






























































































































: ~?-d~D('fi::E· 1$ 

tr~ins-to-solv1-<•assl•s•C3•sin(dir)-2))=0&true) 
( mo.ssl -Jf·a* ( 3:ii:s in (di r-)-2)} ==(ii1{-;. rLh::·) ---·=-i 1nPJ. if i 1;:·s--t. o 
a~,SUtil i n-s-MU·5~-1 .. -POS ft. i ve 

t-ht::··:.s·-cond it i ons.-s i @Pl i ff.:.f-to--:. mn·:.s:t *-=·P: (·::.in (di r- )*3+-:=~) J ·=(l) 

isolatins-dlr-in-(massl•s•Csin(dir)•3+-2>>=0> 
us.-:J.JM i ns-·nH.1:-'!:-l --P(J:. i !:. i ve 

i sc{lctt.. fng-d i r-- i n-(s in (di r )*3) =(Hf(s*mct·5sl) :-1. .. F-(·--2)) 

i st:rl ett ins-di r·- in·- (sin { d W r) > = ( O'ii: ( 9*mas.sl Jg-!+(--:~~) J ?i3 :-1 ) 
nrc:~ f n ( ( O* ( s•)fr»ctss1 ) : ·-1. + ( --21 ) *3 :-J. J-s- i mP1 if h:t;~-t-o 
t1r-cs in (:3:-1. ~e:2) 
ur·c:. in (:3~-1 )-s MPl i 1" i 1:.=:·-E.-tc.t 

i so.l at i ns·-d i r--·(Jn-th,?·-1 hs-·3 i Vt:-:~:.-(d i r} =cu··c·s in (2;~3 :-J. l} 

t r~-:l i ns-t t_:;-J· i nd-rrH:t}{ i Mt.Jf11--.. 1:)f·-- (d i P} =ctr·cs In ( 2*:~ g-:l ) ) 
(di r-) =ar·c·::. in (;2~1f3:-1) )·· .. dofn I n;:.tt.i::·•:::.-t h;2-ot h 1:::-r- i nt~:q1...rctl it. Is?"::, 

hi:.·nc(:·-tfi in f r:HJm-11r~lue--of~-d i r·- i ·::«-(u-·i:s~ in ( 2-lf] :-1. J 
ans-is-arcsinC2•3=-1> 
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: ?-bloc. 
l:.r-':::I ins-to-sol ve-(sctrt- (2*s*h1 » O&real (si:irt (2*'::l* (h1-h2)) }&sqrt. (2*g*(h1-h2))) O&r-eal ( scir-1:. (2*siiHh1· 
( scirt (2*•*h1 n Oe,reo.l ( scirt. (2*s*(h1 -h2D )&scirt (2*?.* (h1-h21 n O&real < scir-t. (2*-s*(hl-h2-l *!:.cm (t.))) i&! 
assuMing-111-Posit.ive 
2*s*(h1+(-h2)))=0&2*s*(h1+(-h2)i)0&2*s*(h1+(-h2)+-1*l*l:.an(ti>>=O 

I 
tnese-ccnd i !; i ons-s iMPl if':::l-t.o-G*s*(h1 +(-h2) >> =0&2*s*(h1 +(-h2) )) O,t2*s* (-hj_ +(-h2H-i *l *t-an (!:,) }) =( 
isolatins-hl-in-C2*s*(h1+(-h2)))=0) 
isolatins-h1-in-(-h2+hl>=O•(g•2>:-1> 
O*<s•2):-1+ -(-h2)-simPlifies-to 

t h2 
h2-siMPlifies-to 
h2 

t isolatins-h1-in-C2•s•Ch1+(-h2)))0) 
i sol at i ns-hl- in-( -h2+h1 > O• ( s~Q) :-1 ) 
O•<s•21 :-1 + ·-(-112)-s i MPl if l es-to 

t h2 
h2-simPlifies-to 
h2 
isolat. i ns-h1- i n-(2*'!.'!* (hi H-h2)+-1. •Hti:-an (t.) n =~)} 

i sol at. ins-h1- i n-(t cm (I-, >•U •-1 )+(hl +(-h2) )} =O*< s*2) :-1) 
isolat ins-111-i n-(h1 +(-h2)} =(HHs*2) ::-1 +(--1 *(l>fl: .. an a.) ii) 
O•(gN2):-1+(--l•<l•tan(t)))+ -C-h2)-simPlifies-to 
tan(t. )*l+h2 
tan(t)•l+h2-simPlifies-to 
l•tcm(t Hh2 
isolat ins-·hi-011-the-lhs-s i ves-(hD =!12&hDh2&h1} =l •t.ann )+h2) 
t,r-Y i ns-to-f inch'i!Cl)< i MUM·-of-(hi) =h2&h1} h2&h:I.} =l •t.an (t. Hh2) 
(h2)=h2)-s imPl if ies·-t-o 
t.r-1:,1 i ns-t.o-f i nch'ilax iflHJtn-of-ChD h2&h1> =l*l;,an (t Hh2} 
n•tan n, Hh2) h2)-siMP1 i ·fi,?s-to 
tr'::I i ng-to-f ind-Mo.x imui11·-of-(h1) =1 •t.cm (t. )+h2} 
(hD =UH,an (t Hh2)-doM inate~-the-othe-r--i ne<:iual it ies 
.cms-i s-(hD=l•tcm (t Hh2) 
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Setstarted(Part,Path,Start,Side,Besin) :- !r 
alons(Path,Start,Start,Dir), 
cc vel(Part,V,Dir,Besin), 
condition(Positive(V)). 

~ --
nostoPPinS(Part,Path,Start,Side,Per) :-

de end(Path,Start,End>, OPPosite(End,Oend), 
de slope(Path,Hend), diff(Oend,Hend), !. ~" ~ '" 

5, s/ s/ oio-

nostoPPins(Part,Path,Start,Side,Per) 
nee farend(Path,Start,Finish), 
alons(Path,Start,Finish,Dir), 
cc finvel(Part,V,Dir,Per>, 
condition( real (V~ 

~~ 
/::f::BEL.Ol,J P1-=iTH::f::/ 
notakeoff(Part,Path,Star~,Side,Per) 

beJ.o;,,J(Pat.rH~~tar··l:.,Side), ! ., 

., 
❖ -· 

: --

'#~SLOPE DOES NOT DROP AWAY*/ 
notakeoff(Part,Path,Start,Side,Per) :-

! ' 

/ , 
S1,S·/' 

\ 
s: 

de concavits(Path,Conc>, diff(Conc,risht>, !., 

/*INSUFFICIENT VEL TO TAKE OFF*/ 
notakeoff(Part,Path,Start,Side,Per) : 

de:- cr.)r1c:-Bt...ll.t-'d(f:•at .. h, ., .. isi,.t..) ,r.-- ! ? 
.. • - • • •• ' .... 1 • .. 

i;·1:~ ·t.:-~F: l c_:-~ Ji_.F·O J: r~t-{ ~-: ~t~~-, ~ ~ 1:::!~f~t-J: 1l r 

~owaras(Path,Part,IYPPt,~er,D1r>, 
cc reaction(Path,Part,N,D1r,Per>, 
condition(non_nes(N)). 

/::f::SUPPORTED*.l 
nofalloff(Part,Path,Start,SideiPer) :­

abc):.-le(F'.e~t.i .. 1,Si.~a=ret~,Si,:ie), ! ❖ 

/*VERTICAL FALL*./ 
falloffCPart,Path,Start,Side,Per) :-

---r1c:s:: er1<i ( F'-E~t-h, f:;t.c::r·t., F'.::::r·), 
de sloPe(Path,Par), 
de concavits(Path,stline), 
nee incJ.ine(Path,270,Start>, ! . 

., 

T 

s._ ~ 

-~ ✓ ~ 

s./ '>l 

"'- ' 

. /*f)"f I Ct{S [If~~::./ 
nofaJ.loff(Part,Path,Start,Side,Per) 

de concavitYCPath,risht), !, 
cc normal(Path,Dirl), 

-❖ 

~ ~ 
cc tYPical_Point(Path,TYPPt), 
aloneCPath,Start,TsPPt,Dir2), 
cc veJ.(Part,V,Dir2,Per), 
cc radius(Path,R>, 
condition(CV~2>*sin(Dirl>>=R*s>. 

l*FREEFA! ... L*/ 
nofalloff(Part,Path,Start,Side,Per) :-

de concavity(Path,Conc>, diff(Conc,risht), 
dbentry(falJ.s_off(P#rt,Path,Start,Side,Per>>, 

s.,/ $ f 
") 

..-

/4 ✓ 
s," 

/ ✓ 
, I 
S.;,S., S3 

,/ 

~,o 

-0 

---2_ 

-a, 



mecho note 41 
F1nd1ng the Quadrant of Ansles 

Alan Bund~ 15.1.79 

It is ver~ useful in the Alsebra module to be able to decide whether a 
Particular ansle 1s acute, reflex etc. With this information the eauation 
solver can cut down the number of disJunctions in a solution¥ b~ el1minatins 
semanticall~ unaccePtable solutions. 

If the ansle is the incline or ansle of a simPle curve then which auadrant 
the ansle lies in can be calculated from the slope and concavit~ of the curve. 
We will sPec1f~ the four auadrants to which an ansle misht belons with the 
ranses: [0,90J; [90,180]; [180,270] and [270,360]. For definitions of the 
conventions for definins incline and ansle see note 3. In Particular rote that 
the ansle is measured from the x-axis, ant1-clockw1se, to the normal and the 
incline is 90 bisser than the ansle. Us1ns these conventions ard the 

straish' i 

fo !d • n • => .., r,o ) e . a _ • . f e , • mP J. e 

O· 

h.or 

CH.J .dt•cmt to -nsle~: 

_ t,f,t_ 

f. [i'jSO ,21;;;] 

k 
0- (., 

;l,o 

X X 

0 

CA.Jc.,_~ -~J 

"'y 

q.. 
,,. 

- -x 
l 

()-

, ';( 
l 

t cases :J sc.~a1 . ..;.r,t 11,1 .. :• r • J].arl!::! horizontal 
al with as curves Provided we interpret the concavit~ 



Pase 2 

of straisht lines as 'left' and the slope of horizontal lines as 'risht'. 

This table can be Siven to Mecho as a set of unit clauses, ~sins the 
Predicate 'auad'. 'auad' will take 4 arsuments: the first will be 'ansle' or 
'incline' to sPecif~ which an~le is beinS clasifiedi the second will be the 
sloPe of the curve; the third will be the concavits of the curve anci the 
fourth will be the auadrant the ansle lies in. The clauses are: 
auad(ansle,left,risht,C0,90J) auad(1ncline,left,risht,C90,180J) 
auad(ansle,risht,risht,[90,180]) auad(incline,risht,risht,[180,270]) 
auad(ansle,left,left,[180,270]) auad(incline,left,left,[270,360]) 
auad(ansle,risht,left,[270,360]) auad(incl1ne,risht,left,[0,90J) 

Complex curves can be dealt with b~: breakins the curve into sirnPle 
curves; findins the ranse of the ansle 1n each of the constituents and then 
find1ns the union of these ranses. 

Now to test whether a Particular ineaualit~, sa~ 120>=theta, Meche can 
first find the ranse of theta, suppose this is C0,90J, then it can test whether 
the UPPer bound of the ranse is less than 120, 1.e. test 120>=90. 
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Will it Reach the Top? 
Prediction in the Mechanics World * 

Alan Bundy 
University of Edinburgh, Edinburgh EH8 9NW, Scotland 

Recommended by R. Boyer 

ABSTRACT 

We describe an extension of a mechanics problem solving program to the set of "roller coaster" 
problems, i.e. problems about the motion of a particle on a complex path. The reasoning strategy 
adopted by the program is described and compared to earlier work in this domain. Conclusions are 
drawn about the representation of motion and prediction. Questions are raised about Frames and 
Multiple Representations. 

1. Introduction 

In this pap~ we describe how the MECHO mechanics problem solver [2] was 
adapted to deal with the "roller coaster" problems described by de Kleer [6]. Why 
did we decide to tackle the roller coaster problems? The reasons are listed below. 

(i) Our MECHO program is intended as a general problem solver for the 
mechanics world. de Kleer's NEWTON, on the other hand, was specifically designed 
for the roller coaster problems and was based on the ideas of "Frames." [11]. We 
wanted to see whether the study of the roller coaster problems would show up 
important limitations of MECHO. 

Thus our main motivation was to test the existing MECHO mechanism and to 
see in what way it needed to be extended. We consider such a research methodology 
at least as valid as the more common one of using a problem domain to explore 
some new mechanism (e.g. Frames). 

(ii) The roller coaster domain is important as. it isolates in pure form the problems 
of motion, which are involved in all dynamics problems. 

(iii) These problems are also involved in the prediction of subsequent events 
given some initial configuration. An issue we had not dealt with before. 

* This research was supported by S.R.C. grant BRG 94493. 
Artificial Intelligence 10 (1978 129-146), 

Copyright© 1978 by North-Holland Publishing Company 



130 A.BUNDY 

(iv) We were dissatisfied with the reasoning processes which NEWTON went 
through to solve the problem. Some steps seemed irrelevant. We resolved to do 
better. This is not to underestimate the pioneering work of de Kleer, without 
which the present work would not have been possible. 

2. The Problems 

Below we describe the three roller coaster problems tackled by de Kleer's 
NEWTON. 

2.1. The sliding block 

C, 

I 

I 

h,; 

s, 

G J s, ' __ [ ___ ,.. 
1 S2 :h1 

t__ - - -- --- - ----- - _:--,_=-~-.,__,---~---- ____ r 

FIG. 2.1. 

At time Ma the block starts from rest at point Ca. Will it reach point Cd? 

2.2. The loop the loop 

c. 0 

s, 

s, 

FIG.2.2. 

At time Ma the block starts from rest at point Ca. How small can h be made so that 
the block still successfully executes the loop the loop? 
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2.3. The great dome 

/ 

,'R 
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c~ 

Fm.2.3. 

The block is given a nudge from rest. At what point does it fly off the dome? 
All the paths are assumed to be smooth (i.e. friction is ignored). 

2.4. Describing the problems 

131 

The above problems do not lend themselves to prose description without the aid 
of a diagram. Since we have excluded visual processing from the current project 
and they cannot be handled by the natural language processing alone, we decided 
to bypass this stage and describe the problems to MECHO in the form of symbolic 
descriptions·. Fortunately de Kleer had already developed a symbolic notation for 
describing these problems and we adopted this in content, though not in form. 
The essential idea of de Kleer's notation is a description of the paths in terms of 
their first and second derivatives, i.e. their slope and concavity. These descriptions 
play a vital part in the prediction process. 

The main task which would be required of a visual processing component of 
MECHO, ifwe were to build one, would be the partitioning of complex paths into 
subpaths with invariant slopes and concavities, e.g. given the slope 

Fm.2.4. 

we would require the "vision" component to partition it into the subpaths: S1 ; 

S2; S3 , where 
Path Slope Concavity 

down concave 
up concave 
up convex 
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We would be interested in the comments of those working in visual perception as 
to the feasibility of such processing. 

3. Hypothesize and Test 
The reasoning strategy we developed for the three problems above is one of 
hypothesize and test. That is; we answer the question set by the problem in two 
stages. First the question is subjected to a qualitative test, i.e. is motion feasible 
given the rough shape of the path? etc. If this proves positive the answer "yes" 
becomes a hypothesis which is then subjected to a quantitative test, i.e. a detailed 
analysis involving extracting and solving equations and inequalities. This process 
can be carried out recursively, if necessary, by breaking the path into subpaths and 
testing each of them in turn. 

It is not necessary, however, to carry out the quantitative testing locally. It can 
all be saved up to the end and done together. 

This division into qualitative and quantitative knowledge was strongly suggested 
by de Kleer and we have adopted it in our program. The distinction is discussed 
more fully in Sections 4, 5 and 9. A small modification to the program would stop 
it from making the distinction, so that qualitative and quantitative testing would 
be done together. However, the two stage processing-seemed to produce a more 
natural protocol and we have maintained de Kleer's division. 

4. A Worked Example 
A better idea of the reasoning process can be gained from considering an example. 
So in this section we consider how our strategy of hypothesize and test deals with 
the sliding block example. 

c. 

◊ 
c. 

path So 
Flo. 4.1. 

In our symbolic notation the question to be answered is ·expressed as 

At (Block, Cd, -morn)? 

which means "is the block at point Cd at some moment -morn", where _morn is a 
variable to be bound to a particular moment during the course of the problem 
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solving. On the grounds that "you can get to a place by travelling there" this 
question generates the sub-question 

Motion (Block, S0 , c., left, P 0)? 

which means "cioes the block travel on (above the) path S0 , starting at point c., 
during period P0" (the fourth argument, left, will be explained later). 

This question will be answered affirmatively provided a number of tests prove 
positive. These tests cannot be answered immediately because not enough is known 
about the shape of S0 : In particular its slope and concavity are not invariant. The 
question is, therefore, broken into three subproblems corresponding to the three 
subpaths, i.e. 

Motion (Block, S1 , c., left, P 1)? 

Motion (Block, S2 , Cb, left, P 2)? 
Motion (Block, S3 , Cc, left, P 3)? 

where [P1, P2, P 3] is a partition of the time period P0. 
These three all pass the qualitative tests, storing up quantitative tests for later. 

The qualitative tests are expressed as four questions: 

(a) Will the block get started? 
(b) Will it run out of steam and stop? 
(c) Will it go too fast and fly off? 
( d) Will it fall off? 

Some of these tests are passed without difficulty. For instance, the block will not 
fall off since it travels above all three paths. Nor will it take off, since none of the 
paths is convex. There is a possibility of its running out of steam on the second and 
third paths and this possibility causes a proviso to be stored against the velocities 
on these two paths. This proviso will be picked up and checked by the quantitative 
tester in the second stage. The proviso is that the velocities remain real valued. If 
a block does not reach the upper position of a path its velocity on that section will 
be· imaginary. 

When a motion description (e.g. Motion (Block, S1, Ca, left, P1)) has passed the 
qualitative tests and the quantitative provisos have been stored for future testing, 
it is asserted into the database as a hypothesis. It is necessary to do this because it 
is needed for the next round of qualitative tests. MECHO cannot decide that the 
block can "get started" on the next path unless it knows that the block is at the 
starting point at the right moment. This can be deduced from the fact that the 
block is at the finishing point of the previous path at the same moment and the 
two paths are consecutive. 

When all the qualitative testing has been done, the provisos are gathered together 
for ·quantitative testing. Typically these provisos will involve unknown quantities, 
which must first be expressed in terms of quantities given in the statement of the 
problem. Therefore: a list is made of all unknowns in the provisos; equations are 
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extracted which express these unknowns in terms of the givens; the equations are 
solved; the solutions are substituted for the unknowns and the provisos are 
evaluated. By giving different numerical values to the given quantities the evaluation 
of the provisos can be made to return a positive or negative outcome. Alter­
natiyely, if the givens have symbolic values the evaluation process can return an 
expression as answer. 

The algorithm for deciding what equations to extract was based on Marples 
1974 study of Cambridge Engineering students. It works by carefully examining 
the unknown quantity whose value is sought to see what kind of quantity it is (e.g. 
acceleration, mass etc.) and what situation it occurs in (e.g. what objects, time and 
direction it is associated with). This information is then used to draw up an ordered 
short list of equations to be tried. If possible an equation is found which introduces 
no new intermediate unknowns, but if this is impossible intermediate unknowns 
are created and these are added to the list of unknowns whose value is sought. For 
further details see [2]. Notice that no information about the problem type is used, 
so that the algorithm is general purpose. 

5. Finding Minima 
The reasoning process for the other two examples is very similar except for the 
final stage. Instead of the proviso being evaluated to return a simple yes/no answer 
they are investigated to find minimum values under which they return true. 

0 

FIG. 5.1. 

For instance, in the loop the loop example the original provisos concern con­
ditions on the velocity of the block under which the block will not fall off or stop. 
After equation extraction, solution and substituting these become inequalities 
between h, the initial height of the block, and R, the radius of the circle. MECHO 
then has to find the minimum value h, under which the inequality is still true. This 
is done by "isolating" h to get an inequality of the form: 

h =:;; fR. 
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That is, the inequalities are manipulated until h is exposed, by itself on the left hand 
side and the right hand side contains no occurrence of h. One of the main methods 
of doing this is by repeatedly replacing the outermost left hand side function symbol 
by its inverse on the right hand side, e.g. 

x • y ,,;; z & x > 0 ---+ y ,,;; z/x 

(see [I] for a description of isolation in the case of equation solving). The problem 
of finding a minimum value for h to satisfy an inequality, can then be exchanged 
for the problem of finding the value for h which satisfies an equality, namely: 

h = -f R 

□ 

C, So 

/ X , 

FIG.5.2. 

The great dome problem is handled similarly to the loop the loop problem. That 
is MECHO tries to prove that motion takes place from Ca to Cb, collects together 
the provisos, then finds the least T which makes them true. One interesting feature 
of this process is that we make use of a hypothesis which is actually false, since the 
block can never reach Cb, without taking off first. For the squeamish an alternative 
reasoning process is available where we consider motion from Ca to the point of 
take off (say X above). Similar conditions would be generated on T and the mini-

/'.. 
mum value which makes these conditions true would also be the angle XOCb. 

We can easily visualize other processes which could be applied to the provisos, 
e.g. finding maxima, comparing with an answer expression given in the problem 
etc. One of the reasons for leaving quantitative testing to the end is that it makes 
such proviso processing easier to execute. In MECHO the proviso processing 
procedure is passed down as an argument to QA the main question answering 
procedure. The other argument is the top level question to be answered. Thus the 
top level goals of each of the problems is: 

sliding block: QA(At (Block, Cd, -morn), eval) 
loop the loop: QA(Motion (Block, S0 , Ca, left, _per), Min(h, _ans)) 
great dome: QA(Motion (Block, S0 , Ca, left, _per), Min(T, _ans)) 



136 A.BUNDY 

6. Brief Description of de Kleer's NEWTON 

As mentioned above NEWTON also works in two stages: qualitative followed by 
quantitative reasoning. In our opinion de Kleer's main contribution was in the 
design of the qualitative reasoner, called the envisioner. 

The envisioners job was to work out all possible scenarios for the Block, given 
its initial position and the shape of the path. Thus in the sliding block example the 
Block might reach the top (point Ca) or it might stop during the course of .. 
traversing S2 or S3 , slide back and oscillate about the lowest point (Ch)- The 
scenarios are built up in the form of a tree, e.g. 

leave first corner Ca 
I 

slide down first p~th S1 

-,J 
reach second corner Cb 

I 
I I 

Slide back on S2 Slide up second path Sc 
I 

reach lowest point Cb 
I 

reach third corner Cc 
I I 

. I 
oscillate around Cb 

I 
reach Ca and 

I 
slide back on S3 

I 
Slide up third path S3 

fall off I 
reach Cd and fall off 

Fm. 6.1. Envisionment tree. 

Envisionment is done by a set of 11 production rules. These look at the current 
state of the Block and local features of the path it is currently on and predict what 
might happen next. A typical rule is: 

velocity-u & incline & above & on ➔ slide-u 

This means: if the Block is travelling up and is on and above an inclined path then 
it may continue to slide up. 

The envisionment tree is later examined and quantitative tests applied to see 
which branch of the tree will actually be taken. For instance, the vertical height of 
the various paths will determine whether the Block reaches the top or oscillates 
about the lowest point. This is done by associating a different quantitative test 
with each qualitative ambiguity, e.g. a quantitative test of the velocity is associated 
with the ambiguity 

slide back on path 

FIG. 6.2. Qualitative ambiguity. 

I 
slide up path 
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7. A Comparison of NEWTON and MECHO 

In applying MECHO to the roller coaster problems we naturally tried for an 
improved performance, where possible. The main improvement was that MECHO 
did not generate all the envisionment tree, but only those branches required to 
answer the question asked. Thus in the sliding block example only the right-most 
branch of the envisionment tree in Fig. 6.1 was considered. This was done, as 
described in Section 4, by finding a path between the initial and desired point, and 
asking only about motion between these points. This more goal-directed envision­
ment was always an improvement except when the question was a general one like 
"what happens next" which implies doing a forwards analysis. We did not come 
across, nor allow for, such questions. 

This goal-directed reasoning entailed doing the envisionment process by applying 
something like de Kleer's production rule system, but in reverse, e.g. trying to 
prove that the block could slide up the path, by showing that the conditions were 
right. We first tried simply listing all situations under which sliding was possible, 
but this proved too cumbersome. Instead we discovered a way of simplifying the 
problem. Each question about whether motion could take place in a given situation 
was divided into four sub-questions, namely: 

(a) Will the block get started? 
(b) Will it run out of steam and stop? 
(c) Will it go too fast and fly off? 
( d) Will it fall off? 

According to the situation these sub-questions may be answered simply on the 
basis of qualitative information. -Alternatively they may require quantitative testing. 
This is delayed until later by storing the quantitative test (some algebraic expression) 
as a proviso. These provisos are added up, so that a motion question may generate 
up to four provisos. As an illustration the procedure for answering sub-question 
(d) above is explored in detail in Section 10. 

This way of organising the qualitative tests seems to be more primitive than 
de Kleer's. For instance, he has a single quantitative test for the qualitative 
ambiguity fly-slide-slide illustrated by the following tree and diagram 

-----[) 

I 
fly off slide slide 

up down 

FIG. 7.1. 
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In MECHO the test for this situation is provided in two parts, by provisos from 
sub-questions (b) and (c). MECHO's four sub-questions provides a more intimate 
relationship between the quantitative and qualitative knowledge. A trivial amend­
ment to the program would cause the quantitative testing to be done at the same 
time as the qualitative testing instead of being delayed to the end. 

It is also easy to see how MECHO could be extended to deal with extensions to 
the roller-coaster domain, e.g. for rings threaded on wires or rough paths. Such 
extensions are discussed in Section 10. We attribute this flexibility to MECHO's 
primitive representation, where quantitative tests are automatically built as the 
situation demands, rather than pre-storeµ. To update NEWTON to deal with, say, 
threaded rings, it would be necessary for the programmer to do himself the analysis 
that MECHO does automatically. Thus the relationship between the two repre­
sentations is analogous to that between the Huffman/Clowes line labelling [5] and 
Mackworth's analysis of it [9]. 

NEWTON's quantitative knowledge was stored as a collection of Frames [ll] 
each of which contained related physical formulae. These Frames were intended to 
guide the equation extract on process in a sensible way. MECHO on the other 
hand used the general purpose Marples algorithm for equation extraction which 
works by backwards reasoning from the unknowns whose values are sought. 
Despite these apparently different organisations, we have been unable to detect any 
difference in the manner or efficiency with which equations are actually extracted 
by the two programs (except that NEWTON seems to have a difficulty with 
simultaneous equations which was not experienced by MECHO). 

8. Representing Paths and Motion 

In this and the next two sections we describe in more detail the descriptive terms 
(i.e. notation) and the procedures used by MECHO to describe and reason about 
the roller coaster world. We do this to try to make clear exactly how the program 
works-even down to the actual code in a few carefully chosen cases. To describe 
the program solely at the less detailed level we have used so far lays us' open to the 
danger of ascribing more agency to the program than is, in fact, justified. 

We also hope to promote more discussion of the description terms used in 
reasoning programs. In recent years the emphasis has been on control structures 
rather than descriptive power. The choice of terms, however, can make just as big 
a contribution to successful reasoning. The tradeoffs between different kinds of 
representation need discussion. 

We start with the description of the motion of a particle on a path. This involves 
making four binary or tenary choices, i.e. 

(i) Does the path slope downhill, uphill or is it horizontal? 
(ii) Is the path convex, concave or straight? 

(iii) Does the particle travel from left to right or right to left? 
(iv) Is the particle above or below the path? 
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In fact, these choices are essentially binary with some degenerate cases. To simplify 
programming we have chosen the same parity pair left/right for indicating all these 
choices. Four predicates have argument places for containing either left, right or 
one of the degenerate cases, they are: End, Slope, Concavity and Motion. For 
instance, the following situation 

c. 

s 

FIG. 8.1. 

is described by 
End (S, Ca, left) meaning Ca is the left end of S. 
Slope (S, left) meaning the left end of Sis highest. 
Concavity (S, left) meaning, looking from the left end, the left side of Sis concave. 
Motion (Block, S, Ca, left, P) meaning the Block starts from Ca and travels on 

the left side of S, looking from Ca. 
All these parities can be varied independently, e.g. 

End (S, Ca, left) 
Slope (S, left) 
Concavity (S, right) 
Motion (Block, S, Ca, right, P) 

would describe the situation 

Fig. 8.2. 

c. 

The choice of predicates may seem a bit arbitrary, but in fact it has been carefully 
developed to simplify the task of transforming motion descriptions between 
consecutive paths. Consider the following two situations 
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c. 

(1) 

FIG.8.3. 

(ii) 

FIG. 8.4. 

Using our notation 
Motion (Block, Si, Ca, left, P1) 

transfers to 
Motion (Block, S2 , Cb, left, P2) 

s, 

□-

\ 
D Cb 

c. 

in both cases. The fact that the block is now travelling from: 
(a) left to right above the path in case (i) 

and from 
(b) right to left below the path in case (ii) 

A.BUNDY 

c. 

is handled by the different path descriptions. The task of transferring motion 
descriptions would have been much more tricky to handle neatly if we had tried 
to use descriptions (a) and (b) explicitly, to describe the motion. 

9. Representing Time 

In this section we describe the representation of time in MECHO. All descriptive 
terms dependent on time, have a time argument place (usually the last place), e.g. 

At (Block, Ca, Ma) 

or Motion (Block, S1 , Ca, left, P 1). 

.. 



.. 

PREDICTION IN THE MECHANICS WORLD 141 

These time arguments can either be moments or periods. That is a description can 
be asserted to happen for an instant only, or to hold for some interval of time. 
Two special moments are associated with each perio_d, namely its initial and final 
moments. The duration of a period is distinct from the period itself. Thus two 
different periods can have the same duration. A duration is a quantity, which can 
be measured in seconds, minutes, hours etc. The notation so far is: 

Isa (Ma, Moment). 
Isa (P1, Period). 
Initial {P1 , Ma). 

Final (Pi, Mb). 

Duration (P1, T1)­
Breakdown (T1 , 2, sees). 

To describe a situation in which a period can be divided up into several non­
overlapping subperiods, the Partition predicate is used. This arises in the sliding 
block example where P0 the period in which the block slides over the whole path 
is divided into Pi, P2 and P 3 , the periods in which the block slides over the three 
subpaths. This is represented as 

Partition (P0 , [P1, P2 , P 3]). 

The second argument is always a list of sub-periods arranged in time order. 
The same predicate, Partition, is used to describe the division of the whole path 

into its subpaths 

Partition (S0 , [S1 , S2 , S3]). 

Here the subpaths are arranged in left/right order. That is the left end of S0 is 
one of the ends of S1 . 

In the description of the three roller coaster problems (see Section 2), the 
-structure of the paths is given, but the structure of time is not. Only the initial 
moment is given. The rest of the time structure is erected during the course of 
-solving the problem. For instance, in the sliding block problem the original 
,question is 

At (Block, Cd, -morn)? 

The inference rule which translates this into a question about motion terminating 
at Cd (see Section 4), also invents a suitable period, P0 , during which the motion 
takes place. Since the Block is known to be at Ca at moment Ma, the initial moment 
of PO is asserted to be Ma· A suitable final moment Ma is also invented and the 
path to be traversed is S0 since this connects Ca and Cd. (We have chosen the names 
Ma and P0 for expositional purposes, the program "gensyms" up some fresh 
-symbols different from this. Our gensym is a bit more readable than most, since 
you can specify a suitable prefix for the number. e.g. Period 1, vel 1, vel 2, etc.). 

Not enough is known about S0 for the qualitative tests to succeed, so MECHO 

11 
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considers motion on the three subpaths Si, S2 , S3 . For this it needs three more 
periods, so suitable ones are invented, say P 1 , P2 and P 3 and the relationship 

Partition (P0 , [P1 , P2 , P 3 ]) is asserted. 
MECHO does all this by mimicking the structure of the paths. 

10. The Qualitative Tests 

We are now in a position to describe the qualitative motion tests in more detail. 
These are expressed as a series of PROLOG clauses (see [12]). Each clause has 
the form 

A +-B, C, D. 
where A, B, C, and D are literals. A literal is a symbolic description like 

Motion (Block, S1 , Ca, left, P 1) or Slope (S, right) 
which may or may not contain variables (variables are indicated by the prefix-), e.g. 

Motion (-part, -path, -start, left, P 1) or Slope (_path, right). 
The meaning of 

A+- B, C, D. 
is that to prove A it is sufficient to prove B, C and Din that order. 

The literals B, C, D are sometimes proved by a direct database look up, but 
usually involve further clauses of form B +- E, F, say, in a depth first search. In 
fact we have considerably modified the default PROLOG depth first search in 
MECHO: inserting traps to detect hopeless goals and reject them; and tests to 
decide that the search should be shortened in some cases and lengthened in others. 
For details of these modifications and the reasoning behind them see [3] or [4]. 

The main motion clause is 
Motion (_part, _path, _start, _side, -per) +-

Getstarted (-part, _path, _start, -side, -per), 
Nostopping (-part, _path, _start, -side, -per), 
Notakeoff (-part, _path, _start, _side, _per), 
Nofalloff (-part, -path, _start, -side, _per), 
Record (Motion (-part, _path, -start, _side, _per)). 

The first four literals after the backwards arrow are responsible for making the four 
qualitative tests. The last literal asserts the new hypothesis into the database, i.e. 
an attempt to "prove" Record (some-relation) has the effect of putting some­
relation in the database. 

The four qualitative tests are all handled in a similar way so we will describe 
only the last of them, Nofalloff. This test is divided into four cases: two cases which 
can be settled positively on qualitative information alone; one case which can be 
settled negatively on qualitative information alone and one case which requires a 
quantitative analysis. Each case is handled by a separate clause. 
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The first and simplest case is when the particle is above the path, then the 
particle cannot fall off the path 

FIG.10.1. 

The clause for this case is: 
Nofalloff (-part, _path, -start, -side, -per) -

Above (-path, -start, -side), ! . 
The ! is a control literal which prevents the backtracking mechanism recalculating 
this positive answer to Nofalloff in the event that later processing fails, i.e. an 
attempt to "prove" !, causes the search tree to be pruned of branches representing 
alternative ways of proving Nofalloff. Above (-path, _start, _side) tests that the 
particle is above the path using End and the value of -side, i.e. 

Above (-path, -start, -side) -
End (-path, -start, -side). 

The second case concerns vertical slopes. If a particle is at the top of a vertical 
path then it i(considered not to fall off, but to fall down to the end. 

c. 

Cl 

t 

Fm.10.2. 

The representation of vertical paths is a bit messy in our notation. The top of the 
path is arbitrarily assigned as the left end. The verticality is noticed because the 
concavity is the degenerate "straight" case and the inclination from the top is 
270°. The clause for this case is thus : 

Nofalloff (-part, -path, -start, -side, -per) -
Slope (-path, -start), 
Concavity (-path, -), 
Incline (-path, -start, 270), !. 
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. The third case concerns convex slopes, where the velocity is sufficient for the 
particle to stick to the underside by centrifugal force. 

Fm.10.3. 

, 
/ 

, , 

This case involves quantitative reasoning and so the calculation is delayed until the 
second stage by asserting a proviso. To calculate this it is necessary to know the 
velocity of the particle and the radius of curvature of the path. The clause for this 
case is: 

Nofalloff (-part, -path, -start, _side, _per) -
Below (-path, -start, _side), 
Concavity (-path, right), 
CC (Vel (-part, -V, -dir, -per)), 
CC'(Radius of curvature (-path, -r)), 
Postulate (Proviso ((-v t 2) * Sin (-dir) ~ -r * g)), ! 

The first two literals make sure we are in the correct case. The second two literals 
recover the numeric quantities needed by the last literal which asserts the proviso 
into the database. The CC predicate ensures that the request for a numeric quantity 
succeeds even if this means creating some intermediate unknowns. This predicate 
is explained fully in [4]. The Postulate predicate is the same as Record except that 
the assertions are removed on backup. 

The last case deals with the situation where the particle is below a non-convex 
path. In this case it is bound to fall off so the test fails. 

c. 

Fro.10.4. 

llt 

... 
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The clause for this case is 

Nofalloff (-part, -path, _start, -side, -per) -
Below (-path, -start, -side) 
Concavity (-path, _cone), Diff (-cone, right), 
Record (Fallsoff (-part, _path, -start, -side, _per)), 
!, Fail 
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~ The literal Fail always fails thus ensuring that the call of Nofalloff will fail also. 
:t The ! guarantees that this failure cannot be reversed by the backtracking mechanism. 

The first two literals make sure we are in the correct case. The third literal 
"Record ( ... " puts a record in the database that the particle falls off the path 
during this period. This information is not currently used, since a suitable 
opportunity has not yet arisen (see Section 6). 

We could easily add another case to Nofalloff designed to deal with rings on 
wires. Suppose the literal 

Threaded (ring, wire, period) means ring is threaded on wire during period 
then the extra cl~use would be 

Nofalloff (-part, _path, _start, _side, _per) -
Threaded (-part, _path, _per), !. 

This should be added first, so that it is tested before the other four cases. 

11. Conclusion 

In this paper we have described an extension of the mechanics problem solver 
MECHO to a new range of problems. We have compared the reasoning strategy 
adopted by MECHO with that used by de Kleer's NEWTON program on the 
same problems. 

MECHO proved capable of solving these new problems provided it was extended 
to perform the "envisionment" process described by de Kleer. This extension was 
made and in the process the envisionment proce,ss improved by making it more 
goal-directed. The question of whether motion could take place was answered by 
breaking it into four sub-questions. This representation seemed more primitive 
than de Kleer's and thus more easily extended to new problem domains. The 
machinery developed here to handle the motion of a particle is now being used for 
a variety of problems in other areas of dynamics. 

As de Kleer has said [7] it is important for a problem solver not only to solve hard 
problems, but to give simple solutions to easy problems. We disagree with de Kleer 
that this effect can only be achieved with a multiple representation. MECHO will 
apply the same technique to any problem. In the case of an easy problem this 
technique will rapidly degenerate and yield an easy solution. For instance, the 
question may be answered on the basis of qualitative information alone or after a 
simple calculation. Hard problems will need more work-for instance if friction 
were involved the algebra required to check the provisos would require detailed 
consideration of the shape of the curve etc. However, the qualitative knowledge 
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would still be used and the same basic proof plan would still be followed. Multiple 
representations are not desirable for their own sake, but only if forced by the nature 
of the problem, which in this case they are not. 

To deal with the equation extraction process it was not necessary to use de 
Kleer's "Frame like" chunking of the physical formulae, our existing general 
purpose algorithm proved perfectly adequate. Indeed it was not obvious that the 
two mechanisms differed substantially in performance. This brings into question 
the nature of Frame type mechanisms in AI programs. Is there such a thing? Are 
there different types of Frames mechanisms? Do some of them correspond closely 
to previously known non-Frame mechanisms? Our suspicion here is that some uses 
of Frames and the old STRIPS plan formation techniques are much closer than is 
generally acknowledged (also see [8] and [13]. 
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/*PROBLEM 5, STAGE 4*/ 
/*DE KLEERS GREAT DOME PROBLEM*/ 
/*ALAN BUNDY 30/12/76*/ 

STEM)Y2 ;-
rHFrKL TqTtPAccERT~- [ •. r ·•·-·. ·-•\.• ~ ._,--..f.,.. •• J,.... V 

VELCM,ZERO,O,DEPART>, AT(M,TOP,DEPART>~ 
f:.IDE ( M, TOP, LEFT, DEPART )',r SOLID ( S): r 
PROBTYPECROLLER-COASTER,_T)i PARTICLECM>,✓ 
PARTITIONCC,CS,,,RESTJ>1 CIRCLE<C>~ RADIUSCC,R>~ 
ANGLE (TOP, ~;,o, C )·r' ANGLE (BOTTOM, 0, C) ;--
NORMAL CS, DI R >, NUDGE(M,DEPART> J), 

STEADY:- STEADY1,STEADY2,STEADY3, 

GOAL :- QA(MOTIONCM,S,TOP,LEFT,_PER>,MINCDIR,_MINVAL>>, 

J 



/*PROBLEM 3, STAGE 4*/ 
/*DE KLEERS SLIDING BLOCK PROBLEM*/ 
/*ALAN BUNDY SEPT 1976*/ 

/*CHANGE TO PATHSYS?*I 
PATHINFO(_NAME,_LEND,_REND,_SLOPE,_CONV> :­

CUE(PATHSYS<S,TOP,BOTTOM,LEFT,RIGHT>>. 

n 
I 

GOAL :- QA(ATCM,CD,_MOM),SOLVEINEQC_X,_UAL)). 

:-- END. 

__, 

F;r-=iR·rrc:L~E~ ( r·i), 



/*PROBLEM 4, STAGE 4*/ 
/*DE KLEERS LOOP THE LOOP PROBLEM*/ 
/*ALAN BUNDY 30/12/76*/ 

PAl~INFO(_NAHE,_LEND,_REND,_SLOPE,_CONV> :- 1 
CUECPATHSYS(S,TOP,BOTTOM,LEFT,RIGHT>>. 

,,, 
CHECKLISTCPASSERTA,E PROBTYPE<ROLLER-COASTER,_T), 

PATHCSO>i PARTITIONCSO,[S1,S2,S3,S4,S5J)r 
END C SO, Ci!), LEFTY, END C '.30, CB, RIGHT> ( 
VEL(i"1,ZERO:>DIRr~,MA1, AT(M,CA,MA) ,_,, 
SIDE(M,,CA,LEFT,Mt-~)::(). 

>-<T.SCINFO :--
CHECKLISTCPASSERTA,[ 

f~A1~1•1•-i-1•-,i•r1r~r1 r c~~ ~- -, -~,~' •t .. i'\ . -~lJr'lf 1~.n• ,,._ ... 7 r.:.r ~).~,c.,~:1b:--tir,c, . ...1-__ !i 

CIRCLE<CIRCLE), RADIUS<CIRCLE,R>( 
(.~f-Jt3LE:: ( t:J:J, ~~/1 (), c;rr-;~(~L_E:: :;,; Af~I3LE: (cc:, i), [:If.~C:t.E:) ;" 
tiNGLE (CD, 90, CIRCLE) 11~NGLE ( CE, 180, CIRCLE) i" 
DROP(Sl,CA,H) J)~ 

CHECKLISTCASSERTA,[GIUEN<H>, GIVENCR) J). 

GTEADY :-•· 
TRACE(PROBLEM-DEFINED-BY,4>, NL, 
p··•,.··,--)J''·r··-1 
;~~~i~;~;~-q~A9rRqLE"f;-~IFF"T)~r f,i. ,_.r.! -··--1 .... 1"1.--.-·· ·- '·-- ••• 

PATHINFOCS2,C~,CC,RIGHT,LEFT>,' 
PATHINFO(S3,CD,CC,LEFT,RIGHT>,' 
PATHINFOCS4,CE,CD,RIGHT,RIGHT>~ 
PATHINFO(S5,CE,CB,LEFT,L.EFT>, / 
MISCINFO. 

t ••• END. 



/* BRICK arsument list routines. 

entr~ Po:i.nts 

uses 

db actj.ve 

db Passive 

variables 

arsstruct(duration,2, 
[period,durationJ, 
[ar·s,vaJ.J ) • 

\ ~ arsstruct(normal,2, 
[line,ansleJ, 
[ars,valJ ). 

arsstruct(tansent,2, 
[line, ;;msleJ, 
[ars,vaJ.J ), 

arsstruct(ansle,3, 
[line,ansle,PointJ, 
[ars,val,arsJ >, 

arsstruct(incline,3, 
Cline,ansle,PointJ, 
[ars,val,;;n-~JJ ), 

NONE. 

NONE. 

NONE. 

NONE, 

NONE. 

arsstruct(distance,3, 
[Particle,lensth,PeriodJ, 
Cars,val,arsJ ). 

arsstruct(seParation,5, 
[Point_of __ ref·,point._of _re?, lensth, ans le, time], V 
[ars,ars,val,val,arsl >, 

arsstruct(sround,2, 
[line,J.ensthJ, 
[ars,valJ ), 

arsstruct(droP,3, 
[path,Point,lensthJ, 
Cars,ars,valJ >. 

arsstruct(t~Pical_droP,3, 
[path,Point,lensthJ, 
[ars,ars,valJ ). 

% arsstruct(radius,2, 
% Cline,lensthJ, 

J 
J 
J 



X Cars,valJ ). 

arsstruct(constlensth,2, 
Cline,lensthJ, 
Cars,valJ ). 

arsstruct(varlensth,3, 
Cline,lensth,timeJ, 
Csrs,vsl,arsJ ). 

arsstruct(mass,3, 
Cobject,mass,timeJ, 
Cars,val,arsJ ). 

arsstruct(tension,3, 
CstrinS,force,timeJ, 
Cars,vaJ.,arsJ ). 

J 
J 

arsstruct<reaction,5, 
Cobject,object,force,ansle,timeJ, 
Cars,ars,val,val,arsJ ). 

arsstruct(friction,5, 
Cobject,object,force,ansle,timeJ, 
Cars,ars,val,val,arSJ >. 

arsstruct(holdins,5, 
Cobject,object,force,ansle,timel, 
Csrs,ars,vaJ.,val,srsJ ). 

srsstruct<vel,4, 
[Point_of_ref,vel,snsle,timeJ, 
Cars,val,val,srsJ ). 

✓ 

arsstruct(relvel,5, 
CPoint_of_ref,Point_of_ref,vel,ansle,timeJ, 
Cars,ars,vsl,val,arsl >. 

arsstruct(accel,4, 
CPoint_of_ref,accel,ansle,timeJ, 
tars,val,val,arsJ ). 

✓ 

arsstruct(relaccel,5, 
[Point_of_ref,Point_of_ref,accel,ansle,timeJ, 
tars,ars,val,val,arsJ ). 

arsstruct(coeff,2, 
tPath,constantJ, 
Cars,valJ ). 

arsstruct(elastic,2, 
Cstrins,constantJ, 
Cars,valJ ). 



arsstruct(bndY,3, 
[period,moment,ParitYJ, 
[ars,val,arsJ ). 

arsstruct(initial,2, 
[Period,momentJ, 
[ars,val] ). 

arsstruct(final,2, 
[period,momentJ, 
[ars,vaJ.J ). 

arsst r·uct. C i sa, 2, 
[type, ent-i t.yJ, 
r:a,,g, arsJ ) • 

arsstruct(tYPical_Point,2, 
[ J. i m:~, PD i nt J, 
[ars,vaJ.J ). 

argst. r1Jct. (at, 3, 
[point_of_ref,Place,momentJ, 
[ars,val,arsJ ). 

argstruct(end,3, 
[line,Point,ParitYJ, 
[arS,val,arSJ ). 

arsstruct(farend,3, 
[J.ine,Point,Pointl, 
[ars,arg,vaJ.J ). 

arsstructCfarend,3, 
[line,Point,PointJ, 
[ars,val,arsJ >. 

argstruct(c_of_gravitY,2, 
[ ob~iect., PD i nt. J , 
Cars,valJ ). 

argstruct(measure,3, 
f.GuantitY,number,unitJ, 
[ars,ars,arsJ ). 

ar..sstr·uct ( st.anuni t, 3, 
[dim,unit,dim_systeml, 
[ars,ars,ar•gJ ). 

arsstructCelasticitY,3, 
[strins,force,timeJ, 
[arg,val,arsJ>. 

argstruct(natJ.ensth,3, 
[strins,lensth,timeJ, 
Cars,vaJ.,arsJ>. 

] 

✓ 



arsstruct<extension,3, 
Cstrins,lensth,timeJ, 
Cars,val,arSJ). 

/* END OF BRICK arsument list routines.*/ 

J 



' 
f *COrfl RL * / 
/*10P LEVEL ROU1INE.S*/ 
/*ALAN BUNDY MAY 1977*/ 

/*TOP LEVEL*/ 
f*-----1 

/*STANDARD TOP LEVEL ROUTINE*/ 

GO :- SOUGHTS<~XS), GIVENS(_GS), 
TRACE(ATTEMPTING-TO-SOLVE-FOR--XS-IN-TERMS-OF---6S,5), 
GETEGNS(_XS,_GS,NIL,_ES,_XS1), 
TRACE(EGUATIONS-EXTRACTED,2), PPR(_.ES) , 
CONVERT(_ES,_ES1), TRACE(CONVERTED-T0,2), PPR(_ES1), 
SIMPLIFY(_ES1,_ES2), TRACE(SIMPLIFIED-T0,2), PPR(_ES2), 
MAPLIST(CCMEASURE,_XS1,_XS2), TRACE(UMKNDWNS-ARE--XS2,2), 
SIMSOLVELES2,_XS2,_ANS), TRACE(ANSWER-IS,2), PPRL.ANS). 

/*GENERAL QUESTION ANSWERING ROUTINE*/ 
QA(_GUAL,_GUAN) :-

_QUAL, FINDALL(PROVISO,_CONDLIST), 
TRACE ( _QUAL -OK-f'ROV IDED- _cmtDLIST, 2) , 
SOLVEALL(_CONDLIST,_SOLNS), 
SUBST{_SOLNS,_CONDLIST,_NCONDLIST), 
THACE(NEW-CONDITIOHS-ARE-_NCONDLIST,2), 
APPLY(_GUAN,_NCONDLIST.[J). 

/*CALL MARPLES TO UNPACK PROVISOS*/ 
l 

SOLVEALL LCONDLIST ,_ANS) :-
SETUP ( _ccmr1L I ST , _Es' _xs1 ) l' CRUNCH (_ES' _xs1 , _ANS). 

SE.TUPLCCJMDLIST,_Es,._xs1) :- SWORDSINLCONDLIS1 ,_\JARS), 
-~- GIVENS(_GS), SUBTRACT(_VARS,_GS,_XS), 
Cf"-✓ ._..,. TRACE< ATTEMPTl NG-TO-SOLVE -FOR-_xs- IM-TERMS-OF-_GS, 5) , 

GE1EGNS(_XS,_GS,[},_ES,_XS1), 
TRACE ( EGUATIONS-EXTHACTED, 2) ,- PPR LES). 

CRUNCH(_Es,_xs1,_ANS) :-
CONVER1(_Es,_ES1), TRACE(CONlJEHTEJJ-T0,2), PPR(_ES1), 
SIMPLIFY(_£S1,_ES2),-1RACE(SIMPL1FIED-T0,2), PPR(.l:.82), 
ttAPLIST<CCME.ASURE,._XS1 ,_XS2),. TRACE<UNKNOWNS-ARE-_XS2;-2) ,­
SIMSOLVE(_ES2,_XS2,JiNS), TRACE(ANSWER-IS,2), PPR(_.ANS). 

/*APOLOGIES FOR ABSENCE*/ ~· 
1---- -------../ 

CONVERT(_.ES,_ES) :- TRACE(CONVERT-NOT-LOADED,3). 

CCMEA-SURE(_X,_Y) :- TRACE(CCMEASURE-NOT...:LOADED,3). 

SIMPLIFY LES, _ES) :- 1 RACE. <SlMPLIFY-NOT-LOADED, 3). 

SirtSOLVE Lb _X , _E) :- TRACE ( SlMSOLVE-NOT -LOADEih 3) . 



SETUP(_CL,_ES,_XS1) :- TRACE(SETUP-NOT-LOADED,3). 

CRUNCH (_Es, _:xs1 , _ES) :- TRACE (CRUNCH-NOT-LOADED, 3). 

SliBST(_SOLNS,_CL,_CL) :- TRACE(SUBST-NOT-LOADED,3). 

EVAL ( _.crntos) : - TRACE ( EVAL -NOT -LOADED, 3) . 

/*CUE IN SCHEMA*/ 
CUE(_KEY) :- SCHEMA(_KEY,_DECL,_ASS;_IIEF), 

TRACE ( PIJLLINB-:nt-SCHEMA-_t-;E Y, 6) , NWL ( 6), 
TRACE< DECLARATIONS, 7) , CHECr~LI ST (CALL; _DECL) , NWL ( 7) , 
1 Rr~CE(ASSERTIOHS, 7), CHECKLI°ST( PASSERTA;_/%88), NWL( 7), 
TRACE (DEFAULTS, 7), CHECt(LlST (PASSERTZ,_IlEF), NWL(7), 
PA.SSERTA LJ{EY) , Nta!U 7) , ! . 

SCHEMA ( llNESYS ( _LI NE, _LEND" _fH:.ND) , 
[CREATE(LINELLIND >., 

CC ( EJffl( _LINE,_Lf..ND,LEfT));, CC(END( _LINE,_REND, RIGHT)) J, 
[POINT LLEND) ,POINT LREND) J, 

SCHEJ-tA ( 1 I ME SYS (_PER, _MiJMi, _HOM2) , 
[CRE.A1!::.(PrnIDDLPE.R)) ,CC( INITlALLPER,_MiJM1)), 

CC(F INAL( _PER ,_MOM2))}, 
rn·m·rE.NT < _ttDM1) , NOMENT ( _r'rtJM2.) J, 
[J ) = 

SCHEi'1A(rnJTSYSLPAF:T ,_PATH; _S"f AR1 ,_SlDH ,_PEfD; 
LCC<FARE.NI.!LPATH,_FINIS!-h_STAffi;,), CC(FlNAU_PER,_.END)) l" 

CC ( VE.L ( __ f'ARl ~ _J), __ Atl62, _f_ND J) , ASSSP ( _PART 1 _f It•flSH, _f:ftli) 1 

CC( INI1 lAL (_.PE.I-<, _BEGIN));, ASSSP ( _PART ,_ST~RT ,_BEGIN) J, 
UJBC mm IONLPART, _PAl H, _STAR"i, _Sil!E1, _PER}),. 
l!BCrnl L.PAR1 ,_FINISH,_f.ND)) J, 

L ( PROBTYPE:. ( MQl ION- IN-A-Si RAIGH1 -LINE) : -
( CONSl \JEL ( _PARl , _fH<) ; CONSTACCEL (_PART, _pa,;) ) ) , 

( -·~V> 21--,.J,!O :- 10P ( _PA1 H, _S1 i;Rl ) 1 PROB1~YPE ( R(JLLE.R-COASTE.J<) J J ) . 

SCHE.NA ( PA 1 HSYS < _N(.:frfE ,. _LEND, _RErm, _.SLOPE, _CQNV) " 
[CUE. ( LINE.SYS ( _Ni:lirH:., _LENI.!, _RE.ND>) J, 
[PA-1 H ( _}.fAME) , CLJNCAV I T"Y ( __ r,~1ME. 1 _CQNlJ) ff SLOPE ( _ffA-t*SE, _SLOPE) J 1 

[] ). 

LCUE(LINESYS(_SYS,_LEND,_REND)), 
CUE ( LI NE SYS ( _L.B 11 , _LEr·W, _M IDPT ) ) J 

CUE< llNESYS LRBil,. _MIDPT 1 _REHD)) J, 

SlRINB(_L~11), S1RINB(_RBI1)~ 
CONC~VI1Y(_LBil,STLINE)7 CONC~VITY<~RBIT,STLINE)J, 

SCHE.rlA(PULLS."fS .. J1It{( _SYS, _PULL,_STR, _ItIR1 ,_DIR21_TIME), 
[CUE ( SlRitfGSYS( _STR T_LBIT y_f'1IBP'f ,_RBIT ,_ "J IME)), 



r➔SSSP ( __ PULL, _t-HDPT, _ TIME) J, 
[PROBTYPE (PULLEY) , PARTICLE LPULU , 

Oi::.MSIONLLBIT ,_ 1, _TIME) ;- COHF LPULL, ZEROJ, Tl:J,!SIONLSTR,_ l ,_TIME)), 
(1i:.NSIDrh_RBI1 ,_ T ,_ TIME) :- COHF ( _PULL,Z.t.RO); TENSIQN( _STR;_ T:1_THH~.)) J, 
[COEF f- (_PULL, ZERO) ; MASS (_PULL; 2.1-::RO, _1 ntE) J ) . 

LUIU PULLSYS __ rHN L.SYS v _PULL,_STR, _lilRi. ;r _DIR2, _l Ii'JE)) ,-. 
t'Jfo LBl R, _LEND, LE!-"f ) , EJ<![i LSlk; _f,H!D, RIGHT) , 
~SSSP ( _f'1 , _J=ENIJ ~ _ 1 IriE.) , ASSSP < _P2, _REND !i :__ -: 1Mf.) J, 

[CuNBl AGCEL LJ·'l, _ llHE), CQNSHtCCELLP2,_llr-1U J, 
D ). 

l*ASSEtfl lNf- ORMAl lDN ABOUT UNKNOWN OF l YPE CLASS IN DEFN*/ 
it1SSUNK LJ.!f:J-N, _CLASS) :;- PASSEJ-.:l iZ.LDE.HO, 

ASS 1 YPE ( _f ARGS, __ PROP ; _CLASS) . 

Ass-rrPE ( [._G.] !1 __ f-'ROP 1 _GL~ASS) i -

ASSEtn A ( t{ 1 rtD (_a, _PROP) ) , A-SSAf-'P (_CLASS,_!}) . 

ASS1 YPU [_Q, _DIRJ, _PROP, __ CLASS) :;-
ASSEtfl A( !<INDLG, _PRC!P)); ASSE!-flAOGNDL_IJIR;ANGU:)); 

ASSAPP ( .... CLASS, __ Q) :-

/*FUNCTION CALL PRE.HICAH:. CALL*/ 

/*CREATE DR NON-CRE:ATE CALL*/ 
CCLU :- FPCLL,ON). 
NCC LU : - Ff-'C LL, OH- ) . 

I 

FPCLL,_.SW) :- 1HACE(CALLING-_L,7) ,FAIL. 
FPC ( _L, __ SW) ::- -L= .. _PROP. _ARGS, CHECKLISTCBOUr{iJ, _ARGS), 

CHECr:;CALL ( _L; _.SW) ; TRACE ( CC ALL -OF - _L-SUCCESSFUL, 7) . 
FPCLL,_SW) :- CHECKARGSLU, ! , FCLL;_Shl); 

TRACE(FCALL-OF-_L-SUCCESSFUL,7>. 
FPC(_L,_SW> :- _L, 

iRACE(PCALL-OF-_L-SUCCESSFUL,?). 

/*CHECK CALUt/ 
C!-l!::CKCALLLL,_Si,0 ::- SILLY LU, ! ; FAIL. 
CHE.Cr::CALL ( _J_, ON) : - ASSERT A ( _L) ., i . 
CHECrTALLLL,OFFJ :: _L, ! . 

.) 
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GE: ·1 VAL ( _ROLE.S1 i, _ROL.E:.S2, __ \lAL, _ARGS1 , _.Af.:BS2) :-
RE.MOVE ( Wi-L, _ R0Lf:.S1 , J<DLES2, _VAL, _ARGS1 , _.ARGS2) , ! . 

GE-·1 VAL ( _RCILE:.81 , __ RQLE.82, _GUAN, _ARGS1 ., _ARGS2) : -
RHlOVE: (GUAN, _ROU:.81 i, _f<CJU:.S2, _au,:iN, -ARB.Si , _ARGS2) , ! . 

GE: ·1 VAL ( _ROLE.Si , _ROLES 2, _ANf:i i, -ARGS1 , _ARGS2) :-
RE: ri{JVE (ANG, _RCJLES1., _ROLES2, _ANG,_ARGSi, _.ARGS2)" ! . 

/i:!RHlDVE. ARG PLAYING ROLE IN AAGS*/ 
RE.HOVE:.. (_ROLE., _f.:OLE,. _ffl L, _ffl L, -4f-<G, _ARG. _ft 1 L, -Pt TL). 

REMOVE (_R1,_R2. ---RlL1, ~2. _R1L2,_A1 ,~A2o _A1L1 ,_A-2._ATL2) :-
RHKIVE LRl., _ffl L1, _ffl L2, _.Ai, -ft1L1, _ATL2). 

l*tXT~A PREPOS11IONAL PHRASES*/ 
f'REPS([J,[.:J). 

PREJ-'SWBJ._RTL,_f'L-FtTU :t- POINTLPT), 
WR°Il E< -A 1- _f'l ) i, ! , PREf'S"LRT L l' _A 1 U . 

PREPS(GBJ. _RTL,_f'T. _,nu :- POINT _OF _REFLP1 h 
WRllE(-RELATlVE-10-_Pn, ! , PREPSLRTL,_.ATU. 

WR11E(-ON-l HE-_PARh ! , PREPSLRTL,3,TU. 

PREPS<ANG= _Rll, _.DIR._ATL) :­
MAKE( ANGLE,_DIR), 
WRii i::. ( - IN-IJIRE.CTlON- _DIR h ! rPRH'S LRl L, _ATU .. 

PRE.!:-'SOIHLJHL,_PE.f.:.-ATU :- PERIODLPER), 
Wf.: 11 l:: ( -lJU!UNG- _PE:k) , ! , PRH'S LRT L, _AT U .. 

Pf.:E.PS ( 1 HlE .. _Rl L,, _MOH .. _p, 1 L) :-

W.f.:l H: (-Al - _.MOM), ! ,· PREl-'SLRlL,._ATL). 

aNAKE LPROh _.rn : - GE:NSYri LPROP' _(D ' ! ' ASSD,:1 A ( KIND LG., _PROP)). 

~""J 
MAKE. ( _PfWf-', _f.-!) • 

l*IltC:LARAl HIM OF NON fUNCl ION VALUES*/ 

CRE:A1U LJ._,_f-'RDP,_Af<G) :- GE.NS'friLPROP,_Af.:G), ! ,ASSE-.RlALU, 
1 kA-Cf-(LE.·1 - _ARG-BE-..-A-NE:.!,,,1-__ f'ROP, 2). 

CREA 1 E:_j ( _J , _PROP, _ARG) . 

l*lNFORMAllON ABOUT G.UANlllY RE:.LA-110r-ffi*I 
l*-------------------------------*I 

l*Slli:UC1URE. Of ARGUMENTS*/ 
Af.!GSl li:UC: ( Ill!RAT I ON, [ T IMi::., QUAN}). 

ARGS1 li:UC (_PROP, [. OBJ, A.NG J) : -
rfrJ{BE: li: ( _PfmP, U-Kl-RMAL, 1 ANGEN1 J). 

I 

f . 

1-,, 
I 
I 



Af.!GST~U(;(_PROP,[OBJ,QUANJ) :­
MENBE:.k(_f-'f<OP,-tCONSTLENGTH,GROUND,RADlUS,CDEHJ). 

ARGSll<UC(_PROP,[OBJ,flUAN,1IMEJ) :-
MEMBEH LPROP, [MASS, Tt:.NSION, DISTANCE, VARLE.NGTHJ) .. 

ARGSrnuc LPROP' [OBJ; OBJ. _QUAN]) li­
ME.MBER ( _f'ROP, [I!ROP, T YPICAL_DROPJ) D 

ARGSlRUC(_PROP,[OBJ,ANG,OBJ}) :­
MEMBER (_PROP,-[AN'Glb INCLlNEJ). 

ARGSTf<UC (_PROP, EOBJ, GUAN, ANG, 1 IMEJ) :­
MEMBER (_PROP, [ACCEL, VEL, FORCEJ). 

~kGSTRUC(_PROP,[OBJ,OBJ,GUAN,ANG,TIMEJ) :­
MErtBE~ ( _PROP t [ RELACCEL, RE-.LVl:.L, REACT I ON J) • 

/*ARGUMENT STRUCTURE FOR NON QUANTITIES *I 

i,AAGS1RU8(_PROP,[TIME,VALJ} :-
MEMBl:.R(_PROP,[INITIAL,FINALJ). 

ARGST RUG ( 1 YP I CAL_PQ INT , [OBJ, VALJ ) . 
ARGSTRUC(Al, LOBJ, VAL, TIMEJ). 
ARGSTRUC(_PROP,[OBJ,VAL,OBJJ) :-

ME.MBEf.: (_PROP, [ErU!, FARE.ND:!). 
ARGSl~UC(FAREND,tDBJ,OBJ,VALJ). 

/*TYPE AND DIMENSION INFORMA110N ABOUT RELATIONS*/ 

lYPE:JNFOLPFWP,DIMLESS,1) :-
MEMBU.: (_PROP; CANBLE, J NCLINE, NORMAL, T ANGENl , COEf F J) , ! . 

'1YPEJ.NFQ<MASS,MASS,M) :- ! R 

1 Yf'E.1 Nf-C! ( __ PROP, LENGTH, L) :: -

MHH{E:.H (_PROP, [ CONSTLENBTH, VAf.:LENGT H, 
DlSl ANCE-., DROP, 1YF-'1CAL_IJROP,GROUND, RADIUS]), ! ,. 

l"Yf-'ElNf-OLPROP,VEbL/TJ ::­
MBtBEf.: (_PROP, C VH., RE.L VEL J) , ! . 

lYPEINFQ(_PROP,ACCEL,L/(1:2)) :­
MHiBER (_PROP, [ACUJ_, RELACCELJ) , ! .. 

1YPE1NfQ(_PROP,FORCE,M*(L/(T:2))) ;-
ME.rU.1.E}: (_PROP, [FORCE, H:.NSION, REAC1 ION]), ! . 
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