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A bstract
T hispaperdescribesa W indows/C ++-basedPC en-
vironm entforfacilitatingthedevelopmentofcom plex
\learning" algorithms.T he environm ent, basedon a
m obilem onkeyevadingprojectile¯re,consistsoffour
modules:(i)a program user-interfacem odule, (ii)a
sim ulation m odule, (iii)a graphics/anim ation m od-
ule,and(iv)an education m odule.T heprogram -user
interfacem oduleallowstheuserto interactwith the
program.M orespeci¯cally, thism oduleperm itsthe
userto selectparam etricequationsdescribing the2-
dim ensionalm onkey m otion.Italsoperm itsa userto
selectcannon dynam ics,projectiledynam ics, a radar
m odel,m otion learningorestim ationalgorithms, tar-
geting algorithmswhich compute a ¯ring solution,
and algorithm param eters. T he sim ulation m odule
isresponsibleforthenum ericalsolution oftheequa-
tionswhich govern them onkey'sm otion, thecannon
and projectile dynam ics, the radarm odel, and the
algorithm sused formotion estim ation and target-
ing. T he graphics/anim ation m odule updatesplots
andanim ation on thescreen usingdata generatedby
the simulation m odule. T he education m odule will
providetheuserwith interactivelessonsdesignedto
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teach fundam entalconceptspertaining to adaptive
algorithm s, system s, andcontrols.D esignedtocom -
m unicate with M AT L A B , it isshown how thisen-
vironm ent m ay be used to analyze m any scenarios
by observing system dynam icsboth graphically and
through anim ation, m aking the environm enta very
usefultoolforbuildingphysicalintuition, andteach-
ing adaptivealgorithm design concepts.

1 Introduction
R ecent technological advances in com putational
hardware andsoftware have fueledresearch andde-
velopment e®ortsin the area of adaptive systems.
A lthough m any theoreticalcontributionshave been
seen in thisarea within the past decade, few such
systemsareseen in ourdaily lives.O nem ightpoint
to the cruise control in ourcarsasan exam ple of
an adaptivesystem .In thissystem , speedmeasure-
m entsarefedback to a controlsystem.T hecontrol
system adjuststhethrottleautom atically ina m anner
that attem ptsto m aintain a user-specī edconstant
speed. T he feedback system adaptsto inclinesand
downslopesby com paring thedesiredorcom m anded
speedwith the actualspeed andusing theresulting
errorto compute appropriate increasesordecreases
in thethrottle.
Perhapsa betterexample ofan adaptivesystem

isfound in the m ilitary arena. Such an exam ple is
them issileguidanceandcontrolsystem foundwithin
a surface-to-airm issile(SA M ).Insuch a system , tar-
get inform ation isgathered and used to \learn" or
anticipate the m otion ofthe target. A feedback al-
gorithm processesthisinform ation andcomputesa
m issileheading error.O n thebasisofthiserror, ver-
ticalandlateralacceleration com m ands(i.e.desired
accelerations)arecomputedandissuedtothem issile
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autopilot.T hem issileautopilotcom paresthedesired
accelerationswith the actualacceleration and uses
theerrorvalueto compute¯n de°ection com m ands.
T he ¯n de°ection com m andsarethen issuedto the
servosdrivingthem issile'scontrolsurfaces.T hem is-
sileautopilot, wesee, worksverym uchlikethecruise
controlsystem foundinourcars.T heaboveexamples
suggestthat thecomponentsofan adaptivesystem
areasfollows:

1.Feedback ofm easuredsignals,

2.C alculation ofdecision variables, calledcontrols,
on thebasisofthefedback inform ation andsom e
perform anceobjective,

3.A changing or uncertain environm ent (e.g.
changing objective, disturbances, etc.).

G iven the above, the development of the Evasive
M onkey environm ent hasbeen driven by the need
foran environm entto facilitate theanalysis, design,
andperform ance evaluation ofadaptive algorithms.
Toward thisgoal, and inspired by m issile guidance
and controlsystems, the authorspropose the Eva-
sive M onkey environm ent.W ithin thisenvironm ent
the m ain objective isto hita non-stationary target
(i.e.evasivem onkey)with aprojectile.T hecriticalis-
suethen becom eslearning, orpredicting, them otion
ofthe m onkey and updating appropriate projectile
launch param eters.T hisenvironm ent, accompanied
by a user-interface with pull-down m enus, dialogue
boxes, andreal-tim e graphics, providesan excellent
testbedforanalyzing, designing, andevaluating the
perform anceofthelatestadaptivealgorithms.V isu-
alizingprojectile-m onkeytacticsonthescreenasthey
evolve, ratherthan justplottedsimulation data, can
providesignī cantinsightto engineersandscientists
aswellasstudents.O thersuch environm entsby the
authorsinclude [2], [3], [9], [12], [14],[15], [16].

2 M athem aticalM odels
In thissection, the essentialcomponentsofthe eva-
sive m onkey environm ent are described. T he en-
vironm ent consistsof(1) an evasive m onkey, (2) a
radar, (3)a projectile launcher, (4)projectiles, and
(5)learning algorithms.T he °ow ofinform ation be-
tween these objectsm ay be visualized asshown in
F igure1.T he m athem aticalm odelusedto describe
each isnow discussed.

M onkey K inem atics.T he m onkey'smotion isas-
sum edto be periodicandtwo dim ensional. A user
speci ēs the m onkey'sm otion by specifying para-
m etricequationsforthehorizontalandverticalcom -
ponentsofm otion, xm(t) and ym(t). M ore specif-
ically, a userspeci ēs fundam ental frequencies!x

F igure1:Inform ation F low W ithin theEvasiveM on-
key Environm ent

F igure 2:M onkey-Projectile-L auncher-R adarEnvi-
ronm ent

and !y forthe horizontalandverticalm otions, re-
spectively.T heuseralsospeci ēsFouriercoe± cients
anx;bnx;any;bny, where

xm(t)= aox+
M xX

n=1

anxcosn!xt+ bnxsinn!xt (1)

ym(t)= aoy +
M yX

n=1

anycosn!yt+ bnysinn!yt (2)

T heFourierordersM xandM yaredeterm inedbythe
numberofFouriercoe± cientsspeci ēdby theuser.

R adar D ynam ics. T here are two user-selectable
m odesforthe radar. In the ¯rst m ode, the exact
coordinateofthe m onkey(xm(t);ym(t))isknown to
the radarat discrete tim e samplest = nTs where
Ts isthesampling interval.T hesesamplesare avail-
ableto theadaptivelearning algorithm swhich \esti-
m ate" them onkey'smotion.In thesecondmode,the
radarm im icsa trueradarby incorporating a poten-
tialforinaccuracy,controlledby a probability distri-
bution function.In the future, a user-dē ned\m on-
key stealth coe±cient" willbe usedto implem ent a
signalscattering m odel.



Projectile L auncher D ynam ics. T he projectile
launcherislocated at coordinate (0;0). T here are
twouser-selectablem odesfortheprojectilelauncher.
T he¯rstm ode assum esinstantaneousmuzzle eleva-
tion and exit velocity selection;i.e.neglible projec-
tilelauncherdynam ics.T hesecondmodeusesa set
ofordinary di®erentialequationsto govern the muz-
zleactuator-elevation dynam ics.T hecriticalcannon
variablesin ourstudy, however, arem uzzleelevation
µandmuzzlevelocity vpo.

Projectile (D art) D ynam ics. T here are three
user-selectable m odesforthe projectile dynam ics:
no aerodynam ic resistance, linear resistance, and
quadraticresistance. W hen no airresistance isse-
lected, thedartkinem aticsaregiven asfollows:

xp(t)= vpocosµt (3)

yp(t)= vposinµt¡
1
2
gt2 (4)

where g = 9:8 m
sec2 denotesthe acceleration due to

gravity.

A daptive A lgorithm s: M otion Estim ator.
T here are a numberofm ethodscurrently available
to \learn" or\estim ate" them onkey'smotion.Each
m ethodproducesa m odelwhich can beusedtopre-
dictorestim atethem onkey'sm otion.T wo m ethods
arenow discussed.

FourierC oe± cientEstim ation M ethod.O nem ethod
attemptsto estim ate the Fouriercoe±cients. T his
isdone by gathering data, approxim ating !0x and
!0y andthensolvingfortheFouriercoe± cientsusing
G aussian Elim ination.A notherm ethodsimply takes
thegathereddata andattem ptstosolvea non-linear
setofequationsforthefundam entalfrequenciesand
Fouriercoe±cients. T hese m ethodsare partly ad-
dressedin priorpapers[3].

TaylorSeriesEstim ation M ethod.In thispaper, the
focusisona TaylorSeriesapproxim ationtechniqueto
estim atethem onkey'sfutureposition.T heestim ates
forthe m onkey'shorizontalandverticalcoordinates
aredenotedby thesymbolsx̂m andŷm , respectively,
andaregiven by:

x̂m(t)=
N xX

n=0

dnx̂
dtn

tn

n!
(5)

ŷm(t)=
N yX

n=0

dnŷ
dtn

tn

n!
(6)

whereN x andN y areuser-dē nedintegersdenoting
the orderofthe TaylorSeriesapproxim ations.T he

coe± cients
(n)
x̂ and

(n)
ŷ are obtainedon the basisof

gathereddata andsimple forwarddi®erencederiva-
tive approxim ations. A ssuch, thism ethod isex-
pectedto \am plify noise".N evertheless, thism ethod
isa goodstarting pointto illustratebasicconcepts.
T he numberofdata sam plesused to estim ate the
neededderivativesisN x+ N y+ 2.

Targeting,Positioning, andF iring.T hem onkey
m otionm odelsgeneratedbythem otion estim atorare
fedtoa \targetingalgorithm " whichcom putesa \¯r-
ing solution" andsetsthe angleofthecannon to hit
them onkey.Todothis,thefollowingnonlinearequa-
tions

f1(t;µ)= xp(t;µ)¡ x̂m(t)= 0 (7)

f2(t;µ)= yp(t;µ)¡ ŷm(t)= 0 (8)

are solved, fortand µ, using N ewton'sm ethod [8,
pg.201{202].

3 D escription ofEnvironm ent
T he Evasive M onkey environm ent is written in
W indows/C ++ [1], [5],[7],[11],[17].Itconsistsoffour
modules:(1)a program userinterface(PU I)m odule,
(2) a simulation m odule, (3) a graphics/anim ation
m odule, and(4)an education m odule.Each m odule
isnow described.

Program U ser Interface (PU I) M odule. T he
PU I providesan interface between the userandthe
EvasiveM onkeyprogram.W ritten in W indows/C ++,
the interfaceprovidespull-down m enuswhichperm it
the userto select m odels, algorithms, and param e-
ters.T heuser, forexample, can (i)specify thepara-
m etricequationsdescribing the 2-dim ensionalm on-
key m otion, (ii)select a radarm odel, (iii)selectan
adaptivealgorithm toestim atethem onkey'smotion,
(iv)selecta targetingalgorithm todeterm inecannon
¯ringparam eters, (v)selecta cannon dynam ics, etc.
(vi)selectprojectileaerodynam icproperties, etc.
T he userm ay also choose to controlthe ¯ring

ofthe cannon m anually, much like an arcade gam e.
In interactive m ode, the cannon iscontrolled using
the m ouse.L eft-clicking the m ouse anywhereon the
screen willcausethecannon to align itselfwith the
m ouse pointer.R ight-clicking the m ousecausesthe
cannon to ¯re, with the velocity being proportional
to thepointer'shorizontaldistancefrom thecannon.
O therm enu optionsfordata storage and plot-

ting also exist.D ata storageroutinesautom atically



form at saved sim ulation data foruse within other
environm ent m odulesaswellasexternalprograms
(e.g.M athW ork'sM AT L A B and M icrosoft'sExcel).
U ser-selectedvariablessavedfrom an earliersim ula-
tion m aybeplottedagainstcurrentsim ulation data.
M ultim edia lessons, which use live audio andvideo
willalsobeaccessiblethrough thePU I.

Simulation M odule.T hesimulation m odule isre-
sponsible forsolving allofthe equationsassociated
with the m onkey m otion, radar, m otion estim ation
algorithm ,targetingand¯ringalgorithm , cannondy-
nam ics, andtheprojectiledynam ics.

G raphics/A nim ationM odule.T hem ainpurpose
of the graphicsmodule isto use data provided by
thesim ulation m oduletoupdategraphics(i.e.plots)
and anim ationson the screen. D ata and plotsare
displayed within child windows [6], [10]. A nim a-
tion iscreated using high quality bitm aps. T he
bitm apswere generated with C orel's C orelD R AW
andC orelPH O T O -PA IN T 1.

Education M odule. T he education m odule will
contain routineswhich implem ent interactive m ulti-
m edia lessons. T he lessonsuse text, audio, video,
and anim ation to convey ideas.U sersanswerques-
tionsandcontrolsim ulation param etersvia interac-
tive m enus. C orrect answersare supported with a
m ultim edia explanation - including \supportive au-
dio." Incorrectanswersarefollowedupbyhints,par-
tialexplanations, andadditionalchances.

4 EducationalU tility
In thissection,theutilityoftheM onkeyEnvironm ent
asan educationaltoolisdem onstrated.W especi -̄
cally exam inethe impactofm onkey m otion param e-
ters, such asfrequency ofoscillation anddistance to
projectilelauncher, on m issdistance.

M onkey M otion.T hroughout thissection, itwill
be assum edthatthem onkey horizontalandvertical
coordinatesare given by the following trigonom etric
expressions:

xm(t)= R ¡ 125cos!t+ 75sin!t (9)

ym(t)= 100+ 125cos!t¡ 100sin!t (10)

where! = !x = !y and R willbe the focusofour
study.
1C orelD raw and C orelPH O T O -PA IN T are tradem arksof

C orelC orp.C orelD raw isa generalpurposedrawing/graphics
m anipulation utility. C orelPH O TO -PA IN T isa generalpur-
pose im ageprocessing utility.

F igure3:M enu to D ē ne M onkey M otion

F igure4:M onkey M otion

F igure 3 showsthe m enu used fordē ning the
param etric equationsdescribing the 2-dim ensional
m onkey m otion. T he userselectsthe form ofthe
equationsand speci¯esthe appropriate m otion pa-
ram eters. In thiscase, a Fourierserieshasbeen
selected and the userhasspeci ēd the frequencies,
starting displacem ents, and Fouriercoe±cientsfor
both the horizontalandverticalm otion. T he user
m ay specify coe±cientsto desired arbitrary Fourier
ordersM x andM y.
F igure4isa screen captureofthe Evasive M on-

key environm ent during one ofoursim ulations. A
dialog boxcontaining user-selectabledisplay data is
shown in theupper-leftcorner.A sseen in the¯gure,
the actualposition ofthe m onkey, (xm;ym)can be
easily comparedto thecalculatedpostion (̂xm ;̂ym).
T he¯gurealsoshowsthehorizontalandverticalpo-
sitionsofthe m onkey versustim e anda plotofthe
ellipticalpath thatthe m onkey traceson thescreen
asitm oves.



F igure5:A daptiveA lgorithm Set-upM enus

A daptive L earning A lgorithm:Taylor Series
Estim ation.F igure5showsthe m enususedto set
uptheadaptivelearning algorithm thatwillbe used
to estim ate the m otion ofthe m onkey. In the Se-
lectAdaptiveA lgorithm m enu, theuser¯rstspeci¯es
whetherthe m onkey willbe targetedusing thecom -
puterorby using them ouse interactively like an ar-
cadegam e.Ifthisissetto autom aticm ode then the
userm ay selectbetween a numberofadaptive algo-
rithm s. In thiscase, the userhaschosen to use a
TaylorSeriesm otion estim ation algorithm .T heuser
then con ḡuresthespeci¯calgorithm usingthe C on-
¯gureSelectedA lgorithm m enu.In thiscase,theuser
hasopted to take both the horizontaland vertical
Taylorapproxim ationstothe5th orderusing a radar
sampling rateoffs = 1

Ts = 100H z.

Projectile D ynam ics.In thisstudy, theprojectile
aerodynam icswereneglected;i.e.zerodrag.T heini-
tialprojectilespeedwassettovpo = 250m

sec.

Targeting A lgorithm.N ewton'smethodwasused
to solve Equations7-8foran approxim ate intercept
tim etf and a launch angleµ.T he initialconditions
used were tf = xm (0)

vpocosµ
andµ = 20degrees. T his

initialchoicefortf andµresultedin few N ewton it-
erations. It should be noted that initialconditions
basedon higherorderm onkeyderivative inform ation
reduced even further, the numberofN ewton itera-
tions.

Im pactofFrequency on M issD istance.Fora
givenprojectile¯ring, them issdistance isdē nedby
therelationship

D =
q
jxp(tf)¡ xm(tf)j2+jyp(tf)¡ ym(tf)j2 (11)

F igure 6: Im pact of M onkey's Fundam ental Fre-
quency on A verage M issD istanceforV ariousTaylor
O rders

wheretf isdeterm inedby theN ewton-basedtarget-
ing algorithm.
F igure6showssim ulationdata oftheaveragem iss

distance versusm onkey frequency ! forR = 400m
and¯veTaylorseriesapproxim ations.Foreach value
of frequency and Taylororder, the simulation was
started at10di®erent initialtim es, from t0 = 0to
t0= 1secondin stepsof0.1seconds.T he m issdis-
tancesfortheserunswerethen averagedto ¯nd an
average m issdistance foreach frequency-Tayloror-
derpair. T he ¯gure showsthat fora given Taylor
seriesorder, them issdistanceincreaseswith increas-
ingm onkeyfrequency!.T hisisintuitively expected.
T he ¯gure showsthatthe higherorderTayloresti-
m atesperformedwellovera largerrange of! than
the lowerorderedestim ates.

Im pact ofInitialPosition on M iss D istance.
F igure 7showsa plotofaverage m issdistance ver-
susthe initialm onkey distance from the projectile
launcher. T hisplot wasgenerated by varying the
param eter R with the m onkey frequency ¯xed at
! = 0:5rad/sec. T he plot showsthat the average
m issdistance - computed asdiscussed above - in-
creasesasthe initialdistance isincreased.T histoo
isintuitive.O nce again, itisshown thatthe higher
Taylorapproxim ationsperform betterthan thelower
ones.

5 Sum m ary and D irections

T hispaperhasdescribed an environm ent forsim u-
latingandgraphically visualizinglearningalgorithms
andm issile-target intercepts. T heprogram m ay be
usedasa toolfordem onstratinghow param etervari-
ationsa®ect algorithm e®ectivenessand e±ciency.



F igure7:ImpactofInitialM onkey D istanceon A v-
erage M issD istanceforV ariousTaylorO rders

T he environm ent isdesigned so that studentscan
experim ent and develop insight into adaptive algo-
rithm sandm issile-target interceptsin general.T he
simplicity ofthe environm entlendsitselfwellto in-
struction on topicsrelatedtobothcontrolsandcom -
puterscience.C urrently,helpandinstructdata bases
arebeingdevelopedtohelpusersm astertheprogram
featuresandprovide them with instruction on rele-
vantconcepts.Futurework willincludethedevelop-
m ent ofinteractive com puter-aided-lessons(IC A L s)
to teach speci¯cconcepts[13], [14].
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