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A Knowledge Representation Language for Tolerance
Analyses and Its Programming Techniques

Masamitsu Mocuizukr,! Isao Nacasawa,’t Masanosu Umgpa,tt
Tatsun Hicucuitit and Takasur Qymattth,=

Recently, tolerance analysis systems have been developed for estimating assemblability,
verifying part drawing and so on to improve efficiency of design work. However, since
they have only composed of existing tolerance analysis methods and the knowledge is not
made explicit, it is difficult for designers to modify or extend these systems, by using to
design knowledge about their products. In this paper, we first propose a knowledge repre-
sentation language for tolerance analysis and variational model. We second propose pro-
gramming techniques for representing assembly structure, dimension and tolerance. Better
tolerance analysis systems can be constructed using this language and these programming
techniques. And designers who do not have knowledge about computers can easily put
their knowledge into this tolerance analysis system. Finally, we report prototype system
that has been developed and applied to real assembly parts. The result was encouraging.
We show through real application that this language is easy to write, modify, and ex-
tend knowledge by designer. We hope that our approach will have an impact on design
verification systems.
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ratio D B|¥ driverlteeth (3 EXEEE o ¥k %,

followerlteeth (3 fEEIBEE D ¥ %, !rpm_in |85
B OANEEE A, Irpm_out I HEIEHKAEET.
AV K 73R, FDAVREYRENET B #
Vo FEEDLENTE S, B4ltry vy FOTRE

<7 7 AEH> =
defclass: <27 7 2&>,
super: < Efr2 7 24>,
attributes: <JBH:EH>, -, <JmpER >,
sub.parts: <IDIEE>, -, <WIEE>,
constraints: <HJHGH:>, -, <HIHEME>.

<2 IRE> = <>
< M7 324> n= <EFF >
< JEEEHE > = < JAMA > <> |
< JBHA > < B> 1= <>

< A > = < FH >
<#:> = < ffi> | < B>
<Hl> = < VAT ARHEETS

LR >
< HEH > = < VAT LHHRMT D

LR DFMTEATI L Y8 >
< ffi > = < VRFLBRET D

HEROF—% >
< BIEE > = <BRK/> <7T2A%>
<ok > = <IEF>
< PG > = <HHREHL>S(<TIE >, -,

<G >)
< FsR G4 > = <IrEH >
<> = <ff> | < JBH:Zm >
< BB > = < EHA >
< WA >I< BB >

< WHBH > EENS %

< W34 SI< W B >
K1 77 20ERHER
Fig. 1 Syntax of classes.
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Fig. 2 A pair of spur gears.
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RKAERT. M, (0 524%) RrAVy FEEHEI D
505 ADEF, (kv 72y BAYy FEHENT 5
7DDy 5 RC—BIEEWH, Ay FEE B vX
7 AWMAET 3RBORCH LORASDR 518 2 T4
XTh3 R, 7F3A0D4VREYREERET S
AV oy FOR%ERT.
AVREVADER 7520 MSLA VY REVA
HERT 1013, ROBEE AL S.
make_instance(Ins, Class,
attributes(ai(vy), -+, @i(vi), -+, @n(vn)),
sub_parts(pi(é1), ++, pi(Es), +++s plim)))
T, Ins 132, Class 3ERTEAVAEY

defclass: gear,
super: object,
attributes: teeth:int := unknown,
module:real := unknown.

(a) FHEDIFX

(a) The class spur gear

defclass: gear_pair,
super: object,
attributes: rpm_in:real := unknown,
rpm.out:real := unknown,
sub_parts: driver: gear,
follower: gear,

constraints:
gear.ratio(driver!teeth,

follower!teeth,
trpm_in, !rpm.out).
(b) HWHEHFDZ 72X
(b) The class gear pair
H 3 FHELFHEGD, 7R
Fig. 3 The class spur gear and
gear pair.

defmethod(< 7 7 24>,
<EVLZ 2> (<BIE>, -, <FIHE>)) -

<AV oy FARE>.
<EVLZE> = < FF] >
<Ay FARK> o= <>, <X>
<> = <REEFFUHIL > | < fRAX >
< BEFUHL > o= <HBEBEE>(<TE>, - <FIH>))
< RAX > = <EB>is<H >

4 2 vy FoRdER
Fig. 4 Syntax of methods.
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ADFBT B2 7 RALERET S, ai(vi) (=1,
BEY e OYIHEDL vi THEZ &%, pili) (=
1,-m) BEICERINTVWEA VY REVR i 4
YRRV R Ins DY pi EUTHAND T & &R
Y. CORBRFEAREFTT 5 EER Ins KHERINI 5
Z Class D4 v R E Vv ADBINLBRAINS.
Xy FOERT 75 RACERINI XY v FEEFT
T3, ROBEZFMTIUIRL.

send({f v 2 & V2%, (L7 2)(BIE)

<BIEO))

CLT A VREYRE) i34 v RE Y RDI|EIT,
eV 2y 137 5 ARCEHZINIA Y v FORBIIK
Hobhb.

R EBNTAT Y =7 MEROBIELFET
3. M3 IWRLUEEEMNCENT, ubEgEE ey F
HEZOMO 1/2 L UTEHET S 4V v FRRDOEXS
s (M22R).

defmethod (gear, diameter (D)) :-
D is !teeth * Imodule.

defmethod (gear_pair, shaft_distance(L)) :~
send(driver, diameter(D 1)),
send(follower, diameter(D 2)),
L is (D1+D2)/2.

CTT, 75X gear DV v F diameter {2
EEV2—DLEy FHERERD, 77 R gear_
pair @AV v F shaft_distance {3, HLOLEEMEA KD
5.

4, WEOEY 2 — 53, HWEMN 19 5 XU 64
W oBEEN Gp OHFLEEREL AR 5iCid, KDL
TR,

?. make_instance(G1, gear,
attributes(teeth(19),
module(3))),

-, 7)

make_instance(G2, gear,
attributes(teeth(64),
module(3))),

AV REVRAERIET B AV v FOF

Table 1 Examples of methods for manipulating instances.

AV oy F

B e

add_sub_part (Self, <#D4E>, <7 7 R4L>)

add_constraint (Self, < H>)

get_constraints (Self, <A RLEELS>)

get(Self, <@H&>, <E¥L>)
put(Self, <@#&>, <{E>)
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make_instance(Gp, gear_pair,
sub_parts(driver(G1),
follower((G2))),
send(Gp, shaft_distance(L)).
3.2 HEmEHRE
LOHITR, 77 RCERSNIMRENESER
<ﬁb®ﬁm%ﬁcowza_ B SRR T
, FREROEATE LicREHESE2 V&
Va YERTHRIMEESE) 52 v e O 2R
Wa.
UF o v avib— ol Fns 5 a3, RO
BRTEHEEREIND Y K7 ¥ a vv— (UTF, v—i)
DEATDH 5.
H:-Gy, +++, Ga| By, -+, B
HAE L — DY (head), Gi, -, Gn #H — F
(guard), By, -+, Bn 24k (body) &P, TN d
FWEATET. V-VOBRIL, F—-F G, G
DALY B & SHREMHPHEREES By, o+, Ba
ICHRTFIRETH 5 LA FT. TRBETOH I
ATIBIBAERTENT 7, BIBIRERTESRTQ%
TEFHENTEL. PIATRROV—VIE, KD
LD B,
mult(?X, ?Y, @Z) - true | call(Z is X*Y).
mult(@X, ?Y, ?Z) -Y=\=0.0 ] call(X is Z/Y).
mult(?X, @Y, ?Z) --X=\=0.0 | call(Y is Z/X).
TON—NT, 3DDFHED DB 2 DOEFUCED
BZo0BAK, BYOBIEICENRE S XD
BLTWE, Flov—wEED call i3, FDBI¥%
VAT LT ABEORALE LTEITHC L
BRI 5.
VFY 3 vEEE RS VF Ve THEE
prolog ZFAVTHBLICHDTDH 5.

reduce WEE

(@) l reduce([ ], W).

@ | reduce([call(R)|Rs], Ws):-
!,call(R),

append(Rs, Ws, Rsl),
reduce(Rs1, [ ]).

® | reduce([H|Rs], Ws):-
rule(H, G, Bs),
call(G),!,

append(Bs, Rs, Rsl),
append(Rs1, Ws, Rs2),
reduce(Rs2, [ ]).

@ | reduce([R|Rs], Ws):-

reduce(Rs, [R|Ws]).
BS5 V&I vavFhix

Fig. 5 Reduction procedure.
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., WIBBICRT S L 2MWEHES, 281K
R BIRBOWREMHESZHED. QRVK I va v
FhEOKRTREAERT. @R call 20ET 3. @
BIREMC V-V EBALE D A Bs ic BT
5. T rule(H, G, Bs) 12, v—VOFEEH, H—
FG, MREM Bs OB THRETH 5. QIZEE
WETH 5.

K3 THZI/ 5 A gear_pair D)5 &ff gear_
ratio ZHlicE ), V& v v BIES BT A.
gear_ratio DN —W[FIRD L H L B

gear_ratio(Z1, Z2, N1, N2) :~
true |
mult(Z1, N1, A),
mult(Z2, N2, A).

o 21, 72, N1, N2 i, 2 hZHBH K
BHOWH, RBREOE, ANEER, HoEER
ERT. FENENOEMEEEROBEI—ETH
5C&A2ET. H6, om—ni Z1=19, Z2=
64, N1=1280 25X /BADOV X7 ¥ a Vv BETH
5. R, OiFIEREAS, @i gear_ratio % 2 {H
@ mult TR UIRES, @ mult 2%T U2R
%, @QRBHIRE -7 REERT. o J 3 ERE
ETHAHTEwRT.

VSO vavEREDATS o MERANDIRE Y
FyvarvFERE&EF 7Y =7 MERNEET 3D
i, MRS get AHMAT L. get BV KX vavF
BEDHTS v 22 ROBMEATESELHOTE

PR GRS LRI

@ | gear.ratio(19, 64, 1280, N2) Z1 =19

N1=1280

72 = 64

N2=.

@ | mult(64, N2, A) 71 =19

mult(19, 1280, A) N1=1280
72 =64
N2=_
A=_

@ | mult(64, N2, 24320) Z1 =19
N1=1280
72 = 64
N2=_
A =124320

@ 71 =19
N1=1280
72 = 64
N2 =380
A =24320

B 6 gear_ratio ©Y &7 ¥ a vifiiE
Fig. 6 The reduction process of gear-ratio.
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BT B0 EDTH 5. get i3,
get({4 Y22 v 24>, (BYEL, EB)
DEEERL, A vRE2VRE> & (BESL ITX
DEBIIN ZBEMES EHK H—bEh 3.
R7.3, RbiwRLikcVEsvavFh&ict7
Va7 MEMOKBREAIE L bDTH S, ARICE
T, reduce D 3 BI¥ Oblist [IHIHEM: get &
CBBT B4V RE AOBHEAEET ILEET

reduce([ ], W, Oblist).

reduce([call(R)[Rs], Ws, Oblist):-
!eall(R),
append(Rs, Ws, Rsl),
reduce(Rs1, [ ], Oblist).

D | reduce([get(Ins, Iv, V)[Rs], W', Oblist):-
!lookup(Ins, Iv, V, Oblist),
append(Ws, Rs, Rsl),

reduce(Rs1, [ ], Oblist).

reduce([H[Rs], Ws, Oblist):-
rule(H, G, Bs),
call(G),,
append(Bs, Rs, Rsl),
append(Rs1, Ws, Rs2),
reduce(Rs2, [ ], Oblist).

reduce( [R[Rs], Ws, Oblist):-
reduce(Rs, [R[Ws], Oblist).

B7T A79Y=2 MERD)F IV a v Tl
Fig. 7 Reduction procedure with object oriented.

FRGHRE 2R AEE
@ | get(gear_pairldriver, teeth, Z1) Zl = .
get(gear_pair, rpm.in, N1) Nt =._
get(gear.pairlfollower, teeth, Z2) 22 = _
get(gear.pair, rpm_out, N2) N2 =_
gear_ratio(21, Z2, N1, N2)
@ | get(gear_pair, rpm.in, N1) Z1 =19 [gear.pairldriver, teeth, 19]
get(gear_pairtfollower, teeth, Z2) N1 =_
get(gear.pair, rpm.out, N2) 72 =_
gear.ratio(Z1, 22, N1, N2) N2=_

@ | get(gear_pairlfollower, teeth, Z2) Z1 =19 [gear_pairldriver, teeth, 19]
N1=1280 [gear_pair, rpm_n, 1280]

get(gear_pair, rpm.out, N2)

DEMFTOLDORBRAERLZ O vy 5 I VI Tk 1927

H5. FTHREMEZROLDOFHEEOABMLTL
%. M, lookup REBERAZBRTE/DOMRET
» 5.

4, 7 5 R gear_pair IC, RODLHEBNVE s v av
FREAETTEAY v FEART .
defmethod(gear_pair, solve(Self)) :-

send(Self, get_constraints(Cs, Oblist)), -+ (1)
send(Self, reduce(Cs, [1, Oblist)), -+t (2)
send(Self, puts(Oblist)). «eeee (3)

CZT(INE, 4V R&2 VR Self o #dises: Cs
ZHEYD, C KaEhIBEMOBREMKSEME get
NBEWZ L. 20%IC, (2)iItk-TH5ICRLE
V& v vEREAERA N CTHEREES £ 8 X,
(8)DAYVw F put ICX->THEFERAA VALY
RICRT. KW8IC, ZDAY v FEAETLIZEOY &
7vavBREZRT. BRI, WEEHEES, B
fl, BXUEBEOEMAELELTNE. Dt /24
YADPLMEBEENEASEED T EHBORES, @~@
i3 get DERITICIOBEROBRETLEER ~ DB
BIFONIOREELET. $7-OLRIIN 6 &ERticE
frana.

4. REBW AT LABEDHOT TS
vy

T

ZODETIE, 3EOHMBERHTELHOTAEMEN
VAT LEBETDIRDOTSu s 5T
BEICDNTRR 3.

4.1 ¥ 31 # &

NERITOXGR & 13 BHTEEDRTICD
WTIND, EIT, BPORO LS IR
REMEERATRCEICEDBELARET S
oA FF DO, Chik iERY SO
VHEEZRMOU2BRERET 5. Bk
DOHER 2ICRT. HRITEERDL SR
. HIRRBRE B TROETZE, Ok

gearxatio(ZL, 22, NLX2) - B BENG. ThOMIE, HE Bk
LTS A T Y b EBES ATV
@ | get(gear.pair, rpm.out, N2) 21 =19  [gear_pairldriver, teeth, 19] 7 #l =7 * #I A7

gear.ratio(Z1, 22, N1, N2)

N2=_

® | gear.ratio(Z1, Z2, N1, N2) Z1 =19  [gedr_pairldriver, teeth, 19]
N1=1280 [gear.pair, rpm.in, 1280}

72 =64  [gear.pairifollower, teeth, 64]
N2=_ [gearpair, rpm_out, ]

8 get )& va viflig
Fig. 8 The reduction process of ’'get’.

N1=1280 [gear.pair, rpm.in, 1280]
72 =64  [gear_pair'follower, teeth, 64]

=7 MIEORBERTTE, BIR, WEE
DEMEEFHD. MREBKT 2HRERORE
BfRL, RITHEPHETEY 25T 5C
LI DERHT B, Fkkic, MLEOEER
BRIV AEERVOR, X 19) #
BHOTHS. AmXOBERIT, X1 i

Ao T2 BEEOFRITENSDOTH
5.
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Table 2 An example of functional elements and
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k3 ~FrEHI & ESTE

Table 3 Dimension constraints and assembly

attributes. constraints.

Bk R & 3 WA OREE WG H i)
point (&) center (REMEER) IEHHS transfer B&THROIEE
shaft (d) center, diameter (E%) ~E4 rotate AETEOESE
hole (%) center, diameter I EY unify_point RriEo—3H%
long_hole (£5%7) center, diameter, length (E3X), AT HIE unify_orientation BBO—EK

width (@)

plane (H) center

b a it b /\sham

2+0.05 \
shaft2 holg2

shaft1
/T 1%005 holet
\/ 2+0.05

4+0.05 A5 1degree 3+ 005

(a) RO

(a) Example of parts

59

(b) MYOBT (c) #IfFc
(b) The process of (c) Assembly C
assembly
X9 MyFoDof

Fig. 9 Examples of parts and an assembly.

WEARER T 2 RS OERERERET S LIC
KOERHTS.

2T, @9 (a)icRIEE a &5 Db O EH
WCHSTHEE A BB 5. Wi a il 3 D%, HED
R, BR, #iHEb, shThEITECLARETE
KX ONBAAEIN TS, O 2 EIE, K9
(DYIERT L SHic, WHa D shaft2 & &b D
holel, 5 a D shaft3 LEEF DD hole2 Oz <
NBIDB, K9 (c)ICRITHILE c Z/ES.

B 10 iz, #ir5 c OMBEERT. EMETHE
BT ABEEROBHENICE, FOREERERT D
WEISHERP AT BT 2 6l OIF, H
) BEEIN, EBERRICIBROERBERET
ETRDBOPCHBERHT S OMTICEYT 24K (M
T, M) BsshThE. K10 g, KR
RETAT V=7 b A&, BREIEEES, KR4
&« WBEHEE, RENITHE - AR S JUMHETH
%, BRIEEORRETAMEUAT V27 FEHD
ERERLTH . O~OiZTEflR, @@
¥xET. F7-@I38FE measure_length TH 5. &
3 TR, MO EIRT

RN O MEHEE L —HR I
N RT K75 ABEEH
WTEBHTE 5. X, object i
¥ A 7Y = 7 b %, functional _
element (JHEREFE %, part/assem-
bly 135 2 MG O B %,
part (384 © 5
BB EERT.

4.2 RE~TEREARTEH

MNAT V=7 POEBAES

%, assembly

lransfer\./
@

unify_point

(7) unify_orientation

(@) measure wngth

10 MTRAERRTAMEULAT V=27 b
Fig. 10 An assembly object representating the assembly.
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g) EFEE BHEOD 2 KRTLO
FEREREPNCT 5. BEEROEA

BRAMRF—2BE&EE LTHL
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Fig. 11 Class hierarchy.

&% Ox, Oy, EAEARETEE (Bl 12(a)
B), EERE {Ox,0y,R} OXIKEHRTX 3.
T §} B, F2oMEET.

RITHECARE TR, BEREOBRTHSEE
ATRV. fz2iE, X 12(b) KRT2D20HERED
BRI BT, shaftl & shaft 2 ORBEMEALZFHE
NEERCL BEERC2 &L, COREEEET S
BEERAE CO0 &35 &%, EERHOBAREERIC
RTEK 12 (c)DXkHicis b, X, 220 shaft
OFEL, BER C2 BEER C1 »5ATXHR
i 4.0, YAHMIC1L.OETHRE LD THS. O
BEEREOBEF% trans(C1,C2, {4.0,1.0}) 0k
WERT S, FBEER C3 PEER C2 hEAT
45.0° [oldz U7cBEEE R TH 5 & &, rot(C2,C 3, 45.0)
DXIERTE. OO —NAERI3ITRT.
Kb, ==3¥—(b2zEKL, HRiT mult EoEL
BEEA TSRS . F - rotate_point (FEE {X0,
YO} A5 RD mHisd 5 EREE {(X1,Y1} /i3 H
BAERTN-NVTDHS.

4, WHOBER CO s hic C1 OAEBEREN
{0x,0y,R} =1{2.0,2.0,30.0} &9 5&, Ci={2.0,
2.0, 30.0}, C2={4.96, 4.87, 30.0}, C3:={4.96,
4.87,75.0} &35, Ch b THELABEOERR, B
DREER CO Lk ThHy, OEER CO 6
RToREINSB.

4.3 RDREFHLERTF

—iT A EM EOSTE, 4+0.06 ©

REBEOLDOMBEXEEEL LD 0S5 I Vv IERE 1929

F¥, ABAZERBROAZERENLS. K9 (a)ic
BRI Ea DAEFERZK 14 K RT. A,

shaft 2 @duvid shaftl odulvhs, EX~FEIC X
S THEAMAN 4+0.06 EHEFII~ 1+£0.05 OALEIC

Oy

Ox
(a) EEESROFEHR

(a) The representation

of coordinate Y
ot X
2.0

shaft2 4
shaft1 N
P 10 I

N
a
=

4.0

co 2.0
(o1 4 Ox

(b) #WHDHI (¢) ~EEEEREO
(b) An example BRELTESE
of part (c¢) The representation
of dimension using
relation of coordi-
nates

12 ~EERE

Fig. 12 The representation of dimension,

trans({Ox1, Oy1, R1}, {Ox2, Oy2, R2}, {Dx, Dy}) :-
true | rotate_point({Dx, Dy}, {DimXR, DimYR}, R1),
1{{Ox?, Ol}g} = {Ox1, Oy1} + {DimXR, DimYR},
rot({Ox1, Oy1, R1}, {Ox2, Oy, R2}, R) :-
true | R2=RI1 + R,
{0x2, Oy2} == {Ox1, Oy1}.
rotate_point({?X0, 7Y0}, {@X1, @Y1}, ?RD) :-
true | X1 = (X0 * cos(RD)) - (Y0 * sin(RD)),
Y1 = (X0 * sin(RD)) + (Y0 * cos(RD)).
rotate_point({@X0, @Y0}, {?X1, ?7Y1}, 7RD):-
true | X1 = (X0 * cos(RD)) - (YO * sin(RD)),
Y1 = (X0 * sin(RD)) + (YO0 * cos(RD))..
rotate_point({?X0, ?Y0}, {?XI, ?Y1}, @RD) :-
true | RD = acos((X0 * X1 + Y0 * Y1) /
(sqrt(X0°2 + Y0°2) *
sqrt(X1°2 + Y1°2))).

B 18 FHHENDY L sy avv—n
Fig. 13 Reduction rules of dimension constraints.

iR L, WITE, BN, &K

ANEQIHETEIONE. Th%E 4.0,
—0.05,0.05} DXHEF—2HETHE

By 5.

TEOABICAZELEE LIRS, B
BRER O FAME R, 55 HER U
T, AZEER) ARRT D THAZER

shaftl »* 5 R 7=
shaft2 DAFESEE

shaft2 5 B 7 shaftl * 5 R /=
shaft3 DAESEER shaft3 D /AFESEHE

14 KREESEZAOTLERBEERSR

Fig. 14 A set of coordinates representating tolerance zones.
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FRINT VB9, HE O AEBEFER % B L,
shaft 2 @rulM3, shaft1 Oduly B & BT AZEMHER
ROEBORELRBICAMT BT L2BHKT S, O
NEFBEEELROES (UT, REES) 2HLT
DEFERAEFEDRCRBT 5.

LOREE/RA*RET B DICIRREN S EELT
SMERY OITF, HRTF) 2HVS.

C CC, Dnom [3F3FEE, Dmin 1302 D 5/ME,
Dmax IAZEDOHEKEETSE, JTHOREKE &L &
MED S %ZEET BREFITICHN 20— VIZRD &
SIIL 5.

gen ({?Dnom, ?Dmin, ?Dmax}, D) :-

true |

minmax ({Dnom, Dmin, Dmax}, D).
TON—NIF, ~THDRKE & BMEE EKT B
minmax ZBWTIHEDZERT 5.

BV FHNOFEICRNB NV —VIZIRD X H IR 5.
gen ({?Dnom, ?Dmin, ?Dmax}, D) :-

true |

call(Min is Dnom+ Dmin),

call(Max is Dnom -+ Dmax),

random (Min, Max, D).
TDN—iZ, FEOBR/MED S BREDREIC B
T, —HSHPERSHEOEMEZERT S random
AEALUT, RO THEDAERT 5.

—ic gen V—WEEHET L LITLY, EROD
DEOREBEREER T ENTE, FEONER
NMFHRERBCERRT L EBTE 5.

4.4 THEABLAENE

INEMETEER D 7o DI, 4.2 i D trans % 5
i L, transfer(C1,C2, {{4.0,-0.050.05}, {1.0,
—0.05,0.05}}) DXHKEHT S, THN—LDE
213, AEBAFECEKKELS. BERITOEA,
Bl S/MEOHMAEEERT 5 gen EFIFEA
B9 5 trans ZHNB E, ROXSBEv—niC
3.

transfer(C 1, C 2, {Dxt, Dyt} ) :~

true |

gen(Dxt, Dx),

gen(Dyt, Dy),

trans(C 1, C 2, {Dx, Dy} ).

FziE, C1=1{0.0,0.0, 0.0} &35&, C2 2
{3.95,0.95,0.0}, {4.05,0.95,0.0}, {3.95,1. 05, 0. 0}
{4.05,1.05,0.0} D 4@EY D% L 5. HAEAZEID

Sep. 1994

WT HREOBERPRILL, Vv—miZD X S
3.
rotate(C 1, C 2, Rt) :-
true |
gen(Rt, R),
rot(C1,C2,R).

4, M9 (a) iR Uicfa DIXSDERBET v
%7 FAEHOTCERTEERO L H5iICi8 5. T C
T, transfer % rotate ZEHEIT IV —VEZHT D
LEi&D, FERONEBNFLELERT LT LPT
& 5.

defclass : part_a,
super : part,
attributes:
{4.0, —0. 05, 0. 05},
dim 2 :dimension := {1. 0, —0. 05, 0. 05},
deg 1 :dimension := {45, 0, —1. 0, 1. 0},
dim 3 :dimension := {3. 0, — 0. 05, 0. 05},
dim 4 :dimension := {0. 0, 0. 0, 0. 0},

sub_parts :

dim 1 :dimension :=

coord : coordinate,
shaft 1 : shaft,
shaft 2 : shaft,
shaft 3 : shaft,
constraints :
transfer (shaft 1!center,shaft 2!center,
{ldim1, !dim 2}),
rotate (shaft 2!lcenter, coord!center, !deg 1),
transfer (coord!center, shaft 3lcenter,
{!dim3, !dim 4} ).
ZTT, 77 AHPD dimension IAEM &JHEARK
TRTH 5.

45 EBRE #

i 42 ORI OBERE 1w — A VEER, WEO
AT ERICE S BERE /o — VERESR &I
5 MO TEZIHMIIRARICT 5 &, shaft ® hole
ETRD A SN RO BRI o — A VEE
ERPOSRIMEE, 7 a—rSVEERDS RIS
Lisbb. chon—hNVEEES v~ VERED
EBATH NV —MEZRDE SIS,

local_to_global ({OxL, OyL, RL}, {OxG, OyG,
RG}, {Ox,0y,R}) :-
true |
RG=RL+R,
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{0xG, OyG} = {Ox, Oy} + {X, Y},
rotate ({OxL, OyL}, {X, Y}, R).
TON—=nIE, o — R NVEBERD S 9 — VBT

o HIELS {Ox, 0y, R} KREIhTHEE
&, v —HhVEEE {OxL, OyL,RL} &' w— v
B {OxG,OyG,RG} #AHEHICE#RT 5. O
E@EROT, BREOBATIMABELELB OB
ERBRTHEE 5 0XS i3 Kb, B
O—ANVEERES 0 N VEEROERERT. T
BhbNELSEE, BORMTIE e —H VR ZS
LU, BOAMTI S 0 — VBRI 2k LTt

shaft1 shaft2 shaft3
cil cal csl cql
c.g c2g €8 | C.d|3
S
N
S
=)
2
crg| csg cegld
t trans |
c.l csl cel
shaft4 holet hole2
B4 15 pEiEgri

Fig. 15 Coordinate transformation.

4.6 EEROAR
—fRIC, BEECRORIEPCABERHT 2 H IRk 4

THY, % @iH_ij‘{f C&?T%?’&% Bz, B
BREMET 20 —id, RO Citdd 5 &8
T&5.
unify_point ({Ox1, Oy1, R1}, {Ox2, Oy2, R2} :-
true |
{Ox1, Oy1} == {Ox2, Oy2}.
unify_orientation ({Ox1, Oyl1, R1}, {Ox2, Oy2,
R2}) -
true |
Rl1==R2.

T T unify_point [IEERDAES, unify_ori-
entation BEEEROERBZHET 5. K9 (c)ics5x
TR c A OV —VERNTERT S ERDES
IciE 5.
defclass : asse_c,

super : assembly,
sub_parts: a: part_a,
b: part_b,

constraints :

DEBPFOLDONBERESE L 20 s 5 v IyER 1931

unify_point (alshaft2!coordniate,
blholellcoordinate),
unify_orientation (alshaft3!coordinate,
blhole2lcoordinate).

LT, B&ad shaft 2 BEOEEADARE &8
b @ holel BSEOREZRDOME %, BE 2 @ shaft
SV OHEROLH HE b D hole2 HskioEEtE
ROBHE—HIVZC LI OB DO BELEL
R L7z

5. AERITL X5 ADRE

BRI CRE U HBMEBHEEL AOTRIELEL
ER Y R T 2 C DN TR IR~ B,

YRFAOHEXR 16 05T, VRF A TRED
RIRDIDD Y — B, MBI —VEERSE
NERENTEAT O M, Wi~ —2, BIUF -2
N—ZPoBREANSE. CCTHEH~N—RITE, A%
BEOLDON—NVPRBESBOITL DERKET T
ERBE UV —VIBHREN, 7 —2 ~— 2 03T
BELEmE N 3.

VAT LDRIERZIRO L ST o7, AT P =2 b
fRFIOBAEN, prolog OBEAFNTI SR, 4
AL VA DOBEBRERRTAC ik DER LKL, #
REHRER, RFEREDEER U 3/, %
EWET B DICHKREGEA2CEED S/ 5 &
~NEER T B e B L.

6. BRITRER &EEE

RRXCTRELCHFBEAEEC /530 0F
BEOEMRARRTE DI, BEVYRFL 2B
T, RAWCRTHITERET 7. Fh, Bl 129
R UIHSLE ¢ @ shaft1l H 5 H7- shaftd o8
EREETAHOTRIE LSO, #2340 @r%

X 16 Y25 AOHE
Fig. 16 The system overview.
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Table 4 Analysis experiment.
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(1) RNERFTRF 2R BETILD O XBRE %
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BEOHBEREND 5.

(2) AEBIFYAT LAFHRGETERTE DK
1, EBOBFEBLEIN L, AZEBITICHEL MR
DENIEEOFMEIC T B ARk ORI AT
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EETH 5.
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Fig. A1 An example of tolerance analyses.

(a) MHegOBPHE
(a) The part drawing of part_g

defclass: part.g,
super: part,
attributes:
dim]: dxme1151on3
{{0.0, 0.0, 00}{30 -0.05, 0.05},{3.5; -0.05, 0.05}},
dim2: dxmensnon
{{7.0,-0.1, 01}{00 0.0, 0.0},{0.0, 0.0, 0.0}},
dim3: d1mensmn3
0, -0.1, 0.17,{6.38, -0.05, 0.05},{7.0, -0.05, 0.03}},
dimd:dimension := {16 72,33.69,0.0},
dim3:dimension3
{{-0.83,- 005005} {0.0,0.0,0.0},{-4.73,-0.05,0.05}},
dim6: dlmensmnB
{{0.0,0.0,0.0} {- 00,—000000} {0.0,0.0,0.0}},
sub_parts: origin_g: coordinate,
hole4: hole,
coordl: coordinate,
coord2: coordinate,
hole5: hole,
constraints:
transfer(origin_glcenter,holed!b!center,dim1),
transfer(hole4!blcenter,holed!t!center,dim2),
transfer(origin.glcenter,coordl!center,dim3),
rotate(coord1!center,coord2!center,dim4),
transfer(coord1!center,hole5!blcenter,dim5).
transfer(hole5!blcenter,holeb!t!center,dim6).

(b) part-g 772
(b) The class part_g
B A2 fHhg
Fig. A2 part-g.
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Fig. A3 Execution result.
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Table A1 Coordinate obtained from the
experiment.
X Y Z
nominal 0. 000000 —0. 692726 0. 000000
max 0. 280278 —0. 349070 0.288147
min —0.280278 —1. 036382 —0. 288147

lens_case 3

(©lgtcoa[B |- ff

4 dl
4 d2

/] gt _paral A
B A4 v ZHSLOH
Fig. A4 An example of lens assembly.
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LCTHROIBMELT, B A2 (a)icRTH
S OHENE 7 3 REBOTCRAR LI SORKA 2
(b)iTmd.

HEDO—FIE UTRERIT BB A ORIERk R
ZB A8 IRT. Chid 2 HEb S RIGAEERT
Y, TOREfEE Al KRT. CORENDS,
VY —=XREVOERIR 3mm, ROBEREIT 4mm 7
DOTRMEXB2TEHRIEL, L) —XBE2 V3RS
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RIS DPZERT.

AN, Vv RXEVy Ry —2 A BXRICRONTZ S
DTH5. LY ADMBERBDITSL DXL, LV XD
HERICRESBEDL-T W 3. ZDHEHTIE, VR
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TRV Xy -2 DHEEERTH BREERD S
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BPEEMIR AR c T E D AR L.
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