

FeceY:f:;

Y
r

FeceY:, i

- = n =

= N = =

IR AN

ri

ri

ri

ri

= = n =

=N = =

nT""
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Volumetric error
1. The nominal position of the tool:

%%25:\&; & & B

r r r R
e ai, & Ui, Tei, B
\Y r = R

2. The nominal position of the workpiece:

LR B B B R

T r r Se
B HI, . ei, Zai, S
r r ? Si

3. The actual position of the tool:

<<;=éf,2g' = ¢6 060065 OGOOG °6 < 2,

4. The actual position of the workpiece:

%2l = <6y V6y6, 76, 76,76, Y2

The volumetric error of the tool can be achieved by following equation:
(e R F el

%aq&; < TV %%OZQ&. < <Y <¢=302§4. < LT R 2§L+ <&
<LV <A 2§L

R R R
TR (fe U U U & R EU+ gk e B i+ 7% R
RE= RE= R

r
+ V& e

r
The volumetric error of the workpiece can also be achieved by following equations:
LR (W& R FeROL
R (& T T TH2& TG TR P o8 TR LR TR&
+<¢=[b&,. LI C® &
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R R

e
<<;=é,[)§8t <¢:[h§¢ <& <¢=U}§L+ %:tb& xR E>+<Yx e B i+ Y
RE? RE?
R r
i+ 7% ei
R r

Finally, the total volumetric error will be achieved by following equation:
[%é Eg~ <R [‘§4: <R [‘é&

[%é ee LT U W+ TR <TGEFE TUSF <TUS F 2T (p&

R R R R R
VR EU+<" g e B i+ S ¥& Ri F &R E>i Fe Y& e R i F
RE= RE= R PE? RE?
|%
YR R
R

The elements of the volumetric error can be written separately:

Q= Gy U+ U F &aF UgF UF bt 6dRE3 FYedR EY+Y%o
(RE39 FHBER) + ¥o(R) FY¥o(R) FRARED EXdR Ed FY,o(RE?
EY,o(R) F¥,dR EY.4R)

U=Ge baUo+tUsF GoF UoF U,oF BboF Yo P E3 Ev.4R F¥%r
(RE9 E%4R FY¥r(REY¥s(R EXMRE?D FXdR EYR(REJ FYqo
(REY.{(R FY.4R

U= e et Upo+tUoF LioF UoF U,oF bt bWdREVY FY%dR +%Bi(R)
FYbd R + ¥ (R) F¥o(R FYX/(R ES EXdR FY (R EY,o(R FY,{R)
EY.4R

¥=Yor+r Bor+ ¥+ Y F %aF %Y aF YirF %br

Y= Y%d Bt YoE Yo F %oF L oF %.oF %o

Y= Y& oo ¥6E Yo F %oF boF Y.6F %o
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VE=JUQ
VE is the volumetric error.
J is the Jacobian matrix.

( is the error parameters matrix.

g B 7 Yo
Lo N T axg
TUR = > 2 4gcHT 4R
N i AR
Y KN N
D . I%oN
Y, i N

YDOQ<H5



Appendix 13-Table D-1: The elements of the Jacobiamatrix
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17 18 19 20 21 22 23 24
(R -(R) 1 0 0 0 0 0
0 (R 0 1 0 0 0 0
-(R) 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
1 0 0 0 0 0 1 0
0 1 0 0 0 0 0 1
-1 0 0 0 -(REY | (RE> -1 0
0 -1 0 (RE 0 -(R) 0 -1
0 0 -1 (REY| (R 0 0 0
0 0 0 -1 0 0 0 0
0 0 0 0 -1 0 0 0
0 0 0 0 0 -1 0 0
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EXX2
EXX3
EYX2
EYX3
EZX2
EZX3
EAXO
EAX1
EAX2
EAX3
EBX1
EBX2
EBX3
ECX0
ECX1
ECX2
ECX3
EXYO
EXY2
EXY3
EYYO
EYY1l
EYY2
EYY3
EZY2
EZY3
EXZ1
EXZ2
EXZ3
EYZ2
EYZ3
EZZ1
EZZ2
EZZ3
EAZO
EAZ1
EAZ2
EAZ3
ECZ0
ECZ1
ECZ2
ECZ3
EXBO
EXB1
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Appendix R-Table E-1: Correlation matrix

EXX2 EXX3 EYX2 EYX3 EZX2 EZX3 EAXO0O EAX1 EAX2 EAX3
1 0.717856 -0.14161 -0.41508 -0.26736 0.41028 -0.13211 0.012295 0.241072 -0.12195
0.717856 1 -0.52501 -0.72 -0.34398 0.130696 -0.14718 -0.21429 -0.24034 -0.06038
-0.14161 -0.52501 1 0.524197 0.323358 0.297902 -0.11167 0.043897 0.642306 0.276918
-0.41508 -0.72 0.524197 1 0.215998 0.109877 0.436601 0.309996 0.142976 -0.15515
-0.26736 -0.34398 0.323358 0.215998 1 0.615463 -0.45286 0.275463 0.633031 0.04435
0.41028 0.130696 0.297902 0.109877 0.615463 1 -0.52768 0.363789 0.699974 -0.22137
-0.13211 -0.14718 -0.11167 0.436601 -0.45286 -0.52768 1 0.097086 -0.44139 -0.21387
0.012295 -0.21429 0.043897 0.309996 0.275463 0.363789 0.097086 1 0.333245 -0.89949
0.241072 -0.24034 0.642306 0.142976 0.633031 0.699974 -0.44139 0.333245 1 0.000258
-0.12195 -0.06038 0.276918 -0.15515 0.04435 -0.22137 -0.21387 -0.89949 0.000258 1
0.565107 0.495106 -0.35126 -0.54788 -0.72835 -0.39812 0.043822 -0.37335 -0.3787 0.179047
-0.31759 -0.16802 -0.21687 -0.07072 -0.58698 -0.9657 0.587592 -0.21708 -0.55075 0.130907
-0.17452 -0.09908 0.036281 0.312435 -0.67397 -0.53931 0.660045 -0.20893 -0.4144 0.018743
0.810294 0.770405 -0.43036 -0.69917 -0.14902 0.380543 -0.41325 0.103215 0.147139 -0.27844
-0.03671 -0.06245 -0.02538 0.544577 -0.45421 -0.2652 0.812036 -0.04486 -0.50996 -0.13706
-0.39187 -0.80542 0.628846 0.941064 0.311684 0.170766 0.32312 0.332096 0.383396 -0.09782
-0.57597 -0.59735 0.383115 0.08278 0.480346 -0.11955 -0.25708 0.195651 0.424207 0.125219
-0.41529 -0.73501 0.550527 0.839941 0.215404 0.025111 0.442391 0.226533 0.122265 0.001439
-0.2057 -0.24054 -0.03885 0.206208 -0.69343 -0.64925 0.416313 -0.28169 -0.63322 0.153128
0.417771 0.117025 0.100198 -0.12228 -0.12763 -0.06798 0.355152 0.238766 0.405769 -0.15929
0.013039 -0.29099 0.207325 -0.17277 -0.04898 0.004303 -0.59735 -0.16875 0.265965 0.282385
0.649419 0.905868 -0.37637 -0.51916 -0.1678 0.230391 0.04174 -0.02731 -0.08226 -0.17053
0.401903 0.642354 -0.55351 -0.38154 0.044432 0.090175 0.284483 0.137506 -0.1336 -0.2828
-0.56674 -0.80988 0.317645 0.463234 0.069972 -0.21569 -0.1038 -0.03201 -0.00485 0.17485
0.221672 0.423765 -0.36326 -0.34318 -0.9364 -0.56296 0.362543 -0.15758 -0.65552 -0.17664
-0.26546 -0.18 -0.124 0.563901 -0.37485 -0.18414 0.474111 -0.1082 -0.59187 -0.11333
-0.83165 -0.48712 -0.14285 -0.02778 0.014689 -0.71957 0.122095 -0.15314 -0.36666 0.195403
0.658183 0.300152 0.314388 0.21745 0.035483 0.674744 0.004728 0.083582 0.456714 -0.07554
-0.45976 -0.17268 -0.38115 -0.18766 -0.17914 -0.57881 -0.00092 -0.00339 -0.57859 -0.07361
0.421957 0.218689 -0.0382 -0.51742 0.470058 0.504159 -0.74318 0.197426 0.631983 -0.02942
-0.19755 0.102555 -0.18518 0.157045 -0.72523 -0.61823 0.608565 -0.46842 -0.79982 0.182458
0.138943 0.269994 0.189912 0.312526 -0.05154 0.155517 0.52091 0.030771 -0.07918 -0.09983
0.644211 0.854527 -0.66514 -0.8682 -0.24682 0.078191 -0.35897 -0.07308 -0.1244 -0.14601
-0.66591 -0.92109 0.575397 0.692591 0.099307 -0.22996 0.182326 0.001194 0.062728 0.199689
-0.65107 -0.69805 0.573564 0.78735 0.042613 -0.18015 0.409024 -0.06822 -0.03073 0.181773
0.662543 0.739487 -0.57809 -0.76183 -0.07122 0.127917 -0.21971 0.135776 -0.00429 -0.2513
-0.72487 -0.78114 0.558844 0.78778 0.182011 -0.0875 0.185227 -0.09696 0.00733 0.230663
0.749186 0.846044 -0.60677 -0.80066 -0.42029 -0.06258 -0.06863 -0.04203 -0.17239 -0.16934
0.048658 -0.34548 0.557103 0.764423 -0.20743 0.157983 0.343018 0.015182 0.1254 0.016509
-0.0654 0.315502 -0.55307 -0.67501 0.256216 -0.14124 -0.26016 0.072454 -0.12784 -0.09487
0.10894 -0.31318 0.570891 0.595094 -0.24907 0.13996 0.228489 -0.0906 0.233322 0.1377
-0.18239 0.296073 -0.57097 -0.47124 0.1575 -0.20406 -0.1473 0.053425 -0.42019 -0.14514
-0.58881 -0.70516 0.503115 0.753217 0.491594 0.171965 0.188589 0.157767 0.138431 0.0865
-0.12046 0.21274 -0.28555 -0.6901 0.102132 -0.25592 -0.38013 -0.34971 -0.02367 0.39594
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EYX3
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EZX3
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EBX1
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EBX1 EBX2 EBX3 ECX0 ECX1 ECX2 ECX3 EXY0 EXY2 EXY3
0.565107 -0.31759 -0.17452 0.810294 -0.03671 -0.39187 -0.57597 -0.41529 -0.2057 0.417771
0.495106 -0.16802 -0.09908 0.770405 -0.06245 -0.80542 -0.59735 -0.73501 -0.24054 0.117025
-0.35126 -0.21687 0.036281 -0.43036 -0.02538 0.628846 0.383115 0.550527 -0.03885 0.100198
-0.54788 -0.07072 0.312435 -0.69917 0.544577 0.941064 0.08278 0.839941 0.206208 -0.12228
-0.72835 -0.58698 -0.67397 -0.14902 -0.45421 0.311684 0.480346 0.215404 -0.69343 -0.12763
-0.39812 -0.9657 -0.53931 0.380543 -0.2652 0.170766 -0.11955 0.025111 -0.64925 -0.06798
0.043822 0.587592 0.660045 -0.41325 0.812036 0.32312 -0.25708 0.442391 0.416313 0.355152
-0.37335 -0.21708 -0.20893 0.103215 -0.04486 0.332096 0.195651 0.226533 -0.28169 0.238766
-0.3787 -0.55075 -0.4144 0.147139 -0.50996 0.383396 0.424207 0.122265 -0.63322 0.405769
0.179047 0.130907 0.018743 -0.27844 -0.13706 -0.09782 0.125219 0.001439 0.153128 -0.15929

1 0.414152 0.05345 0.479813 0.07162 -0.59935 -0.44522 -0.39583 0.520334 0.140728
0.414152 1 0.506463 -0.34213 0.236883 -0.09469 0.188156 0.018146 0.587572 0.280814
0.05345 0.506463 1 -0.40224 0.565696 0.286677 -0.14421 0.178475 0.474908 0.191527
0.479813 -0.34213 -0.40224 1 -0.34209 -0.67287 -0.44086 -0.76801 -0.38023 0.223685
0.07162 0.236883 0.565696 -0.34209 1 0.317582 -0.62493 0.497104 0.539864 -0.08989
-0.59935 -0.09469 0.286677 -0.67287 0.317582 1 0.299033 0.807956 0.067167 0.067629
-0.44522 0.188156 -0.14421 -0.44086 -0.62493 0.299033 1 0.168176 -0.23105 0.167724
-0.39583 0.018146 0.178475 -0.76801 0.497104 0.807956 0.168176 1 0.354613 -0.10154
0.520334 0.587572 0.474908 -0.38023 0.539864 0.067167 -0.23105 0.354613 1 -0.30136
0.140728 0.280814 0.191527 0.223685 -0.08989 0.067629 0.167724 -0.10154 -0.30136 1
0.327026 -0.00944 -0.20309 0.113831 -0.529 -0.01049 0.322402 -0.11747 0.26051 -0.17057
0.200444 -0.22022 -0.02348 0.606692 0.018924 -0.57879 -0.4794 -0.53523 -0.43823 0.316894
0.040431 -0.04357 -0.16437 0.44815 0.107032 -0.44546 -0.36249 -0.3633 -0.48694 0.400745
-0.07487 0.179314 0.004436 -0.51039 0.018963 0.482969 0.333342 0.465698 0.528556 -0.43747
0.670656 0.519428 0.534676 0.236547 0.385329 -0.46646 -0.46302 -0.29486 0.609202 0.04569
-0.07599 0.048562 0.545728 -0.39794 0.804017 0.341997 -0.53135 0.41093 0.582423 -0.52982
-0.15834 0.660511 0.148478 -0.54231 -0.16972 0.000595 0.615276 0.041343 0.253193 -0.1553
-0.07761 -0.61802 0.112673 0.274673 0.20802 0.256363 -0.43982 0.120602 -0.30061 0.26683
0.285346 0.514794 -0.19839 -0.12017 -0.01917 -0.32779 0.124232 -0.08485 0.49008 -0.43774
0.093131 -0.40947 -0.76698 0.633796 -0.84982 -0.3263 0.29649 -0.48943 -0.61555 0.235797
0.262993 0.484623 0.774775 -0.36149 0.750171 -0.04122 -0.47381 0.145217 0.698307 -0.2573
-0.28279 -0.15083 0.369009 -0.17168 0.604768 0.17593 -0.39354 0.266643 -0.14988 0.161613
0.533991 -0.08203 -0.28225 0.8713 -0.432 -0.84894 -0.29646 -0.88655 -0.30725 0.189161
-0.28864 0.21938 0.227193 -0.77936 0.249547 0.714541 0.382016 0.7578 0.511155 -0.27309
-0.53958 0.132369 0.588015 -0.8882 0.464138 0.772385 0.24845 0.750295 0.329813 -0.19028
0.511161 -0.05402 -0.51862 0.842183 -0.34604 -0.7635 -0.27009 -0.67898 -0.34933 0.326585
-0.57784 0.007331 0.404206 -0.85629 0.335358 0.769707 0.282409 0.701884 0.306263 -0.40481
0.704378 0.11646 -0.17107 0.820083 -0.20399 -0.80154 -0.39139 -0.71892 -0.13059 0.400608
-0.13064 -0.13904 0.544817 -0.39733 0.584661 0.725421 -0.24985 0.61002 0.36396 -0.03577
0.078124 0.139954 -0.5747 0.370432 -0.50209 -0.66621 0.220236 -0.54793 -0.38704 0.050097
-0.06962 -0.11794 0.595459 -0.33027 0.384381 0.655511 -0.12267 0.491912 0.309332 0.100242
0.098256 0.146054 -0.52789 0.22445 -0.18604 -0.62435 -0.01301 -0.39014 -0.11934 -0.30633
-0.64455 -0.20109 -0.00869 -0.78961 0.308264 0.714714 0.268821 0.901488 0.12969 -0.35512
0.105411 0.210663 -0.17296 0.085994 -0.69921 -0.5239 0.507155 -0.45797 -0.23274 0.113853
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EYYO EYY1l EYY2 EYY3 EZY2 EZY3 EXZ1 EXZ2 EXZ3 EYZ2
0.013039 0.649419 0.401903 -0.56674 0.221672 -0.26546 -0.83165 0.658183 -0.45976 0.421957
-0.29099 0.905868 0.642354 -0.80988 0.423765 -0.18 -0.48712 0.300152 -0.17268 0.218689
0.207325 -0.37637 -0.55351 0.317645 -0.36326 -0.124 -0.14285 0.314388 -0.38115 -0.0382
-0.17277 -0.51916 -0.38154 0.463234 -0.34318 0.563901 -0.02778 0.21745 -0.18766 -0.51742
-0.04898 -0.1678 0.044432 0.069972 -0.9364 -0.37485 0.014689 0.035483 -0.17914 0.470058
0.004303 0.230391 0.090175 -0.21569 -0.56296 -0.18414 -0.71957 0.674744 -0.57881 0.504159
-0.59735 0.04174 0.284483 -0.1038 0.362543 0.474111 0.122095 0.004728 -0.00092 -0.74318
-0.16875 -0.02731 0.137506 -0.03201 -0.15758 -0.1082 -0.15314 0.083582 -0.00339 0.197426
0.265965 -0.08226 -0.1336 -0.00485 -0.65552 -0.59187 -0.36666 0.456714 -0.57859 0.631983
0.282385 -0.17053 -0.2828 0.17485 -0.17664 -0.11333 0.195403 -0.07554 -0.07361 -0.02942
0.327026 0.200444 0.040431 -0.07487 0.670656 -0.07599 -0.15834 -0.07761 0.285346 0.093131
-0.00944 -0.22022 -0.04357 0.179314 0.519428 0.048562 0.660511 -0.61802 0.514794 -0.40947
-0.20309 -0.02348 -0.16437 0.004436 0.534676 0.545728 0.148478 0.112673 -0.19839 -0.76698
0.113831 0.606692 0.44815 -0.51039 0.236547 -0.39794 -0.54231 0.274673 -0.12017 0.633796

-0.529 0.018924 0.107032 0.018963 0.385329 0.804017 -0.16972 0.20802 -0.01917 -0.84982
-0.01049 -0.57879 -0.44546 0.482969 -0.46646 0.341997 0.000595 0.256363 -0.32779 -0.3263
0.322402 -0.4794 -0.36249 0.333342 -0.46302 -0.53135 0.615276 -0.43982 0.124232 0.29649
-0.11747 -0.53523 -0.3633 0.465698 -0.29486 0.41093 0.041343 0.120602 -0.08485 -0.48943
0.26051 -0.43823 -0.48694 0.528556 0.609202 0.582423 0.253193 -0.30061 0.49008 -0.61555
-0.17057 0.316894 0.400745 -0.43747 0.04569 -0.52982 -0.1553 0.26683 -0.43774 0.235797

1 -0.58272 -0.74756 0.647371 -0.02988 -0.22412 0.12643 -0.19006 0.210994 0.445724
-0.58272 1 0.802599 -0.97733 0.251546 -0.21917 -0.52528 0.448218 -0.4044 0.132545
-0.74756 0.802599 1 -0.84402 0.042214 -0.22695 -0.24128 0.156995 -0.17429 0.120063
0.647371 -0.97733 -0.84402 1 -0.14751 0.302439 0.446422 -0.42957 0.462092 -0.13998
-0.02988 0.251546 0.042214 -0.14751 1 0.295033 0.030377 -0.14782 0.311861 -0.42596
-0.22412 -0.21917 -0.22695 0.302439 0.295033 1 -0.04179 0.098105 0.090252 -0.812
0.12643 -0.52528 -0.24128 0.446422 0.030377 -0.04179 1 -0.9065 0.662275 -0.21227
-0.19006 0.448218 0.156995 -0.42957 -0.14782 0.098105 -0.9065 1 -0.89828 0.051561
0.210994 -0.4044 -0.17429 0.462092 0.311861 0.090252 0.662275 -0.89828 1 -0.09371
0.445724 0.132545 0.120063 -0.13998 -0.42596 -0.812 -0.21227 0.051561 -0.09371 1
-0.30488 0.046047 -0.06883 0.020154 0.670736 0.746522 0.16316 -0.07822 0.156716 -0.89939
-0.84786 0.562017 0.460585 -0.59825 0.079665 0.303709 -0.40289 0.535241 -0.51251 -0.53592
0.048325 0.683331 0.527279 -0.60731 0.312582 -0.42866 -0.26355 0.042555 0.019108 0.553811
0.348428 -0.91203 -0.77342 0.874183 -0.16942 0.365977 0.424882 -0.27391 0.237298 -0.41411
-0.12646 -0.5148 -0.51198 0.44304 -0.12786 0.544202 0.275562 0.040538 -0.16126 -0.72198
-0.08989 0.6399 0.680688 -0.59634 0.177785 -0.55658 -0.28411 -0.01106 0.116927 0.620396
0.063406 -0.68179 -0.65714 0.637465 -0.26468 0.557627 0.320077 -0.05417 -0.04123 -0.59044
-0.06478 0.717874 0.611692 -0.65407 0.465859 -0.41207 -0.31982 0.088355 0.017301 0.414723
0.018292 -0.25715 -0.46805 0.280699 0.013676 0.606359 -0.41366 0.595643 -0.47761 -0.51753
-0.12456 0.260726 0.535005 -0.29184 -0.0554 -0.57401 0.399466 -0.59814 0.5006 0.483478
0.187549 -0.24208 -0.52173 0.249 0.030016 0.437596 -0.38379 0.625644 -0.59507 -0.38709
-0.24508 0.19413 0.44355 -0.16477 0.066203 -0.20525 0.380298 -0.65623 0.712323 0.185605
-0.16639 -0.49896 -0.32817 0.424988 -0.50164 0.368165 0.135929 0.037079 -0.06152 -0.40287
0.210117 0.162357 0.13223 -0.22253 -0.06588 -0.60045 0.448249 -0.38783 0.115953 0.399878
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EYZ3 EzZZ1 EZZ2 EZz3 EAZO EAZ1 EAZ2 EAZ3 ECZ0 ECZ1
-0.19755 0.138943 0.644211 -0.66591 -0.65107 0.662543 -0.72487 0.749186 0.048658 -0.0654
0.102555 0.269994 0.854527 -0.92109 -0.69805 0.739487 -0.78114 0.846044 -0.34548 0.315502
-0.18518 0.189912 -0.66514 0.575397 0.573564 -0.57809 0.558844 -0.60677 0.557103 -0.55307
0.157045 0.312526 -0.8682 0.692591 0.78735 -0.76183 0.78778 -0.80066 0.764423 -0.67501
-0.72523 -0.05154 -0.24682 0.099307 0.042613 -0.07122 0.182011 -0.42029 -0.20743 0.256216
-0.61823 0.155517 0.078191 -0.22996 -0.18015 0.127917 -0.0875 -0.06258 0.157983 -0.14124
0.608565 0.52091 -0.35897 0.182326 0.409024 -0.21971 0.185227 -0.06863 0.343018 -0.26016
-0.46842 0.030771 -0.07308 0.001194 -0.06822 0.135776 -0.09696 -0.04203 0.015182 0.072454
-0.79982 -0.07918 -0.1244 0.062728 -0.03073 -0.00429 0.00733 -0.17239 0.1254 -0.12784
0.182458 -0.09983 -0.14601 0.199689 0.181773 -0.2513 0.230663 -0.16934 0.016509 -0.09487
0.262993 -0.28279 0.533991 -0.28864 -0.53958 0.511161 -0.57784 0.704378 -0.13064 0.078124
0.484623 -0.15083 -0.08203 0.21938 0.132369 -0.05402 0.007331 0.11646 -0.13904 0.139954
0.774775 0.369009 -0.28225 0.227193 0.588015 -0.51862 0.404206 -0.17107 0.544817 -0.5747
-0.36149 -0.17168 0.8713 -0.77936 -0.8882 0.842183 -0.85629 0.820083 -0.39733 0.370432
0.750171 0.604768 -0.432 0.249547 0.464138 -0.34604 0.335358 -0.20399 0.584661 -0.50209
-0.04122 0.17593 -0.84894 0.714541 0.772385 -0.7635 0.769707 -0.80154 0.725421 -0.66621
-0.47381 -0.39354 -0.29646 0.382016 0.24845 -0.27009 0.282409 -0.39139 -0.24985 0.220236
0.145217 0.266643 -0.88655 0.7578 0.750295 -0.67898 0.701884 -0.71892 0.61002 -0.54793
0.698307 -0.14988 -0.30725 0.511155 0.329813 -0.34933 0.306263 -0.13059 0.36396 -0.38704
-0.2573 0.161613 0.189161 -0.27309 -0.19028 0.326585 -0.40481 0.400608 -0.03577 0.050097
-0.30488 -0.84786 0.048325 0.348428 -0.12646 -0.08989 0.063406 -0.06478 0.018292 -0.12456
0.046047 0.562017 0.683331 -0.91203 -0.5148 0.6399 -0.68179 0.717874 -0.25715 0.260726
-0.06883 0.460585 0.527279 -0.77342 -0.51198 0.680688 -0.65714 0.611692 -0.46805 0.535005
0.020154 -0.59825 -0.60731 0.874183 0.44304 -0.59634 0.637465 -0.65407 0.280699 -0.29184
0.670736 0.079665 0.312582 -0.16942 -0.12786 0.177785 -0.26468 0.465859 0.013676 -0.0554
0.746522 0.303709 -0.42866 0.365977 0.544202 -0.55658 0.557627 -0.41207 0.606359 -0.57401
0.16316 -0.40289 -0.26355 0.424882 0.275562 -0.28411 0.320077 -0.31982 -0.41366 0.399466
-0.07822 0.535241 0.042555 -0.27391 0.040538 -0.01106 -0.05417 0.088355 0.595643 -0.59814
0.156716 -0.51251 0.019108 0.237298 -0.16126 0.116927 -0.04123 0.017301 -0.47761 0.5006
-0.89939 -0.53592 0.553811 -0.41411 -0.72198 0.620396 -0.59044 0.414723 -0.51753 0.483478

1 0.405342 -0.21017 0.169046 0.448039 -0.38592 0.326449 -0.09164 0.366583 -0.37952
0.405342 1 -0.20952 -0.20586 0.346429 -0.1531 0.127947 -0.06869 0.381479 -0.31137
-0.21017 -0.20952 1 -0.89453 -0.90342 0.875278 -0.90592 0.918606 -0.59784 0.543817
0.169046 -0.20586 -0.89453 1 0.771036 -0.82317 0.845614 -0.8426 0.481218 -0.47131
0.448039 0.346429 -0.90342 0.771036 1 -0.96438 0.945537 -0.86826 0.66522 -0.65301
-0.38592 -0.1531 0.875278 -0.82317 -0.96438 1 -0.98602 0.91265 -0.67513 0.684329
0.326449 0.127947 -0.90592 0.845614 0.945537 -0.98602 1 -0.96171 0.611846 -0.6038
-0.09164 -0.06869 0.918606 -0.8426 -0.86826 0.91265 -0.96171 1 -0.49893 0.468712
0.366583 0.381479 -0.59784 0.481218 0.66522 -0.67513 0.611846 -0.49893 1 -0.98447
-0.37952 -0.31137 0.543817 -0.47131 -0.65301 0.684329 -0.6038 0.468712 -0.98447 1
0.299674 0.255937 -0.48936 0.436691 0.620439 -0.65082 0.551393 -0.41444 0.939402 -0.97627
-0.1058 -0.17065 0.385339 -0.3478 -0.51398 0.542183 -0.43274 0.323063 -0.81536 0.869468
0.048064 0.258925 -0.85565 0.690905 0.746091 -0.70448 0.765669 -0.8293 0.418626 -0.36764
-0.21038 -0.36493 0.449986 -0.31855 -0.31714 0.29999 -0.3276 0.327437 -0.68716 0.578218
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ECz2 ECZ3 EXBO EXB1
0.10894 -0.18239 -0.58881 -0.12046
-0.31318 0.296073 -0.70516 0.21274
0.570891 -0.57097 0.503115 -0.28555
0.595094 -0.47124 0.753217 -0.6901
-0.24907 0.1575 0.491594 0.102132
0.13996 -0.20406 0.171965 -0.25592
0.228489 -0.1473 0.188589 -0.38013
-0.0906 0.053425 0.157767 -0.34971
0.233322 -0.42019 0.138431 -0.02367
0.1377 -0.14514 0.0865 0.39594
-0.06962 0.098256 -0.64455 0.105411
-0.11794 0.146054 -0.20109 0.210663
0.595459 -0.52789 -0.00869 -0.17296
-0.33027 0.22445 -0.78961 0.085994
0.384381 -0.18604 0.308264 -0.69921
0.655511 -0.62435 0.714714 -0.5239
-0.12267 -0.01301 0.268821 0.507155
0.491912 -0.39014 0.901488 -0.45797
0.309332 -0.11934 0.12969 -0.23274
0.100242 -0.30633 -0.35512 0.113853
0.187549 -0.24508 -0.16639 0.210117
-0.24208 0.19413 -0.49896 0.162357
-0.52173 0.44355 -0.32817 0.13223

0.249 -0.16477 0.424988 -0.22253
0.030016 0.066203 -0.50164 -0.06588
0.437596 -0.20525 0.368165 -0.60045
-0.38379 0.380298 0.135929 0.448249
0.625644 -0.65623 0.037079 -0.38783
-0.59507 0.712323 -0.06152 0.115953
-0.38709 0.185605 -0.40287 0.399878
0.299674 -0.1058 0.048064 -0.21038
0.255937 -0.17065 0.258925 -0.36493
-0.48936 0.385339 -0.85565 0.449986
0.436691 -0.3478 0.690905 -0.31855
0.620439 -0.51398 0.746091 -0.31714
-0.65082 0.542183 -0.70448 0.29999
0.551393 -0.43274 0.765669 -0.3276
-0.41444 0.323063 -0.8293 0.327437
0.939402 -0.81536 0.418626 -0.68716
-0.97627 0.869468 -0.36764 0.578218

1 -0.95388 0.299126 -0.44974
-0.95388 1 -0.20116 0.285554
0.299126 -0.20116 1 -0.28154
-0.44974 0.285554 -0.28154 1
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EXB2 EXB3 EYB1 EYB2 EYB3 EZB1
0.730618 0.041639 0.043938 0.042861 0.010015 -0.60497
0.787955 -0.30362 -0.07471 -0.33072 0.183997 -0.7187
-0.49522 0.251787 -0.03852 0.409634 -0.05736 0.530459
-0.71681 0.705287 0.208979 0.461486 -0.38691 0.762787
-0.45839 -0.20241 -0.05241 0.714572 0.086597 0.450877
-0.01949 -0.02896 -0.27284 0.719675 0.269206 0.122264
-0.19517 0.681488 0.740429 -0.34913 -0.84394 0.236891
-0.11554 0.433949 0.359315 0.383142 -0.33633 0.144603
-0.10376 -0.04509 0.040046 0.595995 0.002194 0.132447
-0.13581 -0.443 -0.31766 -0.14775 0.289043 0.099683
0.668861 -0.04187 -0.06915 -0.42739 0.102605 -0.64258
0.05423 0.14135 0.452946 -0.65643 -0.43408 -0.14574
-0.08197 0.301407 0.218079 -0.6145 -0.31192 0.061116
0.879879 -0.23307 -0.11542 0.034389 0.26126 -0.82522
-0.22229 0.764817 0.338724 -0.09523 -0.52052 0.326555
-0.71516 0.56464 0.221157 0.452068 -0.36876 0.733219
-0.43457 -0.34428 0.055851 0.029437 0.019916 0.294422
-0.86478 0.56852 0.194928 0.303921 -0.3996 0.914231
-0.15763 0.325709 -0.13549 -0.38524 -0.0095 0.150156
0.31992 0.177348 0.747674 -0.20712 -0.65709 -0.30543
0.101829 -0.33663 -0.58953 0.100174 0.609297 -0.18089
0.584905 -0.17235 0.196221 -0.27902 -0.10068 -0.49743
0.400122 -0.00861 0.552028 -0.14796 -0.44973 -0.33626
-0.48841 0.171771 -0.32881 0.282906 0.224804 0.414349
0.472779 0.147771 0.019475 -0.71481 -0.03035 -0.46689
-0.31771 0.486222 -0.16073 -0.04417 -0.02811 0.364901
-0.33348 -0.24936 0.08502 -0.36507 -0.04088 0.162738
0.111776 0.229718 -0.01077 0.270479 -0.0621 0.035394
-0.00777 -0.02902 -0.09873 -0.14866 0.130402 -0.08089
0.422619 -0.48777 -0.16944 0.369735 0.34305 -0.44437
-0.07397 0.255225 -0.00347 -0.60044 -0.126 0.086951
-0.16573 0.402712 0.388582 -0.063 -0.47626 0.287817
0.876625 -0.50395 -0.12033 -0.30664 0.303104 -0.87909
-0.75435 0.357587 -0.08561 0.215454 -0.07513 0.708956
-0.80671 0.35409 0.031246 0.000586 -0.21077 0.789397
0.770755 -0.25361 0.176372 -0.08199 -0.00229 -0.73619
-0.82124 0.265518 -0.17944 0.188747 0.007231 0.786891
0.870155 -0.25547 0.145866 -0.39506 0.002977 -0.83691
-0.35175 0.605425 -0.03865 0.211497 -0.15456 0.441244
0.318639 -0.47722 0.148958 -0.12147 0.038822 -0.39348
-0.27513 0.378979 -0.11203 0.050214 -0.05247 0.333662
0.200029 -0.24647 0.038915 -0.03109 0.080204 -0.24029
-0.97184 0.2889 -0.02366 0.386206 -0.15672 0.995929
0.13965 -0.8942 -0.17558 -0.51783 0.322844 -0.26826
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EZB2 EZB3 EABO EAB1 EAB2 EAB3 EBBO EBB1 EBB2 EBB3
-0.11559 0.816667 -0.06527 0.815159 0.147013 -0.85033 -0.01081 -0.00067 -0.79865 0.055436
0.206521 0.821381 0.027666 0.766344 -0.0107 -0.74068 0.105127 0.198223 -0.8469 -0.07451
-0.29581 -0.50134 0.176604 -0.4236 -0.13853 0.409711 0.19369 -0.17138 0.310793 0.285016
-0.68285 -0.53643 -0.28897 -0.70107 0.318985 0.602241 0.069487 -0.61373 0.385491 0.493038
0.086764 -0.39812 0.485029 -0.14074 -0.46386 0.139171 0.62472 0.216386 0.503112 0.058003
-0.28528 0.156449 0.503693 0.377801 -0.41127 -0.35706 0.776961 -0.17764 -0.08039 0.496655
-0.33333 -0.10769 -0.96236 -0.40165 0.944987 0.210222 -0.58079 -0.31985 -0.28035 -0.07823
-0.31091 -0.01056 -0.14066 0.112394 0.168232 -0.21065 -0.00603 -0.18607 0.053746 0.071004
-0.02618 -0.1273 0.350883 0.165089 -0.28338 -0.18905 0.319599 0.106034 0.186737 0.049753
0.360584 -0.25857 0.252457 -0.27944 -0.27533 0.361612 0.070292 0.333054 0.193488 -0.15551
0.116154 0.606503 -0.19233 0.476194 0.195739 -0.45024 -0.54414 0.155379 -0.50339 -0.25694
0.255301 -0.12428 -0.61157 -0.33151 0.530081 0.266048 -0.89786 0.210978 0.036804 -0.58396
-0.15966 -0.13944 -0.57391 -0.40377 0.540495 0.358632 -0.44004 -0.36602 -0.17206 0.057277
0.081948 0.886753 0.220278 0.999262 -0.16336 -0.9616 0.094449 0.091034 -0.6035 -0.00253
-0.68789 -0.00274 -0.69874 -0.34974 0.720858 0.225633 -0.19363 -0.67932 -0.32207 0.450562
-0.5146 -0.61474 -0.21509 -0.66718 0.245174 0.574549 0.036579 -0.4669 0.482839 0.341701
0.522645 -0.66404 0.263428 -0.4243 -0.3272 0.450729 -0.10841 0.535268 0.711437 -0.52194
-0.44808 -0.71796 -0.3054 -0.76492 0.314979 0.666906 0.007581 -0.31347 0.382365 0.24483
-0.22853 -0.1569 -0.33646 -0.39556 0.302474 0.418548 -0.50751 -0.26293 0.069547 0.067288
0.167622 0.211567 -0.54646 0.257839 0.564297 -0.42099 -0.54621 0.246345 -0.39348 -0.51238
0.186589 -0.0696 0.54302 0.105029 -0.53817 0.051242 -0.09211 0.13076 0.471622 -0.05478
0.169586 0.651986 -0.14505 0.612644 0.163276 -0.65972 0.150863 0.202801 -0.87311 -0.10844
0.160071 0.491153 -0.39227 0.463875 0.399677 -0.59319 -0.00842 0.229438 -0.65646 -0.27612
-0.23773 -0.53222 0.209277 -0.52294 -0.21965 0.597946 -0.11384 -0.27886 0.808072 0.214696
-0.05303 0.408535 -0.38001 0.226545 0.351666 -0.20735 -0.51177 -0.18169 -0.52272 -0.03797
-0.6191 -0.12137 -0.2866 -0.42273 0.292864 0.42255 0.07484 -0.74903 0.014744 0.632966
0.460856 -0.55545 -0.03785 -0.53906 -0.06875 0.576413 -0.37484 0.327649 0.643141 -0.48581
-0.40083 0.291976 -0.04542 0.276517 0.139133 -0.33067 0.375211 -0.33466 -0.52332 0.451206
0.125472 -0.07772 0.038171 -0.13163 -0.10429 0.190421 -0.33485 0.124391 0.353857 -0.2141
0.397291 0.330945 0.552332 0.644622 -0.51807 -0.5877 0.192709 0.506274 0.052442 -0.30157
-0.21654 -0.0389 -0.46813 -0.37712 0.427918 0.374769 -0.27083 -0.37746 -0.25875 0.202235
-0.35789 0.018967 -0.44 -0.16717 0.463115 0.040233 0.213447 -0.2932 -0.55065 0.300906
0.452482 0.805281 0.173848 0.871287 -0.17312 -0.81299 -0.04984 0.417264 -0.57693 -0.342
-0.32537 -0.77394 -0.02667 -0.78397 0.013591 0.791152 -0.11022 -0.34164 0.737368 0.239382
-0.32607 -0.78125 -0.19493 -0.89195 0.172613 0.864964 0.055863 -0.41053 0.451853 0.324951
0.321629 0.762667 0.002478 0.8518 0.014581 -0.87595 -0.13077 0.439235 -0.57911 -0.40163
-0.35106 -0.78965 0.043229 -0.86684 -0.0587 0.890114 0.198994 -0.44891 0.650183 0.435801
0.349453 0.822619 -0.14552 0.827397 0.151919 -0.84156 -0.30319 0.391607 -0.75038 -0.42712
-0.69548 -0.19551 -0.24429 -0.40562 0.30035 0.359113 0.040715 -0.68362 -0.01859 0.605775
0.592807 0.203367 0.164181 0.380119 -0.21395 -0.36515 -0.0485 0.61979 0.006838 -0.56608
-0.46142 -0.21497 -0.16349 -0.33455 0.210456 0.318384 -0.00615 -0.51095 -0.00645 0.439346
0.292556 0.200635 0.133438 0.220495 -0.18195 -0.19694 0.033481 0.355319 0.001279 -0.27481
-0.29272 -0.82911 0.002587 -0.79205 -0.00723 0.753052 0.350849 -0.20425 0.539235 0.297228
0.997087 -0.12796 0.312035 0.096027 -0.39686 -0.0001 -0.07605 0.905063 0.133437 -0.78199
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EBB4 ECB1 ECB2 ECB3 EXCl1 EXC2 EXC3 EYC1 EYC2 EYC3
0.465676 -0.10425 0.808189 -0.15823 0.182555 -0.70912 -0.19808 0.40981 -0.24171 -0.38725
0.720243 -0.03379 0.782929 -0.15162 0.34795 -0.6751 -0.36044 0.611786 -0.26611 -0.59381
-0.63437 0.231669 -0.43228 -0.18353 -0.53872 0.110587 0.538177 -0.60719 0.35434 0.610982
-0.78217 -0.2053 -0.70523 0.219833 -0.75483 0.758776 0.764764 -0.73564 0.63557 0.725357
-0.44679 0.558755 -0.14619 -0.3835 -0.06626 -0.02389 0.088256 -0.07048 -0.33987 0.066887
-0.13441 0.552917 0.389094 -0.66314 -0.25445 -0.44859 0.269131 0.114386 -0.10662 -0.1011
-0.32808 -0.94457 -0.42944 0.904336 -0.14516 0.596576 0.132805 -0.59826 0.340234 0.594098
-0.30959 -0.06748 0.084866 0.066313 0.010898 0.070833 0.005431 -0.20779 -0.25847 0.208642
-0.44298 0.39571 0.132618 -0.35583 -0.03809 -0.326 0.047937 -0.21042 -0.29275 0.224428
0.021651 0.21052 -0.26383 -0.13783 -0.03154 -0.02439 0.019882 0.034879 0.162333 -0.0373
0.739362 -0.27622 0.48162 0.116602 0.330419 -0.40557 -0.35789 0.52453 -0.13621 -0.52095
0.048374 -0.65124 -0.35928 0.763904 0.306767 0.427545 -0.32292 -0.19222 -0.00141 0.181551
-0.26265 -0.59923 -0.41261 0.523163 -0.23264 0.533681 0.226377 -0.56137 0.67003 0.564572
0.730992 0.165491 0.999058 -0.3164 0.392518 -0.86097 -0.4008 0.732302 -0.53421 -0.71427
-0.15549 -0.67892 -0.33825 0.539036 -0.57152 0.486852 0.557018 -0.43178 0.668125 0.425959
-0.89118 -0.13539 -0.68722 0.179484 -0.59995 0.684935 0.613209 -0.79546 0.499453 0.789306
-0.51529 0.296852 -0.45619 -0.02912 0.300548 0.247492 -0.28267 -0.31295 -0.3124 0.306288
-0.75243 -0.22219 -0.76845 0.22655 -0.51609 0.641003 0.520896 -0.74642 0.490843 0.733441
0.153295 -0.36419 -0.3728 0.279453 -0.22502 0.407657 0.209031 -0.10381 0.53654 0.088187
-0.23078 -0.55397 0.188331 0.546915 0.429523 -0.15776 -0.43938 -0.31922 -0.40209 0.337429
0.209919 0.502774 0.112424 -0.4842 0.106467 -0.20983 -0.10497 0.318834 -0.07353 -0.32284
0.378944 -0.17208 0.612892 0.00903 0.306921 -0.53278 -0.31443 0.28757 -0.25443 -0.26633
0.231259 -0.39667 0.443242 0.353727 0.426939 -0.29877 -0.43226 0.197669 -0.49453 -0.1866
-0.21812 0.22522 -0.51108 -0.10557 -0.36331 0.455578 0.368164 -0.14908 0.313268 0.127563
0.548269 -0.44779 0.238381 0.299553 0.119142 -0.1246 -0.14053 0.147284 0.219397 -0.14411
-0.08709 -0.27539 -0.38383 0.146907 -0.65829 0.583855 0.658786 -0.23986 0.829252 0.228005
-0.12424 -0.04789 -0.54943 0.339183 0.276379 0.484773 -0.27091 -0.13454 -0.1208 0.114495
-0.20613 -0.02633 0.276353 -0.23397 -0.34027 -0.25463 0.340133 -0.19467 0.297523 0.216651
0.417212 0.020778 -0.11363 0.132654 0.177722 0.158991 -0.18285 0.365112 -0.19488 -0.38861
0.274784 0.539843 0.626422 -0.49469 0.509817 -0.67965 -0.50254 0.561472 -0.7892 -0.55149
0.111096 -0.50372 -0.34904 0.403992 -0.32165 0.42813 0.306698 -0.23177 0.712183 0.225665
-0.32603 -0.39936 -0.16445 0.285152 -0.39558 0.141263 0.389762 -0.49468 0.410216 0.505694
0.784593 0.101151 0.872853 -0.20859 0.661494 -0.71031 -0.66645 0.796711 -0.59109 -0.78226
-0.56257 0.016721 -0.78229 0.105664 -0.50824 0.620885 0.511261 -0.58078 0.497863 0.562186
-0.76486 -0.14333 -0.88733 0.207828 -0.62621 0.757509 0.633609 -0.84452 0.767242 0.835062
0.684695 -0.03931 0.838656 -0.02909 0.665137 -0.7182 -0.67505 0.710304 -0.78813 -0.69932
-0.68403 0.094043 -0.85097 0.003842 -0.69183 0.729355 0.703339 -0.67176 0.739288 0.657805
0.734894 -0.21435 0.816104 0.068569 0.667748 -0.66768 -0.68299 0.635164 -0.56895 -0.62009
-0.49901 -0.2096 -0.3977 0.040381 -0.77272 0.440458 0.771411 -0.58831 0.842802 0.591196
0.450302 0.142504 0.369319 0.037631 0.709057 -0.38235 -0.70805 0.545555 -0.84891 -0.54984
-0.4844 -0.15013 -0.33458 -0.02043 -0.57461 0.321749 0.574119 -0.5728 0.756169 0.580582
0.518248 0.126102 0.236542 0.018924 0.374833 -0.19667 -0.37625 0.567436 -0.55032 -0.57996
-0.7379 0.092632 -0.77929 -0.0256 -0.50683 0.587339 0.520983 -0.62729 0.430539 0.612185
0.205879 0.262512 0.087391 -0.13501 0.808463 -0.25261 -0.80185 0.309427 -0.53866 -0.30736
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EZC1 EzC2 EZC3 EAC1 EAC2 EAC3 EBC1 EBC2 EBC3 ECC1
0.867158 -0.24729 -0.81371 0.306985 0.104823 -0.29167 0.214736 0.708788 -0.20701 0.259483
0.761528 -0.51012 -0.70756 0.524646 0.161895 -0.51555 0.114163 0.734922 -0.11722 0.536896
-0.16745 0.592481 0.152598 -0.44504 0.108768 0.447182 0.307399 -0.16839 -0.28457 -0.65209
-0.58855 0.142666 0.59823 -0.67426 0.099049 0.663088 0.183693 -0.78316 -0.17933 -0.68972
-0.11961 0.662952 0.113247 0.113371 -0.48685 -0.11317 5.13E-05 -0.20383 0.006934 0.124584
0.467008 0.344158 -0.43824 0.238204 -0.01248 -0.23136 0.510563 0.248934 -0.50883 -0.03744
-0.33397 -0.50811 0.333208 -0.68768 0.001136 0.683807 -0.36914 -0.38608 0.376903 -0.224
-0.05157 0.092642 0.073032 -0.19087 -0.48771 0.191022 -0.18154 -0.09822 0.165516 -0.2583
0.203783 0.655345 -0.17806 -0.12846 -0.22395 0.140716 0.148693 0.206824 -0.13917 -0.06107
-0.07189 0.227258 0.03237 0.086965 0.277557 -0.08496 0.087088 -0.03002 -0.06231 0.140892
0.485921 -0.33518 -0.50143 0.384537 0.106025 -0.37837 -0.07544 0.463976 0.084377 0.166975
-0.43506 -0.28931 0.417139 -0.33336 -0.13025 0.32949 -0.61491 -0.2178 0.616044 0.020489
-0.4085 -0.57702 0.440381 -0.71319 0.641593 0.709401 0.002662 -0.26167 -0.01462 -0.31367
0.884101 -0.09575 -0.8289 0.641249 -0.05915 -0.62972 0.208144 0.858979 -0.21534 0.533563
-0.1332 -0.44997 0.12268 -0.4369 0.301471 0.427883 0.163528 -0.36454 -0.15049 -0.43751
-0.60132 0.268057 0.610486 -0.75294 0.069352 0.746892 0.101424 -0.70913 -0.09901 -0.62084
-0.58111 0.496919 0.557909 -0.26436 -0.39713 0.26557 -0.47303 -0.29268 0.465816 -0.04899
-0.53364 0.156095 0.453595 -0.60692 -0.05993 0.601077 -0.06957 -0.72816 0.088032 -0.74607
-0.29999 -0.31373 0.224746 -0.14457 0.312897 0.135373 -0.02161 -0.35159 0.026979 -0.52434
0.183258 -0.07941 -0.13133 -0.46264 -0.27062 0.478848 -0.46969 0.330862 0.476096 0.239536
-0.00123 0.421078 -0.03307 0.286709 0.138696 -0.28473 0.185846 0.096647 -0.19261 -0.12575
0.642426 -0.52282 -0.57924 0.228187 0.061248 -0.21716 -0.01659 0.617002 0.016119 0.473788
0.434695 -0.39138 -0.39429 0.147523 -0.36861 -0.13967 -0.3486 0.373589 0.352495 0.641791
-0.53898 0.478953 0.475767 -0.09284 0.031547 0.080614 0.147122 -0.55295 -0.14725 -0.49466
0.220206 -0.59063 -0.23435 0.031831 0.368893 -0.03239 0.0098 0.344774 -0.0167 -0.12344
-0.3284 -0.43261 0.320119 -0.25374 0.560013 0.238157 0.396392 -0.53371 -0.4042 -0.46408
-0.70674 0.15559 0.657257 -0.13332 -0.26285 0.123345 -0.51391 -0.41084 0.505046 0.094453
0.452273 -0.18538 -0.39595 -0.21004 0.426422 0.220677 0.469169 0.230229 -0.46277 -0.1642
-0.24921 0.096946 0.185051 0.395175 -0.38724 -0.40801 -0.28217 -0.18133 0.278738 0.004036
0.478356 0.46376 -0.45144 0.553114 -0.45132 -0.54075 -0.07069 0.517945 0.067558 0.49965
-0.24125 -0.62392 0.222425 -0.28789 0.605179 0.278256 0.120056 -0.24071 -0.11924 -0.27625
0.092255 -0.37718 -0.05958 -0.42813 0.222922 0.429022 0.137737 -0.03496 -0.12328 -0.20928
0.664578 -0.35629 -0.61033 0.646981 -0.06341 -0.63665 -0.1005 0.736735 0.084762 0.721862
-0.6615 0.439829 0.58265 -0.46657 0.074645 0.45597 0.084302 -0.66217 -0.07409 -0.70618
-0.7244 0.064648 0.691563 -0.75421 0.382281 0.744281 0.14074 -0.70108 -0.13661 -0.68527
0.721682 -0.16109 -0.69361 0.628191 -0.46398 -0.61679 -0.27576 0.700187 0.275961 0.673055
-0.73439 0.246357 0.701192 -0.55967 0.363661 0.546436 0.279691 -0.74331 -0.27841 -0.64993
0.70558 -0.44475 -0.6709 0.478954 -0.14926 -0.46609 -0.25062 0.738005 0.246882 0.600317
-0.21961 -0.11861 0.246216 -0.60164 0.591329 0.597521 0.480911 -0.41169 -0.47607 -0.73039
0.20296 0.138483 -0.22207 0.569053 -0.6862 -0.56645 -0.49913 0.352663 0.496585 0.709858
-0.18671 -0.12069 0.206711 -0.62094 0.684052 0.622166 0.421615 -0.27317 -0.42022 -0.62683
0.123524 0.043612 -0.14809 0.637307 -0.596 -0.64383 -0.31311 0.139234 0.313069 0.463107
-0.56801 0.268244 0.481721 -0.41677 -0.06891 0.408554 0.013637 -0.73954 0.000612 -0.60644
-0.0622 -0.05187 0.026931 0.268972 -0.15836 -0.26006 -0.53236 0.235809 0.523241 0.579834
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-0.13138 -0.25775 0.153994 0.04764 0.3992
-0.35154 -0.47279 -0.03901 0.053018 0.436413
0.432968 0.612777 -0.27252 -0.30266 -0.42512
0.294624 0.670016 -0.2508 -0.37985 -0.74611
-0.39827 -0.31419 0.328219 -0.36167 -0.43923
-0.55722 -0.16346 0.341938 -0.36615 -0.26668
0.471934 0.341236 -0.47915 -0.15273 -0.28384
-0.4657 -0.14286 0.583977 -0.36625 -0.31893
-0.03868 -0.08122 0.322957 -0.22759 -0.1265
0.525217 0.193419 -0.51819 0.243017 0.173599
0.239475 -0.07051 0.026829 0.488001 0.677353
0.613386 0.13537 -0.26175 0.319615 0.262499
0.599344 0.619528 -0.67176 0.054299 -0.02989
-0.46035 -0.64091 0.520127 0.216631 0.551018
0.335305 0.538411 -0.54326 -0.17978 -0.42458
0.352168 0.617578 -0.16522 -0.32434 -0.6331
0.109478 -0.03245 0.188774 -0.04263 -0.049
0.287859 0.676015 -0.29462 -0.36936 -0.66079
0.460988 0.623805 -0.31688 0.296609 0.095458
0.358178 -0.19475 0.017296 -0.03942 0.221791
0.135764 0.11841 0.405487 0.505206 0.474861
-0.33938 -0.43062 -0.1638 -0.2195 0.180512
-0.35066 -0.66583 0.030614 -0.21066 0.041751
0.294441 0.450379 0.182708 0.28218 -0.11997
0.189377 0.189549 -0.22236 0.30112 0.408025
0.111216 0.589813 -0.40775 -0.04394 -0.37528
0.233915 -0.04811 -0.01609 0.257504 0.054486
-0.03173 0.23944 -0.23024 -0.33391 -0.17004
-0.09756 -0.16698 0.317129 0.325013 0.150018
-0.4188 -0.67849 0.731781 0.140033 0.410132
0.424892 0.548653 -0.74123 0.098022 -0.05896
0.076052 0.283449 -0.66584 -0.57258 -0.52706
-0.44846 -0.72015 0.371055 0.275226 0.684908
0.478265 0.689896 -0.15435 0.027134 -0.39396
0.483628 0.816662 -0.60885 -0.25977 -0.59746
-0.45538 -0.81712 0.505561 0.142731 0.515915
0.377754 0.749957 -0.4325 -0.16798 -0.58406
-0.24621 -0.60423 0.251817 0.237787 0.661698
0.450849 0.863078 -0.46647 -0.21853 -0.41667
-0.46412 -0.87902 0.485354 0.145298 0.309718
0.514565 0.8273 -0.46687 -0.0965 -0.2048
-0.5036 -0.66643 0.357867 0.055302 0.084659
0.033984 0.519836 -0.26582 -0.43577 -0.74265
-0.11459 -0.46102 0.040727 0.246192 0.523654
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EXX2 EXX3 EYX2 EYX3 EZX2 EZX3 EAXO EAX1 EAX2
0.730618 0.787955 -0.49522 -0.71681 -0.45839 -0.01949 -0.19517 -0.11554 -0.10376
0.041639 -0.30362 0.251787 0.705287 -0.20241 -0.02896 0.681488 0.433949 -0.04509
0.043938 -0.07471 -0.03852 0.208979 -0.05241 -0.27284 0.740429 0.359315 0.040046
0.042861 -0.33072 0.409634 0.461486 0.714572 0.719675 -0.34913 0.383142 0.595995
0.010015 0.183997 -0.05736 -0.38691 0.086597 0.269206 -0.84394 -0.33633 0.002194
-0.60497 -0.7187 0.530459 0.762787 0.450877 0.122264 0.236891 0.144603 0.132447
-0.11559 0.206521 -0.29581 -0.68285 0.086764 -0.28528 -0.33333 -0.31091 -0.02618
0.816667 0.821381 -0.50134 -0.53643 -0.39812 0.156449 -0.10769 -0.01056 -0.1273
-0.06527 0.027666 0.176604 -0.28897 0.485029 0.503693 -0.96236 -0.14066 0.350883
0.815159 0.766344 -0.4236 -0.70107 -0.14074 0.377801 -0.40165 0.112394 0.165089
0.147013 -0.0107 -0.13853 0.318985 -0.46386 -0.41127 0.944987 0.168232 -0.28338
-0.85033 -0.74068 0.409711 0.602241 0.139171 -0.35706 0.210222 -0.21065 -0.18905
-0.01081 0.105127 0.19369 0.069487 0.62472 0.776961 -0.58079 -0.00603 0.319599
-0.00067 0.198223 -0.17138 -0.61373 0.216386 -0.17764 -0.31985 -0.18607 0.106034
-0.79865 -0.8469 0.310793 0.385491 0.503112 -0.08039 -0.28035 0.053746 0.186737
0.055436 -0.07451 0.285016 0.493038 0.058003 0.496655 -0.07823 0.071004 0.049753
0.465676 0.720243 -0.63437 -0.78217 -0.44679 -0.13441 -0.32808 -0.30959 -0.44298
-0.10425 -0.03379 0.231669 -0.2053 0.558755 0.552917 -0.94457 -0.06748 0.39571
0.808189 0.782929 -0.43228 -0.70523 -0.14619 0.389094 -0.42944 0.084866 0.132618
-0.15823 -0.15162 -0.18353 0.219833 -0.3835 -0.66314 0.904336 0.066313 -0.35583
0.182555 0.34795 -0.53872 -0.75483 -0.06626 -0.25445 -0.14516 0.010898 -0.03809
-0.70912 -0.6751 0.110587 0.758776 -0.02389 -0.44859 0.596576 0.070833 -0.326
-0.19808 -0.36044 0.538177 0.764764 0.088256 0.269131 0.132805 0.005431 0.047937
0.40981 0.611786 -0.60719 -0.73564 -0.07048 0.114386 -0.59826 -0.20779 -0.21042
-0.24171 -0.26611 0.35434 0.63557 -0.33987 -0.10662 0.340234 -0.25847 -0.29275
-0.38725 -0.59381 0.610982 0.725357 0.066887 -0.1011 0.594098 0.208642 0.224428
0.867158 0.761528 -0.16745 -0.58855 -0.11961 0.467008 -0.33397 -0.05157 0.203783
-0.24729 -0.51012 0.592481 0.142666 0.662952 0.344158 -0.50811 0.092642 0.655345
-0.81371 -0.70756 0.152598 0.59823 0.113247 -0.43824 0.333208 0.073032 -0.17806
0.306985 0.524646 -0.44504 -0.67426 0.113371 0.238204 -0.68768 -0.19087 -0.12846
0.104823 0.161895 0.108768 0.099049 -0.48685 -0.01248 0.001136 -0.48771 -0.22395
-0.29167 -0.51555 0.447182 0.663088 -0.11317 -0.23136 0.683807 0.191022 0.140716
0.214736 0.114163 0.307399 0.183693 5.13E-05 0.510563 -0.36914 -0.18154 0.148693
0.708788 0.734922 -0.16839 -0.78316 -0.20383 0.248934 -0.38608 -0.09822 0.206824
-0.20701 -0.11722 -0.28457 -0.17933 0.006934 -0.50883 0.376903 0.165516 -0.13917
0.259483 0.536896 -0.65209 -0.68972 0.124584 -0.03744 -0.224 -0.2583 -0.06107
-0.13138 -0.35154 0.432968 0.294624 -0.39827 -0.55722 0.471934 -0.4657 -0.03868
-0.25775 -0.47279 0.612777 0.670016 -0.31419 -0.16346 0.341236 -0.14286 -0.08122
0.153994 -0.03901 -0.27252 -0.2508 0.328219 0.341938 -0.47915 0.583977 0.322957
0.04764 0.053018 -0.30266 -0.37985 -0.36167 -0.36615 -0.15273 -0.36625 -0.22759
0.3992 0.436413 -0.42512 -0.74611 -0.43923 -0.26668 -0.28384 -0.31893 -0.1265
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EAX3 EBX1 EBX2 EBX3 ECX0 ECX1 ECX2 ECX3 EXYO0 EXY2
-0.13581 0.668861 0.05423 -0.08197 0.879879 -0.22229 -0.71516 -0.43457 -0.86478 -0.15763
-0.443 -0.04187 0.14135 0.301407 -0.23307 0.764817 0.56464 -0.34428 0.56852 0.325709
-0.31766 -0.06915 0.452946 0.218079 -0.11542 0.338724 0.221157 0.055851 0.194928 -0.13549
-0.14775 -0.42739 -0.65643 -0.6145 0.034389 -0.09523 0.452068 0.029437 0.303921 -0.38524
0.289043 0.102605 -0.43408 -0.31192 0.26126 -0.52052 -0.36876 0.019916 -0.3996 -0.0095
0.099683 -0.64258 -0.14574 0.061116 -0.82522 0.326555 0.733219 0.294422 0.914231 0.150156
0.360584 0.116154 0.255301 -0.15966 0.081948 -0.68789 -0.5146 0.522645 -0.44808 -0.22853
-0.25857 0.606503 -0.12428 -0.13944 0.886753 -0.00274 -0.61474 -0.66404 -0.71796 -0.1569
0.252457 -0.19233 -0.61157 -0.57391 0.220278 -0.69874 -0.21509 0.263428 -0.3054 -0.33646
-0.27944 0.476194 -0.33151 -0.40377 0.999262 -0.34974 -0.66718 -0.4243 -0.76492 -0.39556
-0.27533 0.195739 0.530081 0.540495 -0.16336 0.720858 0.245174 -0.3272 0.314979 0.302474
0.361612 -0.45024 0.266048 0.358632 -0.9616 0.225633 0.574549 0.450729 0.666906 0.418548
0.070292 -0.54414 -0.89786 -0.44004 0.094449 -0.19363 0.036579 -0.10841 0.007581 -0.50751
0.333054 0.155379 0.210978 -0.36602 0.091034 -0.67932 -0.4669 0.535268 -0.31347 -0.26293
0.193488 -0.50339 0.036804 -0.17206 -0.6035 -0.32207 0.482839 0.711437 0.382365 0.069547
-0.15551 -0.25694 -0.58396 0.057277 -0.00253 0.450562 0.341701 -0.52194 0.24483 0.067288
0.021651 0.739362 0.048374 -0.26265 0.730992 -0.15549 -0.89118 -0.51529 -0.75243 0.153295
0.21052 -0.27622 -0.65124 -0.59923 0.165491 -0.67892 -0.13539 0.296852 -0.22219 -0.36419
-0.26383 0.48162 -0.35928 -0.41261 0.999058 -0.33825 -0.68722 -0.45619 -0.76845 -0.3728
-0.13783 0.116602 0.763904 0.523163 -0.3164 0.539036 0.179484 -0.02912 0.22655 0.279453
-0.03154 0.330419 0.306767 -0.23264 0.392518 -0.57152 -0.59995 0.300548 -0.51609 -0.22502
-0.02439 -0.40557 0.427545 0.533681 -0.86097 0.486852 0.684935 0.247492 0.641003 0.407657
0.019882 -0.35789 -0.32292 0.226377 -0.4008 0.557018 0.613209 -0.28267 0.520896 0.209031
0.034879 0.52453 -0.19222 -0.56137 0.732302 -0.43178 -0.79546 -0.31295 -0.74642 -0.10381
0.162333 -0.13621 -0.00141 0.67003 -0.53421 0.668125 0.499453 -0.3124 0.490843 0.53654
-0.0373 -0.52095 0.181551 0.564572 -0.71427 0.425959 0.789306 0.306288 0.733441 0.088187
-0.07189 0.485921 -0.43506 -0.4085 0.884101 -0.1332 -0.60132 -0.58111 -0.53364 -0.29999
0.227258 -0.33518 -0.28931 -0.57702 -0.09575 -0.44997 0.268057 0.496919 0.156095 -0.31373
0.03237 -0.50143 0.417139 0.440381 -0.8289 0.12268 0.610486 0.557909 0.453595 0.224746
0.086965 0.384537 -0.33336 -0.71319 0.641249 -0.4369 -0.75294 -0.26436 -0.60692 -0.14457
0.277557 0.106025 -0.13025 0.641593 -0.05915 0.301471 0.069352 -0.39713 -0.05993 0.312897
-0.08496 -0.37837 0.32949 0.709401 -0.62972 0.427883 0.746892 0.26557 0.601077 0.135373
0.087088 -0.07544 -0.61491 0.002662 0.208144 0.163528 0.101424 -0.47303 -0.06957 -0.02161
-0.03002 0.463976 -0.2178 -0.26167 0.858979 -0.36454 -0.70913 -0.29268 -0.72816 -0.35159
-0.06231 0.084377 0.616044 -0.01462 -0.21534 -0.15049 -0.09901 0.465816 0.088032 0.026979
0.140892 0.166975 0.020489 -0.31367 0.533563 -0.43751 -0.62084 -0.04899 -0.74607 -0.52434
0.525217 0.239475 0.613386 0.599344 -0.46035 0.335305 0.352168 0.109478 0.287859 0.460988
0.193419 -0.07051 0.13537 0.619528 -0.64091 0.538411 0.617578 -0.03245 0.676015 0.623805
-0.51819 0.026829 -0.26175 -0.67176 0.520127 -0.54326 -0.16522 0.188774 -0.29462 -0.31688
0.243017 0.488001 0.319615 0.054299 0.216631 -0.17978 -0.32434 -0.04263 -0.36936 0.296609
0.173599 0.677353 0.262499 -0.02989 0.551018 -0.42458 -0.6331 -0.049 -0.66079 0.095458



EXB2
EXB3
EYB1
EYB2
EYB3
EZB1
EZB2
EZB3
EABO
EAB1
EAB2
EAB3
EBBO
EBB1
EBB2
EBB3
EBB4
ECB1
ECB2
ECB3
EXC1
EXC2
EXC3
EYC1
EYC2
EYC3
EZC1
EZC2
EZC3
EAC1
EAC2
EAC3
EBC1
EBC2
EBC3
ECC1
ECC2
ECC3
ECC4
W
T

144

EXY3 EYYO0 EYY1l EYY2 EYY3 EZY2 EZY3 EXZ1 EXZ2  EXZ3
0.31992 0.101829 0.584905 0.400122 -0.48841 0.472779 -0.31771 -0.33348 0.111776 -0.00777
0.177348 -0.33663 -0.17235 -0.00861 0.171771 0.147771 0.486222 -0.24936 0.229718 -0.02902
0.747674 -0.58953 0.196221 0.552028 -0.32881 0.019475 -0.16073 0.08502 -0.01077 -0.09873
-0.20712 0.100174 -0.27902 -0.14796 0.282906 -0.71481 -0.04417 -0.36507 0.270479 -0.14866
-0.65709 0.609297 -0.10068 -0.44973 0.224804 -0.03035 -0.02811 -0.04088 -0.0621 0.130402
-0.30543 -0.18089 -0.49743 -0.33626 0.414349 -0.46689 0.364901 0.162738 0.035394 -0.08089
0.167622 0.186589 0.169586 0.160071 -0.23773 -0.05303 -0.6191 0.460856 -0.40083 0.125472
0.211567 -0.0696 0.651986 0.491153 -0.53222 0.408535 -0.12137 -0.55545 0.291976 -0.07772
-0.54646 0.54302 -0.14505 -0.39227 0.209277 -0.38001 -0.2866 -0.03785 -0.04542 0.038171
0.257839 0.105029 0.612644 0.463875 -0.52294 0.226545 -0.42273 -0.53906 0.276517 -0.13163
0.564297 -0.53817 0.163276 0.399677 -0.21965 0.351666 0.292864 -0.06875 0.139133 -0.10429
-0.42099 0.051242 -0.65972 -0.59319 0.597946 -0.20735 0.42255 0.576413 -0.33067 0.190421
-0.54621 -0.09211 0.150863 -0.00842 -0.11384 -0.51177 0.07484 -0.37484 0.375211 -0.33485
0.246345 0.13076 0.202801 0.229438 -0.27886 -0.18169 -0.74903 0.327649 -0.33466 0.124391
-0.39348 0.471622 -0.87311 -0.65646 0.808072 -0.52272 0.014744 0.643141 -0.52332 0.353857
-0.51238 -0.05478 -0.10844 -0.27612 0.214696 -0.03797 0.632966 -0.48581 0.451206 -0.2141
-0.23078 0.209919 0.378944 0.231259 -0.21812 0.548269 -0.08709 -0.12424 -0.20613 0.417212
-0.55397 0.502774 -0.17208 -0.39667 0.22522 -0.44779 -0.27539 -0.04789 -0.02633 0.020778
0.188331 0.112424 0.612892 0.443242 -0.51108 0.238381 -0.38383 -0.54943 0.276353 -0.11363
0.546915 -0.4842 0.00903 0.353727 -0.10557 0.299553 0.146907 0.339183 -0.23397 0.132654
0.429523 0.106467 0.306921 0.426939 -0.36331 0.119142 -0.65829 0.276379 -0.34027 0.177722
-0.15776 -0.20983 -0.53278 -0.29877 0.455578 -0.1246 0.583855 0.484773 -0.25463 0.158991
-0.43938 -0.10497 -0.31443 -0.43226 0.368164 -0.14053 0.658786 -0.27091 0.340133 -0.18285
-0.31922 0.318834 0.28757 0.197669 -0.14908 0.147284 -0.23986 -0.13454 -0.19467 0.365112
-0.40209 -0.07353 -0.25443 -0.49453 0.313268 0.219397 0.829252 -0.1208 0.297523 -0.19488
0.337429 -0.32284 -0.26633 -0.1866 0.127563 -0.14411 0.228005 0.114495 0.216651 -0.38861
0.183258 -0.00123 0.642426 0.434695 -0.53898 0.220206 -0.3284 -0.70674 0.452273 -0.24921
-0.07941 0.421078 -0.52282 -0.39138 0.478953 -0.59063 -0.43261 0.15559 -0.18538 0.096946
-0.13133 -0.03307 -0.57924 -0.39429 0.475767 -0.23435 0.320119 0.657257 -0.39595 0.185051
-0.46264 0.286709 0.228187 0.147523 -0.09284 0.031831 -0.25374 -0.13332 -0.21004 0.395175
-0.27062 0.138696 0.061248 -0.36861 0.031547 0.368893 0.560013 -0.26285 0.426422 -0.38724
0.478848 -0.28473 -0.21716 -0.13967 0.080614 -0.03239 0.238157 0.123345 0.220677 -0.40801
-0.46969 0.185846 -0.01659 -0.3486 0.147122 0.0098 0.396392 -0.51391 0.469169 -0.28217
0.330862 0.096647 0.617002 0.373589 -0.55295 0.344774 -0.53371 -0.41084 0.230229 -0.18133
0.476096 -0.19261 0.016119 0.352495 -0.14725 -0.0167 -0.4042 0.505046 -0.46277 0.278738
0.239536 -0.12575 0.473788 0.641791 -0.49466 -0.12344 -0.46408 0.094453 -0.1642 0.004036
0.358178 0.135764 -0.33938 -0.35066 0.294441 0.189377 0.111216 0.233915 -0.03173 -0.09756
-0.19475 0.11841 -0.43062 -0.66583 0.450379 0.189549 0.589813 -0.04811 0.23944 -0.16698
0.017296 0.405487 -0.1638 0.030614 0.182708 -0.22236 -0.40775 -0.01609 -0.23024 0.317129
-0.03942 0.505206 -0.2195 -0.21066 0.28218 0.30112 -0.04394 0.257504 -0.33391 0.325013
0.221791 0.474861 0.180512 0.041751 -0.11997 0.408025 -0.37528 0.054486 -0.17004 0.150018
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Appendix 3 1The coefficients of the fitted curves

Table F1-a: The elements of the matrixAHrom EXX2 to ECZ1
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Table F1-b: The elements of the matribx@dHrom ECZ2 to ECC4



TableF-2_a: The elements of the matrix PB from EXX2 to ECZ1
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TableF-2_b: The elements of the matrixBArom ECZ2 to ECC4
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Table F3_a: The elements of the matriiem EXX2 to EABL
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Table F3_b The elements of the matriXrBm EAB2 to ECC4
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Appendix 3 1-Figure G-1: The error modeling as a function of weightand torque
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