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Abstract

[SO 14649 (data model for STEP-NC) is a new interface scheme
or language for CAD-CAM-CNC chain under established by 80
TC184 SC1. Up to this point, the new language is mainty made for
milling and turning, and other processes such as EDM will be
completed in the future. Upon completion, it will be used as the
international standerd language for e-manufacturing paradigm by
replacing the old machine-level language, so called M&G code
used since 1950°s. With the rich information contents included in
the new language, various intelligent functions can be made by the
CNC as the CNC knows what-to-make and how-to-make. In
particular, On-Machine Inspection required for quality assurance in
the machine level, can be done based on the information of feature-
based tolerance graph.

Previously, On-Machine Inspection has been mvestigated
mainly for milling operation, and only a few researches were made
for turning operation without addressing the data model. In this
thesis, we present a feahire-based on-machine inspection process
by the 4 Tasks: 1) proposing a new schema for STEP-NC data
model, 2) converting the conventional tolerance scheme into that
of STEP-NC, 3) modifying the tolerance graph such that the
tolerance can be effectively measured by the touch probe on the
machine, and 4) generating collision-free tool path for actual
measur¢ment,

Task 1 is required for the incorporation of the presented method
inthe ISO 14649, whose curent version does not much include the
detailed schema for tolerance. Based on the presented schema, the
tolerance represented in the conventional drafting can be changed
to that of STEP-NC (Task 2). A special emphasis was given to
Task 3 to maks the represented tolerance accurately measurable by
the touch probe on the machine even if the part setup is changed
Finally, Task 4 is converting the result of Task 3 into the motion of
touch probe. The developed schema and algorithms were
{llustrated by several examples including that of ISO 14649 Part 12.
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2. FBOMM Tasks and Processes
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Fig. 2, Design example for FBOMM
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3. Turning_Feature_Tolerance - New schema
for STEP-NC data model
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Flg. 3. ENTITY of Turning_Feature_Tolerance by EXPRESS

Fig 3 ¢l 9= AMEA A2¥ Tuning Feature_Tolerance
ENTITY + its feature S} its_toelrance & z}Ro=zH
Tuming_feature 3} tolerance AR F $EE 9 A= A
olA7} PlARE e itssetup & IR L2 its_feature 7}
&% Adell HF AR 94 x2gE + A =HYn
setup_assurance_feature = workpiece_origin_probing feature =
FBOMM ¢ Z @HA¢] 4348 9& 5 UAEH 7] A4
A" FHelot.

4. Tolerance Feature Analysis

4.1 Tolarance Graph
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Fig. 4. Tolerance Graph



g Z ARG /N gAd 3 E 2003 2AZEE 8
20033 5 €16 917 F, FEHFL(ZY)

£ B =fdME GV, BE A AL Jiay
AT §YY V (vertewell Tolerance type (B3 38,
Datum (Optional), Dimension (Optional), Tolerance info(+ or ¢ ,
material condition), Tuming_feature 59 AHE F71A170
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4.2 Setup Set
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4.3 Turning_Festure_Tolerance Graph
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Fig.7. Turning_Feature_Tolerance Graph
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Table 1 Integration to the Turning_Feature_Tolerance

Z Turning featwe o] Hs] H2& ) & BFH7} Table
1 o] FelEe] iz B Hs$t 2ol 2E FHHJ)
Tuming_Feature_Tolerance 2 S HEY R Tuning Feature_
Tolerance & A}0}9] datum-tolerance #AI7} T HA He] o
2 Fig7 9] Turning_Feature_Tolerance graph ©| &},

5. Tolerance Datum Analysis process
6.1 Tolerance Datum Analysis 2f &t ¥ @3
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T tolerance 2 A™.[12, 13] AR A Sl 4T W
4 FA5 22 gl R(¢E Y Ao B 2) tolerance 7}
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Table 2 Tolerance and Datum Relationship

Tolerance Datum Analysis + Turning Feature_Tolerance
graph B 7l@r2e 2 o8 Agelld 7129 Tumning feature 71
o] a3 tolerance AAE A& g AF22 F 4Ag
Al 71F & 23 R Bde] NAEANES FES F= F
Aol 4714 d¢k OMM 2 418 2d 2 2d1% 2F
28 3dg + A%

84 1 Ay OMM o] datum 3} tolerance feahwre = 7}
)& tolerancs = datum 3} tolerance feanre B RF 45
of 3ot

848 22 A OMM °lA 1= setup ol £HH tuming_
featre & 28 713 FJ& #Es7) Hsixe g
A] datum 3} tolerance feature 7} {®setup o] Zzfjsfop %o}

28lm Huk F}FellA 2% setup <1419 datum & 1* setup
g 1L & A ot ANHAZ @5kem 1% setup of] A
57 E71ESlER daum 224 o}FH 9|5} it B
1% setup *l|A] 713 datum 2] A S = 2* setup of] E3)s}
£ tuming_ feature $} geometric tolerance #FAE 71Am U
onE 538 Bsd I5§ AFE Hgez Fo3
tolerance of] 3] FEE T 9t Jol FL &S

ol A thell daam EE ©]9} tolerance H Ao 2L
E Tumning feature 7} 2™ setup N4 &3 715 F Asada
s £A9 Hde] A5FNERA 3) 18 A datum &
tolerance feamre =, tolerance feature & datum °2 g2
GTD change 7} A€ th(2 3 4)

2Y 3: My OMM ollA datum # tolerance feature 7} A
2 OE A9el] A= A4 E 17 sewp ol|4 7B daum
o] 2 setup ol 4] &4 71%8A F0IQA tolerance B L
T A

84 4; Ayt OMM 9|4 datum 3 tolerance feature 7} A
2 B8 Agd n £ 1% setup oA} 725 datum ©]
2 setup o]l A] & BIHE R A ol GTD change B £3)
AEA AL E New GTD B A28t 717 EQ4] gis &
@o] 7H% 8

5.2 Tolerance Datus Analysis €325
o] #A 9 input < Turning_Feature_Tolerance graph ©]i
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output < Independent Setup Graph o] o},

o] Independent Setup Graph & A-§F of 420 & F+
Dimenstonal tolerance &} Geomstric tolerance & EF8 8o
8D 22 o] of Tolerance BAE AA®Z A
7]&22 Datum (Dimensional Tolerance Datum, Geometric
Tolerance Datum)& AH-§-3t},

Tolerance Datum Analysis & &3 o] 4 ¢A2 749
.

Notation:

Dim ensional Tolerance Datum Set (DTDSet): Set of
all datums of dimensional tolerance
DTD: an element of DTDSet

Geometric Tolerance Datum Set (GTDSet): Set of all
datums of geomstric tolerance
GTD: an slement of GTDSst

Datum Set: Set of all datums, Datum Set = DTDSet U
GTDSet

Setup_assurance_feature: the feature to be used for
Setup assurance

TFT: Turning_Feature_Tolerance

STEP1: Datum Set & st&t},
Input: Twrning_Feature_Tolerance Graph
Cutput: Datum Set
For i=1,...,N, (where N =# of TFTs in Turning_feature_
tolerance Graph)
Find all its_datum of TFT; and Insert all its_datum of
TFT; into Datum Set

STEP 2: DTDSet % GTDSet & RIET}
Input: Datum Set
COutput: DTDSet, GTDSet
For i=1,...,M, (where M =# of TFTs in Datum Set)
Find its_tolerance of TFTi in Datum Set found in STEP1
If (its_tolerance = location_dimension_tolerance)
Insert TFTi into DTDSet
Else
Insert TFTi into GTDSet

STEP 3: Dimensional Tolerance Relationship A A & o,
Input: DTDSet from STEP2
Output: Dimensional Tolerance Relationship ©]
A A% Independent Setup graph
For DTL, i=1,..., m, (where m =# of DTDs in DTDSet
found in STEP2)

1. Let TFTj, j=1,..., n, (where n = # of TFTs at the different
setup from that of DTD, TFT =
Turning_Feature_Tolerance defined by the relationship
with DTDi in the Turning_feature _ tolerance graph)

2. Find DTD* among TFTj such that Feahire_placement of
TFTj = (0, 0, 0}, (where DTD* = New DTD)

[f (DTD* exists)
Go to STEP3.3
Else
DTDy, , Go to STEP3.1

3. Based on DTD*, Compute the new dimension and
tolerancs for all TFTj except for DTD* (Inverse
Dimension Recalculation o] -§&[11])

4, Erase the relationship between DTD and DTD* by using
the workpiece crigin setting method

S, Update dimension and tolerance in the initial
Turning_Feature_Tolerance graph : Construct New
Turning_Feature_Tolerance graph by replacing the
dimension and tolerance value with STEP 3.3

STEP 4: Geometric Tolerance Relationship #1A &t}
Input: GTDSet ftom STEP2
Cutput: Geometric Tolerance Relationship 7} A
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AH Independent Setup graph
For GTDy, i=1, ..., m, where m =# of GTDs in GTDSet
found in STEP2

1. Let TFTj, j=1,...,n, (Where n =# of TFTs at the
different setup from that of GTDi, TFT =
Turning_Feahmre_Tolerance defined by the
relationship with GTD1 inthe Tuming_feature_
tolerance graph)

If (TFT] exists: Geometric Tolerance
Relationship &f)
Goto STEP4.2
Else
GTDj1, Go to STEP 4.1

2. If(GTD ismeasurable at the unmachined 2™ setup

{the initial stage of 2™ setup)), (2. A 3)
GTD = setup_assurance_feature,
Go to STEP 4.5.2)

3. For TFTy, k=1, ...,,}, (where 1 =# of TFTs at the
same setup with that of GTDi, TFT =
Turning_Feature_Tolerance defined by the
relationship with GTDi)

If ( TFTy is measurable at the 2™ setup)
Then
1) GTD™* = TFTy, = setup_assureance_
feature
(where GTD* = New GTD) (2.3 4)
2) Compute New geometric tolerance of
GTD* and GTD
3) Goto STEP 4.5

4, Exit becanse Setup_assurance_feature can not be
found

S. Make the Independent Setup Graph by replacing
Turning_Feature_Tolerance graph of STEP3
1}  Calculate and Update New Geometric

tolerance of TFTj found in STEP4.1 with
GTD*

2)  Construct New Turning_Feature_Tolerance
graph by connecting all TFT;, (i=1,....,n)
found in STEP4. | with GTD*(New GTD) or
setup_assu rance_feature and by disconneting
all TFTy(i=1,....,n) found in STEP4.1 with
GTD (Old GTD) or setup_assurance_feature

5.3 independent Setup Graph

Tumning _Feature_Tolerance graph B YHL2Z  Tolerance
Datum  Analysis ¢xaZFE FIF IF gL
Independent Setup Graph 1 ME 22 XHAHD Fgsdl &
Ao 1w

£ Dimensional tolerance relationship A|# Z3}E 54
0|2 534 dimensionaltolerance datum(DTD) C1 3 2™ setup
9] C2, C4 Ate]9] HAA7I $leiz". Dimensional datum
change 8 S314] DTD 7} Cl ol4] €2 2 H}9 EAel] C4
7 C2 & 42 & DD 2 7FR1A H 34 tolerance range 3t
o] 0.06 <l 0.034 2 HHPR2Y C1 & 3] 17 setup ol
A C3 9 DTD 9& Heolm A} X3 workpiece origin
setting 7|22 Cl 3 C2 o] BAY] oA L2 ¢ &+
%

8} @ Geometric tolerance relationship #14 A 3= GTD
03 s} 01 ©] GTD change & 589 Ol ©] New GTD 7} ¥
AA] tolerance gt©] 0.02 #f]4] 0.025 2 HIHAY = ol O3
7} 2 setup oA &AL & gl A O & 57 o
2olt, 299223 Ol ©] setup_assurance_feature 2 H3}
ZA7e 03 & 2 o] BATE 015 02 9 #AAZ WHEHY
2 tolerance FUE M2 AANHAR e ZAbgle]l elA
tolerance 2t 3 F YR 2 0.01 ] Hgic}
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Fig. 8.

Independent Setup Graph

6. Inspection Path Generation

o] Zoll4E Independent setup graph B 7|22 4
322 inpedion path & Ags FFP=22 Pah
generation of] t]s] 49} W}t Path generation & Fig 9 %
Zol 2A 3¢A4E A,

3)oollision- free transition path

-

. -

1) a3 seqnan: ﬂﬁ

Outward Sretegy

N e e m s S =

reohidun frd backwod Lot stadegy

Ntueoing featy rel) HBA -0zt
point—diaspection path bl

Hg. 9.

STEP1. & Al Turning_Feature_Tolerance &
o2 &4 sequence AT,

23 sequence 9] Z Tuming featre o] ojgh
&3 A28 A48

D &EHFE 4EIR

2) S Foll ¥ Offset point A4 # 1},

3) Offset point & AT inspection path & A
4

&7 sequence &} Z+ Turning feature A}o}g] ¢
ollision-free transition path 8 A4 ¥ t}.

Path Generation Overview
&

STEP2.

STEP3.

6.1 ®% sequence Y4

Tolerance feature i} tHTd 54 sequence 7} machining
sequence = 2% @A Fig 10 # Zo] & Tuming feamre 9]
finishing operation ©] 1 A]d°] machining sequence %
23 old] et &7 sequence & machining sequence s} 7
6] C1—> 03— Ol — C37} 2 Zolg.

ol C1 & EAT F 038 £ 430 workpiece 9]
gtea touch probe 7} AYL &#A Hz v
Tuming_feahre & &3%7] 914 01 22 7t O3 & O1
Atelell Eafsts workpiecs 3 FES &0l AslH C1 &
$35e Ol 2 J1A ¥ A3 o] 4% A=s} bz
Tuming_feature & A}o]&8 transition path ©li
material_side 9] ¥-&7} S0l P24 workpiece $ F
&2 7] 95} EclB=22 ) transition path 7} Ao A=
Hgol Loivs 27

) 2=
AT
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machining sequence : C1 »03—01—+ C3

Fig. 10. Machining sequence

6.1.1 53 sequence WM RI2NFH

B FAAE &4 sequence 8 A4S ¢nEZ L 49
BAR o] ¢meFy "Wy WA Rl e
Tuning_feature (Inner_operation Set)$} $]73 7}2ol] &3t
Turning_feature (Outer_operation Set), A2]l2 @A 7}-&l] &
81 Tuming_feature (Face_operation Sety 2 78 A Z Set
ollA18] #ME Y F, Outer_operation Set, Face_operation
Set, Imner_operation Set & WA FE Aod. 2dH
Outer_operation set 2 RAA 2 ARzl oY=
Inner_operation set - WA & Az otg} F sz G
A% AL Inward Strategy 012 FAE Outward Strategy
ojtf. £ TEAE Cuward Strategy 2 Addo &3
sequence 2 A EE A,

Notation:
Setup Set: Set of all Turning_features at one Setup
Inner_operation Set: Set of all Tuming_features machined
inside of worlpiece
Outer_operation Set: Set of all Tuming_features machined
outside of workpiece
Face_operation Set: Set of all Turning_features machined at
the side of workpiece
Z_dir_Groove Set : Set of all groove in Z direction
Circular_face Set : Set of all circular_face in Setup Set
T T E Mwming feature Eol] o] o}zl g
peration set of] X § A]

wer?)
Outer_operation Set off = &
Else (-7)
Inner_operation Set o] ¥ g}
Else IR Turning_featre 7} groove?)
Iftmaterial_side 7} X #7)
I+
Outer_operation Set o] ¥£8
Else If( - ¥gF?)
Inner_operation Set ol} ¥
Else If(material_side 7} Z W&F?)
If(feature_placement = workpiece Y37
Face_operation Set of] ¥ §
Else
Z_dir_Groove Set oI} E£§
Else If{Turning_feanars 7} circular_face?)
If{féature_placement = workpiece 3 3?)
Face_operation Set ©f] ¥ &
Else
Circular_face Set o} 28

STEP2, Inner_operation Set & <} g} Zo] §4A10%.
1)  Inner_operation Set of] 4] Outer_diameter & A1 &8
8} feature_placement 9] zl] feature_length
& 9 z3e 7En.
2) Circular_face Setl}A] noll4] 7 z3t2
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feature_placement 2 Zr &
otefigt go] A2t
i If{upper_diameter = outer_diameter 2
upper_diameter?)
Inner_operation Set o] £.g}
Circular_face Set o4 A
ii. Else
Skip
3)  Z_dir_Groove Setof]A] 1)ol]s 7% z3&
placement & Z¥3E open_profile & & E RE
groove & ol % Zo] A=A,
i If{(x of placement +width) <
upper_diamaeter/2)
Inner_operation Set of] X8
Z_dir_Groove Setol]A] A
ii. Else
Skip
4)  Inner_operation Set o] Outer_diameter 7} $1-8 of}
77 1)r3e G
5 WHeol B B T circular_face set o] ‘Fo}
AE £E circular_face B Quter_operationset of
FFA)0}, (2§38 A Face_operation sst ] 73
& STEP1 oA AaZAR STER2 8 A E
Feol Ax A S 2F Outer_operation o] 4
3 circular_face 2]7] &%)
6) X F Z_dir_Groove Set o] Fo} U= RE
groove B Outer_operation set o} L8 A1}, (3}
i)

& circular_face 2

STEP3, Inner_operation Set & Turning_feature 4 &
feature_placementz 7} 7} &2 K& 22 Agoz
way.

STEP4. Face_operation Set ] Turning feature x4 &
workplece YHo2HE +X Wgor ¢ 8 ALor A4
a.

STEPS. Outer_operation Set ] Turning_feature &4 &
feature_placementz 7} 7174 2 AF€ WY A¢oz H4
a4, :

STEPS. Inner_operation Set 8] &} p}=] g Tuming feature &} 2
of] Face_operation Set 8] Turning_feanwe 2 A} A)7lm
Cuter_operation Set 8] Tumning_feature & A @ $.

+ & sequerce : 03—C1—01-C3
Fig. 11, 1"Setup 2] &7 Sequence

A duaFE Fig 10 9 1® setup ol & G5t
machining sequence % ¥|2F A} G &F Z3 Fig 11 9l)
EA1Ho] 25 machining sequence: C1 — O3 — 01— C3 3}
HEFHEA 3 o] flo]l AP AR/oflM vigoz
Fd £3L A 92 ¢ 5 AR

6.2 54 saquence 8 Zt Turning_featureof ift &3
4r 9y

6.2.1 5WN M4
£33 44L 5349 ATt 4 4NF B8
R2R tolerance 3 Tuning feature o] o}t Baxn &3



27 A8} s/l B e8] 2003 22 E e e

2003 s €16 ¥-17Q, HEHH (X

A7l Agell 2% 2H |7 A AA:e F
g4 F& 247 Rad olg Fzad FPF Ass
23 A8 AL [56, 14, 15)

28 42 touch probe B o84 &4 X2 4
A€ o mesio} & At 2 touch probe of] e HE
o]}, o]Aell= touch probe stylus & o], W, radius 50)
E8ER. Fglzel ol2id FRB =8

|

Radius(4)

Dimotion (-10)

[P V——
Direction (0-1)

Fig, 12. touchprobe B

AA radivs AEE A H A4 Y dge 24
tolerance 7} 3| Tumning feature of] d$ &7 715 o
B BEGE ¥ 5 UAZE & 2. &3 BEY A=
AHEE 2 radius BY A F& wAE Z2E hole oL
radius B ZAU F2 Z9 cut_in, groove o} 3 Aol F
A# o7t AAR oA Aol 53 71 BEL A
EF B ol ANE 24 3 9 &4 71y B o
AR F2F B2 AHEEG

G222 length FHES direction FRE AR &3 F
3¢ A ©]-82 touch probe 7} Tuming feanre ] 3]
A3 &7 stEdAE BdsE 7 S&e] 9

E 819 Tuning feature of] 2] tolerance 7} Fo|
73 9l Z tolerance B2 1T Tuning featwre & &4 3
£ 87 Bae T RES AYH RES Fi1g
224 339 Ave £9 & 3%

6.2.2 Oftset point 44

Offset point & 374 AZE 4487 AeA Aggs
#22 2340 At 2426 $48 $F22 Yol
Qe Folu.

B =& Offset point 4-3ellA A= )49 2D
profils °] FAHMezngd JHE ALd maidd 2
Cuter_diameter (Cylinder, Cone), Circular_face, Groove,
revolved_flat 322 A|§2 3l general_revolwion 53 7
°] curve BE arc7} EZAEE ASE AYag.

6.2.3 Offsot point & Sl Inspection Path M4

Offset point 7} AP ojF olAFE olo] @¢
Tuaning_feature 8 §3 A= F A4S o] o Offset
point & VA7) AR strategy 2 revolution first backward
last strategy § AH-8-3}. revolution first backward last &= -4
Offset point Folq F2 Z &< 43§ PR« Exjse
Offset poirt & AR 2 v} 2ol) backward o2 &a)s}
T Offset point & AT strategy = 54 2] B2 offset
point 2 o] F57] A4 Xz &2 cje} o|§Fs] HHP C B
£+ °l3AA 532 WA A9 9guioith. Fg 139 01 9
concentricity &2 Fof] dishA] Offset point & 2= inspection
path g4 AAE zA8inh

=214~

Fig. 13, Offset points and Inspection path of O1

8.3 ColiIslon-free Transition path 44

Turning_feature & Abe] & 9= wansition path 4441 i
A2 RE collisionfres 71 3281 &3 sequence 38
¥ Tuming featwre A}o]s] @A Tuming feature o] HEF
2 F Tuning feature 8 A2 F-2 ]2 il collision o] Y
olitz] B=F o} A} o] #13 Swategy  Orthogonal
moving strategy & A8 01AL &Y Fx7 9E F
+4 oj2 974 A2 28 F 45378 23S A
= XZ HJA9 ARE X, Z JE2=R Yo o] dj:
gujel, olg XZ HAs T A Alolo] ZaflstE pah =
F A7 2% & Yed 45492 713 tuming feature
9} material side o] T PYFoz2 WA LJelm 19
F A24<L 71 Tuning_featurs 9] material_side o] 42t
Wwidoz 23904 Fig 14 & 1%setup 9] C1, 02, C3 o] &)
transitionpath & A4 ¢ AR E Eq32n Y.

Ol2| nutrhl sidet) H 8 2

019 22 Offset point
. o +Coltisica-{s otk

natial side

CH reterial side0) 38 2P
Outer_dfameter 1 -

; 0321 ¥ Offsetpoint
!
e Circular_face 1

Fig. 14. Orthogonal moving strategy

7. ustrative Example

o] el 1014649 Part 12 o) U= o) 4] ®-4 Fig 15
411 ﬁqﬁﬂ TTIP ¢ A #FAFel HE A5¢ 4 & A8 =
Algtet,

Eara A -
o E Ty

Fig. 15. Example design
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Fig. 16, 4% Turning_feanre & Setup info
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Fig. 20. Independent Setup graph
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Fig. 21. Geometric tolerance &7 3, Offsetpoint, &7 A2
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Fig. 22, 2%setup |4 9] &4 F 9 Offset point

3
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Fig. 23. transition path

.8 =

E TEel4 Ay OMM & 94 712 9922 Ated
Tuming_feature &+ A AYE STEPNC 71&2 FH IS
AF & AA 2sln olF 83 AAd cNC A7
2AE} ot CAD-CAM-CNC chain & $&4& 4
CNC Ao71 2 qAE] A7 Ade] aie S 3%
o]o14] 71&9 CNC 9419l 1806983 o} 71§ CNC Ao
71t 4822 AF AAdge] AdE Adg. =F
CADICAM AZ B o] 9A] ISO 14649 el oA 7]%0]
22z hFE Aol [16]

gasl & SAYE T 71E9 1806983(G, M code)
ol 2§g o+ d 5L AgA JFE AQA A i@
HAEE THHT AE 15014649 71 Al Hel] aje} ONC o
42 2F 483 7150 499 HAela o539 Hy
24191 OMM 2 H43F o] 4 Fe|r},

olF 98 B =fellaE Hdut 7128 g3z iy
STEPNC FHHE 7|¢¥3 OMM & 73 duk OMM
Al w7139 5§49 setap change o] @2t $4L +

£ datum 3} tolerance feature Alo]2] th2 Mozl o]
A8l T BAZ =& ol i Mz B



gz AgAsa/agadests 2003 A2 ESEd S
20033 S ¥16 9174, AEAFER(TY

=8el|A Tolerance Datum Analysis & A|orsl@dA Ayt
OMM 9 £3& 238 1« 2 Aelsaict. &3 o}F77A
18014649 | AFH} AR V= tolerance FHE FFA]
7 4 i QeFolxold oMM & A4 L2 senp A
B 2 tolerance datum analysis A8 ¥8¢ 4 AE oo
8] Z4d(Turning Feature_Tolerance)& A 20] A 98t Al
Gezd goz 989 e FE 34 A s
4 OMM ZAel] 22% AR RPo] 7158 Rold o8
°]§-3 OMM 7159 Fir} A
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