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ABSTRACT

An iterative procedure for planning manipulator movements

in the presence of obstacles is proposed. Àn algorithm for

the delection of geome!rical intersections in three dimen-

sions as l¡elL as a novel approach to sampling were conceived

and incorporated into this procedure. À computer program

simulating a hypothetical manipulator was written to demon-

strate the efficacy of the procedure in solving for compli-

cated motions within reasonabfe tirne Iimits.
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CHÀPTER 1

IntroducÈ ion

The purpose of this thesis is to devise

cedure for planning manipulator movements

efficacy of such a procedure by a computer

an iterat i ve pro-

and to verify the

s imulat i on .

1 .1 Problenì

The problem of planning manipulator movements in the

presence of obstacles is referred to as the find-path prob-

Iem. The f ind-path problem may be defined as:

Given start and goal configurations of an n-degree of

freedom manipul-ator, neither of which are in collision

r+ith any obstacle, find a sequence of configurations

such that there be no collisions between the manipula-

tor and the obstacles. In addition, the change in all

n degrees of f reeclom from one configuration to the

next should be within reasonable timits. These Iimits

depend on the changes in the degrees of freedom with

respect to one another.

The above sequence of configurations constitute the path

sought, which is classified as a safe path.



1.2 Current So]ut íons

The solution of Lozano-Perez [6,7] employs a configura-

tion space approach. In this approach aIl obstacles are

transformed into configuration space obstacles. A configura-

tion space obstacfe corresponds to alL configurations of the

manipulator which collide with the obstacle. This may be

visualized for the very simple two dimensional problem of

figure 1 .1 . This figure shows a moveable polygon À, with

fixed orientation, and an obstacle B.

Figure 1.1 Physical space representation

If a1I possible locations of poinl P of pol-ygon A are

considered such that polygons A and B intersect, then À and

B are represented in configuration space as the point P'and

the configuration space obstacle B' , respectively. This is

shown in f i gure 1.2.

tr

Figure 1.2 Configuration space representa!ion



Àny trajectory in configuration space which does

intersect the configuration space obstacle B' corresponds

a safe path for polygon A in physical space with respect

obstacle B.

For a three dimensional probtem the configuration space

obstacle would be three dimensional as well if the orienta-

tion of the moveable polyhedron is fixed, otherl¡ise an addi-

tional dimension would have to be added for each rotalion

aIlowed. For a manipulator consisting of m different polyhe-

drons, m differen! configuration space obstacles would be

required for each obstacle.

Once the configuration space obstacLes have been found,

aII configurabion space not occupied by such obstacles is

broken up into convex polyhedral ce1Is. A free space graph

is constructed from these cells and searched for a connected

set of cells joining cells which contain the start and goal-

configurations.

The solution by Gouzenes [5] builds a graph consisting of

subsets of empty space, where empty space is a subset of

configuration space that does not contain any part of a con-

figuration space obstacle. This graph is then searched for

a safe path using a standard graph-search technique.

The solution by Brooks [3] represents free space as a set

of possibly overlapping cones. A graph is built from these

not

fo

to



cones

start
and

and

searched for an ordered set of nodes betÌreen the

goal nodes.

The two solutions by Sawatzky [10] employ a collision

detector r,¡hich consists of bounding polyhedrons by spheres

and determining whether or not the spheres intersect. If Ehe

spheres do noL intersec! then the two polyhedrons cannot

possibly coIlide, otherwise more spheres would have to be

used to represent the polyhedrons.

The first solution, namely generate and test, appears at

the outset to be the same as an iterative approach. In this
solution a path is postulated and each configuration, begin-

ning with the start configuration, is tested !rith the colli-
sion detector. If a collision is detected, then the manipu-

lator's payload is raised until it clears the obstacle and

another path is postulated from the present configuration to

the goal configuraLion. Thus this solution is still a

sequential search of configurations and not a sequential

search of paths.

The second solution employs the collision detecÈor

generate a representation of free space and then uses

graph-search technigue to find a safe path.

't .3 Scope

In Chapter 2 an algorithm for the detection of geometri-

caI intersections in three dimensions is presenLed. The

-4-
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algorithm is applied to two convex polyhedrons and consists

of seven steps. During any of the first six steps the rela-

tive positioning of the two polyhedrons may be determined to

be safe or unsafe' If the seventh step is completed, then

the relative positioning of the two polyhedrons may be

determined to be safe or it may be indeterminant. For the

latter case the reLa!ive positioning of the two polyhedrons

must be taken as unsafe. Figure 1.3 consists of a fLow charL

for this algorithm.

SÊF E

Ul'lSÊFt

SRiE
UNSÊT E

UNSRFE

UNSRFE

SSFE

5RF E

UNSRFE

for the algorithm of Chapter

-5-
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Figure 1.3 Flow chart



In Chapter 3 a description is given of the data struc-

tures required for all convex polyhedrons which make up the

manipulator, obstacles and workpieces.

In Chapter 4 a technique for selecting sample configura-

tions, which is dependent on the location of obstacles' is

described along with the iterative procedure. The iterative

procedure starts rrith a linear path, that is one in which

all the degrees of freedom vary linearly from the start to

goal configurations, and determines whether or not all sam-

ple configurations are safe. whether or not a sample config-

uration is safe can be ascertained by applying the algorithm

of Chapter 2 to all polyhedron pairs, formed from polyhe-

drons of the manipulator and polyhedrons representing the

cbstacles and workpieces. If not all configurations are

safe, then the unsafe configurations are modified and some

or alL of the safe configurations may be modified to pre-

serve continuity of the path. The aforementioned procedure

is repeated until a safe path is found or until the maximum

number of iterations is reached. Figure 1.4 consists of a

f 1or,¡ chart for the iterative procedure.

À Pasca1 computer program, namely FINDPÀTH in Appendix Àt

was written to itlustrate the efficacy of the previously

mentioned ideas in solving the f ind-path problem. The output

of this program is contained in Appendix B.

6-



STÊBT

6ENERÊTE L]NEÊR PÊTH

I'1OD i FY CONF l TURRT I ONS TO

PBESERVE PRTH CON-I]NUIT'I

SRFE PRTH ?

MOD I FY UN5HFE

CONFiGURÊTIONS

Figure '1 .4 FIow chart for the iterative procedure

This thesis is concerned purely with the geometricaì'

aspects of the find-path problem and not with the dynamics

required of the manipulator to execute any path found. The

manipulator simulated by the prograrn FINDPÀTH is a hypothet-

icaf one. Its purpose is merely to facilitate demonstration

of the intersection detection algorithm, the samp)-e selec-

tion technique and the iterative procedure.



CHAPTER 2

Àn Àlgorithrn for Detection of Geotnetrical Intersections

in three Dímens Íons

In this chapter an algorithm is presented for determining

r¡hether or not two convex polyhedrons intersect. The proper-

ty of convexity, namely that for any plane face the polyhe-

dron lies entirely on one side of the infinite plane con-

taining the plane face, is of paramounL importance since the

algorithm is based on this property.

2.1 Prerequi sites

The algorithm requires the foliowing representation of,

and information on, each polyhedron:

I) Each vertex is assigned an integer referred to as

VERTEXNI I'IBER which is unique amoung the VERTEXNIIIÍBERs of the

polyhedron.

II) The set of all VERTEXNIJMBERS of the polyhedron is

referred to as POLYVERTEXSET.

III) Each plane face is assigned an integer referred to as

PIJÀNENI tilBER which is unique amoung the PLANENITIIIBERS of the

polyhedron.

-8-



IV) The set of all PLÀNENUMBERS of the polyhedron

referred to as POLYPLANESET.

V) For each plane face the set of all

tices which lie in bhe Plane face

PtÀNEVERTEXSEI¡.

Vl) For each vertex the set of all

faces that the vertex lies in

I/ERTEXPLANESET.

VERTEXNITMBERs of ver-

is referred to as

PLANENITI{BERS of Plane

is referred to as

VII) The coordinates of each vertex with respect to a global

cartesian coordinate system.

vIII) The outÌ¡ard unit normal vector to each plane face rep-

resenbed in the same gfobal Cartesian coordinate system men-

tioned in VII.

Requirements I to VI are functions of the particular polyhe-

dron itself, while requirements VII and VIII are dependant

on the poJ.yhedron's location and orientation.

In addition, the algorithm requires the definition of

displacement of a vertex !¡ith a plane face as the signedt

minimum distance of the vertex from the infinite plane con-

taining the plane face. Positive (Negative) indicates thal

Lhe verlex Iies on the opposite (same) side of the infinite

plane from (as) that of the polyhedron which the plane face

belongs to. To calculate the displacement of a vertex with



a plane face, simply take the inner product of a vector,

formed by the vertex and a vertex belonging to the plane

face and pointing to the vertex, and the plane face's out-

ward unit normal vector.

2.2 Notat i on

The symbols employed for the sets and set operators are

the same as those employed by the Pascal Language to facili-

tate follo$¡ing the implementation of the algorithm in proce-

dure CHECKSÀFENESS from page 75 to 83 in Appendix A. Sets

are represented either by name or by their elements

enclosed in square brackets. The empty set is represented by

l] . The set operat.ors union, intersection, difference,

equality and inequality are represented by +' *, -, = and

<>, respectiveJ-y. In addition, the word IN is used to rep-

resent an operaÈor r¡hich determines whether of not an ele-

ment belongs to a set and reLurns a Boolean result of TRUE

or FÀLSE, respect ivel.y.

2.3 ÀIgoriÈhm

Consider any two convex polyhedrons À and B. Polyhedrons

A and B are composed of vertices with VERTEXNIJ}iIBERS

i=1 ,2r...k and i=1r2r...I, respectiveJ.y, and plane faces

r¡ith PLÀNENIrlfBERs j=1 ,2r...m and i=1 ,2,...n, respectively.



2.3.1 Step 1

For a plane face of polyhedron A with PtÀNENutrtBER= j cal-

culate displacements !rith aIl vertices of polyhedron B and

form a set of VERTEXNI'MBERS corresponding to all positive

displacement vertices. Refer to this set as

PDVERTEXSET(A,j ). rf:

PDVERTEXSET(A,J) = POLYVERTEXSET(B) (1 )

then polyhedrons A and B cannot intersect since all vertices

of polyhedron B are on t.he opposite side of an infinite
p1ane, which conlains the plane face of polyhedron À with

PLÀNENITHBER=j, than that of polyhedron A. Therefore ' the

rel-ative positioning of polyhedrons À and B is safe.

For a vertex of polyhedron B with VERTEXNIJI{BER= i calcu-

late displacements with aI1 plane faces of polyhedron À and

form a set of PLÀNENLTHBERs corresponding to all negative

di splac erne n t plane faces.

NDPLANESET(B,i). If:
Refer to Èhis set as

NDPLÀNESET(8, i ) = POLYPLÀNESET(A) Q)

then polyhedrons A and B intersect since alf plane faces of

polyhedron A have a vertex of poJ.yhedron B r with

VERTEXNI'IIBER= i , on the same side of their corresponding

infinite planes as that of polyhedron A itseÌf. In other

words, this vertex of polyhedron B is inside of polyhedron



À. Therefore, the relative positioning of polyhedrons À and

B is unsafe.

If neither i, i=1 ,2,...ß, nor i, i=1 ,2,...I, can be found

such that either (1) or (2) is true' then the relative posi-

tioning of polyhedrons À and B is indeterminant at this

point.

2.3.2 Step 2

If the relative positioning of polyhedrons A and B is

still indeLerminant r then repeat step 1 but exchange the

roles of polyhedrons À and B.

2.3.3 Step 3

If the relative positioning

stiIl indeterminant, then if an

consist of one or more edges of

other since no vertex of either

other.

of polyhedrons À and B is

intersect i on occurs it sill-

one polyhedron pierc ing the

poLyhedron lies inside the

For a verlex of polyhedron À wiLh VERtrEXNIJT{BER= i consider

atl the plane faces corresponding to PLÀNENLttifBERs that con-

st i tute the set:

VERTEXPI,ANESET(A,i ) = [a,b,. . .d]

Define thè set ToTÀLPDVERTEXSET (À, [a,b,...d] ) as:

PDVETRTEXSET(a,a) + PDVERÍE¡iSET(À,b) + ... + PDVERTEXSET(À'd)



lf i, i=1 ,2,.
ing set Ia,b,

þ

...dl
cannot be found such that the correspond-

sat i sf ies :

TOTATPDVERTEXSET(4, [a,b,. . .d] ) = POLYVERTEXSET(B) ( 3 )

by Theorem 2.1 and there-
polyhedrons A and Bis

then polyhedrons À and B intersect

fore, the relative positioning of

unsafe.

If an i can be found such that the corresponding set

Iarbr...d] satisfies (3), then the relative positioning of

polyhedrons À and B is indeterminant at this point.

2.3.3.1 Theoren 2.1

If:
TOTAT,PDVERTEXSET (4, [A,b, . . .d] ) <> POLYVERTEXSEÎ'( B ) (4)

where [a,b,...d] = VERTEXPLÀNESET(À,i), i=1 ,2,...k
then polyhedrons À and B intersect.

Proof by conÈradiction:

Àssume that polyhedrons A and B do not intersect. Since

polyhedrons A and B are convex, then an infinite plane, pr

may be found to divide all space into tvto regions, say I and

II, such that polyhedrons A and B each lie entireJ.y in

regions I and II, respectively. This is expressed pictori-

aIJ.y in figure 2.1. The figure shows a slice of polyhedrons

A and B, which is not necessarily perpendicular to every

sliced plane face, perpendicular to the infinite plane p.

- 13 -



To avoid confusion only the edges

shov¡n and not the remaining parts

belong to.

formed by the slice are

of the plane faces they

il

i'
Figure 2.1 Slice of polyhedrons A and B

Notice lhat every poin! on the infinite plane, p, forms a

posilive dispJ.acement with a! least one of the plane faces

of polyhedron À, which share the common vertex of polyhedron

A with VERTEXNIJMBER=v, It necessari1y f oJ.lows that every

vertex of polyhedron B forms a positive displacement with at

least otne of the pLane faces of polyhedron À just mentioned,

Thus, there exists at least one vertex of polyhedron À with

VERTEXNITIIBER=V such that (3) is satisfied, However, this
contradicts (4), Therefore, the assumption that polyhedrons

A and B do not intersect is incorrect. Thus, polyhedrons A

and B intersect. This compLetes the proof.

- t4 -



2.3.4 Step 4

If the relative positioning of polyhedrons A and B is

stitl indeterminant, then repeat step 3 but exchange the

roLes of polyhedrons A and B'

2.3.5 Step 5

I f the relative positioning

stiIl indeterminant, then for a

with PI.ANENUMBER= j consider all

to VERTEXNITMBER s that constitute

of polyhedrons À and B is

plane face of polyhedron A

the vert ices corresponding

the set:

PLÀNEVERTEXSET(À, j) = ta,b,...dl

Define the set TOTALNDPLANESET ( A, [a,b,. . .d] ) as:

NDPLÀNESET(À,a) + NDPI,ÀNESET(À,b) + .. . + NDPLÀNESET(À,d)

If:

TOTÀLNDPI¡ÀNESET (À 
' [a,b, .dl ) <> PoLYPT,ANESET ( B ) (5)

then no edge of the plane face of polyhedron A with

PI¡ANENI'¡IIBER= j can intersect polyhedron B by Theoren 2.2,

If no plane face of polyhedron À can be found to violate
(5), then polyhedrons À and B do not intersect and there-

fore, the reLative positioning of polyhedrons À and B is

safe.

- 15 -



If one or more plane faces of polyhedron À can be found

that violate (5), then the relative positioning of polyhe-

drons À and B is indeterminant at this point, however, the

PfrÀNENItMBERs of these plane faces form the following set:

PLANESET(À) = [e,f ,...h]

The edges formed by adjacent plane faces with PI¡ANENIJMBERS

belonging to the above set are the only edges of polyhedron

À that can possibLy intersect polyhedron B by Theorem 2.3.

Retain this set for possible use in step 7.

2.3.5.1 Theoren 2.2

If:
TOTÀLNDPI,ANESET(Ä, [A,b,...d] ) <> POTYPLANESET(B) (5)

where [a,b,...d] = PLÀNEVEIRTEXSET(À 
' 
j )

then no edge of the plane face of polyhedron A with

PLÀNENulilBER= j can intersect polyhedron B.

Proof:

The inequality in (5) implies the existance of at least

one plane face of polyhedron B with PLANENIn{BER=q such that:

NDPI,ÀNESET(À,a) = FÀLSE

NDPI,ANESET(A,b) = FÀLSE

q IN NDPIJÀNESET(À,d) = FALSE

qIN
qIN

- 16 -



that is, vertices of polyhedron À with VERTEXNLD.IBERS

a,b,...d all have positive dispJ.acements with the plane face

of polyhedron B with PI,ÀNENUUBER=q. Therefore, aII points

along the edges formed by these vertices have positive dis-

placements with the plane face of polyhedron B with

PLANENTTMBER=q. Thus, no edge of the plane face of polyhedron

A \,¡ith PLÀNENUIiIBER= j can intersect polyhedron n. This com-

pletes the proof.

2.3.5.2 Theorem 2.3

OnJ-y edges of polyhedron A formed by adjacent plane faces

with PLANENIJMBERS belonging to the set PLÀNESET(A)

Ie,f,...h] can possibly intersec! polyhedron B.

Proof:

Definè the set of all PLÀNENInifBERs corresponding to plane

faces of polyhedron À ¡vhich satisfy (5) as:

SAFEPLANESET(¡) = [rv,x,...z]

Since the set PIrÀI{ESET(A) consists of all PIJÀNENI',ìiIBERS cor-

responding to plane faces of polyhedron A which violate

(5), then:

PLANESET(A) + SAFEPLÀNESET(A) = POLYPLÀNESET(À)

Therefore, all edges of polyhedron A are formed bet!¡een

adjacent plane faces with PLÀNENUMBERS either:

i) both belonging to PLÀNESET(A) r oF

- 17



íi) both belonqing to SÀFEPLÀNESET(A) ' or

iíi) one belonging to PLÀNESET(A) and one to sÀFEPtÀNEsEr(À)

Since all edges of all plane faces with PtÀNENLrltBERs

belonging to SÀFEPLÀNESET(A) cannot inbersect polyhedron B'

then all edges corresponding to case ii) cannot intersect

polyhedron B,

Any edge corresponding to case iii) belongs to a plane

face !¡ith a PLANENLIiBER belonging to SÀFEPLANESET(A) and

therefore, cannot intersect polyhedron B.

Therefore, the only edges of polyhedron A that can possi-

bly intersect polyhedron B are those corresponding to case

i). Thus, only edges of polyhedron À formed by adjacent

plane faces with PI¡ANENI'MBERs belonging to the set

PLÀNESET(A) can possibi.y intersect polyhedron B. This com-

pletes the proof.

2.3.6 Step 6

If the relative positioning of polyhedrons À and B is

still indeterminant r then repeat step 5 but exchange the

roles of polyhedrons A and B.

2.3"7 Step 7

If the relative positioning of polyhedrons A and B

still indeterminant, then if an int.ersection does occur

r.s

ir

- 18 -



¡¿i1I invotve edges of polyhedrons A and B formed by adjacent

plane faces with PLANENITMBERs belonging to the sets

PLÀNESET(A) and PLÀNESET(B) , respectively. These sebs were

generated in steps 5 and 6.

Àmong the edges formed by adjacent plane faces of polyhe-

dron À and s !¡it.h PLANENI'IIBERS belonging to the sets

PLANESET(A) and PLÀNESET(B), respectively, there rnay still

exist edges with endpoints both having positive displace-

ments !¡ith the same plane face of the other poJ'yhedron. Such

an edge, o-Þ, of polyhedron A satisfies:

NDPLÀNESET(A,O) + NDPLANESET(A,P) <> POI,YPLANESET ( B )

and such an edge, o'-p', of polyhedron B satisfies:

NDPLÀNESET(B,o' ) + NDPLÀNESET(B,p') <> POLYPTÀNESET(À)

All points along such edges of a polyhedron have positive

displacements !¡ith a plane face belonging to the other poJ-y-

hedron and therefore, cannot possibly intersect the other

polyhedron.

Àny edger u-Vr of polyhedron A that can possibly inter-

sect poJ.yhedron B must satisfy:

PLANEVERTE¡iSET(À,s) * PLÀNE\¡ERTEXSET(A,t) = [u,v]
&

NDPT.ANESET(A,U) + NDPI.ANESET(À,V)

where s IN PLÀNESET(À) = TRUE &

POLYPI,ÀNESET(B) (6)

t TN PLANESET(A) = TRUE
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SimilarIy any edge, u'-v', of polyhedron B that can possibly

intersect polyhedron A must satisfy:

PIJÀNEVERTEXSET(B,s') * FLANEVERTEXSET (B 
' 
t ' ) = [u' ,v']

&

NDPLÀNESET(B,u') + NDPLANESET ( B, v' ) = POT..YPLÀNESET ( À ) (7)

where s' IN PLÀNESET(B) = TRUE & t' IN PtÀNESET(B) = TRUE

If an edge pair u-v of polyhedron À and u'-v'of polyhe-

dron B satisfying (6) and (7), respectively, can be found

such that the foltowing conditions are met:

i) The edge u-v of polyhedron A straddles the plane faces of

polyhedron B v¡ith PLÀNENI'MBERS s' & t':

U IN PDVERTEXSET ( B, S ' ) = TRUE

U IN PDVERTEXSET(B,I') = FALSE

V IN PDVERTEXSET ( B, S' ) = FÀLSE

V IN PDVE}RTEXSET ( B, t ' ) = TRUE

ii) The edge u'-v'of polyhedron B straddles the plane faces

of polyhedron A with PLÀNENITMBERS s & tl

u' IN PDVERTEXSET(À,S) = TRUE

u' IN PDVERTEXSET(À,T) = FALSE

v' IN PDVERÍEXSET(À, S ) = FALSE

v' IN PDVERTEXSET(À 'I ) = TRUE

íii) The vertex of polyhedron À r¡ith \¡ERTEXNLTIIBER=u has a

positive displacement with the plane:
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a) defined by the three vertices r+ith VERTEXNUUBERS u'

& v' of polyhedron B and v of polyhedron A.

b) and with the direction of its outward unit normal

vector such that it has negative dispJ.acements with

al.l vertices of polyhedron B with VERÍEXNIJIIÍBERS not

equal to u' or v'.

iv) The vertex of polyhedron B with VERTEXNLJMBER=u' has a

positive displacement with the plane:

a) defined by the three vertices with IÆ¡RTEXNI'ITiBERS u

& v of polyhedron À and v' of polyhedron B.

b) and with the direction of its outward unit normal

vector such that it has negative displacements with

alL vertices of polyhedron A $rith vERTExNt MBERS not

equal to u or v.

then polyhedrons A and B do not intersect by Theorem 2.4 .

Therefore, the relative positioning of polyhedrons A and B

is safe.

If no edge pair u-v of polyhedron À and u'-v' of polyhe-

dron B satisfying (6) and (7), respectively, can be found to

meet conditions i) through iv), then the relative position-

ing of polyhedrons A and B is indeterminant, in which case

it, must be taken as unsafe.
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2,3.7 . t Theorem 2.4

If there exists an edge pair u-v of polyhedron A and u'-v'

of polyhedron B satisfying (6) and (7), respectively, that

meets conditions i) through iv) on pages 20 and 21, then

polyhedrons À and B do not intersect.

Proof :

Consider figure 2.2. This figure shows a slice of polyhe-

dron B, similar to that of polyhedrons À and B in figure

2.1, which possesses the edge u-v of polyhèdron À and is

perpendicular to any plane containing lhe edge u'-v' of

polyhedron B. The infinite planes containing Èhe plane

faces of polyhedron B with PLÀNENITITiBERS s' & t' divide all

space into the regions I through Iv. Since condition i) is

met the endpoints of u-v lie in regions II and IV. Since

condition iii) is met u-v must Iie entirely outside of

region III.

Consider figure 2.3. This figure shot'¡s a slice of polyhe-

dron À, similar to t.hat of polyhedrons A and B in figure

2.1, which possesses the edge u'-v' of polyhedron B and is

perpendicular to any plane containing the edge u-v of poly-

hedron A. rhe infinite pl-anes containing the plane faces of

polyhedron A with PLÀNENI lilBERs s & t divide all space into

the regions I' through IV'. Since condition ii) is met the

endpoints of u'-v' Iie in regions II'and IV'. Since condi-
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tion iv)
III' .

lie ent.irely outside of region

I]

IIl

/ 1\/ ',
/!

Figure 2.2 Slice of polyhedron B & edge u-v

\ l- ,"\/
\LI

\. I

itI

edge u' -v'

Define the vectors yA and Vb as being paralIel to the

edges u-v and u'-v', respectively, and represent the cross-
product between these two vectors as Vc. Define the infi-
nite planes PLÀNEA and PLÀNEB as containing the edges u-v

and u'-v', respectively, and such that the vector Vc is nor-

mal to both.

i s met u' -vr must

À&

.i'l \,l

', \,

Figure 2.3 Slice of polyhedron
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Consider figures 2'4 and 2.5' These figures are the same

as figures 2,2 and 2.3 respective).y except for the edges of

the infinite pLanes PLÀNEÀ ÀND PLÀNEB which divide a1I space

into the three regions I" through III". Since condition i)

is met polyhedron B must lie entirely in region I" and since

condition ii) is met polyhedron A must lie entirely in

regton 111 .

I" II i'

Figure 2.4 Slice of Polyhedron B in region

tt I'

r "

r" i""iii

Figure 2.5 Slice of polyhedron A in region rII"

Since polyhedrons A and B lie entirely in regions I" and

III", respectively, and region II" separates regions I" and
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III", then polyhedrons A and B do not intersect. This com-

pletes the proof.

2,4 Summary

The seven steps and the four theorems they employ consti-

tute the intersection detection algorithm. This algorithm

will be used in the iterative procedure of Chaptèr 4 to

delermine r,¡hether or not the sample configurations of a path

are safe.
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CHÀPTER 3

Repre8entation of workspåce ãnd Månipu1åtor

using Linked tists

This chapter presents the data

sent the workspace, that is aII
and the rnanipulahor in the PascaI

dix À.

3.1 Records

structures used to repre-

obstacles and workpieces,

program FINÐPÀTH in Àppen-

À record is a data structure provided by thë Pascal lan-
guãge to group together related data of different types. For

exanple the following is a record used in the program

FINDPATH to describe a plane face of a polyhedron:

PLANE =RECORD
PLANENUMBER : NUMBER ;
OUTWÀRDNORMÀL : VECTOR ;
NUMOFVERTICES:0..N;
PLÀNEVERTEXSET , PDVERTEXSET: NTTMBERSET ¡
PLÀNEVERTEX : POI NTPLANEVERTEX ;
NEXTPLÀNE : POI NTPLÀNE
END;

The identifiers PtÀNENUMBER, OUTWÀRDNORMÀL, ... which are of

the data types NUMBER, VECTOR, respectively, specify

the fields of the record.
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3.2 Linked Lists

À linked list consis!s of a

first record is referenced by

quent record is referenced by

the previous record, This is

sequence of records nhere the

a Top pointer and each subse-

a pointer occupying a field of

illustrated in f i gure 3.1.

Figure 3.1 À linked Iist

Linked lis!s are used throughout the program FINDPÀTH

instead of arrays due to the following three advantages of

the former over the latter:

1) The size, or number of records, of a linked list is

determined dynamically. Thus, during execution of a

program a linked list may be created, have ils size

increased or decreased, and even be deleted entirely.
Therefore a linked list uses only as much memory as

requi red .

2) Since a record can contain more than one data type

a single Linked list can contain more than one data

3) Records can be inserted or deleted any where in a

linked 1ist. The insertion of a record R is shown by
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steps 1 to 3 in figure 3,2. To delete the record R

from the linked list of figure 3.2 simply fo11ow steps

1 to 3 in reverse order.

STEP 1 STEP 2 STEP 3

Figure 3.2 Insertion of a record into a Iinked list

The only disadvantage of linked Lists in comparison to

arrays is that in order to access a record alL previous

records must first be traversed,

3.3 Polyhedron

A poJ.yhedron is represented by a record which conlains

among its fieLds pointers to a linked list of vertex records

and to a linked list of plane records.

Each record in

sponds to a vertex

Each record in

sponds to a plane

pointer to a linked

the l inked list of

of the polyhedron .

vertex records corre-

the linked List of plane records corre-
face of the polyhedron and contains a

list of plane vertex records.
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Each record in the Linked list of plane vertex records

corresponds to a vertex belonging to the plane face. The

ordering of the plane vertex records within the linked list

corresponds to either a clockwise or counter clockwise trav-

ersal of the edges belonging to the plane face.

The data structure for a polyhedron, described verbally

in the preceding paragraphs, is shown in figure 3.3. In this

figure the record types are identified by P, v' PL and PLv

rvhich stand for polyhedron, vertex, plane and plane vertex

respectively.

Figure 3.3 Ðata structure for â polyhedron
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The algorithm presented in Chapter 2 required data defin-

ing the structure, Iocation and orientation of each polyhe-

dron and generated dara defining the relative positioning of

any two convex polyhedrons. The fields of each record with-

in the polyhedron's data strucLure refevant to the data

required and generated by the algorithm follow, Ìisted under

the records they belong to:

í) Polyhedron r ec ord

a) PoLYVERTEXSET

b) POLYPLÀNESET

ii) Vertex record

a) VERTEXNUMBER

b) VERTEX

c ) wnrnxpLÀNESET

d) NDPLÀNESET

iií) Plane record

a) PLÀNENUMBER

b) OUTWARDNORMÀL

c) PLÀNEVERTEXSET

d) PDVERTEXSET

iv) Plane vertex record

a ) VERTEXNUI,IBER

The above fields in bold type were all defined in Sections

2.1 and 2.3.1 of Chapter 2 using the same identifiers. The
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fields vERTEx and OUTWARDNORMÀL are described by VII and

VIII, respectively, of Section 2.1 of Chap!er 2.

3.4 Obstac les

ÀLl obstacles in the workspace

Iist of polyhedron records.

are organized as a linked

Since the vertices and plane faces for each obstacle are

read in by the program FINDPÀTH tests are required to ensure

that all vertices belonging to a plane face are in fact

coplanar and to ensure that the obstacle is in fact convex.

The coplanar test used by the program FINÐPATH considers

alL vertices belonging to a plane face as coplanar if the

inner product of a unit normal vector to the p1ane, defined

by three vertices belonging to the plane face, and a vector

formed from one of these vertices and any other vertex

belonging to the plane face, is approximateLy zero.

The convexity test used by the program FINDPATH considers

an obstacle as convex if for any pJ.ane face all vertices not

belonging to the plane face have negative dispJ.acements Hith

it, where displacement is the same as that defined in Sec-

tion 2.1 of Chapter 2.

3.5 t{orkpíeces

Each workpiece is simply a box that may assume any posi-

tion and orientation on any plane parallel to the floor
pIane.
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The dimensions, position and orientation of a workpiece

occupy fields of a record referred to as DEFINEBOX. One of

DEFINEBOX's f ields contains a pointer to a polyhedron

record, which defines aIl the vertices and pJ-ane faces of

the workpiece for its particular position and orientation.

All workpieces in the workspace are organized as a linked

Iist of DEFINEBOX records.

3.5 Man ipulator

The manipulator is represented by a record, which con-

tains among its fields pointers to records shich define the

polyhedrons that constitute lhe manipulator.

The pointers BASE, LINK3, WRIST' FINGER1 ' F'INGER2 and, if

a workpiece is being held, WORKPIECE a1l point to DEFINEBOX

records while lhe pointers LINK2 and LINK3 point to

ÐEFINELINK records. À DEFINELINK record represents a

tapered box in any position and orientation on any plane

perpendicular to the f 1-oor plane.

lhe positions and orientations of the polyhedrons refer-

enced from the DEFINEBOX and DEFINELINK records are deter-

mined by fields of the manipulator record which specify the

values of the manipulator's degrees of freedom. Thus one

manipulator record specifies one configuration of the manip-

ulator and, as wiII be seen in Chapter 4, a linked list of

manipulator records can be used to specify a path.



CHAPTER 4

Àn ¡terative Solution to the Find Path Problem

This chapter presents a soLution to the find-path problem

consisting of an iterative procedure, vhich employs the

algorithm presented in Chapler 2, applied to an initial Iin-

ear path.

4,1 Prerequisites and ÀBsut¡ptions

Àny task given bo a manipulator involves movement of a

workpiece from one location to another. Thusr manipulator

configurations may be placed into tv¡o categories. The first

category contains aL1 the configurations involved in grasp-

ing or releasing a workpiece and the second contains all

other configurations. Refer to lhe former category as fixed

configurations and the latter as variabfe configurations.

Thê path or paths required to execute a task r,¡ill each

consist of fixed and variable configurations. The initial

linear path referred to in this chapter is actua1J.y the sub-

path consisting of only variable configurations and is bound

by fixed configura!ions, referred to as start and goal con-

figurations.
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The manipulator simulated by the

ive degrees of freedom, namely:

1) Degree of Freedom Angle 1

program FINDPATH has

The angle f o rmed

between the base and a reference axis in the floor
plane. This degree of freedom allows for rotation of

the manipulator through 360 degrees sith the exception

of a 10 degree deadband.

2) Degree of Freedom Àng1e 2 - The angle formed

between the first link and a vertical axis through the

center of the base. This degree of freedom may assume

pos i ! ive and negative values.

3) Degree of Freedom Àngle 3 - The angle formed

betr,¡een the second link and an axis through the center

of the first Iink. This degree of freedom may assume

pos i t ive values on1y.

4) orientation - The angle formed between t.he project-

ion of the \,¡rist on the floor plane and the same axis

mentioned in 1). This degree of freedom allows for

rotat ion of the wrist.

5) cap - The distance between the two fingers. This

degree of freedom allor¿s for grasping and releasing

workpieces.
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Reduction of the absolute value of the second degree of

freedom raises a1l polyhedrons of the manipulator except the

base. Reducing the third degree of freedom raises all poly-

hedrons except the base and the first 1ink.

The procedure assumes that the manipulator's base is

always safe and requires that the start and goal configura-

tions have different first degree of freedom values. Assume

aLl obstacles and workpieces rest on the f J-oor plane since

for such a workspace any unsafe configuration may be made

safe by elevating polyhedrons of the manipulator.

4.2 Representation of the Initial Linear Path

the initiat Iinear path is defined as the sequence of

configurations betr,¡een the start and goal configurations

such that aII degrees of freedom vary Iinearly. The number

of configurations in this sequence is obviously infinite and

therefore, the path must be represented by judiciously cho-

sen sample conf igurations.

For convenience refer to the range of first degree of

freedom values bebween those of the start and goal configu-

rations as the path range. For any vaLue in the path range

Iet K, where 0 < K < 1, be proportionate to the position of

this vaLue in the path range. For example if the values of

degree of freedom angle 1 for the start and goal configura-

tions are 10 and 50 degrees respectively, a sampfe configu-

?R -



rat i on v¡ith a degree

çouldhaveaKvalue
freedom angle 1 value of 20 degrees

0 ,25,

of

of

One approach for choosing sample configurations might be

to select those configurations with first degree of freedom

values uniformly spaced in the path range. ,Such a selection

of sample configurations would result in a sequence of K

values that increase uniformly. This K value sequence is

i Ilustrated in f igure 4.1.

o nl Áz (3nrhsn6 ll 
I

Figure 4.'1 K values for uniformly selected samples

This approach has two disadvantages. The first is that an

obstacle or workpiece may Iie entirely between tlro succes-

sive sample configura!ions. In this case aII the sampJ-e con-

figurations may be safe while the continuous path they rep-

resent is not. The second is that some of the sample

configurations may never be abl-e to intersect any obstacle

or workpiece. In these cases aII degrees of freedom other

than the first may assume any value and therefore, consider-

ation of such configuraÈions is unnecessary.

Àn alternative approach which does not suffer from bhe

above disadvantages is one where the workspace determines

the selection of sampLe configurations. This approach may be

described as follows:
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1) Construct a Iinked Iist of the two manipulaLor

records corresponding to the start and goal configura-

t.ions.

2) For each obstacle there are two ranges of degree of

freedom angle 1 that the obstacle lies in. These two

ranges correspond to positive and negative values of

degree of freedom angle 2. Determine these ranges and

refer to them as the obstacle ranges.

3) For each workpiece determine the two ranges of

degree of freedom angle 1 it lies in. Refer to these

ranges as the workpiece ranges.

4) For each obstacle determine whether or not either

of the obstacle ranges and the path range overlap. It

sor select a sample configuration l¡ith a first degree

of freedom value in the middle of the overlap range.

Determine the value of K for this sample configuration

and use it to insert the sample configuration's manip-

ulalor record between the appropriate record pair of

the linked list mentioned in 1). 1f the overlap range

is large enough, then select additional sample config-

urations at regular intervals throughout the overlap

range but only as required since sample configurations

may already exist r,¡ithin this range due to other

obstacles and workpieces. Insert the manipulator

records corresponding to these additional sample con-
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f igurations in!o the linked

nent i oned procedure.

list using the previously

5) Repeat 4) but for workpieces not involved in the

pick and place operabions.

The sample configurations selected by this alternative

approach would have a sequence of K values like that ilLus-

trated in f i gure 4,2,

d Kr x¿Kg Ku K5K6KI 
)

Figure 4.2 K values for t¡orkspace determined samples

The linked list, which contains the manipulator records

corresponding to bhe sample configurations selected, repre-

sents all portions of lhe initial Iinear path in danger of

collisions.

4.3 Iterative procedure

For the initial Iinear path determine which sample con-

figura!ions, if any, are unsafe.

whether or not a sample configuration is unsafe is deter-

mined by applying the algorithm of Chapter 2 to each polyhe-

dron of the manipulator, except the base' and all polyhe-

drons of the workspace with ranges containing the value of

the sample configurationrs first degree of freedom. If the
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relative positioning of any polyhedron pair is unsafe, then

the sample configuration is unsafe.

For each unsafe sample configuration reduce the absolute

value of degree of freedom angle 2 and if necessary the val-

ue of degree of freedom angle 3 r each by incremental

amoun t s .

For bhe nev path determine r¡hether or not any unsafe sam-

ple configurations exist. If so, repeat the process

described in the above tr,¡o paragraphs, otherwise the current

path is the safe path sought.

To prevent drastic changes in values of the second and

third degrees of freedom from one sample configuration to

the next these values must be adjusted during each itera-

tion. The adjustment process wiIl- only be described for the

second degree of freedom since it is simil-ar for the third.

For a sample configuration conpare the value of the sec-

ond degree of freedom with the value generated linearly from

the second degree of freedom values of the previous and

subsequent sample configurations. If the absolute value of

the generated value is less than the absolute value of the

current value, then repLace the current value with the gen-

erated vaIue. This process is illustrated in steps 1 t.o 3 of

figure 4.3 where the codes P, C, S and G represent the pre-

vious, current, subsequent and generated values r respective-

Iy.
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STEP I

Figure 4.3

4.4 Results

STEP 2

0.0.F. = DEGBEE 0F FßEE00H

s rEP 3

Reduction of differences between samples

The oulput of program FINDPÀTH in Àppendix B shows a typ-

ical. task being performed by the manipulator. In order to

execute this task safely lhree f ind-path problems had to be

solved requiring under three minutes of execution time.

For each path, a pair of graphs is generated for each

iteration required to produce the safe subpath. These

graphs, consisting of plots of degree of freedom angles 2

and 3 both against K for variable configurations onJ.y, shov

the progression of the subpath from indeterminant and linear

to safe and nonlinear.

All the fixed and variable configurations which consti-

tute the path, as weLl as the workspacer are illustrated in

the graphics following the seb of graphs.
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The program FINDPATH may accompLish any other task by

altering the dataset TASK and in any other workspace by

al.tering either or both of the datasets OBSTS and WKPCS.



CHÀPTER 5

Surunåry and Conclus ions

In this thesis an algorithm for detection of geometrical

intersections in three dimensions was conceived, formulated

and successful).y implemented.

À problem oriented approach for selecting sample configu-

rations of a con!inuous path was devised. This approach

allows the workspace to dictate lhe choice of samples and

results in a representation of all parts of the path in dan-

ger of collision and of only those parts.

An i!erative procedure, incorporating the intersection

detection algorithm and sampl-e selection technique mentioned

above, proved to be successful in solving the find-path

problem for a hypothetical manipulator.
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ÀPPENDIX À

Listing of Prograrn FINDPÀTH



PRoGRAM FI NDPÀTH ( I NPUT, OUTPUT, OBSTS, BOX,WKPCS, TÀSK, ERRORS ) ;

*********************************************************
* WRITTEN BY M.J. PROCCA - COPYRIGHT 1988 M.J. PROCCA *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * rt * * * * * * * * * * * * * * * rt * * * * * * * * * * * *

LÀBEt 1 ,2;

CONST

H=20;
l'rAx= 1 00 ;
P¡=3.14159;
THICKNESS=7.5;
LBÀSE=20; HBÀSE=,1 5;
LLINKl =55; H'1LI NK'1= 1 2. 5; H2LINKl=10;
LL] NK2=50 ; HlLINK2=10; H2LINK2=7.5;
LLI NK3=7 .5; HL]NK3=7.5;
LWRIST=5; WWRIST=5; HI,¡RI ST= 1 ;
TFINGER=5; WFINGER=0.5; HFiNGER=5;
CLEÀRÀNCE=o . 001 ;
SÀFETYFÀCT0R=2;
LI FTHEI GHT= 1 0 ;
STARTPAGENT I''ÍBER= 139 i

TYPE

POi NT=ÀRRÀY [1 . . 3 ] OF REÀt;
PLÀNEPOI NT=ÀRRAY [1 , . 2 ] OF REAI;
VECTOR=ARRAY [1 . .3] OF REÀt;
PLANEVECTOR=ÀRRÀY [ 1 . . 2 ] OF REÀL;
NUMBER=1.,N;
NUMBERSET=SET 0F NIJIIBER'
potyHEDRÀNÁMEs= to¡siÁðiË, rREEr,¡oRKpr EcE, BÀsENAME , rr NKl NAÌ.rE ,

LI NK2NAIIE , LI NK3NAME, WRI STNÀME,FINGERI NÀME ,
FI NGER2NAME , HELDWoRKPI ECE ) ;

PO] NTTYPES= ( REGUtAR,ÀDDED ) ;
EDGESTÀ?USNAMES= (VI SI BLE, PARTVI SI BLE, I NVI S i BLE ) ;
PENSTÀTUSNAMES= (RÀISEPEN,LOWERPEN,HOLDPEN) ;
ANGLES=ARRAY [1 . .3] OF REAt;
HOLDSTÀTUSNAMES= (HOLDNEWWORKP] ECE , HOLDOLDWORKPT ECE , NOWORKPI ECE ) ;
CHARS=PÀCKED ÀRRÀY[1..40] OF CHÀR;
MÀNIPUIÀTORTYPES=(FIXED,VÀRiÀBLE) ;

POI NTPLÀNEVERTEX=G PLÀNEVERTEX i
PTANEVERTEX=REC0RD

GRÀPHI CSVERTEX : PLANEPOINT ;
PENDOWN : BOOLEAN ;
ÀDDPLANEVERTEX, NEXTPTÀNEVERTEX : p0I NTptÀNEVERTEX ;
CÀSE POI NTTYPE: PO]NTTYPES OF
REGULAR : ( VnnTSXNUUsSn : NÌJÌ'f BER ; VERTEX : pOr NT ;
EDGESTATUS :EDGESTÀTUSNAMES ;PENSTATUS iPENSTÀTUSNÀMES) ;
ÀDDED : (DI STANCE : REAL )

END;
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POI NTPLANE=GPtANE ;
PLÀNE=RECORD

PLÀNENI,JMBER : NUMBER ;
OUTWÀRDNORMAt : VECTOR ;
Nu'!oFVERTICES:0..N;
PIÀNEVERTEXSET, PDVERTEXSET I NIJI4BERSET ;
PtÀNEVERTEX : POI NTPLANEVERTEX ;
NEXTPTANE : POI NTPLÀNE
END ;

P0I NTvERTEx=@VERTEx i
VERTEX=REC0RD

VERTEXNUMBER : Nl.I"lBER ;
VERTEX : POI NT ;
GRÀPHI CSVERTEX: PLANEPOI NT;
VERTEXPLÀNESET , NDPLANESET : NUMBERSET ;
NEXTVERTEX : POINTVERTEX
END ;

P0I NTP0LYHEDRoN=G PoLYHEDRoN i
P0LYHEDR0N=REC0RD

POLYHEDRONTYPE : POLYHEDRANAMES ;
POLYHEDRONNIJMBER : NUMBER ;
LOWERBOUND'1 , UPPERBOUND 1 , LOI,IERBOUND2 , UPPERBOUND2 : REAL ;
NORMÀLBOUNDS'1,NORMÀLBOUNDS2 : BOOTEAN ;
POLYVERTEXSET, POLYPLANESET,
VT SI BLEPLÀNESET: NUMBERSET;
POLYHEDRONVERTEX : POI NTVERTEX ;
NUMOFPLÀNES:0..N;
FI RSTPLÀNE : POINTPLÄNE ;
NEXTPOLYHEDRON I PO] NTPOLYHEDRON
END ;

P0I NTDEF I NEBoX=GDEF I NEBoX ;
DEF i NEB0x=REC0RD

LENGTH,WIDTH,HEIGHT,
HYPOTENUSE , BETA : REAL ;
REFERENCE : POI NT ;
THETÀ : REÀL ;
BOXPOLYHEDRON : POI NTPOTYHEDRON ;
NEXTDEFINEBOX: POI NTDEFl NEBOX

END ;

POI NTDEF I NELI NK=GDEF I NEtI NK i
DEF I NELI NK=RECORD

LENGTH,WIDTH,HEIGHTl,HEIGHT2,
HYPOTENUSE 1 , HYPOTENUSE2 , BETA 1 , BETÀ2 : REÀL ;
REFERENCE i POI NT ;
THETÀ1,THETÀ2:REAL;
BOXPOLYHEDRON : POI NTPOLYHEDRON
END ;

P0I NTMÀNI PULÀTOR=@MÀNI PULATOR i
MANI PULATOR=RECORD
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MÀNI PULÀTORTYPE : MÀN I PULÀTORTYPES ;
K:REAL;
OBSTÀCLESET ,I.¡ORKPI ECESET : NUMBERSET ;
SAFEMANI PULATOR : BOOLEÀN ;
DOFÀNGLE : ÀNGLES ;
ORi ENTÀTI ON , GÀP I REAt ;
BASE,tiNK3,l,iRI ST,
FI NGER 1, FI NGER2,WoRKPI ECE : PoI NTDEFI NEBoX ;
LI NK1 , LI NK2 : POINTDEFINELINK;
NEXTI'ÍÀNI PUtÀTOR: POI NTMANI PULATOR
END ;

VAR

* * * * ** rr * * * * * * ** * * * * * * * * ** * * * * * * * * *
It CALCOMP SUBROUTINE DECLARÀTIONS *
** rt * * * * * ** * * tr ** * * * rr ** * * * * * * * ** ** * * *

PRoCEDURE ÀREA(CoNST X1 , X2 : SHORTREÀL ) ; FORTRÀN ;
PROCEDURE PLOTS (CONST T BUF , NLOC , LDEV : I NTEGER ) ; FORTRÀN ;
PRoCEÐURE SYMBoI(CoNST X1,X2,X3 :SHORTREÀL;VAR S1 :CHARS;

CONST X4:SHORTREÀL;CONST X5 : I NTEGER ) ; FORTRÀN ;
PRoCEÐURE PLoT ( CoNST XPAGE , yPAGE : SHORTREÀt ; CONST pENUp : i NTEGER ) ;

FORTRÀN;

rt* * rr* * * * * * * ** * ** * * ** * * * *** ** * * * * * *** * * * ** * * * * * ** * * * ** * * * ** * * ** *
II THE ÀBOVE SUBROUTTNES I,¡ERE PROVIDED BY COMPUTER SERVICES AT ** THE UNMRSI Ty 0F MÀNI T0BÀ ÀND CoNSTI TUTE THE oNLY PÀRT 0F !t
* THE PROGRÀM NOT WRITTEN BY M.J. PROCCÀ. *
* * ** * ** * ** ** * * * * * * * * * ** * * ** * * * * * ** * *** * * * * * * * * * * * * * * ** ** * * * * * * *

PRoCEDURE PLÀNERECORDS (POI NTER: POI NTPOLYHEDRON ;VAR INFILE:TEXT;
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INITIÀL:BOOLEÀN);

vÀR
I:1..3;
J i NI,I'IBER ;
MAGNT TUDE: REAL ;
VERTI CES : ARRÀY [1 . . 3 ] OF POINT;
vEc1,vEc2,NoRMAL : VECToR ;

BEGIN
CoDE:=' ';
WITH POINTERG DO

WHILE NOT EOF(INFILE) AND (CODE<>'*') DO

IF NOT EOLN (]NFI LE ) THEN

BEGI N

REAÐ (INFI tE, CODE ) ;

CÀSE CODE OF

' ':;
'P' :

BEGi N

IF INITIÀL THEN

BEGlN
NLJMoFPLANES : =NUMOFPLANES+ 1 ;
NEl,l(cURRENTPLÀNE);

V¡I TH CURRENTPLÀNE@ DO

BEGIN
PLÀNENt MBER : =NtJl'IoFPtANES ;
POLYPLÀNESET: =POTYPLANESET+ [PLANENUMBER] ;
NLJ}IoFVERTI CES : =0 ;
PTANEVERTEXSET: = [] ;
PLÀNEVERTEX: =NI L ;
PREVPLÀNEVERTEX : =NI L ;
NEXTPLANE : =NI L
END ;

IF FIRSTPTANE=NIL THEN
FI RSTPLANE: =CURRENTPLÀNE ;

IF PREVT OUSPLANE<>NI L THEN
PREVI0USPLÀNEG . NEXTPLÀNE : =CURRENTPTÀNE ;

PREVI OUSPLÀNE : =CURRENTPLÀNE
END

ELSE

BEGI N

IF INITIALPLÀNE THEN
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iNITTALPIÀNE:=FÀLSE
ELSE

CURRENTPLÀNE : =CURRENTPLÀNEG , NEXTPLANE ;
CURRPLANEVERTEX : =CURRENTPLÀNE@ . PLANEVERTEX
END ;

END ;

I.II TH CURRENTPLANE@ DO

BEGIN
IF INITIAL THEN

BEGIN
Nul'{oFvERTI CES : =NIrl'IoFVERTI CES + 1 ;
NEW ( CURRPLÀNEVERTEX )

END ;

I,¡I TH CURRPLANEVERTEXG DO

BEGI N

IF EOLN(INFIIE) THEN
READLN (INFILE ) ;

REÀD ( I NF I TE, VERTEXNLI'ÍBER ) ;

IF IN]TIAL THEN

BEG] N

PLANEVERTEXSET : =PLÀNEVERTEXSÈT+ [VERTEXNIJ}'Í BER] ;
EÐGESTATUS: =VI SI BtE;
PENSTÀTUS : =HOLDPEN ;
PENDOWN : =TRUE ;
ÀDDPLÀNEVERTEX:=NIL;
NEXTPLANEVERTEX: =NI L
END ;

CURRPOLYVERTEX : =P0LYHEDR0NVERTEX ;

l,iHJLE CURRPOLYVERTEX<>NI L DO

I F VERTEXNITITIBER=CURRPoLYVERTEXG . VERTEXNWBER THEN

BEGI N

VERTEX : =CURRPOTYVERTEX@ . VERTEX ;
GRÀPHI CSVERTEX : =CURRPOLYVERTEX@.GRÀPHI CSVERTEX ;
CURRP0LYvERTEX@ . vERTEXPLÀNESET : =CURRP0LYVERTEXG .
VERTEXPLÀNESET+ I PTANENI'MBER] ;
CURRPoLYvERTEX: =NI L
END

ELSE
CURRP0LYVERTEX : =CURRPoLYvERTEXG . NEXTVERTEx ;
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IF J<=3 THEN

BEGI N

VERTI CES IJ] : =VERTEX ;
IF J=3 THEN

BEGIN
FoR I:=1 T0 3 D0

BEG] N

vEc 1 [ I ] : =vERTr cEs [ 2 , r ] -vERTr cES [ 1 , r ] ;
VEC2 [I ] : =VERTIcES [3, T ] -VERTI cEs [ 1, I ]
END ;

NORMÀL [ 1 ] : =vnC 1 [21 *yra' [ 3] -vEC2 [2] *vECl [3] ;
NoRr''rÀr [2] : =vEc2 [ 1 ] *vEc1 [3] -vEC1 [ 1 ] *yss2 ¡31 .

NoRMAI l3l : =vEc 1 [ 1 ] *vEc2 [2] -vEc2 [ 1 ] *vEcl [2] ;

}IÀGNI TUDE: =SORT (SOR (NORMÀI [1 ] )+
soR (NoRMAr [2 ] ) +sQR (NoRMAr [3 ] ) ) ;

FOR I:=1 T0 3 D0
OUTWARDNORMAL I I ] : =NORMAL [] ] /M¡CHI TU¡E
END

END

END ;

IF INITIÀL THEN

BEGI N

IF PLÀNEVERTEX=NIL THEN
PLANEVERTEX : =CURRPLÀNEVERTEX ;

IF PREVPLÀNEVERTEN<>NI L THEN
PREVPLÀNEVERTEXG . NEXTPLÀNEVERTEX : =CURRPLÀNEVERTEX ;

PREVPLÀNEVERTEX : =CURRPLANEVERTEX
END

ELSE
CURRPLANEVERTEX : =CURRPLÀNEVERTEXG . NEXTPLÀNEVERTEX ;

¡J:-¡Jrl
END ;

t*t:

END

END

ELSE
REÀDLN (INFILE )
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END ;

FUNCTION INVTÀN (X,Y : REAL) : REÀt ;

CONST

DEtrA=0.0001 ;

BEGIN
IF ABS (X)<=DELTÀ THEN

BEGI N
IF Y>O THEN

I NVTAN : =PI / 2
ELSE

INVTAN:=-PI/2
END

EtSE
IF X>O THEN

BEGI N

iF Y>O THEN
I NVTAN: =ARCTÀN (Y/X )

ELSE
I NVTÀN : =-ARCTAN (-YlX )

END

ELSE
IF Y>O THEN

I NVTÀN : =PI -ARCTÀN ( -YlX )
ELSE

I NVTAN I =ÀRCTAN (Y/X ) _PI
END ;

FUNCTI ON ADJUSTÀNGLE ( THETA : REAL } : REÀL ;

BEGIN
IF THETÀ>PI THEN

ÀDJUSTANGLE : =THETÀ-2'tPI
ELSE
IF THETÀ<-PI THEN

ADJUSTÀNGtE : =THETÀ+2*PI
ELSE

ÀDJUSTÀNGLE : =THETA
END ;

PROCEDURE F I NDBOUNDS (POI NTER: POT NTPOLYHEDRON ;VAR FIRSTVERTEXiBOOTEÀN);

VÀR
R1,R2,R3,GÀMMÀ1,GÀMMÀ2,GAMMA3,
LOWERANGLE'1 , UPPERANGLE 1 ,
LOWERÀNGLE2 , UPPERANGLE2 , DETTALOWER , DELTAUPPER : REÀL ;

BEGT N
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WITH POI NTERG , CURRPOLYVERTEXG DO

BEGIN
R1 : =1 . 5*THICKNESS+CLEARANCE;
R3 : =SQRT(SQR(VERTEX [ 1 J )+SQR(VERTEX [2] ) ) ;

rF (R3<R',1 ) 0R (R3<SQRT(SQR( 0. 5*LBÀSE)+SOR( 0. 5*THTCKNESS) ) ) THEN

BEGI N

IF POLYHEDRONTYPE-0BSTÀCLE THEN
}¡RI TELN (ERRoRS , ' OBSTACLE NT MBER ' : 1 5 , POLyHEDRONNUMBER : 4 ,

' TS TOO CTOSE TO BASE OF MAN]PULATOR *':38)
ELSE

I,{RI TELN (ERRoRS , ' WoRKPI ECE Nu}tBER' : 1 5 , POLYHEDRONNLTÌ4BER : 4 ,
' IS TOO CLOSE TO BÀSE OF MÀNIPULATOR 't':38);

GOTO 1

END ;

R2 : =sQRr ( soR ( R3 )-SoR (R1 ) ) ;
GÀMMA1 : =ARCTÀN(R1 /R2 ) ;
R1 : =THI CKNESS/2 ;
R2 : =sQRr(soR(R3 ) -sQR(R1 ) ) ;
GÀMMÀ2 : =ÀRCTÀN (R1 /R2 ) ;
GAMMÀ3 i =I NVTÀN (VERTEX [1 ] ,VERTEX [2] );
LOWERÀNGLE'1 :=ADJUSTANGLE(GÀMMA3-GÀMMÀ1 } ;
UPPERANGLEl :=ADJUSTANGTE(GAMMA3+GAMMÀ2 ) ;
LOWERÀNGLE2 : =ADJUSTANGLE (GÀMMÀ 3 -GA}TMÀ2 -PI ) ;
UPPERANGLE2 : =ADJUSTÀNGtE (GÀMMÀ 3 +GAI'$,IA 1 -PI ) ;

IF FIRSTVERTEX THEN

BEGI N

FI RSTvERTEX : =FÀtSE;
LOÌ.lERBoUND1 : =LoWERÀNGLE 1 ;
UPPERBoUNDl : =UPPERÀNGLE l ;
IOWERBOUND2 : =IOWERANGLE2 ;
UPPERBOUND2 : =UPPERANGLE2
END

ELSE

BEGI N

ÐELTALOWER:=LOWERÀNGLE1 -LOl,iERBOUND1 ;IF ( (-PI <DELTÀLOWER ) AND (DELTÀLo}¡ER<O ) ) oR
LoWERBoUNDl : =LoWERÀNGLE1 ;

DELTÀUPPER: =UPPERANGLEl -UPPERBOUNDl ;IF ( (O<DELTÀUPPER) AND (DELTAUPPER<PI ) ) oR
UPPERBoUNDl I =UPPERÀNGLE 1 ;

DELTÀLOWER : =LOWERANGLE2-LOWERBOUND 2 ;IF ( (-PI <DELTÀIOWER ) ÀND (DELTALoWER<O)) oR
IoWERBoUND2 : =Lol¡ERÀNGLE2 ;

DELTÀUPPER : =UPPERANGLE2-UPPERBOUND2 ;]F ((O<DELTÀUPPER) ÀND (DEtTÀUPPER<PI ) ) oR
UPPERBOUND2 ; =UPPERANGLE2

(PI <DELTALOWER) THEN

(DELTÀUPPER<-Pr )

( Pr <DEtrALoI^tER )

THEN

THEN
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END

END

END ;

PROCEDURE CLÀSSIFYBOUNDS (POINTER: POINTPOLYHEDRON) ;

vÀR
SAVEBOUND : REÀL ;

BEGI N

WITH POINTERG DO

BEGIN
IF LOWERBOUND 1 <UPPERBOUND 1 THEN

NORMÀLBOUNDS'1 : =TRUE
ELSE

BEGI N

NORMÀLBOUNDSl : =FALSE ;
SAVEBoUND : =LoI.lERBoUND 1 ;
LOI{ERBoUNDl : =UPPERBoUNDl ;
UPPERBoUNDl : =SAVEBoUND
END ;

IF LOWERBOUND2<UPPERBOUND2 THEN
NORMALBoUNDS2 : =TRUE

EtSE

BEGT N

NORMALBOUNDS2 : =FALSE ;
SÀVEBOUND : =LOWERBOUND2 ;
LoWERBoUND2 : =UPPERBOUND2 ;
UPPERBoUND2 : =SÀVEBoUND
END

END

END ;

PRoCEDURE BoXRECoRDS ( POI NTER : POI NTDEFI NEBOX ; I NI Ti AL : BOOLEAN ) ;

VAR
I'l o'

J:1..5;
GÀMMÀ:ÀRRÀY[1..4] OF REAt;
FIRSTVERTEX: BOOLEÀN ;

PROCEÐURE POLYVERTEXRECORD (LÀMBDA i REÀt ) ;

vÀR
K:1..3;
VEC : VECTOR ;
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BEGI N

lTI TH POINTERG DO

BEGI N

IF INITIÀL THEN
NEW(CURRPOTYVERTEX);

W]TH CURRPOLYVERTEXG DO

BEGI N

VERTEX [1] : =REFERENCE [1 ] +HYPOTNHUSS*COS (GÀ}O{À IJ] ) ;
VERTEX [ 2 ] : =REFERENCE [ 2 ] +HYPOTENUSE*SI H ( C¡¡UE [¡ ] ) ;
vERTEx [3 ] : =LÀMBDÀ;
FoR K:=1 T0 3 D0
vEc [K] : =vERrEx [K] ;

FoR K:=1 T0 2 D0
GRAPHI CSVERTEX IK] : =VEC [ 1 ] *GRAPHI CSBÀSI S IK, 1 J +VEC [2]*
GRAPHT CSBÀSr S IK,2]+VEC [3 ] *cRÀpHr CSBÀSr S IK,3] ;

I F BoXPotYHEDRoNG . POLYHEDRoNTYPE=FREEWoRKPI ECE THEN
Fi NDBoUNDS (BoXP0LyHEDRON, F I RSTVERTEX )

END ;

IT'INITIAL THEN
WITH BOXPOTYHEDRON@ DO

BEGI N

WITH CURRPOTYVERTEX@ DO

BEGI N

VERTEXNUMBER: =I ;
POLYVERTEXSET : =POTYVERTEXSET+ [V6¡'¡¡¡¡¡g"''*1'
VERTEXPLANESET:=[];
NEXTVERTEX : =Ni L
END ;

IF POLYHEDRONVERTEX=NI L THEN
P0TYHEDR0NVERTEX : =CURRP0tyVERTEX ;

IF PREVPOLYVERTEX<>NI L THEN
PREVP0LYVERTEXG , NEXTVERTEX : =CURRP0LYVERTEX ;

PREVP0LYVERTEX : =CURRP0LYVERTEX
END

ELSE
CURRP0LYVERTEX : =CURRP0LYVERTEX@. NEXTvERTEX

END

END ;

BEGI N

WITH POINTER@ DO

BEGI N



WITH BOXPOLYHEDRON@ DO

IF INITIÀt THEN

BEGI N

POLYVERTEXSET: = [] ;
POLYHEDRONVERTEX: =N I L;
PREVPoLYVERTEX:=NILi
PotYPtANESET: = [] ;
NUMoFPLÀNES : =0 ;
VI SI BLEPLANESST: = [] ;
FI RSTPLÀNE: =NI L;
PREVI OUSPLANE: =NI L
END

ELSE

BEGIN
CURRPOLYVERTEX : =POLYHEÐRONVERTEX ;
CURRENTPLANE : =FI RSTPLÀNE ;
I NI TI ALPLANE : =TRUE
END ;

GAMì44 [1 ] :=THETÀ+BETA ;
GAMMÀ l2 I : =THETA-BETA ;
GAMMÀ [3 ] I =c¡uq¡ [1 ] -PI ;
GAÈr'fÀ [4] ;=GÀMMA [2] -PI ;

FI RSTVERTEX: =TRUE;

WHILE I <=4 D0

BEGIN
POLYVERTEXRECORD ( REFERENCE [3] ) ;
I :=I +1 ;
,¡.=¡+1
END ;

WHILE I <=8 D0

BEGI N

POTYVERTEXRECORD(REFERENCE [3] +HEIGHT) ;
I:=I+1;
J.=J+t
END ;

I F BoXPoLyHEDRoN0 . PoLYHEDRoNTYPE=FREEWoRKPI ECE
CLASSI FTBOUNDS ( BOXPOTYHEDRON ) ;

RESET(BOX);
PLÀNERECORDS ( BOXPOLYHEDRON , BOX , I NI TI AL )
END
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END;

PROCEDURE LI NKRECORDS ( POI NTER i POI NTDEFI NELI NK ; I NI TI ÀL : BOOLEAN ) ;

vÀn
I:f..8;
,Ji r..J;
R1,R2,R3,GAMMÀ:REAL;
VEC I VECTOR ;

BEGIN
WITH POINTER@ ÐO

BEGi N

WITH BOXPOIYHEDRON@ DO

IF INiTiÀt THEN

BEGI N

POTYVERTEXSET:=I];
PotYHEÐRoNVERTEX : =NI L ;
PREVPoTYVERTEX: =NI t;
POLYPTÀNESET:=[];
NUMoFPLÀNES : =0;
VI SI BLEPLANESET: = [] ;
FI RSTPLÀNE: =NI L;
PREVI0USPtANE: =Nl t
END

ELSE

BEGI N

CURRPOLYVERTEX : =POLYHEDRONVERTEX ;
CURRENTPLÀNE: =FI RSTPLÀNE ;
I N] TI ALPLANE : =TRUE
END ;

R1 :=I,lIDTH/2;

FoR It=1 T0 I D0

BEGIN
IF INITIAL THEN

NEW (CURRPOLYVERTEX ) ;

WITH CURRPOLYVERTEXG ÐO

BEGI N

CÀSE I OF

I ,l.

BEGIN
IF I=1 THEN

-57



BEGI N

R2 ; =HYPOTENUSE2* COS (THETA 2 -BETÀ2 ) ;
R3 :=SQRr(SQR(R1 ) +SoR(R2) ) ;
IF R2>O THEN

cÀr4'rÀ. =Pr /2-ARCTAN ( R2 /R1 )
ELSE

GAMMÀ: =PI /2+ÀRCTÀN( -R2lR'1 )
END

ELSE
GAMMÀ : =_GAMMÀ ;

VERTEX [1 ] :=REFERENCE [1 ] +R3iICOS(THETÀ1+GAMMÀ) ;
VERTEX [ 2] : =REFERENCE [ 2 ] +R3*ST N ( THETA 1 +GAMMÀ ) ;
VERTEX [ 3] : =REFERENCE [ 3] +HYPOTENUSE2*
SIN (THETÀ2-BETA2 )
END ;

? ¿.

BEGIN
IF I=3 THEN

BEGI N

R2 : =HYPOTENUSE'1 *COS ( THETÀ2 +BETÀ'1 -PI ) ;
R3 : =SQRr (SoR (R1 ) +SoR (R2 ) ) ;
IF R2>O THEN

GAMMA : =-PI /2+ÀRCTAN (R2lR1 )
ELSE

GÀMMA : =-PI /2-ÀRCTAN ( -R2lR1 )
END

ELSE
GÀMMÀ : =-GÀMMÀ ;

VERTEX [ 1 ] : =REFERENCE [ 1 ] +R3*COS ( THETÀ 1 +GÀI'ùTÀ ) ;
VERTEX [2] : =REFERENCE [2]+R3*SIN(THETÀ1+GÀI'O4A ) ;
VERTEX [3] :=REFERENCE [3] +HYPOTENUSE'1 *
SIN(THEÎA2+BETÀ1-PI )
END ;

5r6:

BEGI N

IF I=5 THEN

BEGI N

R2 : =HYPOTENUSE2 *COS (THETA2+BETÀ2 ) ;
p3 ¡ =sg¡1(sQR(R1 )+sQR(R2) ) ;
IF R2>O THEN
6¡pq¡' =p1 /2-ÀRCTAN (R2lR1 )

ELSE
GAMMÀ : =PI /2+ÀRCTÀN (-R2lR1 )

END
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ELSE
GÀMMÀ: = -GÀMMÀ ;

VERTEX['1 ] :=REFERENCE[1 ] +R3'ICOS(THETÀ'1+GÀMMÀ) ;
VERTEX [ 2 ] : =REFERENCE I 2 ] +R3*SI N ( THETÀ 1 +GÀI'fiÀ ) ;
VERTEX [ 3 J : =REFERENCE [3 ] +HYPOTENUSE2 *
SIN (THETÀ2+BETÀ2 )

END ;

7 r8:

BEGI N

IF I=7 THEN

BEGI N

R2: =HYPOTENUSE'1 *COS (THETÀ2-BETA1+PI ) ;
R3 : =soRr (soR ( R1 )+sQR(R2));
IF R2>O THEN

GÀMMÀ: =-PI /2+ÀRCTÀN (R2lR1 )
ELSE

GÀMMÀ : =-PI /2-ARCTÀN ( -R2lR1 )
END

ELSE
GAMMA : =-GAM¡.{À ;

VERTEX[1 ] :=REFERENCE [ 1 ] +R3*COS(THETÀ1+GÀMMÀ) ;
VERTEX [ 2 ] : =REFERENCE [ 2 ] +R3*SI N ( THETÀ 1 +GAMMÀ ) ;
VERTEX [3 ] : =REFERENCE [3 ] +HYPoTENUSE 1 *
SIN (THETA2_BETA'1 +PI )

END

END ;

FoR J:=1 T0 3 D0
VEC IJ] : =VERTEX IJ] ;

FoR J:=1 T0 2 D0
GRÀPHT CSVERTEX IJ] : =VEC [ 1 ] *GRÀPHI CSBASI S [¡,1] +VUC [2]*
GRÀPHI CSBÀSr S IJ,2 ]+vEC [3 ] *GRApHr CSBASi S IJ,3]

ENÐ ;

IF INITIAL THEN
WITH BOXPOLYHEDRONG DO

BEGT N

WITH CURRPOLYVERTEX@ DO

BEGI N

VERTEXNIT'IBER: =T ;
POLYVERTEXSET: =POLYVERTEXSET+ [VgRTSXHUMNPN] ;
VERTEXPTANESET: = [] ;
NEXTVERTÉX : =NI t
END;
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IF PoTYHEDRONVERTEX=NI L THEN
POLYHEDRONVERTEX : =CURRPOLYVERTEX ;

IF PREVPOLYVERTEX< >NI L THEN
PREVPoLYVERTEX0 . NEXTVERTEX : =CURRPoLYVERTEX ;

PREVPOLYVERTEX : =CURRPOLYVERTEX
END

EtSE
CURRP0LYVERTEX : =CURRPoLYVERTEX@ . NEXTVERTEX

END ;

RESET(BOX);
PTANERECORDS ( BOXPOLYHEDRON , BOX , I NI TI AL )
END

END ;

PROCEDURE INPUTOBSTÀCLES ;

CONST
DELTA=o.0001 ;

VAR
I:1..3;
J:0..N;
DI SPLACEMENT: REÀL;
VEC:VECTOR;
FI RSTVERTEX: BOOTEÀN;

PROCEDURE CONVEXI TYTEST ;

vÀR
I:1..3;
VEC : VECTOR ;
FI RST: BOOLEAN;

BEGI N
WITH CURRPOTYHEDRONE DO

BEGI N

CURRENTPLANE : =FI RSTPTANE ;

I.IHI LE CURRENTPLANE<>NI L DO

BEGI N

W]TH CURRENTPLÀNE@ DO

IF NT MOFVERTI CES>=3 THEN

BEGi N

FI RST: =TRUE;
CURRP0LYVERTEX : =P0LyHEDR0NVERTEx ;
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I¡HI LE CURRPOLYVERTEX<>NI L DO

BEGIN
WITH CURRPOTYVERTEX@ DO

IF NOT (VERTEXNUMBER IN PLÀNEVERTEXSET) THEN

BEGIN
FOR I:=1 T0 3 D0

vEC I I ] i =VERTEX II ] -PLANEVERTEX@ . vERTEx I I ] ;
DI SPLACEMENT: =VEC [ 1 ] *OUTWÀRDNORMÀL [1]+VEC [2]*
OUTWARDNORMAL [2 ] +VEC [3 ] *OUTWÀRDNORMÀL [3 ] ;

]F FIRST THEN

BEGIN
FI RST : =FÀLSE ;
IF DISPLÀCEMENT>O THEN
FoR I:=1 T0 3 D0

OUTWARDNORMÀL I T ] : = -OUTWERUUORMAL II ]
END

ELSE
IF DISPLACEMENT>O THEN

BEGTN

WORKSPACEERROR : =TRUE ;
WRI TELN (ERRORS , ' ÀT PLÀNE NIJI4BER' : 1 5 , PLANENUMBER : 4 ,
' OF OBSTÀCLE NUMBER' : 1 9 , POLYHEDRONNIJMBER: 4 ) ;
I,lRi TELN (ERRoRS , ' CONVEXI TY FAILS DUE TO'i22,
' VERTEX NUMBER' : '14 

, VERTEXNIJI'IBER:4 , ' *' : 2 )
END

END ;

CURRPoLYVERTEX : =CURRP0LYVERTEXG . NEXTVERTEX
END

END ;

CURRENTPLÀNE : =CURRENTPLÀNEG. NEXTPLANE
END

END

END ;

BEGI N

RESET (OBSTS ) ;
NUI''ÍoF 0BSTÀCLES : =0 ;
FIRSToBSTACLE:=NIt;
PREVPoIYHEDRoN : =NI L;

I.¡HI LE NOT EOF (OBSTS ) DO

IF NOT EOLN(OBSTS) THEN
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BEGIN
REÀD (OBSTS 

, CODE ) ;

CASE CODE OF

BEGi N

NIJMOFOBSTÀCLES : =NIJ}4OFOBSTÀCLES + 1 ;
NEW (CURRPOLYHEDRON ) ;

WTTH CURRPOLYHEDRONG DO

BEG] N

P0LYHEÐRoNTYPE : =0BSTÀCLE ;
PoLyHEDRoNNUMBER : =NUMoFoBSTACLES ;
PoLYVERTEXSET: = [] ;
POLYHEDRONVERTEX : =NI L ;
PREVP0LYvERTEX:=NIL;
FI RSTVERTEX: =TRUE ;
PoLYPLÀNESET: = [] ;
NIITIoFPtANES : =0 ;
VI SI BLEPLÀNESET: = [] ;
FI RSTPLÀNE: =NI L ;
PREVI OUSPLÀNE i =NI L;
NEXTPOLYHEDRON : =NI L
END ;

TF F I RSTOBSTACLE=NI L THEN
FI RST0BSTÀCLE: =CURRPoLYHEDRoN ;

IF PREVPOLYHEDRON<>NI L THEN
PREVP0LYHEDR0N@ . NEXTP0tYHEDR0N : =CURRP0LYHEDRON ;

PREVPOTYHEDRON : =CURRPOLYHEDRON
END ;

'v,:
WITH CURRPOLYHEDRON@ DO

BEGI N

NEW(CURRPOLYVERTEX);

III TH CURRPOLYVERTEXG DO

BEGI N

IF EOLN (OBSTS ) THEN
READLN (OBSTS ) ;

READ (OBSTS 
, VERTEXNU,íBER ) ;

POLYVERTEXSET : =POLYVERTEXSET+ [VERTEXNIJ}TBER] ;

FoR I:=1 T0 3 D0
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BEGIN
IF EOLN(OBSTS) THEN

REÀDLN (OBSTS ) ;
REAÐ(OBSTS,VERTEX II ] ) ;
vEcII]:=vERrExII]
END ;

FoR i:=1 T0 2 D0
GRÀPHlCSVERTEX [ ] ] : =VEC [ 1 ] *GRÀPHI CSBÀSI S I I, 1 ] +
VEC [2] *GRAPHICSBAST S I I, 2] +VEC [3] *GRÀPHI CSBÀSI S I I, 3] ;

FINDBoUNÐS(CURRp0LyHEDRON,FIRSTVERTEX) ;
VERTEXPLANESET: = [ ] ;
NEXTVERTEX: =NI L
END ;

IF POLYHEDRONVERTEX=NI L THEN
P0LYHEDR0NVERTEX : =CURRP0LYVERTEX ;

IF PREVPOLYVERTEX<>NI L THEN
PREVP0LYVERTEx@. NEXTVERTEX : =CURRPoLYVERTEX ;

PREVP0LYVERTEX : =CURRP0LYVERTEX
END ;

| (,.

BEGIN
CLÀSSI FYBOUNDS ( CURRPOLYHEDRON ) ;
PLÀNERECoRDS ( CURRpotyHEDRON , OBSTS , TRUE )
END

END

ENÐ

ELSE
READLN(OBSTS);

WoRKSPACEERR0R : =FÀLSE i
CURRPoLYHEDRoN : =FI RST0BSTÀCLE i

I,¡HI LE CURRPOLYHEDRON<>NI L DO

BEG] N

WITH CURRPOLYHEÐRON@ ÐO

BEGI N

IF NulrloFPLÀNES<  THEN

BEGI N

WORKSPÀCEERROR : =TRUE ;
I,¡Ri TELN (ERRORS , ' OBSTACLE NLTMBER' : 1 5 , POLYHEDRONNUMBER: 4 ,

' HÀS LESS THÀN FOUR PLANES *':28)
END ;

CURRENTPLANE i =FI RSTPLÀNE;

-63-



WHI LE CURRENTPLANE<>NI L DO

BEGI N

WITH CURRENTPLANEG DO

BEGI N

IT' NUMOFVERTI CES<3 THEN

BEGI N

WORKSPACEERROR : =TRUE ;
WRI TELN (ERRORS , ' PLANE NI,JMBER ' : '1 2 , PLÀNENIJMBER : 4 ,. OF OBSTACLE NUMBER' : 19, POTYHEDRONNUMBER: 4 ,. HÀS tESS THÀN THREE VERTICES *':31)
END ;

J:=0;
CURRPLANEVERTEX : =PLÀNEVERTEX ;

WHILE CURRPLÀNEVERTEX<>NI t DO

BEGI N

J . 
=J+,1 ;

IF J>3 THEN
I,TI TH CURRPLANEVERTEXG DO

BEGI N

FOR I:=1 T0 3 D0
VEC II ] :=VERTEXII ] -PLANEVERTEXG.vERTExII ] :

DISPLÀCEMENT:=VEC [1 ] *OUTWÀRDNORMÀI [1 ] +
vEc [2 ] *ouTwÀRDNoRMÀr [2 ] +VEC [3 ] *OUTWÀRDNORìÍAL [ 3 ] ;
1F ÀBS (DI SPLACEMENT ) >DELTA THEN

BEGI N
W0RKSPACEERRoR : =TRUE ;
I,lRI TELN (ERRORS , 

, VERTEX NtÌ,iBER':13,VERTEXNTJMBERt4,
' 0F PLANE NU4BER' : 1 6 , PLÀNENLI,|BER: 4 ,. OF OBSTACLE NIJMBER' : 19,
CURRPOLYHEDRONG.POLYHEDRONNI,JMBER: 4 ) ;

WRI TELN (ERRORS , ' DOES NOT LIE IN THE PLANE *í :27)
END

END ;

CURRPTANEVERTEX : =CURRPLANEVERTEXG . NEXTpLANEVERTEX
ENÐ

END ;

CURRENTPLANE : =CURRENTPLANE@. NEXTPLANE
END ;

CONVEXI TYTEST
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END ;

CURRPOLYHEDRoN : =CURRP0LYHEÐRoNG.NEXTp0LyHEDRON
END

END ;

PROCEDURE I NPUTI,¡ORKPI ECES ;

VAR
r:1..J;
ORI ENTÀTI ON : REÀL;

BEGT N

RESET (WKPCS ) ;
WORKPI ECEERROR : =FÀLSE ;
FI RSTWoRKPI ECE : =NI L i
PREWORKPI ECE : =NI L ;

l,iHILE NOT EOF(WKPCS) DO

BEGI N

NEl,t ( CURRWORKP] ECE ) ;

Wi TH CURRI.¡ORKPI ECEG DO

BEGIN
NEW(BOXPOLYHEDRON);

I^¡I TH BOXPOLYHEDRONG DO

BEGIN
POLYHEDRONTYPE : =FREEWORKPI ECE i
REÀDLN (WKpCS 

, 
pOLYHEDRONNUt4BER 

, LENGTH ,WI DTH , HEI cHT ) ;

IF LENGTH>WWRI ST THEN

BEG] N

WoRKPI ECEERRoR : =TRUE ;
WRI TELN (ERRORS , ' WORKPI ECE NUMBER' : 1 6 , POLYHEDRONNI,IçIBER: 4 ,' IS T00 LoNc *':14)
END ;

IF Wi DTH> (LWRI ST'2 *WF J NGER- 2*CLEÀRÀNCE-SAFETYFÀCTOR ) THEN

BEGI N

WORKPT ECEERROR: =TRUE ;
I,{RITELN(ERRORS, 'WORKPIECE NUMBER' : 1 6 , POLYHEDRONNTJMBER: 4 ,' IS T00 WIDE *':14)
END ;

IF HEIGHT>2*HFINGER THEN

BEGI N



WORKPI ECEERROR: =TRUE i
WRI TELN ( ERRORS , ' WORKP¡ ECE NI'MBER ' : 1 6 , POLYHEDRONNWBER: 4 ,. IS TOO HIGH *':14)
END ;

IF HEI GHT< (HF I NGER+SAFETYFÀCTOR ) THEN

BEGI N

WORKPI ECEERROR: =TRUE ;
IIRI TELN (ERRORS , ' I,¡ORKPI ECE NUI,ÍBER' :'1 6 , POLYHEDRONNUMBER: 4 ,' IS NoT HIGH ENOUGH *,:21)
END ;

HYPOTENUSE : =0. 5*SORT ( SOR ( TENGTH ) +SQR (WI DTH ) ) ;
BETÀ : =ARCTÀN (WI DTH/LENGTH ) i
FOR I:=1 T0 3 D0

REÀD(WKPCS,REFERENCE II ] ) ;
READ (WKPCS 

, ORI ENTATI ON ) ;
REÀDLN (}IKPCS ) ;
THETA: =ORI ENTATIONXPI / 180;
B0xRECORDS (CURRWORKpT ECE , iRUE ) ;
NEXTDEFINEBoX:=NIL
END

END ;

iF F I RSTI,¡ORKPI ECE=NI L THEN
FI RSTvloRKPI ECE: =CURRr,toRKpI ECE;

IF PREWORKPI ECE<>NI L THEN
PREvt{ORKPI ECE@. NEXTDEFI NEBOX: =CURRWORKPIECE i

PREWoRKPI ECE : =CURRWORKpI ECE
END

END ;

PROCEDURE CONFI GURATI ON (V¡N POT HTPN l : POT NTMÀN] PULATOR;
TYPENÀME : MANI PULÀTORTYPES ; KvÀLUE : REÀL ;
PoiNTER2: PoI NTDEFI NEBOX i INI TI ÀL: BOOLEÁN i
HOLDSTATUS : HOLDSTÀTUSNÀMES ) ;

vÀR
I:1..3;
R1 , R2 , R3 , cÀMMÀ : REAL;

PROCEDURE WORKPI ECERECORDS ;

BEGIN
WITH POINTERIG DO

BEGI N

NEW(WORKPIECE);

WITH WORKPIECEG DO
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END

END ;

BEGI N
IF ]NITIÀL THEN

BEGIN
NEI4 (POINTERl );

WITH POINTERIG DO

BEGI N
MÀN] PULÀTORTYPE : =TYPENÀME ;
K : =KVÀLUE ;
NEI,i(BÀsE); NEl.t(LrNK1); NEl^t(rrNK2 ); NEw(LrNK3) I
NEI,¡(WRTST); NEW(FT NGERl ); NEr,l(FlNGER2)
END

END ;

WITH POINTERIG DO

BEGT N

DOFÀNGLE ; =ALPHÀ ;
ORT ENTÀTI ON : =ÀNGLE ;
GAP i =DI STÀNCE ;

WITH BASE@ DO

BEGI N

IF INITIÀL THEN

BEGI N
LENGTH I =LBASE ;
WIDTH: =THI CKNESS ;
HEi GHT: =HBÀSE ;
HYPOTENUSE : =0. 5'tSORT ( SQR ( LENGTH ) +SOR (WT DTH ) ) :
BETA : =ÀRCTÀN (WI DTH/LENGTH ) i

-67-



FoR I:=1 T0 3 D0
REFERENCEII]:=O;

NEW(BOXPOLYHEDRON);
BOXPOLYHEDRON@. POLYHEDRONTYPE : =BASENAME
END ;

THETA:=DOFÀNGLE[1];
BoXRECoRDS (BASE, r Nr rr Àr )
END ;

WITH LINKI@ DO

BEGI N

IF INITIAL THEN

BEGI N

LENGTH: =LLINKl ;
WI DTH: =THI CKNESS ;
HEIGHTl:=H1LINK1i
HEI GHT2 : =H2LINK1 ;
HYPOTENUSEl : =0. 5*SQRT (SOR (LENGTH )+SOR(HEIGHTl ) ) ;
HYPOTENUSE2 : =O . 5*SORT ( SOR (LENGTH ) +SQR (HEI GHT2 ) ) ;
BETAl : =ÀRCTAN (HEIGHTl /IENGTH ) ;
BETÀ2 : =ÀRCTAN ( HEi GHT2/tENGTH ) ;
NEW(BOXPOLYHEDRON);
BOXPOLYHEDRONO . POLYHEDRONTYPE : =LI NK 1NÀME
END ;

R1 : =THI CKNESS+CLEARÀNCE;
R2: =0.4*LLr NK 1*COS ( pr /2-DOFÀNGrE [2] );
R3 :=SQRT(SQR(R1 )+SQR(R2 ) ) ;
IF R2>O THEN

GÀM'fÀ : =Pi /2-ÀRCTAN ( R2lR1 )

ELSE
GAMMÀ: =PI /2+ÀRCTÀN ( -R2lR1 ) ;

REFERENCE Ij ] : =R3*C0S (DoFÀNGLE [1 ]+cÀM,,tA) ;
REFERENCE [ 2 ] : =R3*SI N ( DOFÀNGLE [ 1 ] +GAMI'!À ) ;
REFERENCE [ 3 ] : =0. 9*HBÀSE+o. 4*LLi NK 1 *SI N ( PI /2-DOFANGtE [ 2 ] ) ;
THETAl:=DOFÀNGIE[1];
THETA2: =PI /2-ÐOFÀNGIE [2] ;
LINKRECORDS (LI NK1 ,]NITIAL)
ENÐ;

WITH LINK2O DO

BEGI N

IF INITIÀL THEN

BEGT N

LENGTH : =LLI NK2 ;
WI DTH : =THI CKNESS ;
HEi GHT I I =H 1LINK2 i
HEI GHT2 : =H2LI NK2 ;
HYPOTENUSE 1 : =0. s*SORT ( SQR ( LENGTH ) +SOR ( HEI CHTl ) ) ;
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HYPOTENUSE2 : =0. 5*SORT ( SOR ( TENGTH ) +SQR ( HEI GHT2 ) ) ;
BETAl I =ARCTÀN (HEIGHTl /LENGTH ) ;
BETA2 : =ÀRCTÀN (HEI GHT2 /IENGTH ) ;
NEW (BOXPOTYHEDRON ) ;
BOXPOLYHEDRONG . POTYHEDRONTYPE : =LI NK2NÀME
ENÐ ;

R2 : =0.8*LLINKl*COS (PI /2-DOFÀNGLE [2 J )+
O .4 *LLI NK 2*COS (PI /2-DOFANGLE [2] -DOFÀNGtE [3] )I
REFERENCE [1 ] :=R2ìiCOs(DoFÀNGtE [ 1 ] ) :
REFERENCE [2] :=R2*SIN(DOFANGIE I 1 ] ) i
REFERENCE [ 3 ] . =0. 9*HBÀSE+0. 8'ILLI NK1 *sI N ( PT / 2-DoFANGIE [ 2 ] ) +
0.4*LLiNK2'rsr N (pr /2-DoFÀNcrE [2] -DoFÀNcrE [3] );
THETA'1 : =DoFANGtE [1] ;
,THETA2 

: =PI / 2-DOFANGLE [ 2] -DOFANGtE [ 3 ] ;
LI NKRECoRDS (tI NK2 , I NI Tr ÀL )
ENÐ ;

WITH LINK3G DO

BEGTN
IF INITIAL THEN

BEGI N

LENGTH: =LLT NK3 ;
WI DTH : =THI CKNESS ;
HEI GHT : =HLi NK3 ;
HYPOTENUSE : =0. 5*SQRT ( SOR ( TENGTH ) +SOR ( WI DTH ) ) i
BETÀ : =ARCTAN (I{I DTH/LENGTH ) i
NEW(BOXPOTYHEDRON);
BOXPOTYHEDRONG . POLYHEDRONTYPE : =LI NK3NAME
END ;

R1 : =THI CKNESS+CLEÀRÀNCE;
R2 : =0, 8*LLrNKl *COS ( pr /2-DOFANGLE [ 2] ) +
0.8'tLLINK2*COS (P] /2-DOFANGIE I2] -DOFÀNGIE [3] ):
R3 : =sQRr ( sOR (R1 )+sQR (R2 ) ) ;
IF R2>O THEN

6¡¡4q¡ ¡ =pr /2-ÀRcrÀN (R2lR1 )
ELSE

GÀMMÀ : =PI /2+ARCTAN (-R2lR1 ) ;
REFERENCE [1] :=R3*COS(DOFÀNGLE [1 ]+GÀ}r4A) :
REFERENCE [2] : =R3*SIN (DOFÀNCTN [ 1 ] +GAMMÀ) i
REFERENCE [ 3 ] : =0. 9*HBASE+0. 8*LtI NK 1 *SI N ( ÞI /2-DOFÀNGLE [ 2 ] ) +
0.8 *LLI NK2*S I N (PI /2-DOFANGIE [2 ] -DOFÀNGIE [3] )-0.g*HLINK3;
THETA:=DoFANGLE[1];
BOXRECORDS (LINK3, INI TIAL)
END ;

WITH }¡RIST@ DO

BEGI N

TF INITIÀL THEN
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BEGI N

. LENGTH I =LIIRI ST;
HI ÐTH : =I¡WRI ST ;
HEI GHT : =HtlRI ST ;
HYPOTENUSE : =0. 5*SORT ( SQR ( TENGTH ) +SQR (WI DTH ) ) ;
BETÀ : =ÀRCTAN (WI DTH/IENGTH ) ;
NEW(BOXPOTYHEDRON);
B0XP0LYHEDRoNG . PoLYHEDRoNTYPE: =WRI STNÀME
ENÐ ;

REFERENCE [ 1 ] :=LINK3@.REFERENCE [ 1 ] ;
REFERENCE [2] :=tINK3@.REFERENCE [2] ;
REFERENCE [ 3 ] : =LI NK3@ . REFERENCE I3 ] _CtEÀRÀNCE-HEI GHT ;
THETA : =ORI ENTÀTI ON ;
BOXRECORDS (WRI ST,I NI TI ÀL )
END ;

WITH F] NGERI G DO

BEGiN
IF INITIAL THEN

BEGi N

LENGTH: =LT.INGER;
WI ÐTH : =WFI NGER ;
HEI GHT : =HFI NGER ;
HYPOTENUSE : =0. SXSORT ( SOR ( LENGTH ) +SQR ( WI DTH ) ) ;
BETÀ : =ÀRCTÀN (WI DTH/LENGTH ) ;
NEW(BOXPOTYHEDRON);
B0XP0LYHEDRoNG. PoLYHEDRoNTyPE: =FINGERlNAME
END ;

REFERENCE [ 1 ] : =WR] ST@. REFERENCE [ 1 ] +0. 5* (WFI NGER+GAP ) *
COS (oRI ENTÀTI oN ) ;
REFERENCE [2] : =WRI STG. REFERENCE [2]+0.5* (WT.I NGER+GAP )*
SIN(ORIENTATION);
REFERENCE [3] : =WR] ST@. REFERENCE [3] _CLEARANCE-HE I GHT;
THETA: =ORI ENTÀTI ON+PI /2;
BOXRECORDS (F I NGER 1 ,INI TI ÀL )

END;

WITH FINGER2G DO

BEGiN
IF INITIÀL THEN

BEGI N

LENGTH: =LFiNGER;
WI DTH : =I{FINGER;
HE I GHT I =HFI NGER;
HYPOTENUSE: =O . s*SORT (SQR (LENGTH )+SQR(}IIDTH) ) ;
BETA I =ÀRCTAN (g¡I DTH/tENGTH ) ;
NEW( BOXPOTYHEDRON ) ;
BoXPoLYHEDRoNG . PoLYHEDRoNTYPE : =F I NGER2NAME
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END;

REFERENCE [ 1 ] : =WRI ST@. REFERENCE [ 1 ] +0. 5* (I,lFI NGER+GAP ) *
COS (ORI ENTÀTI oN-PI );
REFERENCE [ 2 ] : =WRI ST@. REFERENCE [ 2 ] +0. 5* ( I.lFI NGER+GÀP ) *
SI N (ORI ENTÀTION-PI );
REFERENCE [3 ] : =WRI ST@ . REFERENCE [ 3 ] -CLEÀRÀNCE-HEI GHT ;
THETÀ: =oRI ENTATI ON+PI /2;
BoXRECoRDS ( FrNGER2, rNr TlÀL )
END ;

CÀSE HOLDSTATUS OF

HOLDNEWWORKP] ECE:
IF INiTIÀL THEN

WORKPI ECERECORDS
ELSE
IF WoRKPIECE=NIL THEN

WORKPI ECERECORDS

WITH WORKPIECEG DO

BEGI N

LENGTH : =POI NTER2G . LENGTH ;
WIDTH : =PoINTER2@.WIDTH ;
HEI GHT : =POI NTER2G . HEI GHT ;
HYPoTENUSE : =P0I NTER2 G . HYPoTENUSE ;
BETA : =PoINTER2G. BETÀ;
REFERENCE [ 1 ] : =I,¡RI STG . REFERENCE i 1 I ;
REFERENCE [2 ] : =WRI ST@ . REFERENCE [2 ] ;
REFERENCE [3 ] : =WRI ST@ . REFERENCE [3 ] -CTEARANCE-HEI GHT ;
THETÀ; =ORI ENTATI ON+PI /2;
BoxRECoRDS (WORKPI ECE, FALSE )
END ;

HOLDOLDI,IORKP] ECE:
WITH WORKPIECEO DO

BEGI N

REFERENCE [ 1 ] :=WRI STG.REFERENCE [ 1 ] ;
REFERENCE[2] : =WRI STG . REFERENCE [2 ] ;
REFERENCE [3 ] : =WRI STG . REFERENCE [3 ] -CIEÀRÀNCE-HEI GHT ;
THETÀ: =ORI ENTÀTI ON+PI /2;
BoXREC0RDS (WoRKPI ECE, FALSE )
END ;

NOWORKPI ECE :

IF INITTAL ?HEN
WoRKPI ECE : =NI t

END

END



END ;

PROCEDURE FINDÀLPHA;

CONST
DELTA=0.0001 ;

VÀR
L1,L2,R1,R2,R3,R4,R5,GÀMMAI,GAMMÀ2 :REAL ;

FUNCTION ÀRCCOS (COSINE: REÀL ) : REAL;

BEGl N

IF ÀBS (COS]NE )<=DELTÀ THEN
ARCCOS:=PI/2

EtSE
IF COSTNE>O THEN

ÀRCCOS : =ÀRCTÀN ( SQRT ( 1 -SQR ( COSI NE ) ) /COS I NE }
ELSE

ÀRCCOS : =P] -ÀRCTÀN ( -SQRT ('1 -SOR ( COS I NE ) ) /COSI NE )
END ;

BEGI N

t1 :=0.8*LLINKI i
L2:=0.8*LLINK2i
R 1 : =THI CKNESS+CLEARÀNCE ;
R3 : =soRr ( sQR( roc¡.rr0N [ 1 ] ) +sQR(LocArr on t 2 j ) ) ;

IF R3<=R1 THEN

BEGI N

r,¡RI TEIN (ERRORS , ' TOO CLOSE TO BASE OF MANI PULÀTOR *,:34);
GOTO 1

END ;

R2 :=SoRr(SoR(R3 )-SoR(R1 ) ) ;
R4 : =LOCATI ON [ 3 ] +HWNI SI+CITARÀNCE+0. 9* ( HLiNK3-H8ASE ) ;
R5 I =soRr ( sQR (R2 ) +sQR ( R4 ) ) ;

IF R5<=ÀBS (t1-L2 ) THEN

BEGT N

I.IRI TELN (ERRORS , ' TOO CTOSE FOR MANI PULÀTOR TO REÀCH *'135);
GOTO 1

END ;

TF R5>= (L1+L2 ) THEN

BEGIN
WRI TELN (ERRORS , ' TOO FAR FOR MÀNI PULÀTOR TO REÀCH *':34)I
G0T0 1

END;

GAMMÀ'1 ; =PI /2-ÀRCTAN ( R2lR1 ) ;
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ÀLPHA [ 1 ] : =ADJUSTÀNGLE ( I NVTÀN (LOcÀTi oN [1 ] , LocATI ON [2 ] )-GÀI,$,A1);

rF ( (95*pr/'180)>=ALpHÀl1l ) ¡Hp (ÀrpHA[1]>=(85*prl180) ) THEN

BEGI N

WRI TELN (ERRORS , 
. DOFÀNGLE [ 1 ] ]S IN ÐEADBANP *' :28);

GOTO 1

END ;

IF R2<DEtTÀ THEN

BEGT N

IF R4>O THEN
GÀMMÀ1 : =PI /2

ELSE
cAlr'rÀ1 : =-PI /2

END

ELSE
IF R4>O THEN

GÀMMA1 : =ÀRCTÀN (R4/R2 )
EtSE

GÀMMA1 : =-ÀRCTÀN( -R4/R2 ) ;

GAMr'rÀ2 : =pr /2-ARccos ( ( soR ( r1 ) +soR ( Rs ) -sOR ( 12 ) ) / ( 2*r 1 *R5 ) ) ;
ÀtPHÀ [2] : =GÀMÌ4A2-GAMMAl ;

IF (AtPHÀ[2]<1-g¡*p¡l180)] oR (ALPHA[2]>(80*prl180)) rHeH

EEGI N

Ì,IRI TELN (ERRORS , ' DOFÀNGLE [2 ] IS OUT OF RANGE *' :29);
GOTO 1

END ;

AtpHA [ 3] : =pI -ARCCOS ( ( soR (t1 ) +soR (r2 ) -soR( R5 ) I / (21 L1 t L2l') i

rr ÀrPHA[3] >(135*Prl180) THEN

BEGIN
IiRr TELN (ERRORS , ' DOFÀNGLE [3 ] ¡S OUr OF RANGE *':29);
GOTO 1

END

END ;

PROCEDURE PRI NTT NTEGER ( I : I NTEGER ;X, Y, SI ZE : REÀt ) ;

vÀR
J,K:INTEGER;

BEGI N

x:=0;

WHILE ] <>O DO
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EEGI N

J: =I MoD 10;
Ii=i DIV 10;

CASE J OF
0 :MESSÀGE: =' 0' ;
1 :MEssÀcE: =' 1 ' ;
2:MESSAGE:='2r;
3:MESSAGE:=.3.;
4:MESSÀGE:='4';
5:MESSAGE:='5';
6:MEssÀcE:='6';
7:MESSAGE:='7';
I :l'tEssÀcE: =' 8' ;
9 :MEssÀcB: =' 9'
END ;

SYMBOT(X_KìISI ZE,Y,SI ZE,MESSÀGE, O, 1 ) ;
K.=K+1
ENÐ

END ;

PROCEDURE PRINTPAGENIJMBER;

BEGIN
I F PÀGENIJI'Í BER>99 THEN

BEGI N

MESSÀGE: =' - -' ;
syMBoL(4. 1 5,0.85,0. 1,MESSÀGE,0,7) ;
PRr NTr NTEGER ( PÀGENLMBER,4.55,0.85,0. 1 )
END

EtSE
I F PÀGENIJ}.1BER> 9 THEN

BEGI N

},ÍESSÀGE ¡ =' - -' ;
syMBoL(4, 2, 0. 85, 0. 1,MESSAGE,0, 6) ;
PRINTINTEGER(PÀGENIJMBER, 4. 5, O. 85, O. 1 )
END

ELSE

BEGI N

MESSÀGE:='- -';
SYITIBOL(4. 25, 0. 85,0. 1,MESSÀGE, 0, 5) ;
PRTNTTNTEGER( pÀcENtJMBER, 4. 45, 0. 85, 0, 1 )
END;

PÀGENI,JMBER : = PÀGENul'f BER+ 1

END ;
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PROCEDURE CHECKPATH ( HOLDSTÀTUS : HOLDSTÀTUSNÀMES ) ;

CONST
LIMIT=69;
STEPSI zE=2;

vÀR
1i2..3;
CALLNUMBERiI,.3;
ITERATION:O..LIMTT;
J:INTEGER;
M,B,GA}'IMÀ:REÀL;
ÀDJUSTED,SÀFEFtAGl,SÀFEFLAG2,SAFEENDS :BOOLEÀN ;
OBSTÀCLESET,WORKPI ECESET : NUMBERSET ;

PROCEDURE FINDPOLYPÀI RS (POLYHEDRONA: POI NTPOLYHEDRON ;
VÀR SÀFEPOLYHEDRONÀ: BOOLEÀN ) ;

PROCEDURE CHECKSAFENESS (POLYHEDRONB : PO]NTPOtYHEÐRON) ;

CONST
DELTÀ=5;

TYPE
SÀFENESSTYPES=( SÀFE,INDETERMINÀNT,UNSÀFE) ;

vÀR
EXI T: BOOLEAN ;
PLÀNESETÀ , PLÀNESETB :NUMBERSET;
vERTEXT , VERTEXI I : P0I NTVERTEX ;
PtÀNEI : POI NTPLÀNE ;

PRoCEDURE GENERATESETS ( polyHEDRONI 
, 
pOLyHEDRONI I : pOI NTpOLyHEDRON ) ;

vÀR
FI RST : BOOLEÀN ;

BEGI N
PLANEI : =POLYHEDRONI G . FI RSTPLANE ;
F T RST: =TRUE;

}¡HI LE PLANEI<>NIL DO

BEGI N
WITH PLÀNEIG DO

BEG] N

PDVERTEXSET: = [] ;
VERTEXII :=POLYHEDRONI IG. POLYHEDRONVERTEx;

WHILE VERTEXII<>NIL DO

BEGI N
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WITH VERTEXI I @ DO

BEGI N

IF FIRST THEN
NDPLÀNESET: = [] ;iF (oUTwÀRDNoRMAt [1] * (VERTEX [ 1 ] -PLANEVERTEX@ . vERTEx ['1 ] )+

OUTWARDNORMÀL [2 ] * (VERTEX [2 ] -PLÀNEVERTEXO , VERTEX [2 ] ) +
OUTWARDNORMAL [ 3 ] * ( VERTEX [ 3 ] -PLÀNEVERTEX@, VERTEX [ 3 ] ) )
>DEtTÀ THEN

PDVERTEXSET : =PDVERTEXSET+ [VnntnXnUUnnn I
ELSE

NDPLÀNESET: =NDPLÀNESET+ [PLANENUMBER]
END ;

VERTEXI I : =VERTEXI I G.NEXTVERTEX
END

END ;

FI RST: =FALSE ;
PIÀNEI : =PLANEI G. NEXTPLANE
END

END ;

FUNCT]ON EXAMI NESETS I (POLYHEDRONT , POTYHEDRONI ] : POI NTPOLYHEDRON )
: SAFENESSTYPES ;

BEGI N

EXAMI NESETSI : =I NDETERMT NANT ;
PIÀNEI : =POLYHEDRONI G. FI RSTPLANE ;
EXI T : =FALSE;

WHILE (PtANEi<>NIt) ÀND NOT EXIT DO

I F PIÀNEI G . PDVERTEXSET=POLYHEDRoNI i @ , PoLYVERTEXSET THEN

BEGI N

EXAI'{I NESETS I : =SÀFE ;
EXI T : =TRUE
END

EtSE
PLÀNEI I =PLÀNEI @ . NEXTPLANE;

IF NOT EXIT THEN

BEGI N

VERTEXII : =POLYHEDRONI I@.POLYHEDRONVERTEX;

I,¡HI LE (VERTEXII<>NIL) ÀND NOT EXTT DO
I F VERTEXI I @ . NDPLANESET=P0tYHEDRONi G . P0LYPLANESET THEN

BEG] N

EXAMI NESETSI : =UNSÀFE i
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EXI T: =TRUE
END

ELSE
VERTEXI I : =VERTEXI I G. NEXTVERTEX

END

END ;

FUNCTI0N EXÀMI NESETS I I (pO¡.ygnnnOHt , POLYHEDRoNI I : pOI NTPOLYHEÐRON )
: SÀFENESSTYPES ;

vÀR
TOTÀLPDVERTEXSET , PLÀNESET : NUMBERSET ;

BEGI N

EXÀMI NESETSI I : =UNSAFE i
VERTEXI : =PoLYHEDRoNI @, PoLyHEDRONVERTEX;
EXIT:=FÀLSE;

WHITE (VERTEXI<>NIL) ÀND NOT EXIT DO

BEGI N

PLANEI : =POLYHEDRONI G. FI RSTPLANE ;
ToTALPDVERTEXSET: = [] ;
PLÀNESET:=[];

WHILE PLANEI <>NI L DO

BEGI N

]F PLÀNEI G . PLÀNENUMBER IN VERTEXI @ . VERTEXPTANESET THEN

BEGIN
TOTALPDVERTEXSET: =TOTÀLPDVERTEXSET+PLÀNEI @. PDVERTExSET;
PLANESET: =PLANESET+ [PLÀNEi G . PLANENUMBER] ;
END ;

IF PLÀNESET=VERTEXI @ . VERI'EXPLANESET THEN

BEGI N

I F T0TÀLPDVERTEXSET=P0LYHEDRONI I G . PoLYVERTEXSET THEN

BEGI N

EXÀMI NESETSI I : =INDETERMI NANT i
EXI T : =TRUE
END;

PLÀNEI : =NI L
END

ELSE
PLANEI I =PLÀNEI @. NEXTPLÀNE

END;
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VERTEXI : =VERTEXI G.NEXTVERTEX
END

END ;

FUNCTION EXAMI NESETS I I ] ( POLYHEDRONI , POLYHEDRONI I : POI NTPOLYHEDRON ;
VÀR PIÀNESETI : NTJI4BERSET ) : SAFENESSTYPES ;

vÀR
TOTÀLNDPLÀNESET : NUI'IBERSET ;
VERTEX] : PO] NTPLANEVERTEX;

BEGI N
PLANESETI:=[];
PLÀNEI : =POLYHEDRONI G. F] RSTPLÀNE ;

WHILE PLÀNEI <>NI L DO

BEGIN
VERTEXI : =PLÀNEI @. PLANEVERTEX ;
ToTALNDPIÀNESET: = [] ;

I,IHITE VERTEXI<>NIL ÐO

BEGI N

CURRPOLYVERTEX:=POLYHEDRONI @. POTYHEDRONVERTEX;
WH]LE CURRPOLYVERTEX@ . VERTEXNUMBER<>VERTEXI G . VERTEXNUMBER DO

CURRP0LYVERTEX : =CURRPOLYVERTEX0 . NEXTVERTEX ;
TOTALNDPLANESET : =TOTÀLNDPLÀNESET+CURRPOLYVERTEX€ . NÐPLANESET ;
VERTEXI : =vERTEXI @.NEXTPLANEvERTEX
END ;

I F TOTÀLNDPLÀNESET=POLYHEDRONI I G , POLYVERTEXSET THEN
PLÀNESETI : =PLÀNESETI + [PLANEI @. PLÀNENIJMBER] ;

PLÀNEI : =PLANEI G. NEXTPLÀNE
END ;

IF PLÀNESETI= [] THPN
EXÀMINESETSIII:=SAFE

ELSE
EXAMI NESETSi I I : =I NDETERMi NÀNT

END ;

FUNCTION EXÀMI NESETSI V: SAFENES STYPES ;

VAR
vERTEXSETA , VERTEXSETB : NuÌ,tBERSET ;
vERTEXUÀ , VERTEXVÀ , VERTEXUB , VERTEXVB ,
vERTEXDA , VERTEXDB : P0INTVERTEX;
PLÀNESÀ , PtÀNETA , PLANESB , PLÀNETB : POI NTPLANE ;

FUNCTTON FOUNDEDGE (POLYHEDRONI , POLYHEDRONI ] : POI NTPOLYHEDRON ;
PLANES I , PLANETI : POI NTPLÀNE ; VERTEXSET] : NIJI'IBERSET ;
VAR VERTEXUI ,VERTEXVI , VERTEXDI : POI NTVERTEX ) : BOOLEÀN ;
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BEGI N

VERTEXUI:=NIL;
VERTEXVI:=NIL;
CURRP0LYVERTEX:=P0LYHEDRoNI @.P0LYHEDRoNVERTEX ;

WHILE CURRPOLYVERTEX<>NI L ÐO

]F CURRPOLYVERTEXG . VERTEXNI,]MBER ]N VERTEXSETI THEN

BEGI N

IF VERTEXUI=Nit THEN

BEGI N

VERTEXUI : =CURRP0LYVERTEX ;
CURRP0LYVERTEX : =CURRP0LYVERTEXG . NEXTVERTEX
END

ELSE

BEGJ N

VERTEXVI : =CURRPoLYVERTEX i
CURRPOLYVERTEX: =NI t
END

END

rJI CEI

CURRP0LYVERTEX : =CURRP0LYVERTEX@ . NEXTvERTEX ;

IF VERTEXVI <>NiL THEN

BEGl N

IF (VERTEXUI G . NDPLÀNESET+VERTEXVI G. NDPLANESET )=
POLYHEDRONI i G. POLYPLANESET THEN

BEGI N

VERTEXDI : =PoLYHEDRoNAG . P0LYHEDRoNVERTEX ;
¡iHILE (VERTEXDI G . VERTEXNIJI'{BER IN PLÀNES I G. PLÀNEVERTEXSET )
OR (VERTEXDI G.VERTEXNIJMBER IN PIÀNETI @ . PLÀNEVERTEXSET } Do

VERTEXDI : =VERTEXDI @. NEXTVERTEX ;
FOUNDEDGE : =TRUE
END

ELSE
FOUNÐEDGE : =FÀLSE

END

ELSE
FOUNDEDGE: =FÀLSE

END ;

FUNCTI0N oUToFREGIoNIII (VERTEXUI ,VERTEXVI ,VERTEXDI ,
VERTEXUII,VERTEXVI I : PoINTVERTEX) : BOOLEAN;

-79-



vÀR
I:1..3;
I4ÀGNI TUDE: REÀL;
vEc1,vEc2,vEc3,vEC4,NoRMAL :VECToR ;

BEGIN
FoR I:=1 T0 3 D0

BEGI N
VEC 1 [I ] : =VERTEXDI G . VERTEX II ] -VERTEXUI G . VERTEX I I ] ;
vEC2 [I ] :=vERTExvT@.vERTExII ] -VERTEXUI@.vERTEx II] ;
VEC3 [I ] :=VERTEXU]IG.vERTEx II] -VERTEXUI@.VERTEXII ] ;
VEC4 [I] :=VERTEXViI@.VERTEX II ] -VERTEXUIG.VERTEXII ]
END ;

NoRr'{Àr [ 1 ] : =vEc2 [2 ] *vEc3 [3] -vEca [2] *vEc2 [ 3] ;
N0RMÀt [2] : =vEc3 l'1 I *vEc2 [3 J -vncz I t ] *vps3 ¡ 31,
NoRMÀt [ 3] : =vEc2 [ 1 ] *vEc3 [2] -v¡c: [ 1 ] *vEC2 [ 2 ] i
MAGNI TUDE: =SQRT (SQR (NORMAI [ 1 ] )+SQR (NORMAt Ii ] )
+soR(NoRMÀr[3] ));
FoR I:=1 T0 3 D0

NORMAT II ] : =NORMAL II ] /MAGNI TUDE ;IF (NoRMÀr [ 1 ] *vEc 1 [ 1 ] +NoRMÀr [2 ] 'rvEC 1 [2 ] +
NoRMAL [3 ] *vEc 1 [3] )>0 runu

FoR I:=1 T0 3 D0
NORMAI II ] : =-NORMÀt [] ] ;

Ir (NoRMÀr [1] *vEc4 [1]+NoRMAr [2]*vEc4 [2]+
NoRMAI [3 ] 'rvEc4 [3 ] ) >¡elr¡ rHeN

OUTOFREGI0NIII:=TRUE
EtSE

oUToFREGI oNI I I : =FÀLSE
END ;

BEGIN
EXÀMINESETSIV : =UNSÀFE ;
EXI T: =FÀLSE ;
PLANESA : =POLYHEDRONÀG . FI RSTPLÀNE ;

I,IHILE (PLÀNESÀ<>NIL) ÀND NOT EXIT DO

BEGI N

IF PLÀNESÀG. PLANENIJMBER TN PLANESETA THEN

BEGI N

PLÀNESETÀ: =PLANESETÀ- [PLANESÀG . PLÀNENUMBER] ;
PLÀNETÀ:=POLYHEDRONA@.FIRSTPLÀNE;

WHILE (PLÀNETA<>NIL) AND NOT EXIT DO

BEGI N
TF PLANETÀ€. PLÀNENIJI'{BER iN PLANESETÀ THEN

BEGI N
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VERTEXSETA : =PLÀNESA0 . PLÀNEVERTEXSET* PLÀNETÀG . PLÀNEVERTEXSET ;

rF vERTExSETA<> [] tusn

BEGI N

I F FOUNDEDGE ( POLYHEDRONÀ , POLYHEDRONB , PLANESÀ , PLÀNETÀ ,
vERTEXSETÀ , vERTExuÀ, vERTEXVÀ , vERTExDA ) THEN

BEGI N

PLANESB : =POLYHEÐRONBG . FI RSTPLÀNE;

WHILE (PLÀNESB<>NIL) ÀND NOT ExIT Do

BEGI N

IF PTANES B@. PLÀNENUÈIBER IN PLANESETB THEN

BEG] N

PLANESETB : =PLÀNESETB- [PLÀNESB@ . PLANENIJMBER] ;
PLÀNETB: =POLYHEÐRoNB@. FI RSTPTANE ;

WHILE (pLÀNETs<>NiL) AND Nor EXIT DO

BEGI N

IF PIANETBG. PIÀNENIjI4BER IN PLÀNESETB THEN

BEGI N

VERTEXSETB :=PLANESBG. PLANEVERTEXSETXPLANETBG. PLÀNEVERTEXSET;

IF VERTEXSETB.> [] rgnN

BEGIN
¡ n nouHonocn ( polyHEDRoNB 

, 
poLyHEDRoNÀ 

, PLANEsB , 
pLÀNETB 

,
vERTExSETB , vERTEXUB , vERTEXva , vnntexna ) tHnn

BEGI N

IF ( (VERTEXUA@ . VERTEXNTJ}IBER ]N PLANESB@. ppv¡Rrsxsst )
AND NoT (vERTExuÀG . vERTExNt I|BER IN PLANETBo. PDVERTEXSET )
AND NoT (vERTExvA@. VERTEXNWBER rN PLANESBG . ppveRrpxssr )
ÀND ( vERTExvAG , VERTEXNT.,MBER rN PLÀNETB@. puv¡Rr¡xspr ) )
OR (NOT (VERTEXUÀ@ . VERTEXNIJMBER IN PLANESB@ . PDVERTEXSET )
AND (vERTExuAG. VERTEXNTjMBER rN PLANETB@. PDVERTEXSET )
AND (vERTExvÀo. VERTEXNIJI'IBER IN pLÀNEsBo. PDVERTEXSET )
ÀND NOT (vERTExvAO. VERTEXNIJMBER IN PLÀNETB@ . PDVERTEXSET ) )
ÀND ( (vERTExuBG. VERTEXNUI'íBER rN pLÀNEsAo . PDVERTEXSET )
ÀND NoT (VERTEXUBG . VERTEXNUMBER rN PLÀNETAo . ppvnnrnxsnt )
ÀND Nor (vERTExvB@ . VERTEXNIJMBER rN PLANESA@. PDVERTEXSET)
ÀNÐ (vERTExvBG . VERTEXNUMBER rN PLÀNETÀ@ , p¡vsnrnxssr ) )
oR (NOT (VERTEXUB@ . VERTEXNIJ}.IBER IN PLANESÀ@. PDVERTEXSET )
AND ( VERTEXUB@ . vERTExNur'rBER IN PLANETAG. ppvnnr¡xsrt )
ÀND ( vERTExvBG . VERTEXNUMBER rN pLÀNEsÀo. ppv¡nrpxsnt )
AND NoT (vERTExvBG . VERTEXNUMBER rN ptÀNETÀG . PDVERTEXSET ) )
THEN

BEGI N
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IF 0UT0FREGI0NI I I (VERTEXUÀ 
, VERTEXVÀ , VERTEXDA,

VERTEXUB , VERTEXVB )

ÀND OUTOFREGI ONJ I ] (VERTEXUB 
, VERTEXVB ,VERTEXDB,

VERTEXUÀ , VERTEXVA } THEN

BEGI N
EXAMI NESETSIV: =SÀFE ;
EXI T: =TRUE
END

END

END

END

END

END ;

PLANETB : =PLANETBG . NEXTPLANE
END

END ;

PLÀNESB : =PtÀNESB@. NEXTPLANE
END

END

END ;

PLANETÀ : =PLANETAG. NEXTPLÀNE
END

END ;

PLÀNESA : =PtANESAO. NEXTPLANE
END

END ;

BEGIN
GENERÀTESETS( POLYHEDRONA,POTYHEDRONB) ;

CÀSE EXAMI NESETS ] ( POLYHEDRONÀ, POLYHEDRONB ) OF
SAFE : ;
I NDETERMI NANT :

BEG]N
GENERÀTESETS (POLYHEDRONB 

, POLYHEDRONÀ ) ;

cÀsE EXÀMI NESETST (POLYHEÐRONB, POTYHEDRONA ) OF
SÀFE: ;
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I NDETERMI NÀNT :

CASE EXAMTNESETST I (POLYHEDRONA , POLYHEDRONB ) OF
SÀFE : ;
INDETERMINÀNT:

cÀsE ExÀt'f INESETSI I ( POLYHEDRONB , POLYHEDRONA ) OF
SAFE : ;
I NDETERMI NÀNT :

CÀSE EXÀMINESETSI i I (POLYHEDRONÀ 
, POLYHEDRONB , PLANESETÀ ) OF

SÀFE: ;
I NDETERMI NANT :

CÀSE EXAMI NESETS i I I ( POLYHEDRONB , POLYHEDRONA, PTANESETB } OF
SÀFE : ;
] NDETERMI NANT :

CASE EXAMINESETSIV OF
SÀFE : ;
I NDETERMI NANT : ;
UNSAFE : SÀFEPoLYHEDRoNA : =FALSE
END ;

UNSAFE:
END ;

UNSAFE :

END ;

uÑS¡n¡ : S¡¡'¡pOLYHEDRONÀ : =FÀLSE
END ;

UNSAFE ; SAFEPOLYHEÐRONÀ : =FALSE
END ;

UNSÀFE : SAFEPoLYHEDRoNA : =FALSE
END

END;

UNSÀFE : SÀFEPOLYHEDRONÀ : =FÀLSE
END

END ;

BEGI N

CURRPOLYHEDRON: =FI RSTOBSTÀCLE ;

WHILE CURRPOLYHEDRON<>NI L DO

BEGI N

IF CURRPOLYHEDRONG . POLYHEDRONNUMBER iN OBSTACLESET THEN
cHEcKSÀFENEss ( cuRRpotyHEDRoN ) ;
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CURRP0LYHEDR0N : =CURRP0LYHEDR0N0 . NEXTP0LYHEDR0N
END ;

CURRWORKPI ECE : =FI RSTWORKPI ECE ;

WHILE CURRWORKPI ECE<>NI L DO

BEGI N
WITH CURRWORKPIECEG DO

IF BOXPOLYHEDRON@ . POLYHEDRONNUI'IBER IN WORKPIECESET THEN
CHECKSAFENESS ( BOXPOLYHEÐRON ) ;

CURRWoRKPI ECE i =CURRWoRKPI ECEG. NEXTDEF I NEBoX
END

END ;

PROCEDURE PLOTGRAPHS;

CONST
XoRGIN= 1 ,5;

VAR
YORGIN:REAI;

PROCEDURE PRI NTSYMBOL (X, Y, SI ZE : REAL ; SYI,IBOLCODE, PLÀCECODE : I NTEGER ) ;

PROCEDURE SYMBOL(CONST X 1 , X2 , X3 : SHORTREÀI ; CONST X4 : I NTEGER;
CONST X,5 : SHORTREÀL ; CONST X6 : I NTEGER } ; FORTRAN ;

BEGT N

syMBoL (x, y, sI zE,syMBoLcoDE,0, ptÀcEcoDE)
END ;

PROCEDURE PLOTPOINT(X,Y IREÀL) ;

VAR
CODE:INTEGER;

BEGI N
IF ITERÀTION=O THEN

CoDE: =2
ELSE
IF CURRENTPATHSTEPG . SAFEMANI PULÀTOR THEN

CoDE: =0
EtSE

CoDE:=11;
PRINTSYT'|BoL (X,Y, 0. 05,CODE, -1 )
END ;

BEGTN

CÀSE CÀLLNIJMBER OF
1:YoRGIN:=5.975;
2TYoRGIN:=4.025;
3:YORGIN:=1.075
END ;
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PLoT{XoRGIN,YoRGIN, -3 ) ;

PLOT (0,2.95,2 ) ;
PLOT (6,2.95,2 ) ;
PLor(6,0,2);
PLoT(0,0,2);

PLor(0.4,0.65,3 ) ;
PLAT(0,4 ,2,45,2) i
PLoT (0.4,1 .55,3 ) ;
PLoT(2.6,1.55,21 i
PLoT(0.425,0.75,3 ) ;
PLoT (0.375,0, ?5,2 ) ;
PLoT(0,425,2.35,3);
PLOT(0.375,2.35,2);
PLOT(0.5,1.525,3);
PLoT(0.5,1,575,2)i
PtoT (2.5,1 .525,3 ) ;
PLoT (2, 5 , 1 ,575 ,2) ,,

PLOT(3.4,0.9,3);
Ptor(3.4,2,45,2 ) ;
PLoT(3.4,0.9,3);
PLor(5.6,0.9,2);
PLoT (3.425,1 ,3 ) ;
PLoT( 3.375, 1 ,2 ) ;
PLoT(3.425,2.35,3 ) ;
PLOT (3.375,2,35,2 ) ;
PLoT (3,5,0.875,3 ) ;
PLoT (3.5,0.925,2 ) ;
PLoT(5.5,0.875,3);
PLor(5.5,0.925,2);

IF ITERÀTION=O THEN

BEGIN
MESSÀGE : = ' PÀTH' ;
SYMBoL( 1 .9,2,'1,0,1,MESSAGE,0,4) ;
PRI NTI NTEGER (PÀTHNU',BER,2. 5 ,2.7 ,0.1\ ;
MESSAGE : = ' LI NEAR PATH 

I 
;

syl'tBol( 3,2. 7,0, 1,MEssAcE,0, 1 1 ) ;
PRINTSYMBOT( 2. 51,0. 325,0. 05,2,-1) ;
MESSAGE: =' INÐETERMINÀNT''
sinióiïà. oe-s,o.ã-g,õläì,¡rËssAGE,0, 1 3)
END

ELSE

BEGI N

MESSAGE : =' PATH' ;
syMBot( 1 .85,2,7,0.1,MESSÀcE,0,4) ;
pRINTINTEGER( PÀTHNWBER, 2. 45,2,7,0 : 1 I i
MESSÀGE: =' I TERATI 0N I ;
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syMBoL(2. 95,2. 7,0. 1,MESSÀGE,0,9) ;
PRINTINTEGER(ITERATI0N,4. 05,2,7,0, 1 ) i
pRI NTSYMBOI (2.51 ,0.465,0,05,0, - 1 ) ;
MESSÀGE:='SAFE';
syMBot( 2. 685,0. 43, 0. 07,MESSAGE, 0, 4 ) ;
pRINTSyMBoL{2. 51,0.325,0.05,1 1,-1 ) ;
MESSAGE : = ' UNSAFE ' ;
syMBot( 2. 685,0. 29, 0. 07,MESSAGE, 0, 5)
END ;

I'IESSÀGE:='D.O.F. DEGREE OF FREEDOM' ;
SYMBOL(2. 125,0. 1 5,0,07,MESSAGE,0,25) ;
MESSAGE : =' =' ;
syMBoL(2.58,0. 1 5,0. 07,MESSÀGE,0, 1 ) ;
MESSAGE : =¡ -80' ;
syMBoL(0. 1 3,0,71 5,0.07,tlEsSÀcE,0,3) ;
MESSÀGE : =' 80' ;
svMBot(0.2,2. 31 5,0.07,MESSÀGE,0,2) ;
MESSAGE: ='0.0. F. ÀNctE 2';
syMBot(0.235, 1.06,0. 07,MESSÀcE,90, 14) ;
l"lESSÀcE: =' (DEGREES )' ;
syMBoL (0.375, 1 .235,0.07,MESSÀGE,90,9 ) ;
MESSAGE: =' K' ;
syr'tBoL( 2. 635, 1 . 51 5, 0. 0?,MEssÀcE,0, 1 ) ;
syMBoL(5.535,0.865,0. 07,MESSÀGE,0, 1 ) ;
MESSAGE:='0<K<1' ;
SYMBoL(2.55, 1 .36,0. 07,MESSÀGE,0,5) ;

MESSÀGE:='0' ;
syMBoL(3. 27,0.965,0.07,MESSAGE,0, 1 ) ;
svMBot( 3. 465, 0,77,0.0'1,1'tESSÀcE, 0, 1 ) ;
MESSAGE:='135';
syMBoL(3. 13,2.31 5,0.07,MESSÀcE,0,3 ) ;
MESSAGE:='1';
syMBoL(5.465,0,'17,0,0'1,MESSÀGE,0,1 ) ;
MESSÀGE: ='D.0. F. ANGLE 3';
syMBoL( 3.235, 1 ,185,0.07,MESSÀGE,90,14 ) ;
MESSAGE: =' (DEGREES ) ' ;
syMBoL( 3. 375, 1, 36, 0. 07,MESSÀGE, 90,9) ;

CURRENTPÀTHSTEP : =PATHSTART ;

I,IHI tE CURRENTPÀTHSTEP<>NI L DO

BEGI N

WITH CURRENTPÀTHSTEP@ DO

CÀSE MÀN] PULÀTORTYPE OF
FIXEDI;

VÀRI ABLE :

BEGI N
PLoT(0.5,1.55,-3);
PLOTPOINT( K*2,DOFÀNGLE [2] * 1 . 8/U ) ;
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PLoT( -0.5, -1 .55, -3 ) ;
PLoT(3.5,1 ,-3 ) ;
PLOTPOI NT (K'T2,DOFÀNGLE [ 3] * 1 . 8/PI ) ;
PLOT(-3.5,-1,-3)
END

ENÐ ;

CURRENTPÀTHSTEP : =CURRENTPATHSTEP@. NEXTMÀNI PULATOR
END ;

PLor( -xoRcIN, -yoRGI N, -3 ) ;

CÀSE CÀLLNLÌ"íBER 0F

BEGI N

CÀLLNUI'IBER : =CÀLLNIjMBER+ 1 i

IF SÀFEPÀTH OR (ITERÀTION=LIùTIT) THEN

BEGT N

PRI NTPÀGENI,J},f BER ;
PLor(0,0,999)
END

END ;

?'

BEGI N

CALLNI'IiÍ BER i ='1 ;
PRI NTPÀGENUI.IBER ;
PLoT (0 ,0 , 999 )
END

END

END;

BEGI N

SÀFEENDS : =TRUE ;
SAFEPÀTH: =FÀLSE;
I TERÀTION: =O;
CÀLLNIÌ'!BERi=1;
PLOTGRÀPHS;

WHITE NOT SÀFEPÀTH ÀND (ITERÀTION<LIMIT) DO

BEGI N

ITERÀT]ON : =I TERÀTI ON+1 ;
SAFEPÀTH : =TRUE;
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CURRENTPÀTHSTEP : =PÀTHSTÀRT ;

I.IHI LE CURRENTPATHSTEP<>NI L DO

BEGI N

OBSTACLESET : =CURRENTPÀTHSTEPG. 0BSTÀCLESET ;
WoRKPi ECESET : =CURRENTPÀTHSTEP€ . W0RKPI ECESET ;

WTTH CURRENTPATHSTEPG DO

CASE MÀNI PULATORTYPE OF

FI XED:
IF I?ERATION=1 THEN

BEGI N

SAFEMANI PULÀTOR i =TRUE ;
F I NÐpolypÀI RS (LI NK 1 G . BOXPOIYHEDRON , SÀFEMÀNI PULÀTOR ) ;
F I NDPOLYPÀI RS (LI NK 2G . BOXPOLYHEDRON , SÀFEMÀNI PUTATOR ) i
F I NDPOtYPAi RS ( LI NK 3 @ , BOXPOLYHEDRON , SÀFEMANI PUTATOR ) i
FINDPOLYPÀIRS (liRISTG. BOXPOLYHEDRON,SAFEMANIPUTÀTOR) i
FI NDPOLYPA I RS ( FI NGER'1 @ . BOXPOLYHEDRON , SÀFEMÀNI PULÀTOR ) ;
FrNDp0LypArRs (n¡Hcnnze. soxpolyHEDRoN,sAFnUlHreUlaron) j

CÀSE HOLDSTATUS OF
HOLÐNEWWORKPI ECE, HOLDOTDWORKPI ECE :

FINÐp0LypÀIRS(l,¡oRKpIEcEG.BoxpoLyHEDRoN,sÀFEMANI pulÀToR) 
;

NOWORKPI ECE :
END ;

IF NOT SÀFEMÀNI PULÀTOR THEN

BEGIN
SAFEENDS : =FALSE ;
I,¡RI TELN (ERRORS , ' pÀTH ' : 4 , PÀTHNUI.ÍBER : 4 , ' STEP , I 5 , J : 4 ,I FIXEÐ CONFIGURÀTION UNSÀFE *':29)
END

END ;

VÀRI ÀBLE :

BEGI N
ÀDJUSTED : =FÀLSE;

FOR I:=2 T0 3 D0

BEGI N
}'f: = (NEXTMANI PULAToR@ . DoFANGLE II ] -PREVI oUSPÀTHSTEPG . DoFÀNGIE Ij ] )
/ (nsxt¡{¡},u purÀToRG . K-pREvI ouspATHsrgp@ . K ) ;
B: =PREVI OUSPÀTHSTEP@. DOFÀNGLE II ] -M* PREVI OUSPATHSTEPG . K;
GAMrtÀ: =1,,1*K+B;
r F ( (cA¡0.rÀ>DoFÀNcLE Ir ] ) ¡uo (¡or¡HcrE Ir ] <0 ) )
0R ( (cÀIû'rÀ<DoFÀNcLE Ir ] ) ¡No (non¡¡lcrE Ir ] >0 ) ) THEN

-88-



BEG] N
ÐOFANGtE IT ] : =GÀMMA ;
ÀDJUSTED: =TRUE
END

END ;

IF ÀÐJUSTED THEN

BEGI N

ÀLPHÀ : =DoFANGtE;
ÀNGLE : =0RI ENTÀTI0N ;
DI STANCE : =GAP ;

CÀSE HOLDSTATUS OF
H0LDNEWI,IoRKPT ECE , H0LDoLDWoRKpI ECE :

c0NF I GURATI 0N ( CURRENTPATHSTEp , VÀRI ABLE , K , WKpCpOI NTER , FÀLSE ,
HOLDOLDI.¡ORKPI ECE ) ;

NOWORKPI ECE:
CONF']GURATI ON (CURRENTPATHSTEP 

, VÀRI ÀBLE , K,NI L, FALSE, NOWORKPI ECE )
END

END ;

IF (ITERÀTION=1) OR ADJUSTED THEN
SÀFEMÀNI PULATOR: =FÀLSE ;

IF NOT SAFEMÀNI PULÀTOR THEN

BEGI N

SAFEFLÀG1:=TRUE;
FI NDPOLYPAI RS ( LI NK 1 G. BOXPOLYHEDRON, SÀFEFLÀG 1 ) ;
SÀFEFLÀc2 : =TRUE;
FI NDPOLYPAi RS (LI NK2G . BOXPOLYHEDRON , SÀFEFLAG2 ) ;
IF SÀFEFLÀG2 THEN

F r NDPoLYPAT RS ( LI NK3@ , BOXpolyHEDRON , SÀFEFrAc2 ) ;
IF SÀFEFLÀG2 THEN

FINDPOLYPÀIRS (WRI ST@.BOXPOtYHEDRON,SÀT'EFLÀG2) ;
IF SAFEFLÀG2 THEN
FrNDpoLypÀrRs (FrNGERlG. BOXPOLYHEDRON,SÀFEFtAG2) ;IF SÀFET'LÀG2 THEN
FINDpoLypAIRS (FINcER2G. BOXpotYHEDRON,SÀFEFLÀc2 ) ;

IF SÀFEFLAG2 THEN
CÀSE HOTDSTATUS OF
HoLDNEWWoRKPI ECE , HoLDoLDWoRKpI ECE :

BEGI N
FI NDP0LypAr RS (WORKpI ECEG . BOXpOLYHEDRON , SÀFEFLAG2 ) ;
I F WORKPI ECEG . BOXPOLYHEDRONG . POTYHEDRONVERTEX@ . VERTEX [3 ]
<(0. 5*LIFTHEicHT) THEN

SÀFEFLAG2 : =FÀLSE
END ;
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NOI,IORKPI ECE:
IT FINGERl @,BOXPOLYHEDRON@. POLYHEDRONVERTEXG.
VERTEX I3] <(O.sXLiFTHEIGHT) THEN

SAFEFLÀG2 : =FALSE
ENÐ ;

IF SAFEFLÀG1 ÀND SAFEFLÀG2 THEN
SÀFEMÀNI PULÀToR : =TRUE

ELSE

BEGI N
SAFEMÀNI PULÀTOR: =FÀLSE i
SAFEPÀTH : =FÀLSE;

IF I TERATI ON=LI MI T- 1 THEN
WRI TELN (ERRORS , ' PÀTH ' : 4 , PÀTHNI,JMBER : 4 , ' STEP ' : 5 , J : 4 ,' IS UNSAFE *':12)

ELSE

BEGI N

IF DOFÀNGLE [2]>O IUN¡I
DOFÀNGLE I2 ] : =DOFANGIE [2 ] -STEPS I ZE* PI / 1 8 O

EtSE
DOFANGLE [ 2 ] : =DOFÀNGLE [ 2 ] +STEPSI zE*PI / 1 8O ;

IF NOT SAFEFLÀG2 THEN

BEGi N

DOFANGLE [3] : =DOFANGLE [3]-STEPSI ZE*PI /'180;
IF DOFANGTE [3]<O THEN

DOFÀNGLE [3] : =O
END ;

ÀLPHÀ : =DoFANcLE ;
ÀNGLE : =0RI ENTATI0N;
DI STÀNCE: =GAP ;

CÀSE HOLDSTÀTUS OF
HoLDNE!¡I,¡oRKpI ECE, HotDoLDWoRKpI ECE :

CONF I GURATI ON (CURRENTPÀTHSTEP 
, VARI ÀBLE , K , WKPCPOI NTER , FÀLSE ,

HOLDOLDWORKPI ECE ) ;
NOWORKPI ECE:

CONFI GURATI ON (CURRENTPATHSTEP, VARI ABLE,K,NI t, FALSE ,
NOÌ,IORKPI ECE )

END

END

END

END

END
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END;

PREVI 0USPÀTHSTEP i =CURRENTPATHSTEP ;
CURRENTPÀTHSTEP : =CURRENTPÀTHSTEPG . NEXTMANI PULATOR
END ;

PLOTGRAPHS
END ;

IF NOT SAFEENDS THEN
SÀFEPÀTH : =FÀLSE

END ;

PROCEDURE GRÀPHI CS (MANI PULÀTOR: POINTMANI PULATOR;
WKPCNUMBER , STEPNI,MBER : I NTEGER ) ;

CONST
DELTÀ=0.0001;
XoRGIN=4.50;
YoRGI N=5 . 98 ;

VAR
0BsTÀcLESET , WoRKPI ECESET : NUMBERSET ;
MÀNI PULATORSET: SET OF POLYHEDRANÀMES;
CURRÀDDPtÀvERTEN,, PREVÀDDPLÀvERTEX : P0I NTptANEvERTEX ;

PROCEDURE I^¡ORKONPOLYHEDRA ( PROCEDURE WORK { POLYHEDRON : POI NTPOLYHEDRON ) ) ;

vÀR
CURRPOLYHEDRON : POI NTPOLYHEDRON ;
CURRWORKPI ECE : PO] NTDEFI NEBOX ;

BEGIN
CURRPOLYHEDRoN ; =FI RST0BSTACLE i

I,ìHI LE CURRPOLYHEDRON<>N] L DO

BEGIN
WORK (CURRPOTYHEDRON ) ;
CURRPOLYHEDRON : =CURRPOTYHEDRONG, NEXTPOLYHEDRON
END ;

CURRI.¡oRKPI ECE : =FI RSTWoRKPI ECE i

WHILE CURRWORKPI ECE<>NI L ÐO

BEGI N

W]TH CURRWORKPI ECE@ , BOXPOLYHEDRONG DO
IF POLYHEDRONNIJI'IBER<>}iKPCNIJMBER THEN

WORK (CURRWORKPI ECEG . BOXPOLYHEDRON ) ;
CURRWORKPI ECE: =CURRWORKPI ECE@. NEXTDEF I NEBOX
END;
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WITH MÀN] PULATORG DO

BEGI N

WORK ( BASEG. BOXPOTYHEDRON) ;
WORK ( LT NK 1 G. BOXPOLYHEDRON ) ;
WORK ( tI NK2@. BOXPOLYHEDRON ) ;
WORK (LI NK3@. BOXPOLYHEDRON ) ;
WORK (WRI ST@. BOXPOLYHEDRON ) ;
WORK ( FI NGER'1 G. BOXPOLYHEDRON ) ;
WORK (FI NGER2@ . BOXPOLYHEDRON ) ;
i F WKPCNI'I'IBER<> O THEN

WORK (WORKPI ECEG. BOXPOTYHEDRON )
END

ENÐ ;

PROCEDURE F i NDVI SUÀLPLANES (POLYHEDRON : POI NTPOLYHEDRON ) ;

BEGI N

WITH POLYHEDRON€ DO

BEGI N

CURRENTPLÀNE ; =FI RSTPLANE ;

}¡HILE CURRENTPLANE<>NI L DO

BEG] N

I,II TH CURRENTPTANEG DO
IF (OUTWARDNORMAL[1]*GRAPHICSBÀSIS [3,1]+
OUTWÀRDNORMÀL [2] *GRAPH]CSBASI S [3,2 ]+OUTWÀRDNORMÀL [3] *
GRAPHI CSBÀSI S [3,3] )>DELTÀ THEN

VI Si BLEPLÀNESET: =VI SI BLEPLANESET+ [PLÀNENUMBER] ;
CURRENTPLANE :=CURRENTPLANE@.NEXTPLÀNE
END

END

END ;

PROCEDURE ÐELETERECORDS (POI NTER: POI NTPLANEVERTEX ) ;

BEGIN
WITH POINTERG ÐO

BEG]N
CURRADDPLÀVERTEN : =ADDPLÀNEVERTEX ;

I^]HILE CURRADÐPLÀVERTEX<>NI L DO

BEGI N

PREVÀDDPLÀVERTEX : =CURRÀDDPLAVERTEX ;
CURRADDPLAvERTEx : =CURRÀDDPLÀvERTEX@. ADDPLANEvERTEX ;
DI SPOSE ( PREVÀDDPLAVERTEX )
END ;
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ÀDDPLANEVERTEX: =NI L
END

END ;

PROCEDURE MODI FYPLÀNES ( POLYHEDRON 1 : POI NTPOLYHEDRON ) ;

VÀR
CURRENTPLANE 1 : POI NTPtÀNE ;

PROCEDURE F I NDPLANEPÀI RS (POLYHEDRON2 : POI NTPOLYHEDRON ) i

TYPE
VERTEXPOSITIONS= (OUTSIDE, BORDER, I NSIDE) ;
PLANESVI S I BI LI TY= ( SEEATLOFPLANE 1 , SEEALLOFPLÀNE2 , SEEÀLLOFBOTH ,

pLANESMÀyC0LLI DE , 
pLANESC0LLI DE ) ;

VÀR
EXI T ,I NTERSECTION: BOOLEAN ;
CURRENTPLANE2 : POI NTPLANE ;

FUNCTION FINDVI SI BI tI TY: PIÀNESVI SI BI Li TY;

vÀR
I:1..3;
MAGNI TUDE: REÀL ;
vERTEXI , VERTEX2 , VERTEX3 , VERTEX4 I p0I NT;
VEC 1 , VEC2 ,VEC3 , NORMÀL: VECToR;
COLLI SI ON: BOOLEAN;
PDVERTEXSETl , ZDVERTEXSETl ,
PDVERTEXSET2 , ZDVERTEXSET2 : NIJI'IBERSET ;

PROCEDURE GENERÀTESETS (VAR PDVERTEXSET, ZDVERTEXSET :NIJUBERSET ;
PTANE : POI NTPLÀNE ; REFERENCE : POI NT ;
NORMAL:VECTOR) ;

vÀR
I:1.,3;
MAGNI TUDE , DI SPLACEMENT : REÀt ;
VEC :VECTOR ;

BEGIN
PDVERTEXSETi=[];
ZDVERTEXSET:=[];
CURRPLANEVERTEX: =PLÀNE@.PLANEVERTEX;

I,IHI LE CURRPLÀNEVERTEX<>NI L DO

BEGI N
WITH CURRPLÀNEVERTEXG DO

BEGI N

FOR I:=1 T0 3 D0
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vEC II ] : =vERTEx I I ] -REFERENCE II ] ;
MAGNrruDE : =soRr ( sQR (vEc [ 1 ] ) +soR (vEc [2] ) +sQR (vEc [ 3] ) ) ;
FoR I:=1 T0 3 D0
vEc II ] : =vEc Ir J /uecnr runn ;

Dr s PLACEMENT: =NoRMAI [1] *VEC [1] +NORMAT l2l *vSC [2] +
NoRMAL [3 ] *vnc [3 ] ;
IF DI SPLÀCEMENT>DELTA THEN

PDVERTEXSET : =PPVSRTNXSET+ [VERTEXNI,JI'IBER ] ;
IF ÀBS (DI SPLACEMENT ) <=DELTA THEN

ZÐVERTEXSET : = ZDVERTEXSET+ [VERTEXNUMBER]
END ;

CURRPLANEVERTEX : =CURRPTANEVERTEXG . NEXTpLÀNEVERTEX
END

END ;

PROCEDURE GENERATEVERTI cEs ( PLÀNEA , PLANEB : PoI NTPLANE ;
PDVERTEXSETÀ , PDVERTEXSETB : NUMBERSET ;
vAR VERTEXI,VERTEXT I :PoINT) ;

vÀR
l: ¡..J;
MAGNI TUDE: REAL ;
VERTEXI I I,VERTEXIV,VERTEXV:polNT;
vEc1,vEc2,vEc3,vEc4,NoRMÀL :VECTOR ;
EXI TÀ , EXI TB : BooLEÀN ;
cuRRPtÀNEVERTEXÀ , NEXTVERTEXA ,
CURRPLÀNEVERTEXB , NEXTVERTEXB : POI NTPLANEVERTEX ;

BEGI N

WITH PLANEAG DO

BEG] N

CURRPLÀNEVERTEXÀ : =PLÀNEVERTEX ;
EXI TÀ : =FÀLSE ;

I,¡HItE (cuRRpLÀNEvERTExÀ<>Ni L ) ÀND Nor ExITÀ Ðo

BEGI N

WITH CURRPLÀNEVERTEXÀ@ DO

BEGI N

IF NEXTPLÀNEVERTEX<>NI L THEN
NEXTVERTEXÀ : =NEXlPLÀNEVERTEX

ELSE
NEXTVERTEXÀ : =PLÀNEVERTEX ;

IF ((VERTEXNUMBER rN pDvERTnxsnr¡ ) ÀND Nor
( NEXTVERTEXÀG . VERTEXNUMBER l¡l p¡vnnrnxser¡))
0R (NoT (VERTEXNUMBER iN pDvERTExsETÀ) ÀND
(NExrvERTExA@.vERTExNtMBER rN pDvERTExsETÀ) )
THEN
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BEGI N

VERTEXI : =VERTEX ;
VERTEXI I : =NEXTVERTEXAG.VERTEX ;iF NEXTVERTEXA@. NEXTPTANEVERTEX<>NI L THEN

VERTEXI I I : =NEXTVERTEXA€.NEXTPLÀNEVERTEX@.VERTEX
!¿! )¡:¡

VERTEXi I I : =PTANEVERTEXG.VERTEX ;

FOR t:=1 T0 3 D0

BEGIN
VEC 1 [I ] I =VERTEXI I II]-VERTEXI II];
VEC2 [I ] : =VERTEXI I I II ] -VERTEX] [I ]
END ;

WITH PLÀNEBG DO

BEGI N

CURRPLÀNEVERTEXB : =PLANEVERTEX ;
EXI TB: =FALSE i

WHITE (CURRPLÀNEVERTEXB<>N] t ) ÀND NOT EXITB DO

BEGI N
I,¡I TH CURRPLÀNEVERTEXBG DO

BEGI N

IF NEXTPLANEVERTEX<>NI t THEN
NEXTVERTEXB : =NEXTPLANEVERTEX

ELSE
NEXTVERTEXB : =PtÀNEvERTEX ;

IF ((VERTEXNUMBER iN PDVERTEXSETB ) AND NoT
(NEXTVERTEXBG . vERTExNt MBER iN pDvERTExsETB))
OR (NOT (VERTEXNUMBER TN PDVERTEXSETB ) AND
( NEXTVERTEXB@ . VERTEXNIJMBER IN PDVERTEXSETB))
THEN

BEGT N

VERTEXIV: =VERTEX;
VERTEXV i =NEXTVERTEXBG . VERTEX ;

FoR I:=1 T0 3 D0

BEGIN
VEc3 [i ] :=vERTExTv II J -VERTEXI II ] ;
vEC4 [I ] ; =vERTExv II ] -'ERTEXI II ]
END ;

NoRMÀI [ 1 ] : =vEC 1 [2] *vEc3 [ 3] -vec¡ [2] *vEC 1 [ 3] i
NoRì.rAr [2] :=vEc3 [1]*vEc1 [3]-vECl [1]*vECa I3l :
NoRr'rAt [3 ] : =vEc 1 [1]*vEC3[2]-vEC3[1]'kvEc1[2] i
MÀGNT TUDE : =SQRT ( SOR (NORMÀL [ 1 ] ) +SOR ( NORMÀI [ 2 ] ) J
soR (NoRMAL l3l ) ) ;
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FoR I:=1 T0 3 D0
NoRÌ'{ÀL II ] : =NoRMÀL I I ] /¡¡¡CnI rU¡n :

rF (NoRMÀr [1]*vEc2 [1]+NORMÀr [2] ívncZlzl +
NoR¡,rÀr [3 ] *vEc2 [3 ] )>0 rHEN

FoR I:=1 T0 3 D0
NORMÀt II ] :=-NoRMÀt II ] ;

r F (NoRMAr [ 1 ] *vEc4 [ 1 ] +NoRMAr [ 2 ] *vEc4 [2 ] +
NoRMÀL [3]'rvEC4 [3] )<-usLTA THEN

EX] TB: =TRUE
END

END ;

CURRPLÀNEVERTEXB : =CURRPLÀNEVERTEXB@. NExTPLÀNEVERTEX ;

I¡. (cURRPLÀNEVERTEXB=NI L ) ÀND NoT ExITB THEN
EXI TÀ: =TRUE

END

END

END

END ;

CURRPLANEVERTEXA : =CURRPLANEVERTEXA@ . NExTPLÀNEvERTEX
END

END ;

IF NOT EXITÀ THEN
COLLI SI ON: =TRUE

ELSE
CoLLI S I0N: =FALSE

END ;

BEGIN
WITH CURRENTPLÀNE2O , PLÀNEVERTEXG DO

GENERÀTESETS (PDVERTEXSETl,ZDVERTEXSETl,CURRENTPLÀN81,
VERTEX,oUTWÀRDNoRMÀL ) ;

WITH CURRENTPLANE 1 G , PLANEVERTEXG DO
GENERÀTESETS ( PDVERTEXSEl2 , ZDVERTEXSET2 , CURRENTPLANE2 ,

. . vERTEx, ourllARDNoRuÀL ) ;IF ( ( PDVERTEXSET 1 + Tpypplg¡SET 1 =CURRENTPLÀNE 1 0. PLANEVERTEXSET )
ÀND ( PDVERTEXSET2+ZDVERTEXSET2=CURRENTPLANE2G. PLANEVERTEXSET) )
OR ( ( PDVERTEXSET 1-ZDVERTEXSUT 1= [] )
ÀND (PDVERTEXSET2 -ZDVERTEXSET2 = [] ) ) THNN

F I NDVI SI BI t] TY I =SEEÀLLOFBOTH
ELSE
IF ( PDVERTEXSET 1 +zpy¡p'¡p¡5ET 1 =CURRENTPLÀNE 1 @. PLÀNEvERTExsET )
OR ( PDVERTEXSET2- ZDVERTEXSET2= [] ) THEN

F T NDVi SI BI LI TY I =SEEÀLLOFPLANE 1

EtSE
1F (PDVERTExSET2+zDvERTEXSET2=CURRENTPLÀNE2G.PLÀNEvERTExsET)
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OR (PDVERTEXSET'I - ZDVERTEXSET 1= [] ) THEN
FI NDVI SI BI tI Ty: =SEEALLoFPLÀNE2

ELSE
I F ( zDvERTExSET 1 =CURRENTPLANE 1 @ . PLANEvERTExSET }
OR ( ZDVERTEXSET2 =CURRENTPLANE2G . PLANEVERTEXSET ) THEN

F I NDVI SI BI Li TY: =PLÀNESMAYCOLLI DE
ELSE

BEGIN
GENERATEVERTI CES (CURRENTptANEI 

, CURRENTpLÀNE2 , PDVERTENSETI ,
PDVERTEXSET2 , VERTEX 1 ,VERTEX2) ;

IF COLTISION THEN
F I NDVI SI Bl LI TY : =PLANESCoLLI DE

ELSE

BEGI N

GENERATEVERTI CES ( CURRENTPLANE2 , CURRENTPLANE 1 , PDVERTEXSET2 ,
PDVERTEXSETl ,VERTEX3,VERTEX4 ) ;

FOR I:=1 T0 3 D0

BEGI N

VEC 1 [I ] : =VERTEX2 [ I ] -vERTEx 1 [I ] ;
VEC2 [I ] :=VERTEX4 [I ] -VERTEX3 [I ] ;
VEC3 [I ] : =vERTExl II ]-VERTEX3 [] ]
END ;

NoRMAL [1] : =vnc r [2]*vEc2 [3]-vEc2 [2]*vEc1 [3] i
NORMÀL [2 ] :=vEC2[1]*vEc1[3]-vecl Il Jxvsa' 

'r' 
'

NoRMÀr [3] : =vEc 1 [ 1 ] *vEc2 [2 ]-vEc2 [1]*vEc1 [2] i
ITIAGN] TUDE : =SQRT ( sQR ( NORMÀt [ 1 ] ) +sQR ( NoRMÀt [ 2 ] ) +SQR ( NoRMAt [ 3 j ) ) ;
FOR I:=1 T0 3 D0

NORÌ.ÍAL I r ] : =NoRMÀr Ir ] /UÀCHr rUOn ;rF (NoRMÀr[1]*vEC3 l1l+NORMÀL[2]*vEC3 [2 ] +NORUÀL [3 ] *vEC3 [3] )<0 THEN
FOR I:=1 T0 3 Ð0

NoRr''rAt Ir ] : =-NORMÀI Ir ] ;rF (NORüAL [1] *cRÀpHr csBÀsr s{ 3,11+NoRMÀr [2] *cn¡pHr css¡sr s [3,2]+
NORMÀL [3] *GRÀPHICSBÀSI S [3,3] ) >O THEN

Fï NDVI SI BI Ll TY: =SEEALIoFPLÀNE 1

ELSE
FINDVI Si BI LI TY: =SEEÀtLoFPLANE2

END

END

END ;

FUNCTI0N VERTEXPoST Tr 0N (prÀNE: por NTPLANE; VERTEX  : PLANEPOTNT )
: VERTEXPOSI TI ONS ;

vÀR
I:1 , .2;
MÀGNI TUDE,DI SPLÀCEMENT i REAL;
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VERTEX 1 , VERTEX2 , VERTEX3 : PLANEPOI NT ;
VEC l ,VEC2 ,VEC3 : PLÀNEVECToR;
EXI T: BOOLEAN ;

BEGI N

VERTEXPoSI TI0N : =INSIDE;
EXI T: =FALSE;
WITH PLÀNE@ DO

BEGIN
CURRPLANEVERTEX : =PLANEVERTEX ;

I,IHILE (CURRPLANEVERTEX< >NI L ) ¡n¡ nor ExIT DO

BEGI N

WITH CURRPLANEVERTEXG ÐO

BEGI N

VERTEX 1 : =GRÀPHI CSVERTEX ;

IF NEXTPLÀNEVERTEX<>NI L THEN
WITH NEXTPLANEVERTEXG DO

BEGIN
VERTEX2 : =GRAPHI CSVERTEX;
IF NEXTPLANEVERTEX<>NI L THEN
WITH NEXTPLANEVERTEXO DO

VERTEX3 : =GRAPHI CSVERTEX
ELSE

VERTEX3 : =PLANEVERTEXG . GRAPHT CSVERTEX
END

ELSE
WITH PLANEVERTEXG DO

BEGI N

VERTEX2 : =GRÀPHI CSVERTEX;
VERTEX3 : =NEXTPLANEVERTEXG . GRÀPHI CSVERTEX
ENÐ

ENÐ ;

vEc 1 [1 ] : =vERrExl [2]-vERrEx2[2] ;
vEc1 [2] :=vERrEx2 lll-vERrExl [1];
lrAcNr ruDE: =sQRr(sQR (vEc1 [1] )+soR(vEc1 I2l ));
FOR Il=1 T0 2 D0

BEGIN
vEcl Ii ] : =vBc1 [] I /MÀGNIruDE ;
vEC2 [I ] : =vERrEx3 [ I ] -vERrEx 1 [ I ] ;
VEC3 [I ] : =VERTEX4 [i ] -VERTEXI II ]
END ;
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rF (vEc1 [1]*vocZ l1l+vEc1 l2l*vncZlZ])>O rHpr,l
FoR I:=1 T0 2 D0

vEc'1 [r]:=-vEc'l [r]i
Dr SPLACEMENT: =VEC 1 [ 

.1 

]*vEC3 [1] +VEC1 [2]*vEC3 [2] ;

IF D] SPLACEMENT>DELTÀ THEN

BEGI N

VERTEXP0SI TI 0N : =oUTSI DE ;
EXI T: =TRUE
END

ELSE
TF ÀBS (D I SPLACEMENT ) <=DELTÀ THEN

VERTEXP0SI TI0N : =BORDER i

CURRPLANEVERTEX : =CURRPLANEVERTEX@ . NEXTpLANEVERTEX
ENÐ

END

END ;

PROCEDURE F I NDI NTERSECTI ON (FRONTPTANE 
, BACKPLANE I POI NTPIÀNE ) ;

TYPE
SLOPETYPES= (HORI ZONTÀL , REGULAR , VERTI CÀL ) ;

VAR
M1,81,M2,82:REAL;
vERTEXI,VERTEX2,VERTEX3,VERTEX4,
COMMONPOI NT , SAVECOMMONPOI NT : PLANEPOI NT ;
FI RSTl ,ExI T1 ,FI RST2 , EXI T2, POINT2: BOOLEAN;
SLoPE 1 T02 , SLoPE3T04 : SLoPETYPES ;
vERTEXI P0ST TI0N,VERTEX2pos i Tr0N:vERTEXpOSI TI ONS;
BACKVERTEXl , BÀCKVERTEX2 ,
FRONTVERTEX3 , FRONTVERTEX4 : POI NTPLÀNEVERTEX ;

FUNCTI ON INRÀNGE (À, B, C: REAL ) : BOOLEAN;

BEGI N

I NRÀNGE : =FALSE ;

IF À>B THEN

BEGI N
IF ((A+DELTA)>=c) AND (c>=(B-DELTÀ)) THEN

I NRÀNGE : =TRUE
END

ELSE
rF ((B+DELTÀ)>=c) AND (c>=(¿-p¡lr¡)) rHnu

] NRÀNGE : =TRUE
END;
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FUNCTI ON ONEDGE ( A , B , C : PIÀNEPOI NT ) : BOOLEAN ;

BEGI N

rF r NRÀNGE (À [ 1 ] , B [ 1 j , c [ '1 ]) ÀND TNRANGE(À[2] ,B[2] ,c[2] ) rHnH
ONEDGE : =TRUE

ELSE
0NEDGE : =FÀLSE

END;

PROCEDURE MODI FYEDGE;

VÀR
FI RSTPoI NT , SECoNDPoI NT ,
SAVEPOI N? , T NSERTPOI NT : POI NTPLANEVERTEX ;

FUNCTI ON NEliRECORD (COM'IONPO] NT : PLÀNEPOI NT ) : POI NTPLANEVERTEX ;

VÀR
POI NTER : POI NTPLÀNEVERTEX ;

BEGI N

NE}l (Por NTER ) ;

WITH POINTERG DO

BEGI N

GRAPHI CSVERTEX: =C0MM0NP0I NT i
DI STANCE: =SQRT (SQR (GRAPHI CSVERTEX [ 1 ] -VERTEXl [1])+
soR(cRÀpHr csvERrEx [2]-vERrExl [2] ))
END ;

NEWRECORD : =POI NTER
END ;

PROCEDURE I NSERTRECORD ( POI NTER : POI NTPLÀNEVERTEX ) ;

VAR
] NSERTNOW: BOOLEAN ;

BEGI N

WITH BÀCKVERTEXl G DO

BEGIN
I F ÀDDPLANEVERTEXG . DI STANCE>POI NTER@ . DI STANCE THEN

BEGIN
P0I NTERG . PENDoWN : =PENDoI.IN;
POI NTERG . ADDPLANEVERTEX: =ÀDDPLANEVERTEX ;
POI NTERG . NEXTPLÀNEVERTEX : =NI L ;
ADDPLANEVERTEX : =POINTER
END

ELSE
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BEGI N

PREVADDPLAVERTEX ; =ÀDDPLÀNEVERTEX ;
CURRÀDDPLAVERTEX : =PREVADDPLÀVERTEX@ . ADDPLÀNEVERTEX ;

I,IH I LE PREVÀDDPtÀVERTEX<>NI L DO

BEGI N

IF CURRADDPLAVERTEX<>NI L THEN

BEGIN
I F CURRÀDDPLÀVERTEX@ . DI STÀNCE>POI NTERG . DI STÀNCE THEN

I NSERTNoW: =TRUE
ELSE

I NSERTNoW: =FÀLSE
END

ELSE
T NSERTNOW: =TRUE ;

IT' INSERTNOW THEN

BEGIN
WiTH PREVADDPLÀVERTEXG DO

BEGI N

P0I NTERG . 9ENDollN : =PENDoWN ;
POI NTERG . ÀDDPLANEVERTEX : =ÀDDPLANEVERTEX ;
POI NTERG . NEXTPLANEVERTEX : =NEXTPLÀNEVERTEX ;
ADDPLANEVERTEX: =POI NTER i
NEXTPTANEVERTEX: =NI L
END ;

PREVÀDDPLÀVERTEX : =NI L
END

EtSE

BEG] N
PREVADDPLAVERTEX : =CURRÀDDPLAVERTEX ;
CURRADDPLÀvERTEX I =PREVÀDDPLÀVERTEXG . ÀDDPLANEVERTEX
END

END

END

END

END;

PROCEDURE MODIFYRECORDSl .

BEGI N
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WiTH BÀCKVERTEXI @ DO

CÀSE EDGESTATUS OF

VI SI BLE :

BEGI N

EDGESTÀTUS : =PÀRTVI SI BLE ;
IF VERTEX2POSITION=INSIDE THEN

PENSTÀTUS : =RÀI SEPEN ;
I NSERTPOT NT : =NEWRECORD (COMMONPOI NT ) ;

W]TH INSERTPOINTG DO

BEGIN
PENDoI.iN : =FALSE ;
ÀDDPLANEVERTEX: =NI L;
NEXTPLANEVERTEX : =BÀCKVERTEX 1 G . NEXTpLÀNEVERTEX
END ;

ÀÐDPLANEVERTEX: =I NSERTP0I NT
END ;

PARTVI SI BLE :

BEGI N

IF VERTEX2PoS I TIoN=I NS I DE THEN
PENSTÀTUS : =RÀI SEPEN;

I NSERTPOI NT : =NEWRECORD ( COMMONPOI NT ) ;
I NSERTRECORD ( I NSERTPOI NT ) ;
CURRADDPTÀVERTEX : = I NSERTPOi NT@ . ÀDDPLANEVERTEX ;

WHILE CURRADDPLÀVERTEX<>NI L DO

BEG]N
PREVÀDDPLAVERTEX : =CURRADDPLAVERTEX ;
CURRÀDDPLAVERTEX : =PREVADDPTÀVERTEX@. ADDpLANEVERTEX ;
DI SPOSE (PREVÀDDPLÀVERTEX )

END ;

WITH INSERTPOINT@ DO

BEGI N

PENDOWN : =FÀLSE ;
ÀDDPLÀNEVERTEX : =N I L;
NEXTPLANEVERTEX : =BÀCKVERTEX 1 @ . NEXTpLÀNEVERTEX
END

END ;

INVI SI BLE:
IF VERTEX2PoS I TI0N= I NSI DE THEN

PENSTÀTUS : =RÀI SEPEN

END;
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EXI T2 : =TRUE
END ;

PROCEDURE MOÐ] FYRECORDS2 ;

BEGIN
WITH BACKVERTEX1 @ DO

CASE EDGESTÀTUS OF

VI SI BLE :

BEGIN
EDGESTATUS : =PARTVI SI BLE;
PENSTÀTUS : =LoWERPEN ;
PENDoI¡N : =FALSE ;
I NSERTPO] NT : =NEWRECORD ( COMMONPOi NT ) ;

WITH INSERTPOINTG DO

BEGI N

PENÐowN : =TRUE ;
ÀDDPLANEVERTEX:=NIL;
NEXTPLÀNEVERTEX : =BÀCKVERTEXl @.NEXTPLANEVERTEX
END ;

ADDPLANEVERTEX: =I NSERTPOI NT
END ;

PARTVT SI BLE:

BEGI N

PENSTÀTUS : =LoWERPEN ;
INSERTPOINT: =NEWRECORD(COMMONPOINT) ;
I NSERTRECORD ( I NSERTPOI NT ) ;
PENDOI.IN : =FALSE ;
CURRADDPLÀVERTEX : =ÀDDPLÀNEVERTEX ;

WHILE CURRADDPLAVERTEX<>I NSERTPOI NT DO

BEGi N

PREVÀDDPTAVERTEX : =CURRADDPLAVERTEX ;
CURRADDPLAVERTEX : =PREVÀDDPLAVERTEXG. ÀDDPLANEVERTEX ;
DI SPOSE (PREVADDPLAVERTEX )
END ;

ADDPLANEVERTEX : =I NSERTPOINT
END;

iNvI SI BtE: PENSTATUS i =LoWERPEN
END;

EXI T2 : =TRUE
END ;
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BEGl N

I NTERSECTI ON : =TRUE ;

iF NOT POINT2 THEN

BEGI N

VERTEXl POSI TION: =VERTEXPOST TION (FRONTPLÀNE 
, VERTEX l ) ;

VERTEX2POSI TI ON: =VERTEXPOSI TI ON (FRONTPLÀNE, VERTEX2 )
END ;

WITH BÀCKVERTEX l @ DO

CÀSE VERTEXlPOS]TION OF

OUTSIDE:
CÀSE VERTEX2POSITION OF

OUTSIDE:

BEGI N

CASE EDGESTATUS OF

VI SI BLE:
IF NOT POINT2 THEN

SÀVECoMMoNP0I NT : =C0MM0NP0i NT
EtSE

BEGIN
EDGESTATUS : =PARTVI Sl BLE;
Fi RSTPOI NT : =NEWRECORD ( SÀVECOMMONPOI NT ) ;
SECONDPOI NT : =NEI^IRECORD (COMMONPO] NT ) ;

I F FI RSTPOI NTG . DI STANCE>SECONDPOI NTG . DI STANCE THEN

BEGI N
SÀVEPoI NT: =FI RSTPOI NT;
F I RSTP0I NT: =SECoNDP0I NT ;
SECoNDP0I NT : =SAVEP0i NT
END ;

WITH FIRSTPOINT@ DO

BEGi N

PENDOWN : =FAtSE ;
ÀÐDPLÀNEVERTEX : =SECONDPOI NT ;
NEXTPTÀNEVERTEX : =NI L
ENÐ;

WITH SECONDPOINTG DO

BEGI N

PENDOWN : =TRUE ;
ÀDDPLÀNEVERTEX:nNIL;
NEXTPLÀNEVERTEX i =BÀCKVERTEX 1 @ . NEXTpLÀNEVERTEX
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END ;

ÀDDPLÀNEVERTEX: =FI RSTPOI NT
END ;

PÀRTVI SI BLE:
IF NOT POINT2 THEN

SAvECoMMONP0I NT : =C0MM0NP0I NT
ELSE

BEGIN
FI RSTPOI NT : =NEWRECORD ( SÀVECOMMONPOI NT ) ;
SECONDPOI NT : =NEWRECORD ( COMMONPOI NT ) ;

IF F I RSTPOI NTG . DI STANCE>SECONDPOI NTG . DI STÀNCE THEN

BEGIN
SÀVEPoI NT: =FI RSTPOI NT;
FI RSTPoI NT: =SECoNDPoI NT ;
SECoNDP0I NT : =SAVEP0I NT
END ;

I NSERTRECORD ( FI RSTPOI NT ) ;
T NSERTRECORD ( SECONDPOI NT ) ;
FI RSTPoI NTG . PENÐoI.¡N: =FALSE;
CURRÀÐDPLAVERTEX : =FI RSTP0I NT@. ÀDDPTANEVERTEX'

I,iHI LE CURRÀDDPLÀVERTEX<>SECONDPO] NT ÐO

BEGI N
PREVÀDDPLAvERTEX : =CURRÀDDPtÀVERTEX ;
CURRÀDDPLAVERTEX : =PREVÀDDPLAVERTEXG. ADDPLÀNEVERTBX ;
DI SPOSE (PREVÀDDPTAVERTEX )
END ;

FI RSTP0I NTG. ADDPLANEVERTEX: =SECoNDP0INT
END;

INVI SI BLE:
END ;

IF POINT2 THEN

EXI 12 : =TRUE
ELSE

POINT2 : =TRUE
END ;

BoRDER,I NSIDE tMoDI FYRECoRDS 1

END;

BORDER :
CASE VERTEX2POSITION OF

OUTSIDE: MODI FYRECORDS2 ;
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BORDER :

BEGI N

EDGESTATUS : =INVI SI BLE;
PENDoWN : =FÀLSE ;
DELETERECORDS ( BACKVERTEXl )
END ;

INSI DE : MODI FYRECORDS 1

END ;

INSIDE:
CÀSE VERTEX2POSTTION OF
OUTSI DE, BORDER : MODI FYRECORDS2 ;
I NSIDE:
END

END

END ;

BEGIN
FI RSTl : =TRUE ;
EX]T1:=FALSE;
BACKVERTEXl : =BÀCKPLÀNE@. PLÀNEVERTEX;

WHILE NOT EXIT1 DO

BEGIN
BÀCKvERTEX2 :=BACKVERTEx'1 @.NEXTPLÀNEVERTEX;

IF BACKVERTEX2=NIL THEN

BEGIN
EXIT1:=TRUE;
BÀCKVERTEX2 :=BÀCKPLANEG. PLANEVERTEX
ENÐ ;

]F FIRSTl THEN

BEGI N
FIRSTl:=FÀLSE;
VERTEX 1 : =BÀCKVERTEX 1 G . cRÀPHI CSVERTEX ;
VERTEx2 : =BÀCKvERTEX2G . cRAPHI CSVERTEx
END

ELSE

EEGI N

VERTExI : =VERTEX2 ;
VERTEX2 : =BACKVERTEX2G . GRAPHI CSVERTEX
END ;
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IF ÀBS (VERTEXl [ 1 ] -VERTEX2 [ 1 ] )<=DEITÀ THEN
SLOPE 1 TO2 : =VERTI CÀL

ELSE
IF ÀBs(VERTEXI [2]-ventpxZ[2] )<=DELTÀ THEN

SLOPE 1 TO2 : =HORI ZONTÀL
ELSE

BEGI N

SLoPE 1T02 : =REGULAR;
M1 := (vERTErl [2]-VERTEX2 l2I )/ (vnnrnx l [1 ]-vERTEx2 [1] ) ;
B1 : =vERTExl [2]-M1*vERTExl [1]
END ;

FI RST2: =TRUE;
EXI T2 : =FALSE ;
P0I NT2 I =FÀLSE ;
FRONTVERTEX3 : =FRONTPLANEG . PLÀNEVERTEX ;

WHILE NOT EXIT2 DO

BEG] N

FRoNTVERTEX4 : =FRoNTVERTEX3G.NEXTPLÀNEvERTEX;

IF FRoNTVERTEX4 =N I t THEN

BEGI N

EXI T2 : =TRUE ;
FRoNTVERTEX4 : =FRoNTPLÀNEG. PLÀNEVERTEX
END ;

IF FIRST2 THEN

BEGI N

FI RST2 : =FÀLSE;
VERTEX3 : =FRONTVERTEX3@ . GRÀPHI CSVERTEX;
VERTEX4 : =FRoNTVERTEX4@ , cRÀPHI CSVERTEX
END

ELSE

BEGI N

VERTEX3 : =vERTEX4 ;
VERTEX4 : =FRoNTVERTEX4@ . cRÀPHI CSVERTEX
END ;

IF ABS (VERTEX3 [1 ] -VERTEX  [1 ] ) <=DELTA THEN
SLOPE3T04 : =VERTI CAL

ELSE
IF ÀBS (VERTEX3 [2 ] -VERTEX4 [2 ] )<=DELTÀ THEN

SL0PE3T04 ¡ =HORI z0NTÀt
EtSE

BEGI N

SL0PE3T04 : =REGULÀR;
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M2:= (vERrEx3 [2] -vunrnx¿ [2] )/ (vnnrexg [1] -vERrEx4 [1] ) ;
82:=VERTEX3 [2] -M2*VERTEX3 [ 1]
END ;

CÀSE SLOPEITO2 OF

HORI ZONTÀL :

CÀSE SLOPE3TO4 OF
HCRI ZON?ÀL: ;

REGULAR :

BEGI N

CoMMoNPOINT [2] :=vERrEXl [2] ;
coMr.,oNP0I Nr I 1 I : = (cO!&lONPoI Nr 12) -82) /ì42;
IF INRÀNGE(VERTEXl [1],VERTEX2 [1],COI'OIONPOINT[1] )
AND ONEDGE (VERTEX3 

, VERTEX4 , COMMONPOI NT ) THEN
I'IODi FYEDGE

END ;

VERTT CAL :

BEGT N

COMMONPOINT [1] : =VERTEX3 [1];
CoMMoNPoINT [2] : =VERTEXI l2l ;

iF rNRANGE(VERTEX1 [1],VERTEX2 [1 ],Cotil,foNporNT[ 1] )
ÀND TNRANGE(VERTEX3 [2] ,VERTEX4 [2] , COt0,rONpOr NT [2 ] ) THEN

MODI FYEDGE
END

ENÐ ;

REGULAR :

CÀSE SLOPE3TO4 OF

HORI ZONTÀL I

BEGI N

CoMMoNPoINT [2] :=vERTEx3 [2] ;
coMMoNPorNr[1 ] :=(CO¡aqoHporr,lr[2] -81 )/M1 ;
IF ONEDGE (VERTEXl 

, VERTEX2 , COMMONPOI NT )
ÀND INRÀNGE(VERTEX3 [1],VERTEX4 [1],COMMONPOINT[1] ) THEN

MODI FYEDGE
END ;

REGUTÀR :

IF ÀBS (M1-M2 )>DELTÀ THEN

BEGT N

coMMoNPorNr [ 1 ] : =(¡z-al \ I $1 -uzl ;
CoMMoNPoI NT l2I : =M1 *CoMMONPoI NT [ 1 ] +B 1 ;
IF ONEDGE (VERTEXl ,VERTEX2, COMMONPOI NT )
ÀND oNEDGE ( VERTEX3 , VERTEX  , CoMUONPOI NT ) THEN

MOÐI FYEDGE
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END ;

VERT] CAL:

BEGI N

C0MM0NP0INr [ 1 ] ; =vERrEx3 I 1 I ;
COMMONPOINT [2] : =t'{ 1 *COM4OHpOI Hr [1] +81 i
IF ONEDGE (VERTEX 1 , VERTEX2 , COMMONPOI NT )
ÀND rNRÀNGE(VERTEX3 [2] ,VERTEX4 [2] ,COmlOHeOrHT[2] ) THEN

}IODi FYEDGE
END

END ;

VERTI CÀL :
cÀsE sr0PE3T04 0F

HORI ZONTAL :

BEGI N

CoMMONPOINr[ 1 ] :=vnRTExl [ 1 ] ;
COMMONPOINT[2] :=VPRTEX3 [2] ;
iF INRANGE(VERTEXl [2] ,VERTEX2 [2] ,CO}.Î,{ONPOINT[2] )
ÀND INRÀNGE(VERTEX3[1],VNNTSX4['1 ] , COMMONPOI NT [ 1 ] ) THEN

MODI FYEDGE
ENÐ ;

REGULÀR :

BEGIN
COMMONPOINT [1 ] :=venrnxl [ 1] ;
COMMONPOI NT [2 ] : =M2*COMMONPOINT [1]+82:
rF TNRANGE(VERTEXl [2] ,VERTEX2 t2l , COtû,tONpOr NT [2] )
ÀND ONEDGE (VERTEX3 

, VERTEX  , COMMONPOI NT ) THEN
MODT FYEDGE

END ;

VERTI CÀL :
END

ENÐ ;

FRONTVERTEX3 : =FRONTVERTEX4
END ;

BACKVERTEXl : =BACKVERTEX2
END

END ;

PROCEDURE DELETELI NES ( FRONTPLANE , BÀCKPLANE : POI NTPLANE ) ;

VÀR
OVERLÀPREGION : BOOLEÀN ;
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CURRBÀCKVERTEX ; POT NTPLANEVERTEX ;

BEGIN
oVERLÀPREGI 0N : =FÀLSE ;
CURRBACKVERTEX: =BACKPLÀNE@. PLANEVERTEX;

WHILE CURRBACKVERTEX<>N i L DO

BEGT N

WITH CURRBACKVERTEX@ DO

CÀSE EDGESTÀTUS OF

VI SI BLE :

IF OVERLÀPREGION THEN

BEGI N
EDGESTATUS: =INVi SI BtE;
PENDoWN : =FAtSE
END ;

PÀRTVI S] BLE :

CÀSE PENSTÀTUS OF
RÀI SEPEN: OVERIÀPREGION: =TRUE;
LOWERPEN: OVERLÀPREGi ON: =FÀLSE ;
HOLDPEN:

TF OVERLAPREGION THEN

BEGI N

EÐGESTÀTUS : =INVI SI BLE;
PENDOWN : =FÀLSE ;
DELETERECORDS ( CURRBÀCKVERTEX )
END

END ;

INVI SI BLE :

CÀSE PENSTÀTUS OF
RA] SEPEN : OVERLAPREG I ON : =TRUE;
LOWERPEN: OVERtÀPREG I ON : =FÀLSE;
HOLDPEN :
END

END ;

CURRBACKVERTEX : =CURRBÀCKVERTEX@.NEXTPLÀNEVERTEX
END ;

CURRBÀCKVERTEX: =BÀCKPLÀNEG . PLANEVERTEX ;

WHILE CURRBÀCKVERTEX<>NI L DO

BEGI N

WITH CURRBÀCKVERTEXG DO

CÀSE EDGESTÀTUS OF
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VI SJ BLE:
IF OVERLAPREGION THEN

BEGIN
EDGESTATUS : =INVI Sl BLE;
PENDoWN : =FALSE
END ;

PÀRTVI SI BLE:
CÀSE PENSTATUS OF
RAI SEPEN : PENSTATUS : =HOLDPEN ;
LOWERPEN :

BEGI N

OVERLAPREGI ON: =FÀLSE ;
PENSTÀTUS : =H0LDPEN
END ;

HOLDPEN:
IF OVERLÀPREGION THEN

BEG]N
EDGESTÀTUS : =INVI SI BLE;
PENDoI.iN : =FÀLSE ;
DELETERECORDS ( CURRBÀCKVERTEX )
END

END ;

INVI SI BtE:
CÀSE PENSTÀTUS OF
RAI SEPEN : PENSTÀTUS : =HOIDPEN ;
LOWERPEN :

BEGI N

oVERLÀPREGI ON : =FÀLSE ;
PENSTÀTUS : =HOLDPEN
END ;

HOLDPEN :

END

ENÐ ;

CURRBACKVERTEX : =CURRBÀCKVERTEXG . NEXTPLÀNEVERTEX
END

END ;

PROCEDURE PLANEINSIDE(FRONTPLANE,BÀCKPIANE:POINTPLANE;CODE:STRING(3))'

vÀR
VERTEX4 : PLANEPOINT;
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EXI T,OMI TBÀCKPLANE: BOOLEÀN ;
CURRBACKVERTEX : POI NTPLÀNEVERTEX ;

BECI N

OMI TBACKPLÀNE : =TRUE ;
EXI T: =FALSE;
CURRBÀCKVERTEX: =BACKPLANEG. PTANEVERTEX;

WHILE (CURRBACKVERTEX<>N i t ) AND NOT EXIT DO

BEGiN
VERTEX4 : =CURRBÀCKVERTEX@ . cRÀPHI CSVERTEX;

rF VERTEXPoS r TI0N (FRONTPLÀNE,VERTEX4 )=OUTS I DE THEN

BEGI N
OMI TBÀCKPLANE: =FÀLSE i
EXI T: =TRUE
ENÐ ;

CURRBÀCKVERTEX : =CURRBACKVERTEXG . NEXTPLANEVERTEX
END ;

IF OMITBACKPLANE THEN

BEGI N
IF CODE='ONE| THEN
WITH POLYHEDRON 1O , CURRENTPLÀNE 1 @ DO

BEGI N

VI S] BLEPLANESET: =VI SI BLEPLANESET- [PLANENUMBER] ;
CURRBACKVERTEX : =PLANEVERTEX
END

ELSE
wITH PoLYHEDRoN2o , CURRENTPLÀNE2 @ D0

BEGI N

VI SI BLEPLANESET: =VI ST BTEPLÀNESET- [PLÀNENIJMBER] ;
CURRBACKVERTEX : =PLANEVERTEX
END ;

WHILE CURRBÀCKVERTEX<>NI L DO

BEGI N
WITH CURRBÀCKVERTEXG DO

BEGi N

EDGESTATUS : =VI SI BtE;
PENSTATUS : =HOLDPEN;
PENDOWN : =TRUE ;
ÐELETERECORDS ( CURRBACKVERTEX )
END ;
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CURRBÀCKVERTEX : =CURRBÀCKVERTEXG. NEXTPLANEVERTEX
ENÐ

END

END ;

BEGI N

EXI T i =FÀLSE;
WITH POLYHEDRON2G DO

BEGI N

CÀSE POTYHEDRONTYPE OF
OBSTÀCLE:
IT' POLYHEDRONNUMBER JN OBSTACTESET THEN

EXI T: =TRUE i
FREEWORKP] ECE :
]F POTYHEDRONNIJ}.IBER IN WORKPIECESET THEN
EXIT:=TRUE;

BÀSENAME . . HELDWORKPI ECE :
IF POLYHEDRONTYPE IN MANI PULATORSET THEN

EXI T : =TRUE
END ;

IF NOT EXIT THEN

BEG]N
CURRENTPTANE2 : =FI RSTPLANE;

WHILE CURRENTPLANE2 <>NI L DO

BEGIN
iF CURRENTPLÀNE2@ . PLÀNENUMBER IN VISiBLEPLÀNESET THEN

BEGIN
] NTERSECTI ON : =FALSE ;

CASE FINDVISIBILITY OF

SEEÀLLOFPLÀNE1 :

BEGI N

F I NDI NTERSECTI ON (CURRENTPLÀNE 1 , CURRENTPTANE2 ) ;IF INTERSECTION THEN
DELETETT NES ( CURRENTpLÀNE I , CURRENTpLANE2 )

ELSE
PLÀNEI NS I DE ( CURRENTPLANE 1 , CURRENTPLÀNE2 , ' TWO ' )

END ;

SEEÀLtOFPLÀNE2:

BEGI N

F r NDr NTERSECTI0N (CURRENTptANE2 , CURRENTptÀNE 1 ) ;
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IF INTERSECTION THEN
DETETELI NES ( CURRENTPLÀNE2 , CURRENTPLANE'1 )

ELSE
PLÀNEI NS I DE ( CURRENTPLANE2 , CURRENTPLANE I , ' ONE ' )

END ;

SEEÀLtOFBOTH , PLANESMÀYCOLLI DE , PLÀNESCOLLi DE :
END

END ;

CURRENTPLÀNE2 : =CURRENTPLANE2 G . NEXTPLANE
END

END

END

END ;

BEGI N

I,lITH POLYHEDRONl G DO

BEGI N

CÀSE POLYHEDRONTYPE OF
OBSTACLE:OBSTÀCLESET: =OBSTÀCLESET+ [POLYHEDRONNI'MBER] ;
FREEWORKPI ECE : WORKPI ECESET : =WORKPI ECESET+ [POLYHEDRONNUMBER] ;
BÀSENAME. . HELDWORKPI ECE :

MÀNI PULATORSET : =MÀNI PULÀTORSET+ [POLYHEDRONTYPE ]
END ;

CURRENTPLÀNE'1 : =FI RSTPLÀNE;

WHILE CURRENTPLÀNE 1 <>NI L DO

BEGI N

WITH CURRENTPLÀNE1O ÐO

IF PLÀNENIjI',Í BER IN VISI BTEPLANESET THEN
WORKONPOLYHEDRA ( FI NDPLANEPÀT RS ) ;

CURRENTPLANEl : =CURRENTPTÀNE1 @.NEXTPLANE
END

END

END ;

PROCEDURE PLOTPOLYHEDRON ( POTYHEDRON : POI NlPOLYHEDRON ) ;

PROCEDURE PLOTPTANE;

VAR
Jt2,.3;
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FUNCTI ON SCALE (COORDI NÀTE i REÀL ) : REAL ;

BEGi N

IF ÀBS (COORDINÀTE )<=DELTÀ THEN
SCALE: =0

ELSE
SCÀLE : =0. 03*C00RDINATE

END ;

BEGI N
WITH CURRENTPLÀNEG DO

BEGIN
CURRADDPLÀVERTEX : =NI L ;
CURRPLANEVERTEX : =PLANEVERTEX ;

WHILE (CURRÀDDPLAVERTEX<>NI L ) OR (CURRPLANEVERTEX<>NI L ) DO
]F CURRÀDDPLAVERTEX<>NI L THEN

BEGIN
WITH CURRADDPLÀVERTEXG DO

BEGI N

IF J=2 THEN
PLOT(SCÀIE(GRÀPHICSVERTEX [1 ] ),SC¡IN(CN¡PHICSVERTEX [2] ),2)

ELSE
IF PENDOWN THEN
proT(scÀLE(cRApHrcsvERTExIi ] ),scÀLE(cRApHrcsvERTEX [2] ),3) ;

IF' PENDOWN THEN

ELSE
J: =3

END ;

CURRPLÀNEVERTEX : =CURRÀDDPLAVERTEX@. NEXTPLANEVERTEX ;
CURRÀDDPLÀVERTEX : =CURRADDPLÀVERTEX0 . ADDpLÀNEVERTEX
END

ELSE

BEGI N

WITH CURRPLÀNEVERTEX@ DO

BEGIN
iF J=2 THEN
ptoT ( scÀtE (cRApHr CSVERTEX [1] ) , scArE ( cRÀpHr csvERTEX [2] ) ,2)

ELSE
IF PENDOWN THEN
ptoT(scÀLE(cRApHrcsvERTEx[1 ] ),scÀLE(cRApHrcsvERTEX[2] ),3) ;IF PENDOWN THEN

ELSE
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END ;

CURRADDPLÀVERTEX : =CURRPTANEVERTEX@ . ADDPLANEVERTEX ;
CURRPLANEVERTEX : =CURRPLANEVERTEX@ . NEXTPLANEVERTEX
END ;

WITH PLÀNEVERTEX@ DO
pLoT (scÀLE (cRApHi csvERTEx [ 1 ] ) , scALE (cRApHr csvERTEx [2] ),J)

END

END ;

BEGI N

WITH POLYHEDRONG DO

BEGI N

CURRENTPLÀNE : =FI RSTPLANE ;

I,¡HI tE CURRENTPLANE<>NI t DO

BEGIN
WITH CURRENTPLÀNE@ DO

IF PLÀNENWBER IN VISIBLEPLANESET THEN
PLOTPLANE;

CURRENTPLANE : =CURRENTPLÀNE@.NEXTPLÀNE
END

END

END ;

PROCEDURE RESTOREPLANES ( POLYHEDRON : PO] NTPOLYHEDRON ) ;

BEGI N

WITH POLYHEDRON@ DO

BEGIN
CURRENTPLÀNE : =FI RSTPLÀNE ;

WHILE CURRENTPLANE<>N I L DO

BEGI N

WITH CURRENTPLÀNEG DO

IF PTANENI,JMBER iN VISIBLEPLANESET THEN

BEGi N

CURRPLANEVERTEX : =PLÀNEVERTEX ;

WHILE CURRPLÀNEVERTEX<>NI L DO

BEG] N

WITH CURRPLANEVERTEX@ DO

BEGI N
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EDGESTÀTUS : =VI SI BLE;
PENSTÀTUS : =HoLDPEN '
PENDOWN: =TRUE;
DELETERECORDS ( CURRPLANEVERTEX )

END ;

CURRPLÀNEVERTEX: =CURRPLANEVERTEXG.NEXTPLANEVERTEX
END

ENÐ ;

CURRENTPLANE;=CURRENTPTANE@.NEXTPLANE
END ;

VI SI BLEPTÀNESET: = []
END

END ;

BEGIN
PLoT(4.5,6.65,-3);
PLoT(3,3.355,3);
PLOT(-3,3.355,2);
PLor (-3, -3.355,2 ) ;
PLOT(3,-3.355,2);
PtoT(3,3,355,2);
PLoT(-4.5,-6.65,-3);

WORKONPOLYHEDRA (FI NDVI SUÀLPLÀNES ) ;

OBSTACLESET; = [] ;
WoRKPIECESET:=[];
MÀNI PULÀToRSET: = ll ;
WORKONPOLYHEDRÀ (MODI FYPTANES ) ;

PtoT(XoRGIN,YORcrN, -3 ) ;
WORKONPOLYHEDRÀ ( PLOTPOLYHEDRON ) ;
PLoT( -XoRGIN, -YORGIN, -3 ) ;

WORKONPOLYHEDRÀ (RESTOREPLANES ) ;

¡'lESSAGE:='PATH';
sYMBot( 3. 15,2, 4,0,1 5,MESSÀcE,0,4 ) ;
PRINTINTEGER( PÀTHNUMBER,4.05,2.4,0. 15 ) ;
IqESSAGE: = 

| STEP' ;
syMBoL( 4.8,2.4,0. 15,MESSÀcE,0,4 ) ;
PRINTINTEGER(STEPNU'iBER, 5, 7,2. 4, 0. 1 5) ;

WITH MANI PULÀTORG DO

CASE MANI PULATORTYPE OF

F] XED :

IF SAFEMÀNI PULATOR THEN
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BEGIN
MESSÀGE: =' SÀFE FIXED CoNFIGURÀTI0N';
sy'tlBoL(z,'1,2, 1, 0, 1 5,MESSAGE,0, 24)
END

EII CF

BECI N

MESSÀGE: =' UNSÀFE FIXED CoNFIGURATI0N';
syMBoL( 2. 55, 2. 1,0. 1 5,MESSÀcF ,0,26\
END ;

VARI ÀBLE :
IF SÀFEMANI PULATOR THEN

BEGIN
MESSAGE:=ISAFE VARIABLE CONFIGURÀTION. ;
syMBOL(2,475,2. 1,0. 15,MESSAGE,0,27)
END

ELSE

BEGI N

MESSÀGE: ='UNSÀFE VÀRIABIE CoNFtGURÀTI 0N' ;
syMBoL( 2. 325, 2, 1, 0. 1 5,MESSAGE, 0,29)
END

END ;

IF SAFEPÀTH THEN

BEGI N

MESSAGE: ='PÀTH IS SÀt'E ' ;
syMBoL(3. 6, 1.8,0. 1 5,MESSAGE,0, 1 2)
END

ELSE

BEGI N
MESSÀGE;='PÀTH IS UNSÀFE, SEE DA=PR0CCÀ. ERRI)RS ' ;
syMBoL( 1 .8, 1.8,0. 1 5,MESSÀGE,0,36)
END ;

PRI NTPÀGENTJMBER ;
PLoT(0,0,999 )
END ;

PROCEDURE PRODUCEPÀTH ( POI NTER 1 : POi NTDEFI NEBOX ;
HOLDSTÀTUS : HOLDSTÀTUSNAMES ) ;

CONST

DEITÀ=0 . 001 ;

vÀR
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I:1..3;
J:INTEGER;
BÀSEANGLE 1 , BÀSEANGtE2 , DI FFERENCE , DELTÀK , WRI STADJUST : REAL ;
LoCÀTI0N 1 , LoCATI0N2 I PoI NT ;
BASENoCHÀNGE, NoRMÀL, p0S I Tl VEADJUST, t4RI STNoCHÀNcE: B00LEAN;
DOFNOCHANGE :ARRÀY [2 . . 3 ] OF BOOTEÀN;
P0STPATHP0I NTER 1 , 

pREpÀTHp0i NTER2 : p0I NTMÀN I pULATOR 
;

PROCEDURE FINDÀDJUSTMENT;

BEGI N

Di FFERENCE: =BÀSEANGLE2 -BASEANcLE I ;
] F (ÀBS (DI FFERENCE) <=DELTA ) OR (ABS (ÀBS (DlFFERENCE ) -2XP¡ ) ¡=Pg¡1¡ ) TH6¡

BÀSENOCHANGE : =TRUE
ELSE

BEGI N

BÀSEN0CHÀNGE: =FALSE ;
NoRMAL : =FÀLSE ;

IF (BASEANGLEl>(95*PI/180) ) EHN ( (85*PIl180)>BÀSEANGLE2) THEN

BEGI N

P0SI TMAÐJUST: =TRUE;
DELTAK: = (5*PI / 180 )/ (BASEANGLE2+2*PI -BÀSEÀNGLE'1 )
END

ELSE
IF (BÀSEANGtE2>(95*PI/'180) ) ÀNÐ ( (85*Pil180)>BÀSEÀNGLE'1 ) THEN

BEGIN
PoSI TI VEADJUST: =FÀLSE i
DELTAK: = (-5*PI / 180 )/ (BÀSEANGLE2-2*PI -BÀSEÀNGLE1 )
END

ELSE

BEGI N

NORMÀL : =TRUE ;
DELTAK : =ABS ( ( 5*PI / 1 8 O ) / ( BASEANGLE2-BASEÀNGLE 1 ) )
END

END

END ;

FUNCTI0N INRÀNGE (LoWER, UppER, THETÀ: REAL;NORMAL: BOOLEAN ) : BOOLEAN;

BEGIN
rF ( (LoÌ4ER<THETÀ) ÀND (tHnr¡<uppnR) )
OR ((towER>THETÀ) AND (THETA>UPPER)) THEN

BEGI N
iF NORMAL THEN
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I NRANcE I =tRUE
ELSE

I NRANGE : =FÀLSE
END

ELSE

BEGT N

IF NORMAL THEN
INRÀNGE: =FALSE

ELSE
T NRANGE : =TRUE

END

END ;

pRocEDURE cHEcKp0sI TI oN ( po¡ HrnR2 : por NTpoLyHEDRoN ; RANcE2oNLy : BooLEAN ) ;

VAR
LOWERBOUND , UPPERBOUND , LOI,IERÀLPHÀ , UPPERÀLPHA : REAt ;
I NSERT : BOOLEAN ;

pRocEÐuRE FINDBoUNDS (Lol^¡ERBouNDx,uppERBouNDx:REÀL 
;

NORMALBOUNDSX I BOOLEÀN ) ;

VÀR
BASEANGLEl FtAG , BÀSEÀNGLE2FLÀG,
LowERBoUNDFLÀG , UppERBoUNDFLÀc : B00LEÀN I

BEGI N
BÀSEÀNGtElFLÀG: =INRANGE(LOWERBOUNDX,UPPERBOUNDX,BÀSEÀNGLE1,

llonueraouHosx ) ;
BÀSEÀNGLE2FLÀG : =INRÀNGE (LOWERBOUNDX, UPPERBOUNDX, BASEÀNGtE2 ,

NoRMALBoUNDSx ) ;
LOI,¡ERBOUNDFLÀG : = I NRANGE ( BÀSEÀNGLE 1 , BÀSEÀNGtE2 , LOWERBOUNDX , NORMÀL ) ;
UPPERBoUNDFtÀG : = I NRANGE ( BÀSEÀNGLE 1 , BÀSEANGLE2 , UpennaOuNox ,llorunr ) ]

IF BÀSEANGIElFLÀG OR BASEANGLE2FLAG
OR LOI,IERBOUNDFLÀG OR UPPERBOUNDFLAG THEN

BEGI N

I NSERT : =TRUE ;

IF BÀSEANGLE'IFLÀG AND BASEÀNGLE2FLAG THEN

BEGI N

]F BÀSEÀNGLE 1 <BASEANGLE2 THEN

BEGI N

LoWERBoUND : =BÀSEÀNGLE1 ;
UPPERBOUND : =BÀSEANGLE2
END

ELSE
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BEGI N

L0}iERBOUND : =BASEANGLE2 ;
UPPERBoUND : =BÀSEANGLE l

END

END

ELSE

BEGI N

IF LO}TERBOUNDFLÀG THEN
t0tiERB0UND : =t0WERB0UNDX

ELSE
IF BÀSEÀNGLEl FLÀG THEN

LOWERBOUND : =BÀSEÀNGLE 1

ELSE
LO}IERBOUND : =BASEÀNGLE2 ;

I I' UPPERBOUNDFLAG THEN
UPPERBOUND : =UPPERBOUNDX

ELSE
IF BASEÀNGLE1FLAG THEN

UPPERBOUND : =BÀSEANGLE 1

ELSE
UPPERBOUND : =BÀSEANGLE2

END

END

END ;

PROCEDURE I NSERTRECORDS ;

PROCEDURE I NSERTRECORD (F I RSTI NSERT: BOOLEAN ) ;

VAR
Ii2..3;
KVÀLUE : REÀL ;
EX]T:BOOLEAN;
PÀTHJ NSERT : POI NTMANI PULÀTOR ;

BEG] N
IF NORMAL THEN

KVALUE : = (ÀLPHA [ 1 ] -BASEANGTE 1 ) / ( BASEANGTE2-BASEANGTE 1 )
ELSE
IF POSITIVEÀDJUST THEN

BEGI N
IF ÀLPHA [1]> (95XPI / 180 ) THEN

KVATUE : = (ALPHA [ 1 ] -BASEANGLE 1 ) / ( BÀSEANGIE2 +2* PI -BÀSEÀNGIE 1 )
EtSE

KVALUE : = (ÀLPHÀ [ 1 ] +2*PI -BÀSEÀNGLE 1 ) / ( ¡¡SN¡IICTNZ+2 *PI -BASEANGLE 1 )
END
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ELSE

BEGI N

rF ArPHÀ [1 ] < (95'rpr / 180 ) THEN
KVALUE : = ( ÀLPHÀ ['1 ] -BASEÀNGIE 1 ) / ( BÀSEÀNGIE2-2*PI -BASEANòLE 1 )

ELSE
KVÀLUE:= (ÀLpHÀ [1]-2*pr -BÀSEANGLEl )/ (¡¡SS¡],lCrpZ-2*pr -BÀSEÀNGLE1 )

END ;

EXITT=FÀLSE;
PREVIoUSPÀTHSTEP : =PATHP0i NTERl ;
CURRENTPATHSTEP : =PATHPOI NTER 1 @ . NEXTMANI PULÀTOR ;

I,¡HI LE NOT EXI T DO

BEGIN
IF CURRENTPÀTHSTEPG . K>KVÀLUE THEN

BEGI N
EXI T: =TRUE;
r F ( (cuRRENrpÀTHsrEpG . K-pREVr ouspÀTHsrEpG . K ) >DELTAK )

OR FIRSTINSERT THEN

BEGI N

FoR I:=2 T0 3 D0
rF DoFNocHÀNcn Ir ] r¡re}l
¡r,pn¡ [l ] : =pATHporNTERl e. nor¡Ncle ll l

ELSE
ÀtPHÀ [ I ] : =KVAtUE* ( PATHPOI NTER2G . ÐOF¡}{CTE I I ] -P¡THPOI NTERl @.
¡o¡'¡Hcrs Il ] )+pÀTHporNTERl@.DoFANcrE [] I ;

¡F WRI STNOCHÀNGE THEN
ANGLE: -PÀTHPOI NTERl @.ORI ENTATION

ELSE
ÀNGLE : =KVÀLUE* ( PATHPOI NTER2@ . ORI ENTATI ON+WRI STADJUST-
pÀTHp0I NTER I @.0RI ENTÀTI oN )+pATHpoI NTER I @. oRI ENTÀTI oN ;

D] STANCE: =KVALUE* ( PÀTHPOI NTER2G. GÀP-PÀTHPOI NTERl @.GÀP )+
PÀTHPOI NTERl G. GÀP ;
CONFI cuRÀTI0N ( PÀTHI NSERT , VARI ÀBtE , KVÀtuE , 

poI NTER 1 , TRUE , HoLDsTATUs ) ;
PÀTHI NSERTG . NEXTMÀNI PULATOR : =CURRENTPATHSTEP ;
PREVI OUSPÀTHSTEPG . NEXTMANT PULATOR : =PÀTHI NSERT
END

END ;

PREVI OUSPATHSTEP : =CURRENTPÀTHSTEP ;
CURRENTPÀTHSTEP : =CURRENTPÀTHSTEPG . NEXTMANI PULATOR
END

END ;

BEGI N

IF (UPPERBoUND-LoWERBoUND)<PI THEN

BEGT N
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ALPHÀ I1 ] :=(LoWERBoUND+UPPERBoUND) /2 ;
I NSERTRECORD ( TRUE ) ;
LOWERÀIPHÀ: =AtPHA [ 1 ] ;
UPPERALPHAi =ÀtPHÀ [ 1 ] ;

WHiLE (LOWERALPHÀ-LOWERBOUND )> ( 5 * PI / 180 ) DO

BEGI N

LoWERÀLPHA: =LoWERÀLPHA- 5* PI / 180 ;
AIPHÀ [1 ] I =LOWERALPHA ;
I NSERTRECORD ( FÀISE ) ;
UPPERÀLPHA : =UPPERÀLPHA+ 5* PI /180;
ÀIPHA [ 1 ] : =UPPERATPHA;
I NSERTRECORD ( FALSE )
END

END

ELSE

BEGIN
ÀtpHÀ [ 1 ] : =ÀDJUSTÀNGLE ( (r,o¡,¡pnaouN¡+uppERBouND ) / 2 -pr ) ;
] NSERTRECORD (TRUE ) ;
LoT,IERALPHA : =ÀtPHA [ 1 ] ;
UPPERALPHÀ : =ÀtPHÀ [ 1 ] ;

IF ÀLPHA [1]>O TU¡II
WHILE (UPPERÀLPHÀ-UPPERBOUND ) > ( 5*PI /180 ) DO

BEGI N

LOWERÀLPHA : =ADJUSTANGLE ( LOWERALPHA+ 5* PI / 1 8 O ) ;
ÀtPHÀ [ 1 ] : =LOWERÀLPHA;
I NSERTRECORD (FÀLSE ) ;
UPPERALPHÀ: =UPPERÀLPHÀ- 5* PI / 180 ;
ÀLPHA [ 1 ] : =UPPERALPHÀ i
I NSERTRECORD (FALSE )

END

ELSE
WHiLE (LOWERALPHA-LOI.¡ERBOUND)<( 5*PIl180) DO

BEGi N

LOWERÀLPHÀ | =LoWERALPHA+ 5* PI / 180;
AtPHÀ [ 1 ] : =LOWERÀLPHA;
I NSERTRECORD ( FÀLSE ) ;
UPPERALPHÀ : =ÀDJUSTANGLE (UPPERALPHA-5'IPI / 1 8 O ) ;
ÀIPHA I 1 ] I=UPPERÀLPHÀ;
lNSERTRECORD (FÀLSE )
END

END

END;
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BEGI N

WITH POINTER2G DO

BEGI N

IF NOT RÀNGE2ONLY THEN

BEGI N

I NSERT : =FÀLSE ;
FINDBOUNDS(LOI4ERBOUNDl,UPPERBOUNDl,NORMALBOUNDSl ) ;IF INSERT THEN

I NSERTRECORDS
END ;

I NSERT i =FAISE;
F I NDBOUNDS ( TOWERBOUND2 , UPPERBOUNÐ2 , NORMALBOUNDS 2 ) ;IF INSERT THEN

I NSERTRECORDS
END

END ;

BEGIN
BÀSEÀNGLEI i =PÀTHPoINTERl G. DoFÀNctE [ 1 ] ;
BÀSEANGLE2 :=PATHPoINTER2@,DoFÀNctE [1 j ;
FI NDÀDJUSTMENT;

IF BÀSENOCHÀNGE THEN

BEGIN
I.IRI TELN (ERRORS , ' NO CHANGE IN BÀSEANGLES *,:25)i
GOTO 1

END ;

Di FFERENCE : =PÀTHPOI NTER2G . ORI ENTÀTI ON-PÀTHPOI NTER 1 G . ORI ENTATI ON ;

1F (ÀBs(DIFFERENCE)<DELTA) oR (ÀBs (DI FFERENCE-PI )<¡stTA ) THEN
WRI STNoCHANGE : =TRUE

ELSE

BEGI N

I,IRI STNoCHANGE: =FÀLSE iiF (DIFFERENCE>PI /2 ) THEN

BEGI N

IF (DIFFERENCE<3*PI /2 ) THEN
WRI STADJUST: =-PI

EtSE
WRi STADJUST: =-2xPI

END

ELSE
IF (DIFFERENCE<-PT /2 ) THEN

BEGIN
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IF (DIFFERENCE>-3*PI /2 ) THEN
WRI STÀDJUST: =PI

ELSE
WRI STÀDJUST : =2*PI

END

ELSE
WR] STÀDJUST : =O

END ;

CASE HOTDSTATUS OF
H0LDNEt,¡l,¡oRKpIECE,H0LD0tDWoRKpIECE: ;

NOWORKPI ECE :

BEGI N

IoCÀTI 0N 1 : =PATHPOI NTER 1 G. WRI STG. REFERENCE ;
LoCÀTI0N2 | =PÀTHP0I NTER2G,WRI STG. REFERENCE;

IF (LOCATIoNI [3]<LocATIoN2 t3] ) ¡n¡ NOT LÀSTPATH THEN

BEGIN
lrITH WKPCPoI NTERG , BoXPoLYHEDRONG D0
IF i NRANGE ( BÀSEÀNGLE 1 , BÀSEÀNGLE2 , UPPERBOUND 1 , NORMAT ) THEN

ÀtPHA [ 1 ] : =UPPERBOUNDi
ELSE

ALPHÀ [ 1 ] : =LOWERBoUNDI ;
FOR I:=2 T0 3 D0
ÀIPHAII ] :=PATHPOINTER2@.DOFANGLE II ] ;

ÀNGtE I =PÀTHP0I NTER2G .0RI ENTÀTI0N ;
DI STANCE: =PATHP0i NTER2 G , cÀP ;
CONFIGURATI ON (PREPÀTHPOI NTER2 , FI XED, 1 ,NIL,TRUE,NOWORKPIECE) ;
PREPATHPOI NTER2G . NEXTMANI PULATOR: =PÀTHPOI NTER2;
PATHPOI NTER2 : =PREPATHPOI NTER2 ;
BÀSEANGLE2 : =PÀTHPoI NTER2 G . DOFÀNGLE [ 1 ] ;
FINDÀDJUSTMENT
END ;

IF (IOCATIONl [3 ] >tOcATI oN2 [3 ] ) AND NoT FIRSTPÀTH THEN

BEGIN
l¡ITH PREVtiKpCpoI NTER@ , BoXPoIYHEDRoN@ D0

TF i NRANGE ( BASEÀNGLE'1 , BASEANGLE2 , UPPERBOUND 1 , NORMAL ) THEN
ALPHÀ l1 i :=UPPERBoUNDl

ELSE
ALPHA [ 1 ] : =tOWERBOUND I i

FOR I:=2 T0 3 D0
ALPHA II ] :=PÀTHPOINTERIG.DoFÀNGIE II ] ;

ÀNGtE t =PÀTHPoI NTERl G .0RI ENTATI0N ;
DI STÀNCE : =PÀTHPOI NTER 1 G . GÀP ;
CoNFIGURÀTI0N(pOSrp¡rUpOIHTER1,FIXED,0,NIL,TRUE,NOWORKPIECE)
PÀTHP0I NTER 1 G . NEXTMANI PULAToR : =P0STPATHPOi NTER 1 .

PÀTHPOI NTER,1 : =POSTPÀTHPOI NTERI ;
BASEÀNGIE1 ;=PÀTHPOINTERlG.DOFÀNGtE [1 ] ;
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FI NDADJUSTMENT
END

END

ENÐ ;

FOR I:=2 T0 3 D0
I F ÀBS ( PATHPOI NTER2G. DOFÀNGLE I i ] -PÀTHPOI NTER'1 G. DOFANGLE [ ] ] ) <DEtTÀ
THEN

DOFNOCHANGEII]:=INUS
ELSE

DOFNOCHÀNGE II ] : =FÀLSE ;

PATHP0I NTERl G . NEXTMÀNI PULÀT0R i =PÀTHP0INTER2;

]F NOT BASENOCHÀNGE THEN

BEGI N

CURRPOLYHEDRON : =FI RSTOBSTÀCLE ;

I,IHI LE CURRPOLYHEDRON<>NI L DO

BEG] N
cHECKP0SiTI0N(CURnpOryHS¡RON,FALSE) ;
CURRPOTYHEDRoN : =CURRP0LYHEDRoN@ . NEXTP0LYHEDRoN
END ;

CURRWoRKP I ECE : =F I RSTI{oRKPI ECE ;

I,IHI LE CURRWORKPI ECE<>NI L DO

BEG] N

III TH CURRI.IORKPI ECEG , BOXPOLYHEDRONG DO

CÀSE HOLDSTÀTUS OF
HOLDNEWWORKPI ECE , HOLDOLDWORKP I ECE :

I F POLYHEDRONNIj}IBER<>WKPCNI,ITIBER THEN
cHECKp0S I TI0N ( B0XpOLyHEDRON , 

pOLyHEDRONNUì.tBER=pREVWKpCNU,IBER ) ;
NO}¡ORKPI ECE :

CHECKPOS I TI ON ( BOXPOLYHEDRON , ( POLYHEDRONNUMBER=PREVI,¡KPCNIJUBER )
OR ( PoLYHEDRONNUMBER=WKPCNtJI',tBER ) )

END ;

CURRI,IORKPI ECE : =CURRWoRKPI ECE@ . NEXTDEFI NEBoX
END

END ;

CURRENTPÀTHSTEP : =PATHSTÀRT ;

WHILE CURRENTPATHSTEP<>NT L DO

BEGI N

}TITH CURRENTPÀTHSTEPG DO
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BEGI N

oBSTÀCIESET: = [] ;
CURRPOLYHEDRON : =FI RSTOBSTACLE i

I,¡HI LE CURRPOLYHEDRON<>NI L DO

BEGI N

WITH CURRPOLYHEDRON@ DO
IF INRANGE (LOWERBOUNDl ,UPPERBOUNDl ,DOFÀNGLE [1] ,NORMALBOUNDSl )
OR INRÀNGE ( LOWERBOUND2,UPPERBOUND2,DOFANGLE [ 1 ],NORMALBOUNDS2 ) THEN

OBSTACLESET : =OBSTACLESET+ [ POTYHEDRONNUMBER] ;
CURRP0LYHEDR0N : =CURRP0LYHEDR0NG . NEXTP0LYHEDR0N
END;

WoRKPIECESET:=[];
CURRWoRKPI ECE : =FI RSTWoRKPI ECE i

WHILE CURRWORKPI ECE<>NI L DO

BEGI N

WITH CURRWORKPT ECEG . BOXPOLYHEDRON@ DO
CÀSE HOLDSTATUS OF
HOLDNEWI,IORKPI ECE , HOLDOLDWORKPI ECE :
IF POTYHEDRONNI'I'IBER<>WKPCNUI4BER THEN

BEGIN
I F ( I NRANGE (LOWERBOUND 1 ,UPPERBOUNDl ,DOFANGLE [1] ,NORMALBOUNDSl )
ÀND (POTYHEDRoNNUMBER<>PREVi,rKPcNU}TBER) )
OR INRÀNGE (LOWERBOUND2,UPPERBOUND2,DOFÀNGLE [ 1 ],NORMALBOUNDS2 ) THEN

IiORKP I ECESET : =WORKPI ECESET+ [POTYHEDRONNUMBER]
END ;

NOWORKPT ECE:
IF ( I NRÀNGE (LowERBoUND 1 , UPPERBoUND 1 , DoFÀNGLE [ 1 ] , NoRMÀLBoUNDS 1 )
AND ( POLYHEDRONNI'MBER<>WKPCNUMBER)
ÀND ( POLYHEDRoNNIJI'IBER<>PREvI^lKPcNIJI,IBER) )
OR I NRÀNGE (LOWERBOUND2 

, UPPERBOUND2 , DOFANGTE [ 1 ] , NORMALBOUNDS2 ) THEN
WORKP] ECESET : =WORKPI ECESET+ [POLYHEPROHHU}.TSER]

END;

CURRWORKPI ECE: =CURRWORKP I ECE@ . NEXTDEFI NEBOX
END

ENÐ ;

CURRENTPÀTHSTEP : =CURRENTPÀTHSTEPG. NEXTMÀNi PULÀTOR
END ;

CHECKPÀTH (HOtDSTÀTUS ) ;

CURRENTPATHSTEP : =PÀTHSTÀRT i
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CÀSE HOTDSTÀTUS OF

HoLDNEWWoRKP I ECE, H0LDoLDWoRKpI ECE :
WHILE CURRENTPÀTHSTEP<>NI L DO

BEGI N

GRAPH I CS ( CURRENTpÀTHSTEP , WKPCNLTÌ4BER , J ) ;

CURRENTPÀTHSTEP : =CURRENTPÀTHSTEPG . NEXTMANI PULATOR
END ;

NOWORKPIECE:
IF FIRSTPÀTH THEN

BEGI N
WHI LE CURRENTPATHSTEP<>PÀTHGOÀL DO

BEGIN
GRÀPHI CS (CURRENTPÀTHSTEP, O, J ) ;

CURRENTPÀTHSTEP : =CURRENTPATHSTEPG . NEXTMANI PUTATOR
END ;

GRAPHI CS ( CURRENTPATHSTEP ,I,¡KPCNI,JI'!BER , J )
END

ELSE
IF LÀSTPÀTH THEN

BEGI N

GRÀPHI CS (CURRENTPÀTHSTEP, WKPCNUI'IBER, 1 ) ;

CURRENTPÀTHSTEP : =CURRENTPÀTHSTEPG. NEXTMÀNI PULÀTOR ;

IIHI LE CURRENTPÀTHSTEP<>NI L DO

BEGI N

GRAPHICS (CURRENTPÀTHSTEP, 0,J) ;
J.=J+t;
CURRENTPATHSTEP : =CURRENTPATHSTEPG . NEXTMÀNT PUTATOR
END

END

ELSE

BEG]N
GRÀPHICS (CURRENTPÀTHSTEP,PREWKPCNIJMBER, 1 ) ;

CURRENTPÀTHSTEP : =CURRENTPÀTHSTEPG . NEXTMÀNI PULÀTOR ;

I,IHILE CURRENTPÀTHSTEP<>PATHGOÀL DO

BEGiN
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GRÀPHI CS ( CURRENTPÀTHSTEP, 0, J ) ;
J:=J+1;
CURRENTPÀTHSTEP : =CURRENTPATHSTEPG . NEXTMANI PULÀTOR
END ;

GRÀPHI CS (CURRENTpATHSTEp 
, WKpCNUÌ,ÍBER , J )

END

END ;

PATHNIJMBER : =PÀTHNUMBER+ 1

END ;

PROCEDURE DETETEPÀTH;

PROCEDURE DELETEPOLYHEDRON (VÀR POI NTER: POI NTPOLYHEDRON ) ;

BEGi N

WITH POiNTERG DO

BEGi N

CURRPOLYVERTEX : =POLYHEDRONVERTEX ;

WHILE CURRPOLYVERTEX< >NI L DO

BEGT N

PREVPOLYVERTEX : =CURRPOLYVERTEX ;
CURRPOLYVERTEX : =CURRPOLYVERTEXG . NEXTVERTEX ;
DI SPOSE (PREVPOLYVERTEX )
END ;

CURRENTPLANE: =FI RSTPTANE i

I,IHI LE CURRENTPLANE<>NI t DO

BEGIN
CURRPLANEVERTEX : =CURRENTPLÀNEG . PLANEVERTEX ;

I,IHI LE CURRPLANEVERTEX<>NI L DO

BEGI N

PREVPLANEVERTEX : =CURRPLANEVERTEX ;
CURRPLANEVERTEX : =CURRPTANEVERTEX@ . NEXTPTÀNEVERTEX ;
DI SPOSE (PREVPLÀNEVERTEX )
END ;

PREVI0USPTANE : =CURRENTPLANE ;
CURRENTPTÀNE : =CURRENTPLÀNEG . NEXTPLÀNE ;
DI SPOSE ( PREVI OUSPLÀNE )
END

END ;

ÐI SPOSE ( POI NTER )
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END ;

BEGIN
CURRENTPATHSTEP : =PATHSTART ;

I.iHILE CURRENTPÀTHSTEP<>PÀTHGOAL DO

BEGi N

WITH CURRENTPÀTHSTEPG DO

BEGI N

DELETEPOLYHEDRON (BÀSE@ . BOXPOLYHEDRON ) ;
DI SPOSE (BASE ) ;
DELETEPCLYHEDRON(LINKl @. BOXPOLYHEDRON) ;
DISPOSE(LINK1) ;
DELETEPOLYHEDRON (LI NK 2 @ . BOXPOLYHEDRON ) ;
DISPOSE(LiNK2);
DELETEPOLYHEDRON (LI NK 3 @ . BOXPOLYHEDRON ) ;
ÐISPOSE(tINK3);
DELETEPOLYHEDRON (WRI STG. BOXPOLYHEDRON ) ;
DI SPOSE (WRI ST ) ;
DELETEPOLYHEDRON (F T NGER l @. BOXPOLYHEDRON ) ;
Ði SPOSE (FI NGERl ) ;
DELETEPOLYHEDRON(FINGER2G. BOXPOLYHEDRON) ;
ÐISPOSE(FINGER2);

IF WORKPIECE<>NIL THEN

BEGIN
DELETEPOTYHEDRON (}¡ORKPI ECEG . BOXPOLYHEDRON ) ;
Di SPOSE (Ì,JORKPI ECE )
END

END ;

PREVI OUSPÀTHSTEP i =CURRENTPATHSTEP ;
CURRENTPÀTHSTEP : =CURRENTPÀTHSTEPG . NEXTMAN I PULATOR ;
DI SPOSE ( PREVI OUSPÀTHSTEP )

END

END ;

****************
* MÀIN PROGRAM *
* * * * * ** * * * * * * * **

BEGI N

REWRI TE (ERRORS ) ;
PÀGENU'f BER : =STÀRTPÀGENI MBER ;
ÀREÀ(8,5,11);
PLOTS(0,0,0);
MESSÀGE:='FINÐPÀTH oUTPUT BEGINS ,..' ;
syMBoL( 2. 55,9,0. 1 5,MESSÀcE, 0,26) ;
PRI NTPÀGENUMBER ;
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PLor(0,0,999);

GRÀPHICSBÀSIS [ 1, 1 ] :=1 ;
GRAPHI CSBÀS I S [1 ,2] ;=0;
GRÀPH] CSBÀSIS [ 1,3] : =0 ;
GRAPHICSBASIS [2, 1 ] :=0 ;
GRÀPHICSBÀSIS 12,21 I=1 ISQRTQI ;
cRÀPHIcsBÀSis [2, 3] : =1 /SQRr( 2 ) ;
GRAPHICSBÀSI S [3, 1 ] : =0'
GRÀPHIcSBASI s Il,Z] :=-1 7tn*t, r,'
GRÀPHICSBASIS [3,3] :=1 /Sgnr(2 ) ;

I NPUTOBSTACLES ;
I NPUT!¡ORKPI ECES ;

MÀNI PULÀTORERROR: =FALSE ;

IF LLINKl <LLINK2 THEN

BEGI N

MÀNi PUtÀT0RERR0R: =TRUE i
I^IRI TEIN (ERRORS , ' LLI NK 1 < LLINK2 *':17)
END ;

r F ( 0 . 9*HBÀSE-SoRT ( SQR ( 0 . 5*H 1 Lr NK 1 ) +SoR ( 0 . 1 *Lrr NK 1 ) ) )
<SÀFETYFACTOR THEN

BEG] N

MÀNI PUtÀTORERROR: =TRUE ;
WRI TELN (ERRORS , 

. BOTTOM CORNER OF LINK1 MAY HiT X-Y PLÀNE 'K' :42 )
END ;

rF (0,5*LBÀSE)<SoRT(SoR(0,5*H1LrNK1 ) +SOR? ( 0 . 1*Lrr NK 1 ) ) rUe¡¡

BEGI N
MANI PULATORERROR : =TRUE ;
I^IRI TELN (ERRORS , ' BOTTOM CORNER OF LINK1 CÀN PROTRUDE FROM BASE *':47)
END ;

rF ( SQRT ( SQR( 0. 8*tlrNKl ) +SQR( 0. 8*LLrNK2 ) -1 . 28*rlrNKl *LrrNK2*
( 1/soRT (2 ) ) )-sQRr (sOR ( 0 . 5*H 1rr NK 1 )+sQR ( 0. 1*rrrNKl ) )-sORr (sOR
( O . 9*HLI NK3 +2 

'K 
CLEÀRÀNCE+HWRI ST+2*HFINGER)+SQR(0.5:ILWRI ST-WrI NGER ) ) }

<SAFETYFÀCTOR THEN

BEGI N

MANi PUtÀTORERROR: =TRUE ;
WRI TETN (ERRORS , 

I HELDWORKPI ECE MÀY HIT BOTTOM CORNER OF LINKI *I:46)
END ;

I F ( 0. 8*LLI NK2-SORT ( SOR ( O, 9*HLI NK3+2*CLEÀRÀNCE+HI,¡RI ST+2*HFI NGER )
+sQR(0.s'rLWRr Sr-wFr NGER) )-SORT (SQR ( 0.5*H2rrNK1 )+SOR(0. 1*rrr NK 1 ) ) )
<SAFETYFÀCTOR THEN

BEGI N
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MANI PULATORERROR : =TRUE ;
liRI TELN ( ERRoRS , ' HELDWORKPI ECE MÀy HIT TOp CORNER OF tINKl ,r, :43 )
END;

IF { O . 9*Ht I NK3 + 2 *CLEÀRANCE+HWRI ST+HFI NGER-SORT (SQR(0.5*H2t1NK2 )+
sQR(0.1*LrrNK2) ) )<0 THEN

BEGIN
MANI PULATORERROR : =TRUE ;
I,JRI TELN (ERRORS , ' TOP CORNER OF LINK2 MAy HIT X-y PLÀNE 'k,:39)
END ;

r F ( SQRT ( SQR( 0. SxLLrNK l ) +SOR( 0. 8*LLrNK2 ) -1 . 28*rlrNKl *LLrNK2*
( 1 /soRr ( 2 ) ) ) -sORr ( sOR ( 0. 5xrBÀsE ) +sQR( 0. 1 *HBASE) ) -sQRr( sOR
(0. 5*H2LrNK2)+SOR(0. 1'rLLiNK2) ) )<S¡¡¡Ty¡'¡CTOR THEN

BEGI N

MANI PULATORERROR : =TRUE ;
I,IRI TEtN (ERRORS , ' TOP CORNER OF LINK2 MÀY HIT TOP CORNER OF BÀSE *':48)
ENÐ ;

IF WORKSPÀCEERROR OR WORKPIECEERROR OR MÀNI PULÀTORERROR THEN

RESET (TASK ) ;
FI RSTPATH: =TRUE;
LASTPÀTH: =FÀLSE;
PÄTHNUMBER: = 1 ;
PREvl,¡KPCNtiI"IBER: =0 ;

I,¡HILE NoT ¡Or(r¡SX) OO

BEGI N

1F FIRSTPÀTH THEN

BEGI N

FOR I:=1 T0 3 D0

BEGT N

READ(TÀSK,ALPHA[]]);
ÀtPHÀ [I ] : =ALPHA II ]*PI /180
END ;

TF (AtPHA [1]<-PI ) OR (AIPHÀ [1]>PI ) THEN

BEGI N

v¡Rr TEIN (ERRoRS , ' DOFÀNGLE I i ] rS OUT OF RANGE *':29);
GOTO 1

END;

IF ((95*pI/180)>=ArpHA[1i ) ÀND (ÀrpHÀ[1]>=(8s*prl180) ) rHpN

BEGI N

I,¡RI TEIN ( ERRoRS , ' DOFANGLE [ 1 ] IS rN DEÀDBÀNÐ *,:28);
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GOTO 1

END ;

IF (AtpHÀ[2]<(-80*prl180) ) oR (ÀLpHÀ[2]>(80'rpr/180) ) THEN

BEGI N

I{Rr rELN (ERRoRs , ' DoFÀNGLE l2I rs our oF RANGE *':29)i
GOTO 1

END ;

IF {AIPHÀ[3]<0) oR (ÀrpHÀ[31r1'135*p¡l180)) rupH

BEGIN
t{Rr TELN (ERRORS , ' DOFÀNGLE l3I rS OUr OF RÀNGE *',:29], i
GOTO 1

END ;

READ (TÀsK 
, ANGLE ) ;

AN6LE:=ANGLE*prltB0;
REÀD ( TÀSK , DI STÀNCE ) ;

IF (DISTÀNCE<O) oR (DISTÀNCE>(twRIsT-2*wFINGER) ) THEN

BEGT N

WRI TELN (ERRORS , ' JÀW OPENING OUT OF RANGE *' :26);
GOTO 1

END ;

READLN (TÀSK ) ;
CONFI GURATI ON ( PÀTHSTÀRT, FI XED, O,NI L, TRUE, NOI.IORKPI ECE ) ;
LoCATI0N ; =PATHSTÀRTG . WRI STG . REFERENCE ;

lF LoCÀTI0N [3 ] < (S¡rrryr'¡croR+HF I NGER+CLEARANCE ) THEN

BEGI N

l,¡RI TELN (ERRoRS , ' FI NGER T00 CLoSE T0 THE FLOOR *':31)i
GOTO 1

END ;

IF tocÀTr 0N [3 ] < (l¡ nrHni cur+HF r NGER+CLEARANCE ) THEN

BEGI N

tOCÀTI0N [3 ] : =LI FTHEI 6HT+HF I NGER+CLEÀRANCE ;
FiNDALPHÀ;
CONFI CURÀTTON ( POSTPÀTHSTÀRT, FI XED, O, NI t, TRUE, NOWORKPI ECE ) ;
PÀTHSTARTG . NEXTI'IÀNI PULATOR I =POSTPATHSTART ;
PATHPOINTERl : =POSTPÀTHSTART
END

ELSE
PÀTHPOI NTERl : =PÀTHSTÀRT

END

EtSE
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BEGI N

FoR Ii=1 T0 3 D0
READ (TASK, LOCÀTr 0N Ir ] );

IOCÀTION [3] : =LOCÀ?I ON [3 ] +Ì.IKPCPOI NTERG . HEi GHT+CLEARÀNCE;
FI NDALPHÀ ;
READ (TÀSK,ANGLE) ;
ÀNGLE: =ÀNGLE*PI / 180-PI /2;
CONFIGURATION(PÀTHGOÀL,FIXED, l,WKPCPOINTER,TRUE,HOLÐNEWWORKPIECE) ;
PÀTHGOAtG . NEXTMANI PULÀTOR : =NI L ;
IOCÀTION [3 ] : =IOCATI ON [3 ] +LI FTHE] GHT i
FINÐAtPHA;
coNFI GURATI 0N ( PREPATHGOÀL , FI XED , 1 , WKPCpOI NTER , TRUE , HOLDNEH,¡ORKpI ECE ) ;
PREPÀTHGOALG . NEXTMÀNI PUtATOR: =PÀTHG0AL i
PATHPOI NTER2 : =PREPÀTHGOAL ;
PRODUCEPATH(WKPCPOINTER,HOTDNEWWORKPIECE) ;
DELETEPÀTH ;
PÀTHSTART: =PÀTHC0AL ;

}¡i TH PÀTHSTÀRTG DO

BEGI N

K:=0;
ANGLE : =ORT ENTÀTI ON ;
DI STÀNCE : =GÀP ;
L0CATI0N : =I,lRI STG . REFERENCE
END ;

WITH I.IKPCPOINTERG ÐO

BEGI N

REFERENCE[ 1 ] :=IoCATI0N[1 ] i
REFERENCE [2 ] : =roCATl ON [2 ] ;
REFERENCE [ 3 ] : =LOCATI ON [3 ] -CLEARANCE-HEI GHT ;
THETÀ: =ÀNGLE+PI /2
END;

BoxRECoRDS (WKPCP0i NTER , FALSE ) ;
PREvl^rKPCNUI'!BER : =WKPCNIJI''IBER i
PREVI,{KPCP0I NTER : =WKPCP0I NTER ;
tOCÀTION [3] : =tOCÀTION [3] +HFINGER+CLEARÀNCE+SAFETYFÀCTOR;
FI NDALPHÀ ;
Di STÀNCE : =DI STÀNCE+SÀFETYFÀCTOR ;
CONFI GURATI ON ( POSTPÀTHSTÀRT, FI XED, O, NI L, TRUE,NOWORKPI ECE ) ;
PÀTHSTÀRTG . NEXTMÀNI PULÀTOR : =POSTPATHSTÀRT i
PÀTHP0I NTER 1 : =P0STPÀTHSTÀRT ;
CoDE:=r r;
WHILE CODE=' ' D0

REÀD (TÀSK 
, CODE ) ;

READTN (TÀSK ) ;

IF CODE='S' THEN

BEGI N
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TASTPÀTH : =TRUE;
FoR Ii=1 T0 3 D0

BEGI N

REÀD (TÀSK 
, ÀtPHA II ] ) ;

ATPHA Ir ] : =¡rpu¡ [r ] *Pr / 1Bo
END ;

IF (ÀtPHÀ[1]<-PI ) oR (AtPHA[1]>PI) THEN

BEGI N

I.¡RI TELN (ERRORS , ' DOFÀNGIE [ 1 ] WILL BE OUT OF RANGE *,:34)i
GOTO 1

END ;

rF ((95*pr/180)>=ArpHÀ[1] ) ÀND (ÀrpHÀ[1]>=(gS*prl180)) rHpH

BEGIN
WRI TEIN (ERRORS , ' DOFÀNGLE [ 1 ] WILL BE IN DEÀDBAND *':33);
GOTO 1

ENÐ ;

rF (ÀrpHÀ[2]<(-80*prl180)) oR (ÀrpHA[2]>(80'rpr/180)) THEN

BEG] N

I,IRI TELN (ERRORS , ' DOFANGLE [2 ] WlLr Sn OUT OF RANGE *':34);
GOTO 1

END ;

IF (ArpHÀ[3]<0) oR (ALPHÀ¡31¡1135xpr/180)) rHnn

BEGI N

I,IRI TELN (ERRoRS , ' DoFANGLE [3 ] WlLr Sn OUT OF RÀNGE x':34)i
GOTO 1

END ;

REÀD(TÀSK,ÀNGLE);
ÀNGLE: =ÀN6LE*pr / 180;
READ(TÀSK,DISTÀNCE);

IF (DTSTANCE<=O) oR (DI sTÀNCE>= (LI.¡RI sT- 2*I.¡FI NGER ) ) THEN

BEGI N

WRI TELN (ERRORS , ' JAW OPENING WILL BE OUT OF RANGE *':34);
GOTO 1

END ;

REÀDLN (TÀSK ) ;
coNFI GURÀTI0N ( PÀTHCOÀt, FI XED, 1,NI L, TRUE,NOWORKPI ECE ) ;
LOCÀTI ON : =PÀTHGOÀL@ , WRI ST@ . REFERENCE ;

IF LOCÀTI ON [3 ] < (S¡T'PTYT¡CTOR+HF I NGER+CLEÀRANCE ) THEN

BEGI N
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HRITELN(ERRoRS,'FINGER WILL BE T0O CLOSE TO' :27,
' THE FL00R x':12l. ;

PATHG0ALG . NEXTMANI PUtÀT0R : =NI L ;
PÀTHP0I NTER2 : =PATHG0Àt ;
WKPCNUI'IBER : =0 ;
PRODUCEPÀTH (NI L, NOWORKPI ECE )
END

END ;

IF NOT EOF(TÀSK) THEN

BEGI N

READLN (TÀSK,WKPCNT UBER ) ;
CURRWORKPI ECE : =F I RSTI,¡ORKPI ECE;

WHILE CURRI.¡ORKPI ECE<>NI L DO

I F CURRWORKPI ECE@ . B0XP0tYHEDRONG . P0TYHEDRONNUMBER=l,lKPCNlrlrBER
THEN

BEGI N

WITH CURRWORKPIECEG DO

BEGIN
LoCÀTIoN [1 ] :=REFERENCE [1 ] ;
IoCÀTI0N [2 ] : =REFERENCE [2 ] ;
LOCÀTI ON [3 ] : =REFERENCE [ 3 ] +HEI cHT+cLEARÀNCE ;
F I NDÀLPHA i
ANGTE : =THETÀ-Pi /2 ;
DI STANCE: =I,ìI DTH+2*CLEARANCE ;
WKPCP0I NTER : =CURRI,¡oRKPI ECE
END ;

CURRWoRKPI ECE: =NI L
END

ELSE
CURRWoRKPI ECE : =CURRWoRKPI ECE0. NEXTDEFINEB0X ;

CONFI GURÀTI ON ( eeTUGOal , n t XnD , 1 , WKPCPOI NTER , TRUE , HOLDNEI.¡T,IORKPI ECE ) ;
PÀTHGOALG . NEXTMÀNI PULATOR : =NI L ;
L0CATi 0N : =PÀTHGOALG.I.¡RI STG. REFERENCE;
t0cÀTr 0N [3 ] : =LocATr oN [3 ] +CLEÀRANcE+HFr NGER+se¡s1yp¡q'r9r .

FINDÀLPHA;
DI STÀNCE : =DI STÀNCE+SÀFETYFACTOR ;
CONFIGURÀTION(PREPÀTHGOÀL,F]XED,1 ,NI L, TRUE, NOI{ORKPI ECE ) ;
PREPATHG0ÀL@ . NEXTMÀNI PULÀToR : =PATHG0ÀL i
PÀTHP0I NTER2 : =PREPÀTHG0ÀL ;
PRoDUCEPATH (NI L , NOWORKPI ECE ) ;
DETETEPÀTH ;
PÀTHSTART : =PATHGoÀL ;

GOTO 1

END;
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WITH PATHSTÀRTG DO

BEGI N

Ki=0;
ÀNGLE : =oRI ENTÀT] 0N ;
DI STANCE : =GAP ;
L0CATi 0N : =l¡Ri STG . REFERENCE
END ;

LOCÀTION [3] :=IOCÀTION [3 ] +CLE¡N¡HCP+HF I NGER+Li FTHEIGHT;
FI NDÀtPHÀ ;
CONFI GURÀTION (POSTPATHSTÀRT 

, FI XED , O,l,iKPCPOINTER,TRUE,
HOTDNEI,IWORKPI ECE ) ;

PATHSTÀRTG . NEXTMÀNI PULÀTOR; =POSTPÀTHSTÀRT i
PÀTHPOI NTER l : =POSTPÀTHSTÀRT ;
FI RSTPÀTH: =FALSE
END

END ;

GOTO 2;
1 : MESSÀGE i = ' SEE DÀ=PROCCÀ . ERRORS ' ;

SYMBoL( 3, 9, 0, 1 5,MESSÀGE,0, 20 ) ;
PRI NTPÀGENI'MBER ;
PLoT (0,0,999 ) ;

2:MESSÀGE:=".. F'INÐPATH OUTPUT ENDS' ;
syMBoL(2. 7, 9, 0. 1 5,MESSÀGE, 0, 24 ) ;
PRT NTPAGENUMBER ;
PLoT(0,0,9999)

END.
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ÀPPENDIX B

Output of Prograrn FI NDPATH



FlNDPFTH OUTPUT BEGINS



PRTH i L I NERF PRTH

,LtaaÈata^ 
t'*þ

0

A ]NDE'I EBH I NÊN1

0.0.F. = DEGREE 0F FBEED0H

PÊTH 1 ITERÊTION 1

FFdúE@r'*àä¡il'¡P

0

E SFFT
X UNSÊFE

0.0,F. = ùEGBEE 0F FBEED0H

PFTH i iTERÊT]ON 2
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ITEFÊT I ON 3

0

E SÊFE
X UNSAFE

D.O.F. = DE6REE OF FBEEDOP

PÊTH 1 ]TEßÊTION LI

0

O 5FF E

X UNSBFE
D.0.F. = DEGBEE 0F FBEED0M

PÊTH i ]TEBÊIION 5

5BF E

UN5ÂFE
DE68EE OF FBEEDOH



PNTH I TERÊT I ON

d
,"-,*g¡ð

0.0. t

PFTH

E¡

:

I

SNFE
UNSNFE
OEGBEE

1'f

0

OF FBEEDOH

EBÊT I ON 1

K<t

0

E

D,0.F.

SRFE
UNSFFE
DE 6BE E OF FBEEOOH

l TEBÊT I ON 8PRTH 1

(rl

¡:
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ITERÊTION

0

E 5ÊFE
X UN5ÊFE

0.0. F. = 0E 6BE E 0F FBEED0H

PÊTH 1 lTEBÊTION 11



PÊTH 1 STEP 1

SÊFT F]XTD CONF]GUBFTION
PÊTH ]5 SÊFE
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PFTH 1 STEP 2

SÊFE VRBIÊBLT CONFIGURÊTION
PÊTH ]S SÊFE

- 1 q



PRTH 1

SRFT VRB I RBLI
PFTH ]

STEP 3

CONFIGUBÊTION
5 SÊFE



PFTH 1 STEP 4

SRFE VÊBIRBtE CONFIGUBÊTION
PÊTH IS SÊFE

1r.l 7



PÊTH i STEP 5

5ÊFT VÊBIÊBLE CONFIGUBÊTION
PRTH ]S SÊFE
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PÊTH 1

5ÊFT VÊBIÊBLE
PFTH ]

STIP 6

CONF I GURÊT I ÛN
c cñrrJ JñI L



PÊTH 1 STEP 1

SRFE VÊBIRBLE CONF]GURÊTiON
PRTH I5 SRFE
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PÊTH 1 STEP B

SSFE VRBIÊBLE CONFIGUBÊTION
PÊTH ]S SRFE



ßWm

PÊTH 1

SÊFT VRRIÊBLE
PqTH I

STEP 9

CONFIGUBÊTION
C ÕñEEJ JñI L

- t 5¿



PFTH 1 STEP 10
SÊFE VßRIÊBLE CONFIGUBÊTION

PÊTH ]S SRFE
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PFTH 1 STEP 11

SÊFT VRR]RBLE CONFIGUBÊTION
PÊTH IS SEFE



PFTH 1

SRFE VRBIÊBLT
PÊTH I

STEP 12

CONF]GUBRT]ON
S SÊFE



PRTH 1 STEP 13
SÊFE VÊBIRBLE CONFIGUBÊTION

PfiTH IS SRFE



PÊTH 1 STEP iLI
SÊFE VÊBIÊBLE CONFIGURRTION

PÊTH ]S SÊFE
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PÊTH i STEP 15
SÊFT VÊBIÊBLT CONFIGUBÊTION

PÊTH 1S SRFE
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PRTH 1

SÊFI VRRIÊBLT
PÊTH I

STEP 16

CONFIGURRTION
S SFFE



PÊTH 1 STEP 11
SRFE VÊB]RBLE CONFIGUBÊTION

PRTH IS SFFE
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PÊTH 1 STEP 18
SÊFE VRBIRBLE CONFIGUBÊTION

PFTH IS SÊFI

- .ltrl -



PÊTH 1 STEP 19
5ÊFE VRRIÊBLE CONFIGUBRTION

PÊTH ]S SÊFT

i62



fr

PÊTH 1 STEP 2D
SRFE VÊBIRBLT CONFIGUBÊTION

PÊTH ]S SRFE
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PRTH 1

SÊFT VRBIÊBLE
PRTH ]

STEP ?1

CONF I GUBRT i ON
C Cñ'T
J J I-1 I L

- 16L1 -



PÊTH 1 STEP 22
SRFT VÊBIRBLE CONFIGURÊTION

PÊTH ]S SÊFE
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ß

PÊTH 1

SRFE VÊRIÊBLE
PRTH ]

STEP 23
CONF I GURÊT I ON

C CñtrTJ JñI L
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PÊTH 1 STEP 24
SÊFT VRBIÊBLT CONFIGURÊTION

PRTH I5 5ÊFE



ß

PÊTH 1 STEP 25
SRFE VRRIÊBLE CONFIGUBÊTION

PRTH ]S SÊFE



PFTH 1 STEP 26
SRFE VÊBIÊBLE CONFIGUBÊTION

PÊTH ]S SFFE

- 169 -



t
PÊTH 1 STEP 21

5ÊFT VRBIÊBLE CONF]GURÊTION
PÊTH ]5 SÊFE
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PÊTH 1 STEP 28
SÊFE VRBIRBLE CONFIGUBRTION

PÊTH IS SRFE

- 171 -



f)

PÊTH 1 STEP 29
SÊFT FIXED CONFIGUBÊTION

PFTH JS SRFE

-172-



PÊTH 1 STEP 30
SÊFE FIXED CDNFIGUBÊT]ON
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