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This paper presents approaches to and models for the pro-
posed Hendrix Simulation System and its subsequent implementa-~
tion by Jochn Lowrance, To present these conceptis it is recom-
mended the user have a working knowledge of the Lowrance paper
and of LISP 1,6, The paper is divided into three ﬁart;: 1) a
brief discourse about world modelling technigue, 2) the imple-
mentation of all the worlds proposed by Gary Hendrix, and 3) a
series of new worlds designed to provide evidence of the power and

~accuracy of the system, Included are appendiées with a‘series of

new LISP functions useful in certain types of simulation and de-

bugging,
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CHAPTER I - OVERVIEW
As the firsi user of the Lowrance implementation I hope to

provide insight into using it efficliently and successfully. A
unigue group of problems arise from the use of this system which
forewarning can diminish, In addiiion, certain types of sim-
tlatien tend to work well with this system while cthers-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 LISF and quite undersfandably the better

the LISP programmer, the better the simulator,

CHAFTER II ~ PROGRESSIVE MODRLLING
Problems

The single most important thing to remember about modelling
is that medel world processes and events are pure representation-
al simulation, In order to attain a loglcal flow to simultan-
‘eous and chain reaction processes, the sysien must be presented
with a world model and its related, preplanned, and interccord-
inated 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, Howevér, the
human simulator must be able to see and understand results (and
failures) of any preconceived processes, In this sense, guide-
lines may be set down to facilitate a high degrse of visual
cchesion, In addition, representations of facts and relation-
ships within a world and its associated scenarios, specifically

the atoms within the n-tuples in the state of the world model,



have no intrinsic value (in the LIS PNAMG/VALUE sense), It is
this final fact that emphislizes the importance of readability and
rapid transitions between world model and scenario,

The importance of human visual simplicity in modelling
should not be.underrated. tUnlike many languages, the semantics
In scenarios are not at all concerned with things such as func-
tion manipulation, varilable procedures, and logical control, rather,
the words and symbols are in themselves of ecrucial importance,
In that sense. then, to view the world and its procésses is to
~view the world model and its scenarios, If scenarios work the
world 1list will change and the simulator will lock at the results.
If scenarios do not work the world list will remain unchanged and
the simulator must lock back and forth between it and its scenarios,
Bither way, unless one is modelling very simple processes with very
tiny world models you inevitably spend vasi amounts of time
searching through 1ines‘of relations,

Any simulations being preformed are entirely represented
by updated snapshots of tuples so it is important to sketch
visual aids or blueprints to help conceptualize each portion of
the simulation, One big problem in designing a detailed group of
scenarios is world conceptualizatien. in the planning sfages
this saves a great deal of time determining what is reguired for
scenarios. These blueprints not only 3id in catching errors and
testing functions 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 available and would be working from it to



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 well in hand ; mainly
a picture.

Although at fivst thought,.specific provisions for appear-
ance seem rather trivial, it becomes a crucial diléma oﬁ complex
worlds, Problems, syntax errors, and general frustrations in-
crease exponentially with an increase in scenario complexity
(which increases with the addition of each new scenario). For
~example, a very closely modelled process, without careful plan-
ning, may turn into an incoherent nightmare of 10-15 scenarios,
50 State of the World Hodel tuples, and dozens of LISP functidns
all stubbornly failing or refusing to do anything at all,

Another temptation during modelling is te 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 functions can be debugged or tested in the normal manner
(without loading the simulation program). As for debugging scen-
arios this will be dealt with in the BUCCFF section,

In summary there are four basic problenms:

1) representational readibility(for examination and symbolization)
2; conceptualization (blueprints)

3) scenario development
4) world debugging
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

a list like orderine on all items such as initiation conditions.
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Each condition is on a seperate lir< and ICS, ICN, LID, KIA

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

to take on a resemblance to the State of the World Model (see Figure 2.2).
As can be seen, the structure in Figure 2.2 provides guick orient-

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

- fd réﬁrééé;£nthé-é£oms themsélves; ﬁhe épeliiﬁé ié;érbit— _
rary, however the much finer model requires many more parameters.
For éxample'in the GOTO scenario, a one-dimensional model (robot
travels linearly from peints 1-10) the only positional variables
. required are CFRO¥ and CTO. 1In a two~dimensional model (X-Y
coordinates) this becomes CFROMX, CFROMY, CTOX, and CTQOY. In
a three-dimensional model that locates objects (X~Y-Z coordinates)
the scenario would require CFROMK, CFROMY, C¥RCOMZ, CTOX, CTOY,

CTOZ (for the Robot), CATX, CATY, CATZ (for located objects),
CLX, CLY, CLZ (for last search position), CSFX, CSFY, CSEZ (for
initial search position), CSTX, CSTY, CSTZ (for next search pos-
ition), and all just for positional information, discounting numerous
other necessary parametefs. A1l three processes are nearly ident-
ical yet with the simple addition of a finer modelling aspect the
nunmber of positional parameters jumps from 2 to 4 to 18!

Cleérly two problems arise from this proliferation, First,
in any complex model you must expect a large ungainly set of
parameters, Second, and in direct opposition to the first, is that
with large numbers of similar parameters, a unique and easily
recognizable FUAME must be adopted for each, yet, this generally
resulﬁs in a longer representation, Often this may be remedied

by a clever representation, HMany numerical parameters can easily



(TURNVALVE (PAR A V CRATE R : CHAXRATE N)
(ICS(ALLOCATE-ACTIVATE R A TURNVALVE V CRATE)(AT R N)(AT V })
(TYPE A ARM)(MAXRATE V CMAXRATE)(STATE R AWAKE))
(ICN(CT(*DIF CMAXRATE CRATE)0)(GE CRATE 0))
(EID(RATE V *)(ALLOCATE-ACTIVATE R A TURNVALVE V CRATE))
(EIA(RATE V CRATE)))

Turnvalve Regulax
Figure 2.1

(TURNVALVE (PAR A V CRATE R : CMAXRATE N)
(ICS(ATLOCATE=-ACTIVATE R A TURNVALVE V CRATE)
(AT R W)
(AT V N)
(TYPE A ARM)
(MAXRATE V CMAXBATE)
(STATE R AWAKE))
( ICN{GT(*DIF CHMAXRATE CRATE)O)
(GE CRATE 0))
(EID(RATE V *)
(ALLOCATE-ACTIVATE R A TURNVALVE V CRATE))
(EIA{RATE V CRATE)))

Turnvalve Indented
Figure 2.2



te eliminated by incorperating the: directly inte LISP functiocns,
This type of situation arises in models where certain data is
éurely not to change yet is crucial for certain eguations, For
example, this has been done in the Billjards World (in this paper)
where the dimensions of the Billiards table is standard and un-
changeable., Cne LISP function which returns the location a rol-
ling Billiard ball will hit the bunk uses these dimensions included
directly in the code, This can be uséd as often as necessary and
will tend to réduce the number of parameters in any one 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 patterned after real world examples then a blueprint can be
- used, The X-Y or X-Y-Z coordinate axes will suffice for problems
_involving mevement, Mechanical simulation generally needs only
a sketch of the tool or machine while problems involving unview-
able phenomena, as in the case of the Voltage World, are usually
drawn like a circuit board,

World debugging assumes two problems, syntax errors and faulty
scenario/world model cdordination. 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



returning some coordinate) but are in fact not close.

SUGOFE

As for syntax errors a package of funections has been pro-
vided {APPENDIX B) that will scan scenarios and list all unre-
cognized words (with respect to parameters, keywords, defined
functions, and state of the world model tuples). This will catch nearly
all typographical errors and unwritten functions while giving
their lecation in the scenario, In addition, it will locaté.
parenthesis errors and illegal keywords. Such problems are ex-
tremely difficult to locate because unlike LISP functions which
can be closed individually by brackels, scenarios are defined
in groups (assigned to a variable), If a parenthesis error exists
then its location is very vague., Likewise with syhtax EYTOTS,
faulty scenarios just don't £s1l to work they fail to do anythingz
at all! A very subtle and hard to find spelling exror (like a ¢
in place of an 0) in a larse packet of scenarios is like a needle
in a haystack,

To use BUGOFF, simply call the function (BUCOFF SLIST SWil NUM)
where SLIST is bound to the scenario list, SWM to the state of the
world model list, and NUM to an integer equal to the number of

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

Heaknesses of the Svsten

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
World (see Figure 2,3)., This world has only 1 scenario and three

types of n-tuples. With such a simpiz foundation it is surpris-
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ing to discover its gross inefficinnecies., The state of the world

model presents six Jack-in-the-box:s located at positions 1

through 6, Each "Jack" in a box is assigned a value 1 through

6 for JACKL through_JACKé respectively. The "Jacks" are then

placed out of order with JACK6 in BOX1 and JACK! in BOX6 and so

forth, The scenario S0HT simply finds 2 boxes with positions in

order but with “Jack" values out of order and then reverses then,
Because of the large combinations of initiation conditions

that are satisfiable the system reguires 13 minutes, 22 seconds

of CPU time to sort & items! (see APFENDIX A) As can be imagined

this amount of time would jump sharpiy with multiple scenarios,

Worlds that depend upon similar structures should be avoided!
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CHAPTER III - THE HENWDRIX WORLD IMl7EHENTATION

Within the lLowrance paper the introductory 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 remaining unwritten items are combined to give an updated

final working model, WNew inclusions are an X~Y axis equation (see Figure 3.1)
solver to eliminate the circular track, a coordinated LCC to work along
with the new GOTO, a gradual TURNVALVE, and the final version of
FILLBUCKET., Some ideas on things like MONITORALARI and MONITORSHT
“have 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) ETALARM remains the same as presented in the Lowrance
paper but with the inclusion of X-Y locational
parameters,

2) MONITORSET also remains identical with this same change.

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

k) SOUNDALARM is the same as in the Lowrance paper.
5) MONITORALARM is also the same.

6) OFFALARM is the same as OFFALARM1 in the Lowrance paper
but with the inclusion of X~Y coordinates,

7) SLEEPROBOT will put the robot asleep. Since all
scenaries in which he 1s invloved require him
to be awake, they will be (henceforth) nonfunctional.

8) TURNVALVE differs from the Lowrance version in that
it 1s gradual, The possibility that its as-
sociated tap may already be Tlowling is taken into
consideration and since the valve is turned
gradually, the flowrate of the tap also increases/
decreases gradually.
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9} FILLBUCKET is nearly ident’cal to the Lowrance version
except it takes intc account the graduslly turn-
ing valve and adjusts its bucket-filling approp-
riately.

10 & 11) CRASP and REILEASE now include X-Y coordinates for
the grasped/released object and robot,

12) MOVABILITY is identical to the Lowrance version.
13) GUTO 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
foregolnz a lot of needless travel,

ivated by the X~Y rates of the robet. It has
ne CCH 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 that the
dimensions of the world are represented by an X-Y grid of 200 by
200 units (APPENDIX D). Second, to facilitate the time consum-
ing evaluation of TRACE output (control block creation/destruct—
ion) the following itinerary is provided,
ITINERARY
The robot will first GOTO the clock, GRASP it, SETALARM 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 GRASPs this, turns it until the
bucket is full, turns the valve off, and then RELEASEs it. Hoving
back to the tap he GRASPs the bucket again and moves to the buckets

original position {very slowly so he won't spill any). After



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

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

&
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CHAPTZR IV - NEW WORLD IMPLEMENTATI® NS

The Robot Bye World

The Robot Eye World, 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 locate"” system
utilizing blind reference of the S4Wii by certain scenarios. Since
any cbject found in the SWM could at any time be referenced im-
mediately by a scenario, the scenarios in this world are designed
so as to not violate this convenience.‘ Just as human vision can
heither spot nor recognize objects beyond a certain range like-
wise_the robot in this world can't either,

The world is represented as a 60 x 60 foot X-Y axis {see Figure
%,1) where locational points are represented by éartesian coord-
inates, The Home or starting point of all searches is at point
(0,10). The VISICH of the robot is 20/20 or in terms of this sim-
ulation 20' forward and 10" to either side, This region symbolizes
the area in which an object can be seen or "spotted". Any object
outside this zone is ignored, A 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 vislon) but not recognized.

Each object when placed in the world is given four distinct
n-tuples, The first is (TYP® OBJ OBJECT) identifying the fact that
it is an object. Next is its locational tuple (AT OBJ X Y) where
X and Y are its cartesian coordinates, The third is its character-

istic tuple (CHAR 03J CHAR1) where CHAR1 could be any thing from color
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to shape to even radlocactivity., This particular tuple is crucial
in location for-the robot., When cimmanded to search for a specific
object, the robot is only told to look for some object with charact-
eristic CHARl. The fourth tuple (NEW OBJ) determines whether the
object has been looked at already. This tuple changes to (OLD 0BJ)
after 0BJ is looked at, i i

In order to cover the entire search field without missing any
area, JScenarios have béen set up to guide the robot systematically
along the field at the very limits of his visuval capabilities, Upon
locating the desired object or rumning to the end of the field
Zﬁithout locating it, scenarios return the robot to his Home position
reporting 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 until it enters his field of resolution. Upon recognizing
an object with the correct search characteristic, he has finished
so he returns Home, Otherwise he returns to his last search path
location to resume the search,

Before locking at the sample run it may help to briefly describe

each scenario (see Figure 4,2),

1) SPOT is activated basically by the tuples starting with
' FINDG, STATE, SPOTTING, and NEW. The command to

FIND an object must of course be present. The
robot must be in the STATE of SPOTTING (as opposed
to the NORMAL 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 is NEW and that the robot 1s SPOTTING
are deleted and the tuples saying that 08J is CLD
and that the robot CANSmE the OBJ are added,

2) MONITCR-SPUTI provides the monitoring for objects the
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searching robot wil' come across, Initiation
indicates a potentic!ly Spottable object ahead
in the directien of the search path and will
through its CCN activate the appropriate in-
terrupt time for GCTO. Stopped with the object
Just within vision the robot then enters the
SPOTTING STATE (in turn activating SPOT).

3) GOTC remains nearly ildentical te that in the Hendrix
World with the deletion of certain superfluous
initiation conditions,

4) RESPOT is initiated in the event that two potential
objects activate MONITOR-SPUT (one further away).
The interrupt time for the first alleows the robot
to travel and recognize It., Thils time change
when added to the interrupt time for the second
object will place the robot short of the SPOTTING
rarge for this second object thus nscessitating
reinitiation of the search {inturn activating
a new updated MONITOR-SPOT).

5) MOVETO is activated when SPUT responds with a tuple
stating the robot CANSEE an object, It inturn
moves (GOTO) the robot toward the object and stops
it when the object 1s within the resolution field,

6) EBXAMINE is activated when the robot both CANSEE an object
and when that object is within the resolution field,
It deletes the CANSEL tuple and adds a DeSCRIZRD
tuple, It is important to note that thils is the
only scenario that is allowed {through its 1CS) to
access the characteristic tuples assoclated with
the search characteristic thus providing the real-
istiec vision abilities,

7) RECCGNIZE can only be initiated after EXAMINE has DKSCRIBKD
an object and its characteristic is identical to
the search characteristic, When this occurs the
search is over, the IFMIND command tuple is deleted,
and a tuplie stating that the robot has LOCATED
the appropriate object is added, Finally, a GUHOMz
tuple is added (see GOHOMu scenario),

8) STOP-SEARCH occurs when the end of the field is en-
countered witheout finding the search object, &
tuple stating that the robot has NOI'LOCATED the
object is added and GOHOME 1s activated,

9) SEARCH will initiate a search from HOME position (with
GOT'0) when the FIND tuple is found in the SWM. In
addition it will turn the robot and send him in a
new search direction when he has come to the edge
of the field,



10) GOHCME simply needs the CGUitlMz tupe to initiate a
direct GUTO to Home vosition (#,1¢),

11) RESEARCH sends the robot back to the original search
position from which he left to EXAMINE an object,

12) RESTART 1is activated after the robot EXAMINEs an
object and returns to the original search path
position, Using tuples stored upon léaving the
search path (in MOVEIC), the robot is sent in
the same direction as was previously established
by SHEARCH,

The associated help functions used in some of the above
scenarios (sese Figure 0,3) are briefly described., #All other functions
not mentioned arc either LISP system functicns or can be found in

AUKFUN (APPENDIX G),

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

(SIANG FX FY TX TY) - Given the points from (FX,FY) to
{(TX,TY) this returns the sngle (in degrees) based
upon the slope of the line between the two points.

(DEC2 COX £O0Y CANG CX CY D) - When the robot is facing CAHG
degrees 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 for-
ward until the object is within vision. This
distance is what is returned,

(DIFD D DS) - Is used by DEC2 to determine if the object
is already in the vision field in which case the
distance to travel is Q: otherwise 1t returns the
distance that will place the search object just
inside the far edge of the robot vision,

(IN2 CX CY COX COY CANG CB CFX CFY) - This function calls
INFIELD with identical arguments changing only
the depth of vision to the full extent of the
search field. This is used by MHONITOR-SPOT
to determine possible objects ahead of the robot
visien,

(CANR L N) - Is simply CAnR for n = 1,...yn 0 > ¢ (e.g. CADR,
CADDR, CADDDR,.u.).

(SETQ SHIFT NIL)
(SHIFT A) - Yhen given angle i, the function returns the



new search angle (ﬁ =g, 184, oF, &,...).

(BOUWD X Y A ¥X FY DV) - Giver robot position (X,Y), new

' search angle A, dimersions FX and ¥FY of the search
field, and the deptt of the robot vision, this
function returns the X-Y coordinates that the
robot is BOUND to hit at the edge of the serach
field.

(INRES X Y O OY A R) - Returns T if the robot is facing
angle & at (X,Y) with an object at (0X,0Y) within
resolution field of depth of R; otherwise it
returns NIL,

(INFIELD X Y AX AY A CB CD FX FY) - With the robot at (X,Y)
facing angle A (A = multiples of 90° only), the
search object at (AX,AY), the vision or resoluticn
field of dimension CB x CD and the search field
FX X FY 47 (AX,AY) 1s within the C3 'x CD fielg ~~ =
and within the FX x FY field the function returns
T3 otherwise it returns NIL,

Executions of the Robot Eye World - Summary (see APFuNDIX C)

In Run No. 1 only one object with characteristic RED is placed
in the search field, To find, the robot searches to the right along
the bottom, turns up 2lorng the right edse to about half way, and then
moving left he locates the object., aAfter locating he travels Home.

In Run No. 2 a block and a sphere are placed alongz the bottom,.
This is to demonstrate the simultaneous initiations eof MONITCR-3PUT
(with different interrupt times). The object-characteristic search-
ed for is the sphere so the first examination will fail causing
search continuation, After recognizing the sphere, the robot goes
Home,

In Run No, 3 foﬁr objects a bicycle, automobile, motorcycle,
and female-robot are used., ALl are placed within 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



female-robot, The interrupt time provided by the CCN in MONITCR-SPOT
is given and the robot stops, turns and moves toward the motorcycle,
Unfortunately the angle returned by SIANG to move toward turned out
to be a bit inaccurate and EBXAMINE was never activated, Continuing
the search, the robot moves immediately toward the female-rcbot, Since
this is the end of the search path, he stops. Still seeing the
motorcycle the robot again moves toward it and now with a less acute
angle, SIANG retwns a more accurate result and EXAMINE is success-
fully initiated, Returning to continue the search (but at both the
_end of the search path and the end of the‘field) RESTART would not
reinitiate the search because it had ended and SEARCHE would noit bhe
initiated without RESTART adding the fact that the robot was back on
the path, This had to be done by hand.

| Two ramifications, though pgrely accidental but interesting,
'stem from this. 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 GCOHOME!
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The Billiards Yorld

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 3 balls (cue-ball and two scoring balls),

In order to score a player must strike 1 or both of the scoring balls
with the cue-ball while first bouncing it off of @, 1, 2, or 3 banks
(depending upon the version) gaining various points according to each
xversion.

The range of this simulation covers:

1) movement of a ball

2) decay in acceleration of movement

3) derivation of bounce point on bank

L) subsequent course and angle change after bounce

5) replusion of ball (with excessive speed) off the table

6) collision of any moving ball with another still ball

(provided collision is eminent)

7) subseguent traznsfer and reduction of inertia between

colliding balls

8) subseguent course change (with respect to percentage off-

center) between colliding balls

The Regulation Billiards table of dimensions 304,80 em. x
154,40 cn. is represented by an X-Y axis {see Figure 4.4), The
balls of diameter 6,032% cm, are represented and activated through
5 similar n-tuples for each, Though not a2ll balls are used in each
aemonstration, these tuples are identical for all. Any ball is
located (AT BALL X Y) where (X,Y) would be its cartesian coordinate.
The STATE of the ball tuple can represent the states HOVING, STOFPLD,
or LIMBO(a transition state where the ball is elther hitting a ball
or bank or off the table).

Cne tupie tells whethexr the ball is ON or OFF the table, another

tells (HATE BALL n) where n > ¢ is the MOVING rate of the ball,
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The final tﬁple tells whether the t=:11 1s BeHIND or NUTBEHIND'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 {which
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-early runs two balls were seen passing through each other
and rehitting each other across the table repeatedly until momentum
was lost,

A monitoring scenario MAYHIT (similar to MOWITOR-SPCT in the
Robot Eye World) activates interrupts in ball movement at crucial
points where potential collisions may occur, At interrupt time other
scenarios (HIT and NCHIT) check whether a collision has occured (or
perhaps whether the ball has slowed and stopped short of collision).

A brief summary of each scenario is given below (see Figure 4,5),

1) HIT is activated basically after MAYHIT has been des-—
troyed, It requires two tuples supplied by this
scenario, These tuples OFFCENTER and MAYHIT sup-
ply information to HIT in the event it is actually
activated, This happens when the balls in question
nave points within the dlameters of the two balls,
In this case two new rates are computed for the new
novenent 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 balls would collide, MAYHIT had already.
computed the new angles after collision and this
is communicated in the OFFCENTER tuple. The two
balls are then shot (by the SHOUT scenario) at
the appropriate directions and rates, The CCS
of HIT continues until the front ball has lost its
SHOUT command. This is necessary because the tuple
BEHIND is added in connection with the rear ball
s0 as to not reinitiate MAYHIT in the event the
rear ball stops ahead of the front ball,
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2) NOHIT like HIT is also activated by MAYHIT, This
activation occurs oni; if the balls are not with-
in the distance of their diesmeters, If this occurs
then the information supplied by MAYHIT (for
a potential collision) are deleted.

3) OFF-THE-TABLE is initiated basically by the BOUNCE
scenario (the ball either BOUNCEs OFF-THE-TABLE
or OFF-THE-WALL), The tuple involved relates
that a ball is ATWALL. The ball is in the STATH
LIMBO (that instant between which the system changes
its direction). In this case the ball is travelling
above an allowable 1limit dictated by (SPEED BALL n).

- Since this 1s indeed the case the ball remains in

LI#MB0 and it goes from ON to OFF the table, Its
RATZ and AT tuples are also deleted,

4) OFF-THE-YALL is initiated identically as OFF-THm-TABLE
with the exception thalt it is within its legal
BOUNCE speed, The tuple ATWALL added by the
BOUMCE scenarioc ccenveniently includes the new
angle which it will now travel, The ball is then
sinply shot (with SHOCT) in that angle.

5) SHOOT handles any activation of ball movement. The ball
needs only to be on the table with the SHOOI' com~-
mand tuple present. This scenario is similar to
GOTO (in the Hendrix World) except that a gradually
decaying rate is included. The function DECAY is
used to derive the decay of the rate given any
rate and elapsed time, GCROW which is used in CCH
is an estimating funcilon which loops with DECAY
until it becomes zerc while simultaneously adcding
up seconds (to a fraction) of elapsed time close
to actual 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 some decay., Depending upcn back
ground and ability, a user could simply replace these
functions with precise physics based formulas return-
ing exact answers, This is aliso the case with
LOOP, a funetion which determines the distance the
ball travels given elapsed time and initial rate.
LOOF is used to place the ball the proper dis-
tance after travel. When the CCKN deactivates this
scenario the STATE of the ball changes from MOVIKG
to LIMBO., 1 of 3 things has happened upon de-
activation, The ball has stopped (see STOP-RCLL),
the ball is waiting to bounce, or the ball has collided,

6) VMAYHIT uses the tuple ROLLING provided by SHOCT to
decide through ICN equations whether the present
Z2OLLING angle will bring it in line with ancother




balil, If this is the case the zcenario is
activated and its CCI interrupts 3HOUT at a
redetermined time to allow HIT or NOHIT to
operate, Angles the ball (and its colliding
partner) will go after collision are computed
according to how far OFFCzNTER the stopped ball
is in relation to the line upon which the rolling
ball is travelling,

7) BOUKCE is activated simply through SHOUT's CCN,
SHOCT stops the ball at the time it would hit a
bank and subsequently plsces it in LIMBO. RBOUNCK
simply checks its stopped location (to within
half the diameter of the ball) with the appropriate
point on the wall, If this holads true, then an
ATWALL tuple giving a (ICN computed) new bounce
angle for OFF-THE-WALL (or OFF-THL-TABLE. ).

8) STOP-ROLL simply checks if a ball is in LINMBO and has
a zevo rate, If this is the case then it simply
changes the STATE to STOPPWD.

Although not immediately evident, this relatively simple
looking packet of scenarios is backed by a complicated series of
LISP funetions., In order to understand the effects of these scenarios

it is important to summarize these functions {(see Figure 4.6),
: g

(GRO TM) - Is a function used to set a global time variable
THM {used in LOOP).

(GROW2 T R) - Is simply a call to (GROW D R} which first
sets a global distance variable DSS to U {used in FIH).

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

(DECIDE A B C D E) - This help function accepts possible
intercepts {A B C D) from the function WALL. Using
angle B it filters out unlikely condidates and
passes the results to LEGIT.

(TEGIT A B ¢ D) - This help function uses some predetermined’
combination (from DBCIDE) of two NIL's and two
wall-intercept candidates to eventually pick he-
tueen the latter two returning what is ultimately
the correct bank position needed in WALL.

(ZERNIL L) & {7IL A} - Are used together to change any NIL
element in I to #.

40~



(1X ¥) % LY N) - Determine wheiher N is a legal X or Y
: coordinate within ¢ a»d table dimensions.

(Y~-INT X Y I1) - Returns the Y-Intercept of the line of slope
il traveling through the point (X,Y),

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

{DIS X ¥ 2 W) - Returns the distance between points (X,Y)
and (2,W).

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

(FIN V) ~ Is called by LOOP after determining a value. This
function returns that value while setting globals
THM and D355 to NIL,

(LOOP X Y A TM TM# R DIS) - This function can de 1 of 3
things. It can return the coordinates gt global
distance DSS from {X,Y), the same coordinate for
distance computed by DIZ or the coordinate at
distance DIS,

(AVG A B) - Averages A and B,

(DECAY R TH) - Tteratively decreases R (raté) by a constant
T

until either R or TH are zero, If TH is zero
the remaining rate is returned; otherwise ¢,

{ONLINE X Y FX I B EP) — This function uses FROGE to save
BPSILON while it resets it to EP, It then returns
T if the coordinate Y (of {X,Y) location for a
collidable ball) is equal to (within EF) the
Y coordinate computed (with X) in the line of
slope M and Y-intercept B; otherwise NIL,

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

(BNUF X Y A B BEP) - Simply checks whether both X = A and
Y = B where EF3ILON is reset to kP,

{PROPSP I O R) - Returns the new speeds divided between
colliding objects., R 1s the rate of the rolling
ball, D is the dismeter of the ball, and O 1is the
percentage offcenter,

(IEFTOV B P) - Simply determines the speed left over after
g ball, run into, takes away fractlon F of the
initial rste R,



(CRO¥ D R) - This function iteratively expands the time
(in seconds) that R :: taking toc decay to zero

T

within the distance L (without surpassing D with
the total distance that rate R allows a ball to .
travel in that time).

(PARTZ D B) - 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 G-, E-, and Y-Variables, S-Variables
begin with the letter S, Where C-Variables represent numerical

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

‘also used in the ICN, In the case of NOHIT both the STATE LIMBO

and STOPFEL could initiate the scenario. To eliminate the writting

of two nearly identical scenarios a variable STAT is bound up to |
either LIMBO or STCPPED. Since STAT has no LISP bhinding the ICN
function E§ would cause an error message when checking (OR(EQ STAT
LIMBO)(EQ STAT STOPFED)), To avoid this a new function (EQF FEXPR)
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 and 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 COFF (see Figure

4,10 and description in the Robot Arm World).

Execution of the Billiards World ~ Summary (see APPENDIX E)

Beginning at a basic break pcsition, the cue-ball is shot alone
from that point to demonstrate the decay of the rolling rate.
STOP-ROLL is initiated (once halted) to remove the LIMBO state. Next
the cue-ball is shot from the stop point toward a bank with a rate

deliberately too high., BOUNCE is activated but OFF-THE-TABIE detects



the velocity violation and removes the ball from the table.

Replacing the béll on the table at break positlon the ball is
shot toward a bank this time with a lower velocity., Again BOUNCE
is activaied and OFF-THE-WALL completes the bounce and activates
SHOOT again with a new (slower) rate and mirrored angle. The ball
is next shot from stop position toward a corner to demonsizate
the capabilities 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 toward 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 slowsto a halt. Returning on the same line
the second ball hits the cue-ball and sends it back toward where it
came from, |

lext 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 (with more momentum) bounces off
the wall,

Adding a third ball, the cue-ball is returned to break positicn
and the other twe balls are racked togsether for a break shot
shooting the cue-ball at just the right angle results in collision
with BALL! and a richochet into BALL2 {(a 2 poini shot!),

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

used to 6efermine the precise angle from the cue-ball to one of the

_53-'

balls, This shot is then made accurately, This hints at the possibility

of developing eguation solvers for the command level which, when
given ball locations, could return angles for double hit shots or

even single, double, and triple bank double hit shots.,



The- Pobot Arn World

"In factories throusghout the world there are several thousand
devices loosely called robots. Most 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
capable of only the simplest kinds of motion.”* The Robot Arm World
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 robolt arm. 3Beginning at the
shoulder area is a wheel, A simple servo-motor (shaft driven)
1s connected to this wheel, This motor then turns the wheel thus
lowering the shouldexr shaft. 3Below the shoulder shaft is attached
a motor_driven servo—gear with its associatgd bar, The bar is inlaid
with identicﬁl teeth to which responds any forward or backward zear
movement, The opposite end of this shaft is hinged (below the elbow)
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 ceils a flexible steel cable,
This cables" extended length shortens as the winch turns and winds.
¥ithin the base of the forearm a Y-connector splits the cable into
two segmenis each atiached to movable, spring 1oaded._retractab1e
grip pads which respond in unison {as a clamp) to any cable tension.

The SWM (see Figure 4.8) describes these characteristics in the
form of related tuples, The TYFE tuples describe the hardware paris
and moters, CONTROLS tuples relate which part responds to which

motors, STATE tuples indicate the states in which the motors are in

* "ROROT SYSTENMS™, Albus, James S,.and Evans, John HM,, Seclentific
American, Feb, 1976, p. 77.
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(1 = forward, -1 = reverse, ¢ = stepped) except the ARM DOWN tuple
which changes to ARM UP in order to¢ 1ift objects, The SFEED tuples
give the revolution per millisecond speed of the motors, These
various speeds have begn carefully tuned so as tc allow the different
arm parts to move in similar time intervals, The BRATE tuples are
crucial in activating the part controlled by a particular motor.
Although the world is updated by the STATE of the motor,'the RATE
of the affected device 1s what creates the chain reaction in move-
ment, The EXTENT tuples tell the degree ranges of the arms (¢° =
due east), and the distancses the CLAMP and CABILE can go. The LENGTH
tuples coordinate the location of the point at the end of the various
devices when in movement.r The ANGIE tuples (except for robot angle )
tellrthe current position within the EXTENT ranges of any part,
Other tuples worth noting ave first the GCOAL tuple, This tuple
is used when something is to be grasped. The clamp opens and closes
to its full extent as long as the GOAL is ¢ but when the COAL is not
zero then this (stopping) point is identical to the diameter of the
object to be grasped. The APART tuple responds respectively to the
distance the clamp should be apart., The ROTATION tuple is like a
SPEED tuple but for the rotating speed of the robot, {NOTE: AT is
3 dimensional tuple for some parts)
The following is a brief summary of each scenario (see Figure 4,9),
1) SHOUIDER when initiated, responds by gradually changing
the angle of the shoulder when the STATE of the
WHERL is non-zero (the WHEEL is an affected device
controlled by SERVO~TURN),
2) BLBOW responds to the tuple added by SHOULDER telling
that the BATE of the shoulder is non-zero, The
elbow's height (2 coordinate of X,Y,%) changes with
respect to shoulder movement.
3) CIAKP is activated basically when the RATHE of the cable

iz non-zero, Its gradual effect is the distance
its pads are APART (the CABLE is an affected device
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controlled by SERVO-T RN).

SDRVO-TUAN is a motor contuolling device which not only
turns any motor in tb direction its STATE commands
but alse controls the gradual effect of whatever
affected device the motor controls,

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 SERVO-TURN),

UPARM is activated when the ARM is DUYN and the commangd
to UPARM is given, This initiates the lifting of
the shoulder and the swinging out of the forearm (one
at a time through the use of CCY)

DOWNARM is activated when the ARM is UP and the command
to DOWEARM is given. This initiates the swinging in
of the arm and the lowering of the shoulder,

ROTATE 1is a gradual scenarioc which simply turns the angle
the robot is facing plus or minus a certain number
of degrees (determined by the ROTATE tuple).

LOCR is like LOC of the Hendrix World except is for robot
rotation, Only the parts of the arm are involved
for clearly if the robot turns the shoulder, elbow,
and clamp will graduvally have changing cartesian
coordinates (although their height will remain unchanged ),

TURNTO computes the desired anzle given in its command
tuple and activates ROTATE with a degree shift which
will take the robot to that glilven TURNTO angle.

GOTO is identical to that in the Robot BEye World.

LOCG like LOCE moves the robot appendages but for GOTO
movenment., This is very similar to the 1LOC in the
Hendrix World tut height is unaffected.

CIAMPTO is initiated when the GRASP tuple is found but
the robot is too far away (or too close) to GRASP
the object, It sends the robobt the appropriate
distance in the correct direction and subsequently
turns it to just the right GRASP position,

GRASP is only initiated when the CLAMP and object to GRASP
are at the same location (X,Y,%2), This is where the
GOAL tuple (telling GRASP object diameter) described
earlisr comes from,

RELEASE can release a GRASPaed object at any time provided
the command tuple is present. It simply opens the
clamp and updates the new NOUCRASFED state.



These scenarios unlike the Billiards world with its large
Tibrary of help functions do nearly all the simulation work them-
selves., Three functions described btelow (see Figure %4,10) how-

ever are used for simple ICN manipulations,.

(CFF) - This function simply seta a quote binding of @QFF
for the variable OFF, Although not used in this
demenstration, this could replace the STATE of
a motor from ¢ to OFF, This idea 1s discussed in
the Billiards World section on S-Varlables,

(DIFANG A B) ~ Is used by TURNTO to compute the angle necessary
to RUTATE (positive or negative) in order to attain

a desired angle,

(DIR M) ~ Returns -1 if ¥ < @f; else 1.

‘Execution of the Robot Arm World - Summary (see APPuNDIX F)

Placing a sphere at point {50,50) the command to GRASP it is
giveﬁ. Because the robot is too far away CILAMPTO is. initiated and
the robot travels toward the object. LOCG is initiated after GUTO
to track thHe moving arm, Arriving at the'sphere, the robot turns,
plaéing the arm at the point where the sphere is, LUCR is initiated
after ROTATE to track the changing points of the arm, ROTATE inturn
activates GRASP which then suceeds after activation of the winch,
cable, and clamp, After GRASPING, the REIEASE scenario is called
to reverse the winch, cable, and clamp and let go of the sphere,
Finaliy UPARM and DOWNARM are called in a row, This 1s to demonstrate

the functioning of the wheel, shoulder, elbow, gear, bar, and forearm.



CHAPTER V - CONCLUSIONS

The worlds iﬁ this paper were !sped to illustrate the different
methods needed to model different types of simulations., As can be
‘seen, in some cases (like the Billiards World) simulation is highly
dependent upon LISP functions performing calculations., In this type
of world the Simulation System does vefy little work, In other worlds
(1ike tﬁe Robot Arm World) LISP function evaluation is held to a
minimum and vast loads of work are placed upon the system, Bither
alternative is best for its type of simulation and reversal of these
roles would probably result in iﬁefficient failures,

In all worlds presented and any future worlds of a2t 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 consummning affair, This is true even without consid-
ering debugring. To add the additicnal time needed for debugging,
the user, after attempting to model worlds such as these, would app-
reciate the discussion presented in CHAPIZR II, BUGOFF btecomes a
time saving little gem when complex scenarios are involved, and
insignificant looking changes like identatlon in scenarios becomes
very crucial,

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

In addition to the symboliec variable additions to the state of ithe world

model the best advancement in the system would be: for an evaluation
option in symbolic conditions so that LISP funetions can be evaluated,
returning resuits used in initiating scenarios. Given this option

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

a flexibility and especially a clarity far surpassing its present
implementation., The main advantage (given this new option) would

be that little training would be necessary to convert the competent

LISP Trogrammer into a competent Hendrix Simulator,
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Bxecution of 1t e Sort World

HT e

HEMDRF

i
-
&
I
T
=
i
1o
-

=OFT

PHEILT TR FELHETION (137 +053EL Thirds

CanMRHD e *E I CTURE

seseTINMFeass
H

B .0 ol =
AT 51
9T

1

+ent
13

I
3
pikenbisa ke o oliins Q)

i a

OMTEMTS EI
i;

WLFINTEMTE 2
VO TEMT T
CEMTEMTS E

CTHTEHT S
CTOMHTEMNT S
D = I 108 4
ARrE =

o R

L
IRri=18
CUEL
(JHL
R =T

seee] DT

[
¥

S rbhkrsrabtrinsn

S5 R TEa RIS L AT4RE TT BCrdnEreg
THFELT
TFEy e ; . Ehr 0 BRI L EZ+RE TT Frrgn=mvsg
IHEUT WRTT FIe CPU Time

=7l Before and After

COMMART
#1851 1e
THRLIT LiS

FICTURE

ooy
it
na

i
1Az
=t I
]

FOsansyng

feel

Ty



et

OHTENT
OHTEHTS
ke

oo o e

L
AT
-
ERERE LR ER SR E LS

COMMARET 3708

(# e e s TERPIHATED-RT-TIMF+ees

-A2-



APPETLIX B

Execution ~f BUGOFF

NCTE: For demonstration purposes, the folleowling following errors
were placed in the Hendrix World (see Figure 3.2)

1) 1 missing right paren in the CCN of KONITORSET

2) 1 missing right paren in the ICS of TURNVALVE

3) 1 extra right paren in the ICS of FILLBUCKsT

L) @ for an O (word OFF) in the ICS of SETAIARM

5) O for a § (number 2ff) in the EIA of AWAKENROSOT

6) ALL-HCT for ALL-ACT in the ICS of OFFALARH

7) all E-variables (ED, EXR, EYR) deleted from the para-
meter list in GOTO

8) ®DI in place of EID in LOC (effects initial delete)

These errors demonstrate the use of BUGOFF 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 changes
spotted as errors by BUGOFF were dealt with before the next run.
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APPENTIK G
AUXFUN - Auxillary Functions
INEEX

(BUCKET A) - Storage function setting global varisble BUCKET to A.

(CONVERT A) - Converts A 1into an angle (in degrees) less than or
equal to 190

(”O% A) - Beturns the trigonometric cosine of angle A°

(DEG B) = Tunrs radian R into degrees.

(DIS X1 Y1 X2 Y2) - Returns the distance between points (X1, Y1)
and (X2, Y2).

(DUB I F) - Is used by B2X to raise E(2.71828) to integer I (using
POWER) and multiplies this result by I raised to the fraction
(usirg E X),

& - Is a global variable set to 2,71828,

(LUQAL ITH LIZ) - Is an EXPR used by EQALL.

(ENTN F N L) - Receives the function F (GT or LT) and recurs on L
eventually returning the smallest or largest number.

(EPROCE BOD) - Is an EXTFR used by PROGE to eall EPROG3.

(EFROG3 VAR BOD) ~ Saves the value held in global variable VAR,
evaluates BOD 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 FEXFR) ~ Performs EQ with unevaluated arguments, _

(E2X X) - Splits X up into integer and fractional parts and sends
these to UM,

(E X X) - Returns E raised to X if X < 1; otherwise returns (u2X X).

(FAC NUM) - Returns the factorial of NUN,

(FRAC X) - Returns the decimal portion of real number X,

(GE A B) ~ Returns T if 4 > B; otherwise NIL,

(GT M1 N9) - Retunrs T if N1 > N2; otherwise NIL.

(GTN FEXPR) - Returns the greatest parameter in the FRXFR list given
to CTN

(INT X) - Returns the integer portion of number X,

(INV N) ~ Returns the inverse of N.

{INVCOS A) - Returns the inverse cosine of A,

(INVSIN A) - Peturns the inverse sine of A,

(INVIAN A) - Returns the inverse tangent of A. >

(INV2 A) - Returns the inverse tangent of 4 if A® > 1 (called from INVTAN),

(KILL) - ¥ipes out all SWM relations held in the data structure of

- the Hendrix System,

(IZ A B) - Returns T if A < B; otherwise NIL,

(LT N1 N2) - Returns T if N1 < N2; otherwise NIL.

(LTN FEXPR) =~ Returns the smallest numerical parameter in the FbXFR
list sgiven to LTH,

(NE A B) - Uses EQUAL to return T is A # B; otherwise NIL.

(NEG N) -~ Returns the value of Il negated,

(ONEP M) - Uses EQUAL to return T if N = 1. otherwise NIL,

PI - Clobal variable set to 3.14159,

( POWER NUv RAISE) - Raises NUM to power PUWER.

(PRGO FEXPR) - FmAPR identical to PROG used in place of it for TRACE.

(FROGE Fb&“ﬁ) - Saves the current value of EPFSILON, executes the body




39

of the parameter throurh PROG (which may reset EFSILON), and
vefore exiting restores EISILON to its original value, '

(PROG1 A 3) - Evaluates A and B returning 4,

(PROG3 FEXPR) - Like PROGE this performs a csll to FROG but saves
the value of any global variable (quoted as the first argument
in the PROGC body) and then resets it before exit,

(QUAD A B C) - Is thg quadratic formula returning the roots of
the egquation Ax™ + Bx + C, .

(RAC L) - Returns the last element in list L,

(RAD A¥G) - Returns the radian equivalent of ANG,

(RDAC L) - Returns the (RAC(RDC L}).

(RDC L) - Returns the list L with the (RAC L) removed.

(RDDC L) - Returns (RDG(RDC L)),

(SIN A) ~ Returns the trigonometric sine of angle A,

(SITQ L) - Sets the evaluated CAR of L to the CADR of L and returns L
(used by :=). This provides global assignments to B and Y
variables,

(STANG X1 Y1 X2 Y¥2) - Returns the angle of the line between (X1,Y1)
and (X2,Y2) based on its slope,

(SLOPE L) ~ Returns the slope of angle L if L is a number, Otherwise
L should be a list containing & numbers representing 2 cartesian
coordinates, These are then used to determine the slope between
these points,

(SNUM N) - Returns the sign (-1,1, or #) of N,

%TAN A) - Returns the trigonometric tangent of angle A,

THIN N B) - Takes angle N and recursively subtracts (or adds if
negative) until @ < N < < B, Used for thinning angles like ANG
where ¢ > ANG > 36§,

(UPSILOY) - Raises the value of EFSILOY times 10,

(WITHIN M1 N2 H3) - Returns T if N1 < M2 < N3 or N1 > l2 > N3; otheruise
NIL,

(XDIS X A D) - Gives the X-coordinate found distance D away from X
at angle A,

gXYDIS X YA D) - Returns the list of calls from XDIS and YDIS,

YDIS ¥ A L) - Gives the Y-coordinate found distance D away from Y
at angle A,

(:= FEXFR) - Is a Hendrix System function redefined to set a global
variable assighment through SITQ.
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