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This paper presents approaches to and models for the pro

posed Hendrix Simulation System and its subsequent implementa

tion by John Lowrance. To present these concepts it is recom

mended the user ha \fe a working know ledge of the Lowrance paper

and of LISP 1.6. The ~lper is divided into three ~,rts: 1) a

brief discourse about world modelling technique, 2) the imple

mentation of all the worlds proposed by Gary Hendrix. and J) a

series of new worlds designed to provide evidence of the power and

-·-accuracy of the system. Included are appendices with a series of

new LISP functions useful in certain types of simulation and de

bugging.
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Cl-lJ\ PTER I - OVERVIE'ti

As the first user of the Lowrance implementation 1 hope to

provide insight into using it efficiently and successfully. A

unique group of problems arise from the use of this system which

forewarning can diminish. In addition, certain types of sim

ulation tend to work well with this system while others-fail

miserably. In demonstrating new worlds it is hoped that one can

ascertain the types of worlds that should be attempted. Finally,

it will become evident that the true power of the system lies

in that it is imbedded in LISP and quite understandably the better

the LISP programmer, the better the simulator.

CHAPTER II - PRCGRESSIVE MODELLING

Problems

The single most. important t.hing to remember about modelling

is that model world processes and events are pure representation

al simulation. In order to attain a logical flow to simultan

eous and chain reaction processes, the system must be presented

with a world model and its related, preplanned, and intercoord

ina ted scenarios. The system triggers these scenarios by the

existence of a set of satisfiable conditions of which (to the

system) readability has little or no importance. However, the

human simulator must be able to see and understand results (and

failures) of any preconceived processes. In this sense, gul.de

lines may be set down to facilitate a high degree of vi.sual

cohesion. In addition, representations of facts and relatJ.on

ships wJ.thin a world and its associated scenarios, specJ.fically

the atoms withJ.n the n-tuples in the state of the world model,



have no intrinsic value (in the 110' ' PNJ\l.lli/VI11UE sense). It is

this final fact that emphislzes the importance of readability and

rapid transitions between world mcxlel and scenario.

The importance of human visual simplicity in modelling

should not be underrated. Unlike many languages, the semantics

in scenarios are not at all concerned with things such as func

tion manipulation, variable procedures, and logical control, rather,

the words and symbols are in themselves of crucial importance.

In that sense then, to view the world and its processes is to

view the world mcxlel and its scenarios. If scenarios work the

world list will change and. the simulator will look at the results.

If scenarios do not work the world list will remain unchanged and

the simulator must look bacJ, and forth beh/een it and its scenarios.

Either ''lay, unless one is modelling very simple processes "lith very

tiny Horld 100(1els yOel inevitably spend vast amolmts of time

searching through lines of relations.

Any simulations being preformed are entirely represented

by updated snapshots of tuples so it is important to sketch

visml aids or blueprints to help conceptualize each portion of

the simulation. One big problem in designing a detailed group of

scenarios is world conceptualization. In the planninb stages

this saves a great deal of time determining "hat is r(~quired for

scenarios. These blueprints not only aid in catching errors and

testing flillctions but can later be extended to a practical ap

plication or construction design for the simulated machine or

mechanical process. In fact, any user that would be performing

any serious applicational simulation would already have a detail

ed design or blueprint aV11ilable and would be 'IOrking from it to
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test its feasibility or to trouble-"·hoot. For this reason, the

modeler of a nonapplicational simulation (like the ones present-

ed in this paper) should also have his ideas \/ell in hand.; mainly

a picture.

Although at first thought, specific provisions for appear-

ance seem rnther trivinl, it becomes a crucial dilema on complex

worlds. Problems, syntax errors, and general frustrations in-

crease exponentially. with an increase in scenario complexity

(which increases with the addition of each nEni scennrio). For

"·-example, <I very closely modelled process. without careful plart-

~ing. rnny turn into an incoherent night~lre of 10-15 scenarios,

50 State of the World Hodel tuples, and dozens of LISP functions

all stubbornly failing or refusing to do anything at all.

J\nother temptation during modelling is to define all scen-

arios at once and debUG the entire list in conjunction with its

packet of help functions. This should be avoided at all costs.

LISP i'unctions can be debugged or tested in the nonnal manner

(without loading the simulation program). As for debugging scen-

arios this will be dealt with in the !lUCOn' section.

In summary there are four basic problems:

1) representiltional readibility(for examination and symbolization)
2) conceptualization (blueprints)
3) scenario de'felopment
If) world debtl5eing

Solutions

One solution to the problem of readability is the simple

indentation at every level within each scenario. This means that

every subitem of equal value is indented. Specifically this causes

n list like orderin~ on all items such as initiation conditions.



Each .condition is ona seperate linc, and ICS, ICN, t;lD, E1J\

(and others) and scenarios (see Figure 2.1) deliberately begin

to t~ke on ~ resembl~nce to the State of the ;;orld Hodel (see Figure 2.2).

As c~n be seen, the structure in Figure 2.2 provides quick orient-

ation for debugging, adding, and deleting tuples as required.

To represent the atoms themselves, the spelling is-arbit-

r~ry, however the much finer model requires many more parameters.

For example in the caro scen~rio, a one--dimensional model (robot

travels linearly from points 1-10) the only positi0nal variables

required are CFROH ~nd CTO. In 11 two-dimension~l model (X-Y

coordinl1tes) this becomes Cf'ROl1X, Cf'R01W, CTOX, and CTOY. In

a three-dimensional model that locates objects (X-Y-Z coordinates)

the scenario would require CFROnX, CFROHY, CF'ROHZ, CTOX, CrOY,

CTOZ (for the Robot), CATZ, CIITY, CIITZ (for located Objects),

CLX, CLY, CLZ (for last search position), CSFX, CSl"Y, CSJ<'<; (for

initial se~rch position), CSTX, CSTY, CSTZ (for next search pos-

ition), and all just for positional information, discounting numerous

other necess~ry parameters. (Ill three processes are nearly ident-

ic~l yet with the simple addition of a finer modelling aspect the

number of positional parameters jumps from 2 to 4 to 18!

Clearly two problems arise from this proliferation. First,

in any complex model you must expect ,I large ungainly set of

parameters. Second, and in direct opposition to the first, is that

with l~rge numbers of similar parameters, ~ unique and easily

recognizable FNAHE must be adopted for each, yet, this generally

results in a longer representation. Often this may be remedied

by n clever representation. Hany numerical parameters can easily
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(TURNVALVE (PAR A V CRATE R : CI'~\XRATE N)

(ICS(ALLOCATE-ACTIVATE R A TURNVALVE V CRAT;';)(AT R N)(AT V t:)
- -

(TYPE A ARH)(MAXRATE V CHAXRATE)(STAT" R MIAKE»

(ICN(CT(*DIF C~~XRATE CRAT~)O)(CE CRATE 0»

(EID(RATE V *)(ALLOCATE-ACTIVAT8 R 1\ TURNVALVE V CR1\TE»

(EIA(RATE V CRATE»)

Turnvalve -Hegular

Figure 2.1

(TURNVALVE (PAR A V CRATE R : CHAXRATE N)

(ICS(ALLOCAT8-ACTIVATE R A TURNVALVE V CRATE)

(AT R N)

(AT V N)

(TYPE j\ AR!'!)

(I'iAXRATE V CHAXRtm::)

(STATE R ,WAKE»

(ICN(CT(*DIF Cr~Xfu\T8 CRATE)O)

(CB CRATE 0»

(EID(RATE V *)

(ALLOCATE-ACTIVATE R A TURNVALVE V CRATE»

(EIA(RATE V CRATE»)

Turnva 1ve Indented
Figure 2.2



be eliminated by incorporating the.! directly into LISP functions.

This type of situation arises in models where certain data is

surely not to change yet is crucial for certain equations. For

example, this has been done in the BillIards World (in this paper)

where the dimensions of the Billiards table is standard and un

changeable. One LISP function whi.ch returns the location a rol

ling Billiard ball will hit the bunk uses these dimensions included

directly in the code. This can be used as often as necessary and

will tend to reduce the number of parameters in anyone scenario.

Conceptualization of any world model can be as brief as

possible. Only the minimum of sketching is necessary and only

those refinements relevant to each specific model should be in

cluded (the movement of atoms would be a ridiculous inclusion

in the VoltaGe World but would be paramount in a model of an Atom

Smasher). If specific purposes are to be acheived or models are

to be patteTIled after real world examples then a blueprint can be

used. The X-Y or X-Y-Z coordinate axes will suffice for problems

inv,,1-y.iryg ),\ovement, .t:1ec1wntcal §imWation.genera lly needs. only._

a sketch of the tool or machine .hile problems involving unview

able phenomena, as in the case of the Voltage \iorld, are usually

drawn like a circuit board.

World debuggin{'; assumes two problems, syntax errors and faulty

scenario/world model c60rdination. The latter usually arises

through poor conceptualization. It is important not to model too

coarsely. Problems and inaccuraces will result if the physical

phenomena is not understood. If for example formulas computing

X-Y coordinates are inaccurate, results may appear correct (by

-6-
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returning same coordinate) but are in fact not close.

,"UGOFF

As for syntax e=ors a package of functions has been pro

vided (APPENDIX B) that will s~an scenarios and list all unre

cognized words (with respect to parameters, keyw ords. defined

functions, and state of the world model tuples). This will catch nearly

all typographical errors and um;ritten functions while giving

their location in the scenario. In addition, it will locate

parenthesis errors and illegal key....;ords. Such problems are ex-

tremely difficult to locate because unlike LISP functions which

can be closed individually by brackets, scenarios are defined

in groups (assir,ned to a wlriable). If n parenthesis error exists

ther. its location is very vBgue. Likewise with syntax errors,

faulty scenarios just don 't felll to l-1ork they fail to do anythine:

at all! ;, very subtle and hard to find spellin['; error (like a ~

in place of an 0) in a large packet of scenarios is like a needle

in a haystack.

To use BUG OFF , simply call the function (!llJCOFj<~ SLIST S'IlJ.! NUN)

where SLI,ST is bound to the scenario list, SIIN to the state of the

world model list, and ~;UH to an integer equal to the nu:nber of

scenarios in SLIST. For a sample run see Appendix B.

Weaknesses of the- SYstem

Certain types of scenarios, because of the large sets of

combinations needed to be processed are subsequently handled very

poorly by the system. One of the best examples of this is the Sort

':Iorld (see Figure 2.3). This world has ,only 1 scenario and three

types of n-b.lples. 1Jlith such a simr'.!:; foundation it is surpris-
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ing to discover its gross inefficL:!lcies. The state of the world

model presents six Jack-in-the-box,_ s locatecl at positions 1

through f,. Each "Jack" in a box is assigned a value 1 through

6 for JACK1 through JACK6 respectively. The "Jacks" are then

placed out of order with JACK6 in BOXl and JACK! in Box6 and so

forth. The scenario SORT simply find.s 2 boxes with positions in

order but with "Jack" values olit of order and then reverses them.

Because of the large combinations of initiation conditions

that are satisfiable the system requires 1) minutes, 22 seconds

of CPU time to sort (, items~ (see APYC:NiJIX II) As can be imae;ined

this amOlmt of time ;;ould jump sharply with multiple scenarios.

Worlds that depend upon similar stru~tures should be avoided!

_0_
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CHAFTSR III - THE HElffiRIX \'iORLD nil' EilSlffATION

Within the Lowrance paper the introluctory worlds and hendrix

World include the bulk of the proposed worlds in the Hendrix paper.

Certain gaps were not filled however and in all fairness to the

creator these rema ining unwritten items are combinerl to give an updated

final working model. New inclusions are an X-Y axis eguation (see Figure 3.1)

solver to eliminate the circular track, a coordinated LOC to work along

with the new coro, a gradual TURNVilLV'€, and the final version of

FILLBUCKET. Some ideas on things like HONITURJlLARI'l and HONITORSh.T

~~ave been borrowed from the Lowrance paper.

Before introducing the sample run it may help to introduce

each scenario and provide any relevant details (see Figure 3.2)

1) SETJllJIRI'l remains the same as presented in the L01-lrance
paper but 1-lith the inclusion of X-Y locational
parameters.

2) HONITORSET also remains identical 1-lith this same change.

3) lWAKENROBor awakens the sleeping robot. Like all
sleepy robots it immediately dashes to the clock
and turns it off (e.g. effects added are coro the
clock and OFFAlJIRH once its there).

4) SOUNDAL\Rl'l is the same as in the L01-lrance paper.

S) liONITO'1J'.LARJ.! is also the same.

Ii) OFF,IU,Rfoi is the same as OFFJlIAR!'i1 in the Lowrance paper
but with the inclusion of X-I coordinates.

7) SLEEPROBor will put the robot asleep. Since all
scenarios in 1-Ihich he is invloved require him
to be awake, they will be (henceforth) nonfunctional.

B) TURNVALVE differs from the L01-lrance version in that
it is gradual. The possibility that its as
sociated tap may already be flowing is taken into
consider<ltion and since the valve Is turned
grad.ually, the flo1-lrate of the tap also increases/
decreases gradually,
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9) FILLBUClillT Is nearly Ident· cal to the Lowra'1ce versIon
cxcept It takes J.ntc account the gradually turn
ine; valve and adjusts its bucket-filling approp
riately.

10.& 11) GRi\SP and RELEAS8 now include X-Y ooordInates for
the grasped/released object and robot.

12) HOVABILITY Is identical to the Lowrance version.

13) Goro is entirely different. It solves equatIons which
compute distance, X-Y rates and X-Y posItIoning.
This eliminates the need for a track and thus
the robot can move directly to locations therby
foregoin~ a lot of needless travel.

-14) LOC is·similElrto t-r}(~ LowratlCe v0rsiort-bt.lt ls--tidw--act~

ivated by the X-Y rates of the robot. It has
no CCII for as long as the robot moves, so does
whatever it is grasping,

As a preface to the output demonstrating all scenarios in

the Hendrix World Implementation it may be noted first tb~t the

dimensions of the world are represented by an X-Y grid of 200 by

-16-

200 units (APPEIIDIX D). Second, to facilitate the time consum-

ing evaluation of TRJ\CE output (control block creation/destruct-

ion) the following itinerary is provided.

ITINER/,RY

The robot will first Goro the clock, GRASP it, SE'Ii\1JiRH to

11, and then RELEASE it. Returning to his former position he

will then take a snooze, awaken at 11, move to the clock, GRASP

it, shut it off, and RELEASE it (time for work!). After moving to

the bucket and GRASPing it he moves to the tap where he RELEASEs it.

Travelling next to the valve he GRi,SPs this, turns lt until the

bucket is full, turns the valve off, and then RElliASEs it. I'lovine;

back to the tap he GRiiSPs the bucket again and moves to the buckets

original position (very slowly so he won't spill any). lifter



RELEASing the bucket. his long day' ,as drawn to an end so he

returns to his "home" position and promptly falls asleep.

-17-



CHJ\Pr"R IV - NE'tI HORLD IMPLEHBNT,\TFNS

The Robot Bye \10rld

The Robot Eye \1orld, though not in a sense a model of sim

ulated vision., does resemble some of the capabilities of sight,

This world can best be described as a "search and ~ocat()" system

utilizine blind reference of the SWM by certain scenarios. Since

any object found in the SWM could at any time be referenced im

mediately by a scenario, the scenarios in this worl,l are designed

so as to not viol..c'lte this convenience. Just as human vis i-on can

neither spot nor recognize objects beyond a certain range 1ike

wise the robot in this world can't either.

The world is represented as a 60 x 60 foot X-Y axis (see Figure

4.1) where locational points are represented by cartesian coord

inates. The Home or starting point of all searches is at point

(0,10). The VISIml of the robot is 20/20 or in terms of this sim

I)lation 20' forward and 10' to either side. This region symbol.izes

the areC1 in Hhich an object Cfln be seen or "spotted". Ilny object

outside this zone is ie;nored. II field of resolution identical to

the field of vision (but smaller) is provided 5' forward and 2.5'

to either side of the robot. This resolution or recognition field is

the range within which any object can be recognized. All objects

outside may be seen (if within field of vision) but not recognized.

Each object when placed in the world is given four distinct

n-tuples. The first is (TYPi:: OBJ OBJECT) identifyin(\ the fact that

it is an object. Next is its locational tuple (Ill' OBJ X Y) where

X and Yare its cartesian coordinates. The third is its character

istic tuple (CHAR O'lJ CHIIIl1) where CHARi could be any thing from col.or

-18-
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to shape to even radioactivity. Tl·';'s particular tuple is crucial

in location for the robot. When c< ''lffiunded to search for a specific

object, the robot is only told to look for some object with charact-

eristic CHARI. The fourth tuple (~ffiW OBJ) determines whether the

object has been looked. at already. This tuple changes to (OLD OBJ)

after OBJ is looked at.

In order to cover the entire search field without missing any

area. Scenarios have been set up to guide the robot systematically

along the field at the very limits of his vis~,l capabilities. Upon

locating the desired object or running to the end of the field

without locating it, scenarios return the robot to his Home position

reporti~~ either success or failure.

Travelling along the search path, the robot stops only when

any object comes into view. At that point he exits the search path

toward the object llntil it enters his field of resolution. Upon recoznizing

an object with the correct search characteristic, he has finished

so he returns Home. Othe1~ise he returns to his last search path

location to resume the search.

Before looking at the sample run it may help to briefly·describe

each scenario (see Figure 4.2).

I) SPOT is activated basically by the tuples starting with
FIND. STNfE, SPOTTING, and 1\8\1. The command to
FIND an object must of course be present. The
robot must be in the STATE of SPOTTING (as opposed
to the NOrll'k\L STATE) a particular object at a
given point (see MONITOR-SPOT). Lastly the object
to spot must be NEW or previously unspotted. In
addition, the rate of the robot must be zero
(stopped) and the object must be in the field of
vision. After initiation the tuples relating that
the object 13 NEW and that the robot is SPOTTING
are deleted and the tuples saying that OBJ is OlJ)
and that the robot CMISEE the OBJ are added.

2) HONITOR-SPCTf provides the monitoring for objects the
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searching robot wil~' come acrmiS. Initiation
indicates a potenti, '1]' .Spottable (lbject ahead
1.n the direction of the search path and will
through its CCN activate the appropriate in
terrupt time for GOTO. Stopped with the object
just within vision the robot then enters the
SPiITTING STATE (in turn activating SPOT).

3) GOTO remains nearly identical to that in the Hcndrix
l{orld with the deletion of certain superfluous
initiation conditions.

4) RESPOT is initiated in the event that two potential
objects activate HONIT.OR-SPOT (one further away).
The interrupt time for the first allows the robot
to travel and recognize it. This tim" change
when added to the inte=upt time for the second
object will place the robot short of the SPOTTING
range for this second object thus necessitating
reinitiation of the search (inturn activating
a new updated !'IONITOR-SPOr).

5) rIOVETO is ilctivated when spur responds with a tuple
stating the robot ClINS!;;S an object. It inturn

moves (GOTO) the robot toward the object and stops
it when the object is Hithin the resolution field.

6) EX1\lHr,E is activated when the robot both CMISSE an object
and when that object is within the resolution field.
It deletes the ClINS!;;E tuple and adds a D"SCRDED
tuple. It is important to note that this is the
only scenario that is allowed (throuGh its ICS) to
access the chardcteristic tuples associated with
the search characteristic thus providing the real
istic vision abilities.

7) Rf;CCGNI,~E can only be initiated after EXMlIN£ has DESCRIBJ;;D
an object and its characteristic is identical to
the search characteristic. ,lhen this occurs the
search is over, the YIND command tuple is deleted,
and a tuple stating that the robot has LOCATED
the appropriate object is adderl, Finally, a GOHON"
tuple is added (see GOHONt.: scenario).

8) STOP-SE1\RCH occurs when the end. of the field is en
countered Hithout finding the search object. i\
tuple stating that the robot has NOfLOCliTJ;;D the
object is added and GOHOJ':E is activated.

9) SEARCH will initiate a search from HONE position (with
GOro) when the FIND tuple is found in the SWM. In
addition it will turn the robot and send him in a
new search direction Hhen he has come to the edge
of the field.

-27-



10) GOHOHB simply needs the Cl",!O),;'; tupe to initiate a
direct ClJI'O to Home 1 osition (~,1~).

11) P~S&iRCH sends the robot h,ck to the oriGinal search
position from which he left to ~XAMD,~ an object.

12) RESTART is activated after the robot EXMlllfi:s an
object and returns to the original se,lrch path
posHion. Using tuples stored upon leaving the
search pa th (in MOVETO) , the robot is sent in
the same direction as was previously established
by Su\HCH.

The associated help functions used in some of the above

scenarios (see FiGure l~.) are briefly describer!. All other functions

not mentioned are either LISP system functions or can be found in

AIJ"FllN (IIPPEIWrx G).

(DEP FX FY TX TY) - Used by SLiiNG (see below) to provide
direotional information about the points from
(FX,FY) to (TX,TY).

-28-

(81./\ !'iG FX nIX TY) - Given the points from (FX,FY) to
('LX ,TY) this returns the angle (in def>rees) based
upon the slope of the line between the hlo points.

COY CAW:; ex CY D) - ~'lhen the roho~ is facing C~'\HG

det;rees at point (CX .CY) and a search object is
at (COX,COY). the depth D of the robot vision,
determines how far the robot must travel foer
ward until the object is within vision. This
distance is what is returned.

(DIFD DDS) - Is used by DEC2 to determine if the object
is already in the vision field in which case the
distance to travel is ¢; otherwise it returns the
distance that 1fill place the search object just
inside the far edge of the robot vision.

(IN2 CX CY COX COY CMIG Cil C!CX Ci"Y) - This function c811s
INF'lliLD with identical arguments ch,mGing only
the depth of vision to the full extent of the
search field. This is used by NONITOH-SPlJI'
to determine possible objects ahead of the robot
vision.

(CANR L N) - Is simply CllnR for n = l, ... ,n n> ¢ (e.g. CADR,
CIIDDR. CIIDDDR, ... ).

(SSTQ SHIFT HIL)
(SHIFT II) - !,!hen given angle 1\, the function returns the



~.

new search angle (II cc ¢, 180, 9¢, ¢ .... ).

(BOlJilD X Y 1\ ?X FY DV) - Give" robot position (X,Y), new
search angle fI, dimensions FX and FY of the search
field, and the deptL of the ro:oot vision, this
function returns the X-Y coordinates that the
robot is BOUND to hit at the edge of the serach
field.

(IIi'lE3 X Y OX OY A R) - Returns T if the robot is facing
angle II at (X, Y) with an object at (ox,or) within
resolution field of depth of R; otherwise it
returns NIL.

(INF'IE:IJJ X Y 1\X IIY ,\ CIl CD FX FY) - With the robot at (X, Y)
facing angle fI (fl = multiples of 90 0 only), the
search object at (flX,AY), the vision or resolution
field of dimension CB x CD and the search field
FX x FY if (AX;AY) is within theCB X" CD field
and within the FX x FY field the function returns
T; othenrise it returns NIL.

Executions of the Robot Eye World - Summary (see APF~~~IX C)

In Run Ho. 1 only one object with characteristic RBD is placed

in t.he search fielet. To find, the robot searches to the right along

the bottom, turns up <!lone.; the right edge to about half Hay, and then

moving left he locates the ob;ject I J\fter loc<ltine; he travels Home.

In Run No. 2 a block and a sphere are placed along the bottom.

This is to demonstrate the simultaneous initiations of !'JONITOR-SPaT

(with different interrupt times). The object-characteristic search-

ed for is the sphere so the first examination will fail causing

search continuation. I\fter recognizing the sphere, the robot goes

Home.

In Run No. J four objects a bicycle, automobile, motorcycle,

and female-robot are used. 1\11 are placed ,lithin the field except

the female-robot which is placed just outside the field in the upper

right corner. Although (of course) the robot never finds the female-

robot, inadvertantly a few interesting results occur (coincidentally)

very near the area she is at. After examining the bicycle and

automobile the robot turns in the direction of the motorcycle and
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female-robot. The interrupt time I" ovided by the CCN in HONlTOR-Spar

is given and the robot stops, turns and moves toward the motorcycle,

Unfortunately the angle returned by SIANC to move toward turned out

to be a bit inaccurate and EYJlHINE was never activated, Continuing

the search, the robot moves immedia tely toward the female-robot. Since

this is the end of the search path, he stops, Still seeiniO the

motorcycle the robot again moves toward it and now with a less acute

angle, SIANG returns a more accurate result and EXANINE is success

fully initiated. Returning to continue the search (but at both the

end of the search path and the end of the field) ,(ESTililT would not

reinitiate the search because it had ended and SEAnCE Hould not be

initiated without RESTART adding the fact that the robot was back on

the path, This had to be done by hand,

TvlO ramifications, though purely accidental but interesting,

stem from thls. First. the system overcame an inaccuracy of one

equation solver by providing a position with which the equation solver

could respond accurately. Second, although the fact that the female

robot was near by was sheer luck, it was interesting to see the

robot stubbornly stop at the closest point possible to her and refuse

to COHOI'",!



The Billiards ~orld

The Billiards World is a simulation of certain basic actions

found in Regulation Billiards (not Pocket Billiards). Though in this

version scoring is not involved it may be noted that Billiards is

generally played with) balls (cue-ball and two scoring balls).

In order to score a player must strike 1 or both of tile scoring balls

with the cue-ball while first bouncing it off of ¢, 1, 2, or) banks

(depending upon the version) gaining various points according to each

. version.

The range of this simulation covers:

-)1-

1 )
2)
)
4)
5)
6)

7)

8)

movement of a ball
decay in acceleration of movement
derivation of bounce point on ~,nk

subsequent course and angle change after bounce
replusion of ~lll (with excessive speed) off the table
collision of any moving ball with another still ball

(provided collision is eminent)
subsequent tronsfer and reduction of inertia between

colliding balls
subsequent course chanGe (with respect to percentaee off

center) between colliding balls

The Regulation Billiards table of dimensions )04.80 em. x

154,lfO cm. is represented by an X-Y axis (see Figure 4.4). The

balls of diameter 6.0)25 em. are represented and activated through

5 similar n-tuples for each. Though not all balls are used in each

d·emonstration, these tuples are identical for all, Any ~,ll is

located (AT BALL X Y) where (X,Y) would be its cartesian coordinate.

The STATE of the baU tuple can represent the states r'10VING, STOPPED,

or L1l'mO(a transition state where the ball is either hitting a ball

or bank or off the table).

One tuple tells whether the ball is ON or OFF the table, another

tells ("~TS BALL n) where n ~ ¢ is the MOVING rate of the ball.
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The final tuple tells whether the bll .is BDHIND or NorBJ<:HIND a ball

it has just hit (or been hit by). : his last tuple is necessary if the

ball BEHIND will stop sooner than the ball it has just hit (,/hich

is usually the case since the front ball gains its momentum and

starts across the table while the rear ball now slowed rolls to a

stop). If this were not included the rear ball would. have its movement-

control block destroyed before the front ball and would pass through

the front ball and stop ahead of it (only to be hit.by the ball it

just hit!) In earl}' runs two balls were seen passing t!:rough each other

and rehitting each other across the table rer€atedly until momentum

was lost.

A monitoring scenario l1AYHIT (similar to NotIITOR-SPor in the

Robot Eye World) activates interrupts in ball movement at crucial

points where potential collisions may occur. lit interrupt time other

scenarios (HIT and HOHlT) check whether a collision has occ·ured (or

perhaps whether the ball has slowed and stopped short of collision).

II brief summary of each scenario is given below (see Figure 4.5).

1) HIT is activated basically after ~\YHIT has been des
troyed.. It requires tHo tuples ·supplied by this
scenario. These tuples OFFCENTER and MAYHIT sup
ply information to lilT in the event it is actually
activated. This happens when the balls in Question
have points within the diameters of the two ~,lls.

In this case two new rates are computed for the new
movement of these two balls. These rates are based
upon the old rate of the moving ball and the per
centage OFFCENTER they have hit. In decidinG whet
her the ba lIs would collide. rIA YHIT had already
computed the ne>! angles after collision and this
is communicated in the OFFCENTER tuple. The two
balls are then shot (by the sHaur scenario) at
the appropriate directions ilnd T"dtes. The CCS
of HIT continues, until the·front ball has lost its
SHOOT command. This is necessary because the tuple
SEHUm is added in connection with the rear ball
so as to not reinitiate 111\ YHIT in the event the
rear ball stops ahead of the front ball.
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tIOilIT like }iIT is also activated by HAYHn'.
activation occurs on) J if t.he balls are
in the distance of their diameters. If
t.hen the infoTIna tion supplied by I'~\YHIT

a potential collision) are deleted.

This
not with
this occurs
(for
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J) OFF-TIlE-TABLE is initiated basically by the BOUNCE
scenario (the ball either BOUNCi:s OFF-THE-TABlli
or OFF-TilE-HALL). The tuple involved relates
that a ball is AT\'ALL. The ball is in the STAn
LIHBO (that instant between which the syst.em changes
its direction). In this case the ball is travelling
above an allowable limit dictated by (SPEED BALL n).
Since this is indeed the case the ball remains in
LUGO and it goes from ON to OFF the table. Its
RATE and AT tuples are also deleted.

4) OFF-THE-\fl\LL is initiated identically as OFF-ThE-TABU:;
with the exception that it is within its legal
BOUNCE speed. The tuple 1\To1\LL added by the
BOm-fer.; scenario conveniently includes the new
angle .hich it will now travel. The ball is then
simply shot (With SHOar) in that angle.

S) SHDor handles any activation of ball movement. The ball
needs only to be on the table with the SHOal' com···
m,md tuplA present.. This scen<lrio is similar to
GOTO (in the Hendrix 'dorld) except that a gradually
decaying rate is included. The flmction D~CAY is
used to derive the decay of the Ydte given any
rate <lnd elapsed time. GROl, which is used. in CCH
is an '3stimating function 1-lhich loops \'11th Db.:CAY
until it beco:nes zero while simultaneously adding
up seconds (to a fraction) of elapsed time close
to <lctual decay time. I say close because these
are not physics based formulas in the least, they
are simply quick and easy divisional formulas to
demonstrate~ decay. DepcndinE upon back
grO\md and. ability, a user could simply replace these
functions with precise physics based formulas return
ing eX'lct answers. This is also the case with
I,COP t a function which determines the .distance the
billl travels given elapsed time and initiill Ydte.
LOOP is used to place the ball the proper dis-
tance after travel. ,fhen the CCN deactivates this
scenario the .STATE of the ball changes from HOVING
to LI~lliO. 1 of J. things hilS happened upon de
activation. The 10<111 hilS stopped (see STOl'-HCLL),
the billl is waiting to bounce, or the ~lll has collided.

6) HI\ YBIT uses the tuple ROLLING provided by SiiOar to
decide through ICN eqw.tions whether the present
ROLLING angle ;rill bring it in line >lith another



ball. If -this is ttl( case the scenario is
___ actiVli ted and its eei interrupts SHOar a t a

predetermined time to a110H HIT or NOHIT to
operate. J\ngles the ball (and its colliding
partner) will go after collision are computed
according to how far OFFCio:NTER the stopped ball
is in relatton to the line upon which the rolling
ball is travelling.

7) BOlHICE is activated simply through ShOOT's CCN.
SHOOT stops the ball at the time it would hit a
bank and subsequently places it in LInEO. EOUNCio:
simply checks its stopped location (to within
half the diameter of the ball) with the appropriate
point on the wall. If this holds true, then an
ATHi\LL tuple givinr a (leN computed) new bounce
angle for OFF-TilE-viALL (or OFF-THS-TilEili. ).

8) STOP-"iOLL simply-cneCRS if a ball is in LHiBO and has
a zero rate. If this is the case then it simply
change', the STATE to STOPF"D.

Although not immediately evident, this relatively simple

looking ~1cket of scenarios is backed by a complicated series of

LISP functions. In order to understand the effects of these scenarios

it is important to summarize these functions (see FiGure l}.6).

(GRO Hl) - Is a function used to set a global time variable
THH (used in LOOP).

(GROH2 D R) - Is simply a call to (GRUII D R) which first
sets a global distance variable DSS to D (used in FIN).

(HALL X Y D) - Incorporates the dimensions of the billiards
table in the code. Given the (X,Y) coordinate
and angle D it computes what point on some bank
a ball travelling from that point will hit.

(DECIDE" BCD E) - This help function accepts possible
intercepts (A BCD) from the function IIALL. Using
angle E it filters out unlikely candidates and
passes the results to LEGIT.

(lEGIT J\ BCD) - This help function uses some predetermined
combination (from DECIDE) of two NIL's and two
wall-intercept candidates to eventually pick be
tween the latter two returning what is ultimately
the correct bank position needed in WALL.
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(2ER1'1IL L) [0 (2IL ,,) - Are used
element in J.! to ¢.

together to change any NIL



(lu,{ N) " LY N) - Determine whEher N is a legal X or Y
coordinate within 0 a,d table dimensions.

(Y-INT X Y H) - Returns the Y-Intercept of the line of slope
n traveling through the point (X,Y).

(X-INT X Y M) - Returns the X-Intercept of the line of slope
MtraveUing through the point (X,Y).

(DIS X Y Z W) - Returns the distance between points (X,Y)
and (Z,II).

(iURBOn A X Y) - Returns the angle a ball will bounce off
a wall given the initial angle and its bounce
point (X,Y). This angle is similar to that made
when a flashlight is shone in a mirror.

(FIN V) - Is called by LOOP after determining a value. This
function returns that value while setting globals
THI1 8:nd DSS to NIL.

(LOOP X Y II HI TWI R DIS) - This function can do 1 of 3
things. It can return the coordinates at global
distance DSS from (X, Y), the same coordinate for
distance computed by DIZ or the coordinate at
distance DIS.

(lIve i\ B) - IIverages i\ and B.

(DSr;i\Y n TN) - Iteratively decreases R (rate) by a constant
until either R or Tl'1 are zero. If TI·'! is zero
the remaining rate is returned; otherwise ~.

(ONLINE X Y FX II B EP) - This function uses PR(X;r; to save
EPSILON while it resets it to r;p. It then returns
T if the coordinate Y (of (X, Y) locatio'} for a
collidable baU) is equal to ("ithin r;p) the
Y coordinate computed ("ith X) in the line of
slope Hand Y-intercept B; otherwise NIL.

(OFFLINE ABC) - Returns a list of two new angles (for
colliding balls) when A is the initial angle, B
the percentage offcenter, and C the ball diameter.

(SNUF X Y II B SP) - Simply checks whether both X = A and
Y = B where EPSILON is resot to ):;1'.

(PROPSPD J) 0 R) - Returns the new speeds divided between
colliding objects. R is the rate of the rolling
ball, D is the diameter of the ball, and 0 is the
percentage offcenter.

(LEFfOV R F) - Simply determines the speed left over after
Cl ba 11 f run into, takes aHay fraction Ii' of the
initial ra te R.



(GROI? DR) - This function itnatively expands the time
(in seconds) that R :: taking to decay to zero
within the distance u ("ithout surpassing D with
the total distance that rate R allows a ball to "
travel in that time).

(PA~Z D R) - Is called when less than 1 second will decay
R to zero (from GROW). That fraction is returned.

S-Variables

A new entity called an S-Variable has been utilized in the

NOHIT scenario. Similar to C-, E-, and Y-Variables, S-Variables

begin with the letter S. Where C-Variables represent nmlerieal

quantities used in the ICN, S-Variables represent symbolic quantities

also user! in the leN. In the case of NOHIT both the STATE LHIBO

and STOPY~D could initiate the scenario. To eliminate the writting

of t"o nearly identical scenarios a variable STAT is bounr! up to

either LUIBO or STOPPED. Since STAT has no LISP binding tile ICN

function EOl would cause an error messase when checking (OR(EQ ST!\T
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LI:1BO)(EQ STAT STO?YED». To avoid this a ne;: function (El);' Fb:XPR)

which simply performs an EQ with unevaluated variables is used.

The logical extension to this is an addition of E-Variables which are

assigned quoted values a'nd then used in ADDed tuples in EIA and

EPA to represent state or other symbolic entities. An example of

this type of idea can be utilized through the function OFF (see Figure

1•. 10 and description in the Robot Arm \!orId).

Execution of the Billiards World - Summary (see APPEtIDrx E)

Beginning at a basic break,l'vsition, the cue':'ball is shot alone

from that point to demonstrate the aecay, of the rolling rate.

STOP-ROLL is initiated (once halted) to remove the LHlBO state. Next

the cue-ball is shot from the stop point to;:ard a bank with it rate

deliberately too high. BOUNCE is activated but OFF'-THE-TJ\3LE detHcts
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the velocity violation and removes t~e ~Ill from the table.

Replacing the ball on the table at break position the ball is

shot toward a bank this time with a lower velocity. Again BOlli~C~

is activated and OFF-THE-WALL completes the bounce and activates

SHOar again with a new (slower) rate and mirrored angle. The ball

is next shot from stop posi·tion toward a corner to demonst:cate

the ca~1bilities of double banking.

With the ball now replaced in break position, a second ball is

included, at the other end. The cue-ball is sent to;lilrd the other

ball dead center. They collide and the second ball begins rolling

on the same angle. The second ball rebounds directly back from the

bank .while the cue-ball slOl,sto a halt. Returning on the same line

the second ball hits the cue-ball and sends it back toward where it

came from.

1ext the cue-ball is shot on collision course again except

slightly off angle. This collision produces a response of both balls

rolling in different directions. The cue-ball rolls to a stop short

of the wall while the second ball (Hith more mOl"entum) bounces off

the wall.

Adding a third ~lll, the cue-ball is returned to break position

and the other two balls ('Ire racked tOfether for a break shot

shooting the cue-ball at just the right angle results in collision

with BALLt and a richochet into BI\LL2 (a 2 point shot!).

Finally, at command level, by hand the help function SLiING is

used to determine the precise angle from the cue-ball to one of the

~11Is. This shot is then made accurately. This hints at the possibility

of developing equation solvers for the command level which, when

given ball locations, could return angles for double hit shots or

even singl'?, double, and triple bank double hit shots.



The Pobot Arr:l "forld

"In factories throughout the wvrld there arc several thousand

devices loosely called robots. I"lost of those mechanisisms exhibit

few of the characteristics the average person would associate with

the term robot; they are mostly pick and place machines that are

*c"pable of only the simplest kinds of motion." The Robot fIrm Horld

is a simulation of an example of such a device (see Figure 4.7).

Connected at shoulder position on the side of the robot torso

is a simple yet potentially functional robot "rm. BeGinninc at the

shoulder area is a wheel. A simple servo-motor (shaft driven)

is connected to this wheel. This motor then turns the wheel thus

lowering the shoulder shaft. Below the shoulder sh"ft is attached

a motor driven servo-gear with its associated b"r. The bar is inlaid

with identicCll teeth to which responds Clny forward or backward gear

movement. The opposite end of this shaft is hinged (below the clbow)

with the forearm. This forearm swings back and forth in response to

bar movements. Slightly over midway down the forearm is mounted

a pulley or electrical winch which drum coils a flexible steel cable.

This cables' extended length shortens as the winch turns and windlJ.

'..rithin the base of the forearm a Y-connector splits the cable into

tHO segments each attached to movable, spring loaded, retractable

grip pads which respond in unison (as a clamp) to any cable tension.

The SilH (see F'igl1re 4.8) describes these characteristics in the

form of related tuples. The TYYB tuples describe the hardware parts

and motors. CONTROLS tuples relate which part responds to which

motors. STi\TE tuples indicate the states in which the motors are in

* "ROBOT SYSTSIrlS II , l\lhus, James S.andEvans, John r;I., Scientific
American, "eb. 1G76. p. 77.
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(1 = forward, -1 = reverse, ¢ = stclped) except the i\RN DOliN tuple

which changes to fIRM UP in order tc lift objects. The SF~ED tuples

give the revolution per millisecond speed of the motors. These

various speeds have been carefully tuned so as to allow the different

arm parts to move in similar time intervals. The RATr; tuples are

crucial in activating the part controlled by a particular motor.

i\lthough the world is updated by the STlITB of the motor, the RATE

of the affected device is what creates the chain reaction in move-

ment. The EXTENT tuples tell the degree ranges of the arms (¢o =

due east), and the distances the CLi\!1P and. Ci\BLE can GO. The LENGTH

tuples coordinate the location of the point at the end of the various

devices when in movement. The i\NGLE tuples (except for robot angle)

tell the current position within the EXTENT nlnges of any part.

Other tuples worth noting are first the GeAL tuple. This tuple

is used Hhen something is to be grasped. The clamp opens and closes

to its full extent as lonG as the GOAL is ¢ but when the GeAL is not

zero then this (stoppinG) point is identical to the diameter of the

object to be gTIlsped. The APlIRT tuple responds respectively to the

distance the clamp should be apart. The ROTlITION tuple. is like a

SPEED tuple but for the rotating speed of the robot. (NOTE: liT is

3 dimensional tuple for some parts)

The follm'ling is a brief summary of each scenario (see Figure 4,9).

1) SHouwr;R when initiated, responds by gradually changing
the angle of the shoulder when the STlITE of the
WHEEL is non-zero (the WHEEL is an affected device
controlled by SERVO-TURN).

2) ELEO'd responds to the tuple added by SHOULLJi:R tellinG
that the RATS of the shoulder is non-zero. The
elbow's height (Z coordinate of X,Y,Z) changes with
respect to shoulder movement.

3) CLMIP is activated basically when the RJ,TE of the cable
is non-zero, Its grnduol effect is the distanco
its pads are APART (the CI\3LE is an affected device
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controlled by SERVO-'J__ 'iBN) •

4) S;;RVO-Tu:1N is a motor cant ,'o11ing rlevice which not only
turns any motor in ti'" direction its STATE: commands
but also controls the gradual effect of whatever
affected device the motor controls.

5) BAR is initiated when the bar is in movement. This
creates a gradual angle change in the forearm (
BAR is an affected device controlled by SEHVO-TURN ).

6) UPJ\Rl1 is activatecl when the ARi'l 1s DO;m and the command
to UPARH is given. This inlt10tes the 11t'ting of
the shoulder and the swinging out of the forearm (one
at a time through the use of CCS)

7) DmlNARH 1s activated when the ARi'I is UP and the command
to DOHN1\RH is given. This initiates the swinging in
of the arm and the lowering of the shoulder.

8) ROTATE is a [',radual scenario wh1ch simply turns the angle
the robo"t is facing plus or rnimls a certain number
of degrees (determ1ned by the ROTATE: tuple).

9) LOCR 1s 11ke LaC of the Hendrix World except is for robot
rotation. Only the parts of the arm are involved
for clearly 1f the robot turns the shoulder, elbow,
and clamp ;r111 gradually have chang1ng cartesian
coordinates (although the1r he1ght ;rill rema1n unchanged).

10) TURtrro computes the des1red angle given in its conunand
tuple and activates ROTATE with a de[',ree shift ;rhich
will take the robot to that glven TURNTO angle.

11) elITO 1s identical to that in the Robot Eye World.

12) LOCG Hke LOCR moves the robot appendages but for GOTU
movement. Th1s 1s very similar to the LOG in the
Hendrix World but height is unaffected.

13) CL\MPrO is initiated when the GfulSP tuple is found but
the robot is too far arJay (or too close) 'to GRASP
the object. It sends the robot the appropriate
distance in the correct direction and subsequently
turns it to just the right GW,SP position.

14) G?~SP is only initiated when the CI~MP and object to Cf~SP

are at the same location (X,Y,2). This is Hhere the
G01\1 tuple (I.e lUng GRASP object diameter) described:
earlier comes from.

15) REIEASE can release a GMSPed object at allY time provided
the command tuple is present. it simply opens the
clamp and updates the ne1< NOl'CMSJYED state.



These scenarios unlike the BiJ -i.lards world with its large

library of help functions do nearl,' all the simulation work them-

selves. Three functions described below (se8 Figure 1~.10) ho,,-

ever are used for simple ION manipulations.

(OFF) - This function simply seta a quote binding of @OFF
for the variable OFF. Although not used in this
demonstriltion, this coulr1 replace the STATE of
a motor from ¢ to OFF. This idea is discussed in
the Billiards World section on S-Variables.

(DIFMIG A B) - Is used by TURNTO to compute the angle necessary
to RUI'ATE (positive or negative) in order to attain
a desired. angle.

(DIH il) - Heturns -1 if il < ¢; else 1.

Execution of the Robot l\rm Horld - SlUnmary (see APPii:ilDIX F)

Plilcing a sphere at point (50,50) the command to GRJ\SP it is

given. Because the robot is too far mmy CIAI1PTO is initiated and

the robot travels toward the object'. LOCe is initiated after GUTO

to trilck the moving arm. Arriving at the sphere, the robot turns,

placing the arm at the point where the SIJhere is. LUCE is initiated

after ROTATE to track the changing points of the arm. ROTATE inturn

activt1tes GRJ\SP which then suceeds after activation of the winch,

cable, and clamp. lifter GRASPING,· the R£LEJ\SE scenario is called

to reverse the Hinch, cable, and clamp and let go of the sphere.

Finally UPi\RN Bnd DO'iINI\RH are called in a row. This is to demonstrate

the functioning of the wheel, shoulder, elbow, gear, bur, and forearm.
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Ci-iAPr"n v - COI/CLUSIONS

The "orlds in this paper were !'oped to illustrdte the different

methods needed to model different types of simulations. As can be

seen, in some cases (like the Billiards \/orld) simulation is highly

dependent upon LISP funotions performinG calculations. In this type

of world the Simuliltion System does very little ,lOrk, In other worlds

(like the Robot Arm World) LISP function evalillition is held to a

minimum and vast loads of work are placed upon the system. ii:ither

alternative is best for its type of simulation and reversal of these

roles would probably result in inefficient failures,

In all worlds presented and any future worlds or at least the

same or greater complexity-. modelling is by no means a trivial matter.

Coordination of scenarios and state of the. world model is a very met

iculous and time consumming affair, This is true even withoutconsid

ering debugr.:lng. To add the ac1ditioncll time needed for debugginG,

the user. after nttp-iJpting to model ~lorlds such as these. would app

reciate the discussion presented in Cru\pr:>R II. BUGOH' becomes a

time saving little gem "hen complex scenarios are involved, and

insignificant looking changes like identatlon in scenarios becomes

very cruc in 1,

Finally, the potential for S-variables it seems is very great.

In addition to the s)'l'lbolic variable additions to the state of the world

model the best adv<lncement in the system would be:"for an evaluation

option in symbolic conditions so that LISP functions can be evaluated,

returnIng results used in initinting scenarios. (;iven this option

in some easy form, the liendrix Simulation System would surely gain

a flexibility and especially a clarity far surpassing its present

implementation. The rna in advantage (given this new option) "auld

be that Ij.ttle training would be necessary to convert the competent

~ISP proGrnmmer into a competent Hendrix Simulator.
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8xecution "f BUGOFF

NOTE: For demonstration purposes, the following following errors
were placed 'in the Hendrix World (see Figure ).2)

1)
2)
)
If)

5)
6)
7)

8)

t missing right paren in the CCN of MONITORSET
t missinG right paren in the ICS of TURNV1ILVE
1 extra right paren in the ICS of FILLBUC1G;T
If for an O,(word OFF) in the ICS of SET1II1IR!'i
o for a If (number 21f) in the Eli\ of 11 WAKEIIRO.dOT
i\LL-HCT for i\LL-ACT in the ICS of OFFALiIR!'i
all E-variables (ED, EXR, EYR) deleted from the para

meter list in COTO
EDI in place of EID in LOG (effects initial delete)

These errors demonstrate the use of ilUGOFF yet at the Same
time are models for the type of typical blunders occurring in modelling.

After each run, LISP was exited and only those crranges
spotted as errors by BU:;OFF were dealt with before the next run •
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APYJCN'IX C

1\ UXFUN - Auxillary Functions

INDEX---
(BUCKET A) - Storageflli~ction setting global variable BUCKS~' to 1\.
(CONVERT 1\) - Con~erts 1\ into an angle (in degrees) less than or

equal to 190 •
(COS A) - Returns the trigonometric cosine· of angle 1\ 0 •

(D;;;C R) - Tunrs radian R into degrees.
(DIS Xl Yl XZ YZ) - Returns the distance between points (Xl. Yl)

and (X2, Y2). .
(DUB I F) - Is used by ;;;2X to raise 8(2.71828) to integer I (using

POWER) and multiplies this result by ~ raised to the fraction
(using EX).

;;; - Is a global variable set to 2.71828.
(EEQjIL ITI1 LIZ) - Is an EXm used by EQ;ILL.
(ENTN F N L) - ~eceives the function F (CT or ~r) and recurs on L

eventually returning the smallest or largest number.
(EPROCE BOD) - Is an BXFR used by PROCB to call EPROC3.
(EPROC3 VAH BOD) - Saves the value held in global variable VAR,

evaluates Bar, and then reassigns VAR its value.
(EQALL FEXFR) - Returns T if the first element in the FEXPR list is

equal to any other. element; otherwise NIL.
(EQF F'ri:XPR) - Perfortlls EQ with unevaluated arguments.
(E2X X) - Splits X up into integer and fractional pal~s and sends

these to 'JUN.
(E X X) - Returns E raised to X if X ~ 1; otherwise returns (,,2X X).
(FAC NU~I) - Returns the factorial of NIJJ1.
(FRAC X) - Returns the decimal portion of real number X.
(GE A B) - Returns T if 1\ > B: otherwise NIL.
(GT Nl NZ) - Retunrs T if Nl > N2; otherwise NIL.
(GTN F'EXP:l) - Returns the greatest parameter in the F'"C;XPR list given

to CHr.
(TNT X) - Returns the integer portion of number X.
(INV N) - Returns the inverse of N.
(INVCO.s 1\) - Returns the inverse cosine of II.
(I!WSiri II) - Returns the inverse sine of 1\.

(IN'rrIlN II) - Returns the inverse tangent of 1\. 2
(I"1V2 A) - Returns the inverse tangent of i\ if 11 > 1 (called from IN 'Trll N) •
(KILL) - Wipes out all SWN relations held in the data structure of

the Hendrix System.
(IE A B.) - RetuTI1s T if A ~ B; other_ise NIL.
(LT Nl 112) - Returns T if Nl < N2: otherwise NIL.
(LTN F'EXPR) - Returns the smallest numerica J. parameter in the F"XPR

list p;iven to LTli.
(NO; A U) -- Uses EQUAL to return T is II f B; othecwise NIL.
(NEG N) - Returns the vDlue of n negated.
(ONEP N) - Uses EQ.UI\L to return T if N.= 1. otherwise NIL.
PI - Global variable set to ).14159.
(PO\lER NUl" RAISE) - Baises NU~i to pm,er PUoIBR.
(PRGO F'EXFR) - F'am identical to ?ROC used in pl",ce of it for TRACE.
(pqOCE FEXPR) - Saves the current value of EPSILON. executes the body
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·of the parameter throu.<;h PRa; (which may reset EP:JILON). and
before exitine restores BfSILON to i.ts original value. .
(PRa:1 A 3) - EV<lluntes II anet B returnin;;; II. .
(PRcG3 F3XPR) - 1ike PRa;r; this performs a call to PHa:; but saves

the value of any global variable (quoted as the first argument
in the PRa; body) and then resets it before exit.

(QUAD ABC) - Is th2 quadratic formula returning the root;s of
the equation J\X + Ex + C.

(RAC L) - Returns the last element in list 1.
(RAD MiG) - Returns the radian eqUivalent of ANG.
(RDAC L) - Returns the (HAC(RDC L».
(RDC L) - Returns the list L with the (RAC 1) removed.
(!lDDC I,) - Returns (RDC(RDC L».
(SIN A) - Returns the trigonometric sine of angle A.
(SITQ L) - Sets the evaluated GAR of L to the GADR of L and returns L

(used by :=). This provides global assignments to E and Y
variables.

(SLANG Xl II XZ IZ) - Returns the angle of the line between (Xl,Il)
and (XZ.YZ) based on its slope.

(SLOPE L) - Returns the slope of angle L if L is a number. Other.ise
L should be a list containing I;. numbers representing Z cartesian
coordinates. These are then used to determine the slope between
·these points.

(SNlI~l N) - Returns the sign (-1.1. or 0') of N.
(TAN A) - Returns the trigonometric tanflent of angle A.
(THIN N B) - Takes angle N and recursively subtracts (or adds if

nep;ative) until ri < N < E. Used for thinning angles like MiG
where 0' > ANG > 36~. -

(UFSILOX) - Raises the value of EPSILON times 10.
(;'IITHIN Nl N2 113) - Returns T if Nl :: NZ :::. N3 or Nl ~ li2 ~ N3; other.ise

NIL.
(XDIS X A D) - Gives the X-coordinate found distance D away from X

at angle A.
(XYDIS X I A D) - Returns the list of calls from XDIS and YDIS.
(WIS Y A·D) - Gives the I-coordinate found distance D away from Y

at angle A.
( : = FEXPR) - Is u Hend.rix System function redefined to set a global

variable assignment through SI1Q.
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