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1 Theproblem

This years ICFP programmingchallenges to implementa ray tracer The input to the ray tracer
is a scenedescriptionwritten in a simple functionallanguagecalled GML. Executionof a GML

programproduceszero, or more,image files which arein PPMformat. A web pageof sample
images,alongwith the GML inputsthat were usedto producethem,is linked off of the contest
homepage.Thefeaturesetof GML is organizedinto threetiers. Submissionsnustimplementthe
first tier of featuresandextra creditwill begivento submissionshatimplementthe secondbr third

tiers. Submissionsvill be evaluatedon threescales:correctnessf the producedmagesrun-time
performanceandthetier of implementedsML features.

GML hasprimitivesfor definingsimplegeometricobjects(e.g., planesspheresandcubes)and
lighting sourcesThesurfacepropertiesusedio rendertheobjectsarespecifiedasfunctionsin GML
itself. In additionto supportingscenedescriptionGML alsohasar ender operatorthatrendersa
scendo animagefile. For eachpixel in the outputimage,ther ender commandmustcomputea
color. Conceptuallythis coloris computedoy tracingthe pathof thelight backwardsfrom the eye
of theviewer, to whereit bouncecdff anobject,andultimately backto thelight sources.

This documents organizedasfollows. Section2 describeshe syntaxandgenerakemantic®of
the modelinglanguage t is followed by Section3, which describeghoseaspectof the language
that are specificto ray tracing. Section4 specifiesthe submissionrequirementsand Section5
provideshints aboutalgorithmsandpointersto online resourceso getyou started.The Appendix
givesa summaryof theoperatorsn the modelinglanguage.

This documents a bit on the long side becausave have tried to make it completeand self-
contained(In fact,theATpX sourcefor this documenis longerthanour sampleimplementation!)

*This documents availablein HTML formatatht t p: / / www. ¢s. cornel | . edu/i cf p/task. ht m



TokenList
== TokenGoup*

TokenGoup
= Token
|  { TokenList}
| [ TokenList]

Token
== Opemtor

| Identifier

|  Binder

| Boolean

| Number

|  String

Figurel: GML grammar

2 Themodeling language

Theinputto theray traceris a scenedescription(or mode} written in a functionalmodelinglan-
guagecalled GML. The languagehasa syntaxand executionmodelthatis similar to PostScript
(andForth), but GML is lexically scopedanddoesnot have sideeffects.

2.1 Syntax

A GML programis written usinga subsetof the printable ASCII characterset(including space),
plustab,return,linefeedandverticaltabcharactersThespacetab,return,linefeedandverticaltab
characterarecalledwhitespace

Thecharacter$4 [ ,], {, } arespecialcharacters.

Any occurrenceof the character*% not inside a string literal (seebelow) startsa comment,

which runsto theendof the currentline. Commentsaretreatedaswhitespacevhentokenizingthe
inputfile.

The syntaxof GML is givenin Figure 1 (an opt superscripimeansan optionalitem anda *
superscriptmeansa sequencef zeroor moreitems). A GML programis a token list, which is
a sequencef zeroor moretoken groups A token groupis either a single token, a function (a
token list enclosedn ‘{" ‘}’), or anarray (atokenlist enclosedn ‘[’ ‘]’). Tokensdo not have
to be separatedby white spacewhenit is unambiguous.Whitespacds not allowed in numbers,
identifiers,or binders.

Identifiersmuststartwith anletterandcancontainletters,digits, dasheg’- '), andunderscores
(‘. A subsebf theidentifiersareusedaspredefinedpermtors, whichmaynotberebound A list
of theoperatorgsanbefoundin theappendix A binderis anidentifierprefixedwith a‘/ * character



Booleansareeitherthe literal true or theliteral false . Like operatorsirue andfalse
may notberebound.

Numbersareeitherintegersor reals. Thesyntaxof numberss givenby thefollowing grammar:

Number
== Integer
| Real

Integer
= - 9P'DecimalNumber

Real
= -%t!DecimalNumber DecimalNumbeExponerit

| - °P'DecimalNumbeExponent

Exponent
= e - %P'DecimalNumber
| E-°P'DecimalNumber

wherea DecimalNumbers a sequenc®f oneor moredecimaldigits. Integersshouldhave atleast
24-bitsof precisionandrealsshouldberepresentelly double-precisiotEEE floating-pointvalues.

Stringsarewrittenenclosedn doublequoteq‘" ') andmaycontainary printablecharactepther
thanthedoublequote(but includingthe spacecharacter) Thereareno escapeequences.

2.2 Evaluation

We definethe evaluationsemanticsof a GML programusing an abstractmachine. The stateof
the machineis atriple (T'; «; ¢), whereT" is an ervironmentmappingidentifiersto values,« is a
stackof valuesandc is a sequencef tokengroups.More formally, we usethefollowing semantic
definitions:

1 € Int
¢ € BaseValue = BooleanJ Int U Real U String
v € Value = BaseValue U Closure U Array U Point U Object U Light
(I,e¢) € Closure = Env x Code
a,[vi ... vy] € Array = Value®
I € Env=1Id3 Value
a,3 € Stack = Value*
¢ € Code = TokenList

Evaluationfrom one stateto anotheris written as(T'; a; ¢) = (I"; o/; ¢). We define=* to
bethetransitve closureof =—=>. Figure2 givesthe GML evaluationrules. In theserules,we write
stackswith thetop to theright (e.g.; a z is a stackwith x asits top element)andtoken sequences
arewritten with thefirst tokenontheleft. We usee to signify the emptystackandthe emptycode
sequence.



(T; a5 tc) = (T a; )

(T av; Jzc) = (Tx{z — v}; o5 ¢)

(T; o z ¢) = (T'; al'(z); ¢)

(T5 &5 {c'} ¢) = (T; (T, ¢); ¢)

(T'; o ') =* (T"; B; ¢)
(T; a (T, ¢'); appl y ¢) == (T; B; c)

(Tse; ¢y =* T 01 ... vy; €)
(T5 a3 [¢]e) = (T; afvr ... m]; c)

(T1; o c1) =" (T'; B; €)

(T; atrue (T, ¢1) (To, ¢2); i f ¢) = (T B; ¢)

(T2; o c2) =" (T'; B; ¢€)

(T; afalse (T'1, c1) (T2, ¢2); 1 f ¢) = (T'; B; ¢)

a OPERATOR o
(T'; Ba; OPERATORc) = (T'; B /5 ¢)

Figure2: Evaluationrulesfor GML

(1)

(2)

3)

(4)

(5)

(6)

(7)

(8)

(9)



Rule 1 describeghe evaluationof a literal token, which is pushedon the stack. The next two
rules describethe semanticof variablebinding and reference.Rules4 and 5 describefunction-
closurecreationandthe appl y operator Rule 6 describeghe evaluationof an arrayexpression;
notethatbodyof thearrayexpressioris evaluatedon aninitially emptystack.Thesemantic®f the
i f operatoraregivenby Rules7 and8. Thelastevaluationrule (Rule9) describeow anoperator
(otherthanoneof the controloperatorsjs evaluated.We write

a OPERATOR o

to meanthatthe operatorOPERATOR transformshe stacka to the stacka’. This notationis used
below to specifythe GML operators.

Wewrite Eval(c, vy, ..., v,) = (v], ..., v.,) forwhenaprogramc yields(v{, ..., v/) when
appliedto thevaluesv,, ... , vy;i.e, when({}; vy --- v; ¢) =* (T; v] -+ ,vl; €).

Thereis no direct supportfor recursionin GML, but one canprogramrecursve functionsby
explicitly passinghefunctionasanextraamgumentto itself (seeSection2.7 for anexample).

2.3 Control operators

GML containgtwo contmwol operatorghatcanbe usedto implementcontrol structures.Theseoper
atorsareformally definedin Figure2, but we provide aninformal descriptionhere.

The appl y operatortakes a function closure,(T", ¢), off the stackand evaluatesc usingthe
ervironmentT" andthe currentstack. When evaluationof ¢ is complete(i.e., thereare no more
instructiondeft), the previous ervironmentis restoredandexecutioncontinueswith theinstruction
aftertheappl y. Argumentandresultpassings donevia the stack.For example:

1{ /x x x } apply addi

will evaluateto 2. Notethatfunctionsbindtheir variablesaccordingo theervironmentwherethey
aredefined;notwherethey areapplied.For examplethefollowing codeevaluatego 3:

1/x %bind x to 1
{ x} If % the function f pushes the value of x
2 /x %rebind x to 2

f apply x addi

Thei f operatortakestwo closuresanda booleanoff the stackandevaluateghefirst closureif
thebooleanis true, andthesecondf thebooleanis false. For example,

b{1} {2} if
will resultin 1 onthetop of the stackif b is true, and?2 if it is false

24 Numbers
GML supportsboth integer and real numbers(which are representedby IEEE double-precision

floating-pointnumbers) Many of the numericoperatorshave bothintegerandrealversions sowe
combinetheir descriptionsn the following:



n1 N9 addi /addf n3
computeghe sumns of thenumbersi; andns.

r1 aCo0s 1o
computeghearccosiner, in degreesof 1. Theresultis undefinedf ry < —1orl1 < ry.

r1 asin T2
computeghearcsinersy in degreesof r1. Theresultis undefinedf r; < —1or1 < rq.

r1  clampf 7y
00 r<0.0
computegy =<{ 1.0 r; > 1.0
r1  otherwise

71 COS 719
computeghecosiner, of r1 in degrees.

n1 N9 divi /dIVf ns3
computeghe quotientns of dividing the numbern; by no. Thedi vi operatorroundsits
resulttowards0. Forthedi vi operatorif ns is zero,thenthe programhalts. For di vf , the
effect of division by zerois undefined.

niny eqi /eqf b
compareghe numbersn; andns and pushesrue if n; is equalto ny; otherwisefalse is
pushed.

r floor )
corvertstherealr to thegreatestnteger: thatis lessthanor equalto r.

ry  frac 9
computeghefractionalpartry of therealnumberr;. Theresultr, will alwayshave thesame
signastheamumentr;.

ni ny lessi /lessf b
compareghe numbersn; andny andpushedrue if ny is lessthanns; otherwisefalse is
pushed.

11 19 modi 13
computegheremaindetis of dividing 7; by 5. Thefollowing relationholdsbetweerdi vi
andnodi :

i2(z1 di vi 42) + (41 nod 32) =il
nyng muli /mulf  ng
computeghe productng of thenumbers:; andns.

n1 negi /negf no
computeghe negationny of thenumbern; .



i real r
convertstheintegers to its realrepresentation.

1 sin 79
computeghesiner;, of r1 in degrees.

ry  sgrt T2
computeghesquareootry of 1. If r1 is negative, thentheinterpretershouldhalt.

ning Subi /subf ng
computeghedifferenceng of subtractinghe numbermy from n;.

2.5 Points

A point is comprisedof threereal numbers. Pointsare usedto represenpositions,vectors,and
colors (in the latter case,the rangeof the componentss restrictedto [0.0,1.0]). Thereare four
operation®on points:

p getx =z
getsthefirst component: of the point p.

p gety y
getsthesecondccomponeny of thepointp.

p Qgetz =z
getsthethird component of the pointp.

ryz point p
creates pointp from therealsz, y, andz.

2.6 Arrays

Therearetwo operation®n arrays:

arr i get w;
getsthe ith elementof the array arr. Array indexing is zerobasedin GML. If 4 is out of
boundsthe GML interpretershouldterminate.

arr length n
getsthenumberof elementsn thearrayarr.

Theelementof anarraydo not have to have the sametype andarrayscanbeusedto constructdata
structures.For example,we canimplementlists using two-elementarraysfor conscells andthe
zero-lengtharrayfor nil.

[T /nil
{ /cdr /car [ car cdr ] } /cons



We canalsowrite afunctionthat” patternmatdes ontheheadof alist.

{ lif-cons /if-nil /Ist
Ist length O eqi
if-nil
{ Ist 0O get Ist 1 get if-cons apply }
if

2.7 Examples

Somesimplefunctiondefinitionswrittenin GML.:

{1} /id %the identity function
{ 1 addi } /inc % the increment function
{ Ix/ly xy} [swap % swap the top two stack | ocations
{ I'x x x} /dup % duplicate the top of the stack
{ dup apply nuli } /sq %t he squaring function
{/a/ba{true} { b} if } /or %logical-or function
{Ip % negate a point val ue
p getx negf
p gety negf
p getz negf point
} I'negp
A moresubstantiakxampleis the GML versionof therecursve factorialfunction:
{ I'self In
n 2 |essi
{ 1}

{ n 1 subi self self apply n nuli }
i f
} /fact

Notice thatthis function follows the cornvention of passingtself asthe top-mostargumenton the
stack.We cancomputethefactorialof 12 with the expression

12 fact fact apply

3 Raytracing
In this sectionwe describehow the GML interpretersupportsay tracing.

3.1 Coordinate systems

GML modelsaredefinedin termsof two coordinatesystemsworld coordinatesandobjectcooi-
nates World coordinatesreusedto specifythe positionof lights while objectcoordinatesareused



to specifyprimitive objects. Therearesix transformationoperatorgdescribedn Section3.3) that
areusedto mapobjectspaceo world space.

Theworld-coordinatesystemis left-handed The X -axis goesto theright, the Y -axis goesup,
andthe Z-axisgoesaway from theviewer.

3.2 Geometric primitives

Therearefive operationdn GML for constructingprimitive solids: spher e, cube, cyl i nder
cone, andpl ane. Eachof theseoperationgakesa singlefunctionasanamgument,which defines
the primitive’s suriacepropertiegseeSection3.6).

surface sphere  obj
createsa sphereof radius1 centeredat the origin with surface propertiesspecifiedby the
function surface. Formally, the spherds definedby 22 + 2 + 22 < 1.

surface cube obj
createsaunit cubewith oppositecornerg0, 0,0) and(1, 1, 1). Thefunctionsurface specifies
the cubes surfaceproperties.Formally, the cubeis definedby 0 < z < 1,0 <y < 1, and
0 < z < 1. CubesareaTier-2 feature.

surface cylinder obj
createsa cylinder of radius1 andheight1 with surfacepropertiesspecifiedby the function
surface. The baseof the cylinder is centeredat (0, 0,0) andthetop is centeredat (0, 1, 0)
(i.e., theaxis of the cylinderis the Y -axis). Formally, the cylinder is definedby 22 + 22 < 1
and0 < y < 1. Cylindersarea Tier-2 feature.

surface cone  obj
createsconewith baseradiusl andheightl with surfacepropertiespecifiedoy thefunction
surface. Theape of the coneis at (0, 0,0) andthe baseof the coneis centerecht (0,1, 0).
Formally, theconeis definedby 2% + 22 —y? < 0 and0 < y < 1. Conesarea Tier-2 feature.

surface plane  obj
createsplaneobjectwith theequatiorny = 0 with surfacepropertiespecifiecby thefunction
surface. Formally, the planeis the half-spacey < 0.

3.3 Transformations

Fixedsizeobjectsattheorigin arenotveryinterestingsoGML providestransformatioroperations
to placeobjectsin world space Eachtransformatioroperatotakesanobjectandoneor morereals
asamumentsandreturnsthetransformedbject. The operationsare:

obj Tig Ty T, translate obj’

translatesbj by thevector(ry,, 74y, 74,). 1.€.,if 0bj is atposition(pz, py, p.), thenobj’ is at
POSItion (pg, + T4z, Py + Ty, Pz + Ttz).



0bj Tep Tsy Ts, SCale obj’
scalesobj by 74, in the X -dimensiony, in theY -dimensionandr,, in the Z dimension.

obj rs uscale  obj’
uniformly scalesobj by r, in eachdimension.This operationis calledlsotropic scaling

-/

obj 0 rotatex obj
rotatesobj aroundthe X-axis by 8 deggrees. Rotationis measuredcounterclockwisevhen
looking alongthe X -axisfrom the origin towards+oc.

!

obj 0 rotatey obj
rotatesob; aroundthe Y-axis by 6 degrees. Rotationis measuredtounterclockwisevhen
looking alongthe Y -axisfrom the origin towards+oc.

-/

obj 6 rotatez obj
rotatesobj aroundthe Z-axis by 8 degrees. Rotationis measurectounterclockwisevhen
looking alongthe Z-axisfrom the origin towards+oc.

For example,if we wantto put a sphereof radius2.0 at (5.0, 5.0, 5.0), we canusethe following
GML code:
{ ... } sphere

2.0 uscal e
5.0 5.0 5.0 transl ate

Thefirst line createghe sphere(asdescribedn Section3.2, the spher e operatortakesa single
function argument). The secondine uniformly scalesthe sphereby a factorof 2.0, andthe third
line translateshe sphereo (5.0, 5.0, 5.0).

Thesedransformationsreall affinetransformationandthey have the propertyof preservinghe
straightnessf linesandparallelismbetweenines,but they canalterthedistancebetweerpointsand
the anglebetweerlines. Usinghomaeneouscoodinates thesetransformationganbe expressed
asmultiplicationby a 4 x4 matrix. Figure 3 describeghe matricesthat correspondo eachof the
transformatioroperators.For example,translatingthe point (2.6, 3.0, —5.0) by (—1.6, —2.0, 6.0)
is expresseasthefollowing multiplication:

1.0 0.0 0.0 -1.6 2.6 1.0
0.0 1.0 0.0 —2.0 3.0 | 10
0.0 0.0 1.0 6.0 =50 | | 10
0.0 0.0 0.0 1.0 1.0 1.0

Obserne that points have a fourth coordinateof 1, whereasvectorshave a fourth coordinateof 0.
Thus,translationhasno effect on vectors.

3.4 [llumination model
Whenthe ray that shootsfrom the eye positionthrougha pixel hits a surface,we needto apply

theillumination equationto determinewhatcolor the pixel shouldhave. Figure4 shawvs a situation
wherearay from theviewer hashit asurface. Theilluminationatthis pointis givenby thefollowing

10



1 0 0 ry ry; 0 0 O rs 0 0 0
0 1 0 74 0 7y 0 O 0 r 0 O
0 0 1 74 0 0 rg O 0 0 r5 O
0 00 1 0 0 0 1 0 0 0 1
Translation Scalematrix Isotropicscalematrix
1 0 0 0 cos(f) 0 sin(@) O cos(f) —sin(d) 0 0
0 cos(f) —sin(d) 0 0 1 0 0 sin(#) cos() 0 O
0 sin(@) cos(@) 0 —sin(@) 0 cos(d) 0 0 0 10
0 0 0 1 0 0 0 1 0 0 0 1
Rotation(X -axis) Rotation(Y -axis) Rotation(Z-axis)
Figure3: Transformatiormatrices
equation:
Is Is
I=kgl,C+kg» (N-Lj)C+ kg Y (N -Hy)"I[;C + k,I,C (10)
j=1 j=1
where
C = surfacecolor
1, = Iintensityof ambientlighting
kg = diffusereflectioncoeficient
N = unitsurfacenormal
L; = unitvectorin directionof jth light source
I; = intensityof jthlight source
ks = speculareflectioncoeficient
H; = unitvectorin thedirectionhalfway betweertheviewer andL;
n = Phongexponent
I, = intensityof light from directionS

Theview vector N, andS all lie in thesameplane.ThevectorS is calledthereflectionvectorand
formssameanglewith N asthevectorto theviewer does(thisangleis labeledd in Figure4). Light

intensityis representedspointin GML andmultiplicationof pointsis componentvise. Thevalues
of C, kg, ks, andn arethe surfacepropertiesof the objectat the point of reflection. Section3.6

describegshe mechanisnior specifyingthesevaluesfor anobject.

Computingthe contrilution of lights (the I; part of the abore equation)requirescastinga
shadowray from theintersectiorpoint to the light's position. If the ray hits an objectthatis closer
thanthelight, thenthelight doesnot contrikute to theillumination of theintersectiorpoint.

Ray tracingis a recursve process.Computingthe value of I requiresshootinga ray in the
directionof S andseeingwhat object (if ary) it intersects.To avoid infinite recursion,we limit
the tracingto somedepth The depthlimit is given asan amgumentto ther ender operator(see
Section3.8).

11



Surface

Figure4: A rayintersectingasurface

3.5 Lights

GML supportghreetypesof light sourcesdirectionallights, pointlightsandspotlights Directional
lightsareassumedo beinfinitely farawayandhave only adirection.Pointlightshave apositionand
anintensity (specifiedasa color triple), andthey emit light uniformly in all directions. Spotlights
emitaconeof light in agivendirection. Thelight coneis specifiedby threeparametersthelight’'s
direction, the light's cutof angle,and an attenuationexponent(seeFigure5). Unlike geometric
objectsights aredefinedin termsof world coordinates.

dir color light l
createsa directionallight sourceat infinity with direction dir andintensity color. Both dir
andcolor arespecifiedaspointvalues.

pos color pointlight [
createsa point-light sourceat the world coordinateposition pos with intensity color. Both
pos andcolor arespecifiedaspointvalues.Pointlightsarea Tier-2 feature.

pos at color cutoff exp spotlight l
createsa spotlightsourceat the world coordinateposition pos pointing towardsthe position
at. Thelight's coloris givenby color. The spotlights cutoff angleis givenin degreesby
cutoff andtheattenuatiorexponents givenby ezp (thesearerealnumbers)Theintensityof
thelight from aspotlightata point Q) is determinedy theanglebetweerthelight’s direction
vector (i.e., the vectorfrom pos to at) andthevectorfrom pos to @). If the angleis greater
thanthecutoff anglethenintensityis zero;otherwisetheintensityis givenby theequation

[ at —pos  Q — pos ewp color
~ \Jat — pos| |Q — pos|

Spotlightsarea Tier-3 feature.

(11)

12



Figure5: Spotlight

Thelight from pointlights andspotlightsis attenuatedby the distancerom thelight to the surface.
Theattenuatiorequationis:

1001
Isurface = m (12)

whered is the distancefrom the light to the surfaceand I is the intensity of the light. Thusata
distanceof 5 unitsthe strengthof the light will be about85% andat 10 unitsit will be about50%.
Notethatthelight reflectedfrom surfaces(the k,I,C termin Equation10) is not attenuatednor is
thelight from directionalsources.

3.6 Surfacefunctions

GML usesprocedual texturing to describehe surfacepropertiesof objects.The basicideais that
the model provides a function for eachobject, which mapspositionson the objectto the surface
propertieghatdeterminehow theobjectis illuminated(seeSection3.4).

A surfacefunctiontakesthreearguments:aninteger specifyinganobjects faceandtwo texture
coordinates.For all objects,exceptplanesthe texture coordinatesarerestrictedto theranged <
u,v < 1. TheTablel specifieshow thesecoordinatesnapto pointsin object-spacéor the various
builtin graphicalobjects.Notethat(asalwaysin GML), theagumentgo thesin andcos functions
arein degrees.The GML implementations responsibldor the inversemapping;i.e., givena point
onasolid, computethetexture coordinates.

A surfacefunctionreturnsapointrepresentinghesurfacecolor (C), andthreerealnumbersthe
diffusereflectioncoeficient (k;), the speculareflectioncoeficient (k;), andthe Phongexponent
(n). For example,the codein Figure6 definesa cubewith a matte3x3 black andwhite checled
patternon eachface.

13



Tablel: Texturecoordinategor primitives

SPHERE
(0,u,v) (v/1—92sin(360u),y, /1 — y2cos(360u)), wherey =2v —1
CUBE
(0,u,v) (u,v,0) front
(1,u,v) (u,v,1) back
(2,u,v) (0,v,u) left
(3,u,v) (1,v,u) right
(4, u,v) (u,1,v) top
(5,u,v) (u,0,v) bottom
CYLINDER
(0,u,v) (sin(360u), v, cos(360u)) side
(1, u,v) (2u—1,1,2v — 1) top
(2,u,v) (2u —1,0,2v — 1) bottom
CONE
(0,u,v) (vsin(360u), v, v cos(360u)) side
(1, u,v) (2u—1,1,2v — 1) base
PLANE
(O’u,v) (’U,,O,U)

3.7 Constructive solid geometry

Solid objectsmay be combinedusingbooleansetoperationgo form morecomplex solids. There
arethreecompositionoperations:

obj, obj2 union  objs
formstheunion objs of thetwo solidsobj; andobjs,.

obj, objs intersect 0bjs
formstheintersectionobjs of thetwo solidsobj; andobj,. Thei nt er sect operatoris a
Tier-3 feature.

obj, obj, difference objs
formsthesolid obj 5 thatis thesolid 0bj; minusthesolid obj,. Thedi f f er ence operator
is aTier-3 feature.

We can determinethe intersectionof a ray and a compoundsolid by recursvely computing
the intersectionsof the ray and the solid’s pieces(both entriesand exits) and then meiging the
informationaccordingo the booleancompositionoperator Figure7 illustratesthis procesgor two
objects(this pictureis calleda Rothdiagram).

14



0.0 0.0 0.0 point /black
1.0 1.0 1.0 point /white

—

% 3x3 pattern
[ black white black ]
[ white black white ]
[ black white black ]
] /texture

{ /v lu /face % bi nd paraneters
{ %tolntCoord : float -> int
3.0 mul f floor /i %i = floor(3.0%r)
i 3eqi { 2} {i } if % make sure i is not 3

} /tolntCoord
texture u tolntCoord apply get %color = texture[u][V]
v tol ntCoord apply get

1.0 %kd = 1.0

0.0 %ks =0.0

1.0 %n =10
} cube

Figure6: A checled patternon acube

Whenrenderinga compositeobject,the surfacepropertiesaredeterminedy the primitive that
definesthe surface. If the surfacesof two primitives coincide, then which primitive definesthe
surfacepropertiess unspecified.

3.8 Rendering
Ther ender operatorcauseshe scendo berenderedo afile.

amb lights obj depth fov wid ht file render —

Therenderoperatorendersasceneo afile. It takeseightarguments:

amb theintensityof ambientight (a point).
lights is anarrayof lights usedto illuminatethescene.
obj isthescendo render

depth is aninteger limit on the recursve depthof the ray tracing owing to specularreflection.
l.e., whendepth = 0, we do notrecursvely computethe contritution from the direction of
reflection(S in Figure4).

fov isthehorizontalfield of view in degrees(arealnumber).

wid is thewidth of therenderedmagein pixels(aninteger).

15
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Figure7: Tracingaray througha compoundsolid

ht isthe heightof therenderedmagein pixels (aninteger).

file is astringspecifyingoutputfile for therenderedmage.

Ther ender operatoris the only GML operatorwith side effects(i.e., it modifiesthe hostfile
system).A GML programmay containmultipler ender operatorgfor animationeffects),but the
orderin whichthe outputfiles aregenerateds implementatiordependentTheresultsof evaluating
ther ender operatorduringthe evaluationof a suriacefunctionareundefined(i.e., your program
may chooseo exit with anerror, or executethe operationor do somethingelse).

Whenrenderinga scenethe eye positionis fixedat (0,0, —1) looking down the Z-axisandthe
imageplaneis the XY -plane(seeFigure8). Thehorizontalfield of view (fov) determineshewidth
of theimagein world space(i.e., it is 2 tan(0.5fov)), andthe heightis determinedrom the aspect
ratio. If the upperleft cornerof theimageis at (z, y, 0) andthewidth of a pixel is A, thentheray
throughthe jth pixel in theith row hasadirectionof (z + (5 + 0.5)A,y — ( + 0.5)A, 1).

Whenthe renderoperationdetectsthat a ray hasintersectedhe surfaceof an object,it must
computethe texture coordinatest the point of intersectiorandapply the surfacefunctionto them.
Let (face, u,v) bethetexture coordinatesandsurf bethe surfacefunctionatthe point of intersec-
tion, andlet

Eval(surf appl y, face,u,v) = (C, kg, ks, )
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Figure8: View coordinatesystem

Thenthe surfacepropertiedor theillumination equation(seeSection3.4) areC, k4, ks, andn.

3.9 Theoutput format

The output format is the Portable Pixmap (PPM) file format® The format consistsof a ASCII
headefollowedby the pixel datain binaryform. The formatof the headeiis

¢ Themagicnumbeywhich arethetwo charactersP6.”
e A width, formattedasASCI| characterén decimal.
¢ A height,againin ASCII decimal.

e The ASCII text “255,” whichis the maximumcolorcomponentalue.

Thesetemsareseparatedhy whitespacgblanks, TABs, CRs,andLFs). After the maximumcolor
value,thereis asinglewhitespaceharacte(usuallya newline), whichis followed by the pixel data.
The pixel datais a sequencef three-bytepixel values(red, green,blue)in row-majororder Light
intensityvalues(representeds GML points)arecorvertedto RGB format by clampingtherange
andscaling.

In the header characterdrom a “#” to the next end-of-lineare ignored (comments). This
commentmechanisnshouldbe usedto includethe groups nameimmediatelyfollowing the line
with the magicnumber For example,the sampleimplementatiorproduceghefollowing header:

Thexv programavailableonmostUNix systemsandthelrfanView viewerfor Microsoft Windows (availablefrom
http://ww.irfanvi ew. conl )bothunderstandhe PPMformat.
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P6

# GWL Sanple |nplenmentation
256 256

255

4 Requirements

Your programshouldtake its input from standardnput (i.e., UNIX file descriptor0). Executionof

theinputspecificatiorwill resultin zeroor moreimagesbeingrenderedo files. If yourimplemen-
tationdetectsan error, it shouldreturna non-zeroexit status;otherwiseit shouldreturna zeroexit

statusuponsuccessfulermination.Our testharnesseliesonthis errorstatusbeingsetcorrectly so
be sureto getthemright!

Your programshoulddetectsyntacticallyincorrectinput and run-time type errors (the latter
may be detectedstatically if you wish). It shouldalsocatcharrayaccessethatareout of range.
Othererrors,suchasinteger overflows anddivision by zero, may be detectedandreported but it
is not necessary In particular implementationsare free to generateNaNs and Infs when doing
floating-pointcomputations.

The submissiorrequirementsaredescribedn detailatht t p: / / www. ¢s. cor nel | . edu/
i cfp/ subm ssi on. ht m but we summarizethem here. Your submissionshouldinclude a
README file containinga brief descriptionof the submissionprogramminganguage(sysed,and
arything elsethatyou wantto bring to the attentionof thejudges.

Submissionwvill be evaluatedon their correctnessspeecdf execution,andsetof implemented
GML featuresForthelattermetric,we have groupedhefeaturesof GML into threetiersasfollows:

Tier 1 Thefirst tier consistsof the operationsdescribedn Section2, plus planes,spheresand
directionallights. All GML operatorsexceptcone, cube, cyl i nder, di fference,
i ntersect,pointlight,andspotl!ight shouldbeimplemented.

Tier 2 Thistier addsmoreprimitive solidsandadditionallighting to Tier 1. The additionalopera-
torsare:cone, cube, cyl i nder ,andpoi ntli ght .

Tier 3 Thistier addsconstructie solid geometryandadditionallighting to Tier 2. Theadditional
operatorsare:di f f erence,i nt er sect ,andspot | i ght.

Your README file shouldspecifywhich tier your submissionimplements.

Judgingof the contestentrieswill proceedin threephases.First, we will evaluateeachsub-
missionfor basiccorrectnessisingvery simple Tier-1 testcases.Programghatfail to run, dump
core,etc.will bedisqualifiedatthe endof this phase.The secongphaseteststhe basiccorrectness
of submissiongwithout regardsto performance).We will usea selectionof Tier-1 testcasesand
comparethe outputwith that generatedy our sampleimplementations.Submissionghat devi-
atesignificantlyfrom the the referenceoutputswill be disqualified. The third phasewill compare
the performanceandimplementedieaturesof the submissions.When comparingsubmissionsa
programthatimplementsTier-1 will have to be significantly fasterthana Tier-2 programto beat
it. Likewise, a Tier-2 programwill have to be significantly fasterthan a Tier-3 programto beat
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it. Imagequality also matters;for example,a programthat hassurface acnewill be penalized.
Consideratiorwill begivenfor interestingsampleimages.

5 Hints

5.1 Basicfacts

Thedot productof two vectorsv; = (z1, 91, 21) andvy = (2, y2, 22) ISv1 - v2 = (T122 + Y1Y2 +
z122). Whenwv; andw, areunit vectors,thenv; - vs is the cosineof the angleformedby the two
vectors.More generallyv; - vo = |v1||v2| cos(6), whered is theanglebetweerthe vectors.

5.2 Intersection testing

A plane P canbe definedby its unit normalP,, andthe distanced from the planeto the origin.
The half-spacehat P = (P, d) definesarethosepoints@ suchthat@ - P, + d < 0. Giventhis
definition,theintersectiorof arayR(t) = (R, +tRy) andaplane(P,, d) is givenby theequation

—(P,-Ry+4d)
‘. - 13
intersection Pn R Rd ( )

If P, - Ry = 0, thentheray is parallelto the plane(it mightlie in the plane,but we canignore
thatcasefor our purposes)If ¢ ersection < 0, thentheline definedby theray intersectghe plane
behindtheray’s origin; otherwisethe pointof intersections R(tinsersection ). We cantell whichside
of theplaneR,, lies by examiningthesignof P,, - Ry; if it is positve, thenR,, is in the half-space
definedby P.

Computingthe intersectionof aray R(t) = (R, + tR4) anda sphereS centeredat S, with
radiusr is morecomplicated Let [, bethelengthof the vectorfrom theray’s origin to the center
of the spherethenif [,. < r, theray originatesinsidethe sphere.We cancomputethe distance
alongthe ray from the ray’s origin to the closestapproacho the spheres centerby the equation
tea = (Sc — Ry) - Ry (seeFigure9). If t,, < 0, thentheray is pointing away from the spheres
center which meanghatif theray’s origin is outsidethe sphereghenthereis no intersectionOnce
we have computedt,, we cancomputethe squareof the distancefrom theray to the centerat the
point of closestapproactby thed? = i2, — #2,. Fromthis, we cancomputethe squareof the half
chorddistancet?, = r? —d? = r? — I2, + t2,. As canbeseenin Figure9, if ¢4, < 0, thenthe
ray doesnot intersectthe sphere otherwisethe points of intersectionare givenby R(t¢, + the)
(assumingheray originatesoutsidethe sphere).

Theintersectiorof aray anda cubecanbe determinedy usingthetechniqueagivenfor planes
(testagainstthe planescontainingthe facesof the cube). Intersectiongor conesandcylinderscan
bedeterminedy pluggingtheray equation(R.(t) = R, + tRy) into theequationdor the surface.
In bothcasegasfor spheresjhe solutionrequiresplugginvaluesinto the quadratidormula.

Oneapproacho raytracingwith amodelinglanguagehatsupportsaffine transformationgsuch
asGML) isto transformtheraysinto objectspaceanddotheintersectiorteststhere. Thisapproach
allows theintersectiorteststo be specializedo the standardbjects which cangreatlysimplify the
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R(t) =R, +t Ry

Figure9: Ray/spheréntersection

tests.Rememberhowever, thataffine transformationslo not presere lengths— applyinganaffine
transformatiorto a unit vectorwill notyield aunit vectorin general.

5.3 Surfaceacne

Oneproblemthatyouarelikely to encounters calledsurfaceacneandresultsfrom precisiorerrors.
The problemarisesfrom whenthe origin of a shadev ray is on the wrong side of its originating
surface,andthusintersetsthe surface. The visual resultis usually a black dot at that pixel. The
samplémagesincludeanexamplethatillustratesthis problem.Onesolutionis to offsetthe shadav
ray’s origin by a smallamountin the ray’s direction. Anothersolutionis not to testintersectiors
againsthe originatingsurface.

5.4 Optimizations

Thereareopportunitiefor performancemprovementshothin thetheimplementatiorof the GML
interpreterandin theray tracingengine.

While thetime spentto computethe objectsin a scends typically smallcomparedo the ren-
deringtime, the GML functionsthatdefinethe surfacepropertieggetevaluatedfor every ray inter-
section. You may find it usefulto analysesurfacefunctionsfor the commoncasewherethey are
constant.

The resourcedisted below includeinformationon techniquedor improving the efficiengy of
ray tracing.Most of thesetechniquedocuson reducingthe costor numberof ray/solidintersection
tests. For example,if you precomputea boundingvolumefor a complex object,thena quick test
againstthe boundingvolume may allow you to avoid a more expensve testagainstthe object. If
yourimplementatiorsupportghe Tier-3 CSGoperatorsthenyou probablywantto have a version
of your intersectiorntestingcodethatis specializedor shadev rays.
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5.5 Resources

Hereareafew pointersto on-linesource®f informationaboutgraphicalalgorithmsandraytracing.

http://www.cs.c ornell .ed u/ic fp/
is theICFP’00contesthomepage.

http://www.cs.b el |- lab s. com/7jh r/ ic fp /e xampl es.h tml
is apageof exampleGML specificationsvith theexpectedmages.

http://www.cs.b el I- lab s. com/7jh r/ ic fp /o per at ors. tx t
is atext file thatlists all of the GML operators.

http://www.real ti mee nderi ng.c omin t/
is the 3D Objectintersectionpagewith pointersto papersandcodedescribingvariousinter
sectionalgorithms.

http://www.acm. or g/ to g/r esourc es/RT News/h tml/
is the home pageof the Ray Tracing News which is an online journal aboutray tracing
techniques.

http://www.cs.u ta h. edu/”~ bes/ papers/ fa st RT/
is apaperby Brian Smitson efficiency issuedn implementingray tracers.

http://www.acm. or g/ pubs/ to g/ Graphic sGens/
is thesource-codeepositoryfor the GraphicsGemsseries.

http://www.exaf lo p. or g/d ocs/ cgaf aq/
is the FAQ for theconp. gr aphi cs. al gori t his news group.

http://www.magi c- sof tware. com
hassourcecodefor variousgraphicalalgorithms.

Operator summary

The following is an alphabeticalisting of the GML operatorswith brief descriptions. The third
columnlists the sectionwherethe operatoris definedandthefourth columnspecifiesvhichimple-
mentationtier the operatoibelongso.

Name Description Section Tier
acos arccosinefunction 2.4 *
addi integeraddition 2.4 *
addf realaddition 2.4 *
apply functionapplicationoperator 2.3 *
asin arcsinefunction 2.4 *
cl ampf clamptherangeof arealnumber 2.4 *
cone aunitcone 3.2 *x
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Name Description Section Tier
cos cosinefunction 2.4 *
cube aunit cube 3.2 *k
cyl i nder aunit cylinder 3.2 *x
di fference differenceof two solids 3.7 *kk
di vi integerdivision 2.4 *
di vf realdivision 2.4 *
eqi integer equalitycomparison 2.4 *
eqf realequalitycomparison 2.4 *
fl oor realto integercorversion 2.4 *
frac fractionalpartof realnumber 2.4 *
get getanarrayelement 2.6 *
get x getz componenbf point 2.5 *
gety gety componenbf point 2.5 *
getz getz componenbdf point 2.5 *
if conditionalcontroloperator 2.3 *
i ntersect intersectiorof two solids 3.7 *kk
| ength arraylength 2.6 *
| essi integer less-tharcomparison 2.4 *
| essf realless-tharcomparison 2.4 *
l'ight definesadirectionallight source 3.5 *
nmodi integerremainder 2.4 *
mul i integer multiplication 2.4 *
mul f realmultiplication 2.4 *
negi integer negation 2.4 *
negf realnegation 2.4 *
pl ane the X Z-plane 3.2 *
poi nt createapointvalue 2.5 *
poi ntlight definesapoint-lightsource 3.5 *x
r eal corvertanintegerto arealnumber 2.4 *
render renderascendo afile 3.8 *
r ot at ex rotationaroundthe X -axis 3.3 *
rotatey rotationaroundthe Y -axis 3.3 *
rotatez rotationaroundthe Z-axis 3.3 *
scal e scalingtransform 3.3 *
sin sinefunction 2.4 *
sphere aunit sphere 3.2 *
spot | i ght definesa spotlightsource 35 rxk
sqrt squareroot 2.4 *
subi integer subtraction 2.4 *
subf realsubtraction 2.4 *
transl ate  translationtransform 3.3 *
uni on unionof two solids 3.7 *
uscal e uniform scalingtransform 3.3 *
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Change history

1.18
117
1.16
1.15

114
1.13

A bunchof HTML renderingworkarounds.
Descriptionof how surfacefunctionsareappliedwasmissingthe faceargument.
Correctedsloppy languageaboutillumination vectors.

Clarified who renderingdepthlimit works; correctedtext aboutlight attenuation;andfixed
texture equationdor coneandcylinder endcaps.

Gottheattenuatiorequationfix into thedocumenthistime.

Clarified definition of nodi ; fixedtypo in descriptionof initial ray direction; clarified types
of light operatorsicorrectectypo in attenuatiorequation(shouldbe d?, not d3); andadded
noteaboutconversionto RGB format.

1.12 Addednoteaboutnumbersizesandfixedtexture coordinate®f planes.

111

1.10

Many fixes: addedspecificatiorof ther ender operatiors types;fixedtypo in definition of
dot product;addedclarificationaboutillumination equationandvectormultiplication; fixed
typoin equationfor squareof half-chorddistance andfixedtexture coordinateequationgor
spheresindcones.

Clarifieddefinitionof f r ac operator

1.9 Addednoteaboutrebindingt r ue andf al se.

1.8 Addeddiscussioraboutapplyingr ender in asurfacefunction.

1.7 Fixedi nc example.

1.6 Fixedswap example.

1.5 Fixedtypoin di vi /di vf descriptionaddedext to clarify syntax.

1.4 Fixedmistale in factorialexample.

1.3 Addedversionnumberandchangehistory

1.2 Fixedrule crossreferencesn HTML version.

1.1 Fixedbugin example;sub shouldhave beenget .

1.0 Firstrelease.
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