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1 The problem

This year’s ICFP programmingchallengeis to implementa ray tracer. The input to the ray tracer
is a scenedescriptionwritten in a simplefunctional language,calledGML. Executionof a GML
programproduceszero,or more, image files, which are in PPM format. A web pageof sample
images,alongwith the GML inputs that wereusedto producethem, is linked off of the contest
homepage.Thefeaturesetof GML is organizedinto threetiers. Submissionsmustimplementthe
first tier of featuresandextracreditwill begivento submissionsthatimplementthesecondor third
tiers. Submissionswill beevaluatedon threescales:correctnessof theproducedimages,run-time
performance,andthetier of implementedGML features.

GML hasprimitivesfor definingsimplegeometricobjects(e.g., planes,spheres,andcubes)and
lighting sources.Thesurfacepropertiesusedto rendertheobjectsarespecifiedasfunctionsin GML
itself. In additionto supportingscenedescription,GML alsohasarender operatorthatrendersa
sceneto animagefile. For eachpixel in theoutputimage,therender commandmustcomputea
color. Conceptually, this color is computedby tracingthepathof thelight backwardsfrom theeye
of theviewer, to whereit bouncedoff anobject,andultimatelybackto thelight sources.

Thisdocumentis organizedasfollows. Section2 describesthesyntaxandgeneralsemanticsof
themodelinglanguage.It is followedby Section3, which describesthoseaspectsof the language
that are specificto ray tracing. Section4 specifiesthe submissionrequirementsand Section5
provideshintsaboutalgorithmsandpointersto onlineresourcesto getyou started.TheAppendix
givesasummaryof theoperatorsin themodelinglanguage.

This documentis a bit on the long sidebecausewe have tried to make it completeandself-
contained.(In fact,theLATEX sourcefor thisdocumentis longerthanoursampleimplementation!)�

This documentis availablein HTML formatathttp://www.cs.cornell.edu/icfp/task.htm.
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Figure1: GML grammar

2 The modeling language

The input to the ray traceris a scenedescription(or model) written in a functionalmodelinglan-
guagecalledGML. The languagehasa syntaxandexecutionmodel that is similar to PostScript
(andForth),but GML is lexically scopedanddoesnothave sideeffects.

2.1 Syntax

A GML programis written usinga subsetof the printableASCII characterset(including space),
plustab,return,linefeedandverticaltabcharacters.Thespace,tab,return,linefeedandverticaltab
charactersarecalledwhitespace.

Thecharacters%, [ , ] ,
�
, 	 arespecialcharacters.

Any occurrenceof the character“%” not insidea string literal (seebelow) startsa comment,
which runsto theendof thecurrentline. Commentsaretreatedaswhitespacewhentokenizingthe
input file.

The syntaxof GML is given in Figure1 (an opt superscriptmeansan optional item anda *
superscriptmeansa sequenceof zeroor more items). A GML programis a token list, which is
a sequenceof zero or more token groups. A token group is either a single token, a function (a
token list enclosedin ‘

�
’ ‘ 	 ’), or an array (a token list enclosedin ‘ [ ’ ‘ ] ’). Tokensdo not have

to be separatedby white spacewhenit is unambiguous.Whitespaceis not allowed in numbers,
identifiers,or binders.

Identifiersmuststartwith anletterandcancontainletters,digits,dashes(‘ - ’), andunderscores
(‘_’). A subsetof theidentifiersareusedaspredefinedoperators, whichmaynotberebound.A list
of theoperatorscanbefoundin theappendix.A binderis anidentifierprefixedwith a ‘ / ’ character.
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Booleansareeitherthe literal true or the literal false . Like operators,true and false
maynotberebound.

Numbersareeitherintegersor reals.Thesyntaxof numbersis givenby thefollowing grammar:

Number�����
Integer�
Real

Integer�����
- opt DecimalNumber

Real�����
- opt DecimalNumber. DecimalNumberExponentopt�
- opt DecimalNumberExponent

Exponent�����
e - opt DecimalNumber�
E - opt DecimalNumber

wherea DecimalNumberis a sequenceof oneor moredecimaldigits. Integersshouldhave at least
24-bitsof precisionandrealsshouldberepresentedby double-precisionIEEEfloating-pointvalues.

Stringsarewrittenenclosedin doublequotes(‘" ’) andmaycontainany printablecharacterother
thanthedoublequote(but includingthespacecharacter).Therearenoescapesequences.

2.2 Evaluation

We definethe evaluationsemanticsof a GML programusingan abstractmachine. The stateof
themachineis a triple 
���
���
���� , where � is anenvironmentmappingidentifiersto values,� is a
stackof values,and � is asequenceof tokengroups.More formally, weusethefollowing semantic
definitions: ��� � ���� � � � �"!$#%� &(')! �

Boolean* � ��� *,+ !-� & */. �1032(�)45 � #%� &(')! � � � �1!$#%� &6')! *87 &(9:�"' 0 ! *,; 0"0 �=< *?> 9 26�@� */ACBED !-F � *,G 2�4:H��I ��J=��K � 7 &�9:�"' 0 ! �ML ��N,O 7 9QPR!S J=T 5-UWV$V$VX5ZY:[ � ; 0"0 �-< � #%� &('R! �� � L ��N � � P fin\ #%� &(')!�]J1^ � . � � F"_ � #%� &('R! �� � 7 9QPR! � TokenList

Evaluationfrom onestateto anotheris written as 
���
���
���� �a` 
��abc
��db�
a�$b(� . We define
�X` �

to
bethetransitive closureof

�X`
. Figure2 givestheGML evaluationrules. In theserules,we write

stackswith thetop to theright (e.g.; �fe is a stackwith e asits top element)andtokensequences
arewritten with thefirst tokenon theleft. We use g to signify theemptystackandtheemptycode
sequence.
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��%
h��
 � ��� �a` 
��%
�� � 
���� (1)


��%
�� 5 
hikjl�m� �X` 
���n � j,o\ 5 	:
R�]
d��� (2)


��%
h��
hjp��� �X` 
��%
R�l� I jqKZ
d�m� (3)


��%
R�]
 � � b 	r�m� �X` 
��%
h� I ��J=� b KZ
d��� (4)


�� b 
h��
d� b � �X` � 
�� b b 
R^%
�gk�
���
�� I � b J=� b KZ
 apply ��� �X` 
���
R^%
a�m� (5)


���
Rg:
d� b � �a` � 
�� b 
 5-UsV$V$VX5ZY 
�gk�
��%
��]
dT�� b [ �m� �X` 
��%
h�,T 5=UtV$V$Va53Y@[ 
a��� (6)


�� U 
R�]
d� U � �X` � 
�� bub 
)^�
�gm�
��%
h�wv�xmydz I � U J=� U K I �a{kJ=�3{=KZ
 if ��� �X` 
��%
R^%
a�m� (7)


��a{k
R�]
d�"{=� �X` � 
�� bub 
)^�
�gm�
��%
R�l|~}����-z I � U J=� U K I �a{kJ=�3{=KZ
 if ��� �a` 
��%
)^%
���� (8)

� OPERATOR � b
��%
)^p��
 OPERATOR ��� �X` 
��%
)^w� b 
d��� (9)

Figure2: Evaluationrulesfor GML
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Rule1 describestheevaluationof a literal token,which is pushedon thestack. Thenext two
rulesdescribethe semanticsof variablebinding andreference.Rules4 and5 describefunction-
closurecreationandtheapply operator. Rule6 describestheevaluationof an arrayexpression;
notethatbodyof thearrayexpressionis evaluatedonaninitially emptystack.Thesemanticsof the
if operatoraregivenby Rules7 and8. Thelastevaluationrule(Rule9) describeshow anoperator
(otherthanoneof thecontroloperators)is evaluated.Wewrite� OPERATOR � b
to meanthat theoperatorOPERATOR transformsthestack � to thestack � b . This notationis used
below to specifytheGML operators.

Wewrite
L N � & I �:J 5-U J V$V$V J 5ZY K � I 5 bU J V$V$V J 5 bY K for whenaprogram� yields

I 5 bU J V$V$V J 5 bY K when
appliedto thevalues5-U J V$V$V J 53Y ; i.e., when 
 � 	:
 5-Ut�$�$�X53Y 
d��� �a` � 
��%
 5 bU �$�$� J 5 bY 
�gm� .

Thereis no direct supportfor recursionin GML, but onecanprogramrecursive functionsby
explicitly passingthefunctionasanextraargumentto itself (seeSection2.7for anexample).

2.3 Control operators

GML containstwo control operatorsthatcanbeusedto implementcontrolstructures.Theseoper-
atorsareformally definedin Figure2, but we provide aninformal descriptionhere.

Theapply operatortakesa function closure,
I ��J=��K , off the stackandevaluates� usingthe

environment � andthe currentstack. Whenevaluationof � is complete(i.e., thereareno more
instructionsleft), thepreviousenvironmentis restoredandexecutioncontinueswith theinstruction
aftertheapply. Argumentandresultpassingis donevia thestack.For example:

1 { /x x x } apply addi

will evaluateto � . Notethatfunctionsbindtheirvariablesaccordingto theenvironmentwherethey
aredefined;notwherethey areapplied.For examplethefollowing codeevaluatesto � :

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

Theif operatortakestwo closuresanda booleanoff thestackandevaluatesthefirst closureif
thebooleanis true, andthesecondif thebooleanis false. For example,

b { 1 } { 2 } if

will resultin � on thetopof thestackif � is true, and � if it is false

2.4 Numbers

GML supportsboth integer and real numbers(which are representedby IEEE double-precision
floating-pointnumbers).Many of thenumericoperatorshave bothintegerandrealversions,sowe
combinetheirdescriptionsin thefollowing:
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� U � { addi i addf �X�
computesthesum � � of thenumbers��U and � { .� U acos � {
computesthearccosine� { in degreesof � U . Theresultis undefinedif � U���� � or � ��� U .� U asin � {
computesthearcsine � { in degreesof � U . Theresultis undefinedif �:U���� � or � ��� U .� U clampf � {
computes� { � ��u��� V � �:U�� � V �� V � � U�� � V ��:U 9 �"H ! 0"��2 �1! V

� U cos � {
computesthecosine� { of � U in degrees.��U�� { divi i divf � �
computesthe quotient �X� of dividing the number � U by � { . Thedivi operatorroundsits
resulttowards � . For thedivi operator, if � { is zero,thentheprogramhalts.For divf, the
effect of division by zerois undefined.��U�� { eqi i eqf �
comparesthe numbers��U and � { andpushestrue if ��U is equalto � { ; otherwisefalse is
pushed.� floor

�
convertsthereal � to thegreatestinteger

�
thatis lessthanor equalto � .� U frac � {

computesthefractionalpart � { of therealnumber� U . Theresult � { will alwayshave thesame
signastheargument� U .��U�� { lessi i lessf �
comparesthe numbers��U and � { andpushestrue if ��U is lessthan � { ; otherwisefalse is
pushed.� U � { modi

� �
computestheremainder

� � of dividing

� U by

� { . Thefollowing relationholdsbetweendivi
andmodi: � � I � � divi � �:KX� I � � mod � �:K � � ���U�� { muli i mulf � �
computestheproduct� � of thenumbers��U and � { .��U negi i negf � {
computesthenegation � { of thenumber� U .
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�
real �

convertstheinteger

�
to its realrepresentation� .� U sin � {

computesthesine � { of � U in degrees.� U sqrt � {
computesthesquareroot � { of � U . If � U is negative, thentheinterpretershouldhalt.��U�� { subi i subf � �
computesthedifference� � of subtractingthenumber� { from ��U .

2.5 Points

A point is comprisedof threereal numbers.Pointsareusedto representpositions,vectors,and
colors (in the latter case,the rangeof the componentsis restrictedto T � V � J-� V � [ ). Thereare four
operationson points:� getx e

getsthefirst componente of thepoint � .� gety �
getsthesecondcomponent� of thepoint � .� getz �
getsthethird component� of thepoint � .e��l� point �
createsapoint � from therealse , � , and � .

2.6 Arrays

Therearetwo operationson arrays:Sk ¡  �
get ¢k£

getsthe

�
th elementof the array Sk Z  . Array indexing is zerobasedin GML. If

�
is out of

bounds,theGML interpretershouldterminate.Sk ¡  length �
getsthenumberof elementsin thearray S  Z  .

Theelementsof anarraydonothave to have thesametypeandarrayscanbeusedto constructdata
structures.For example,we canimplementlists usingtwo-elementarraysfor conscells andthe
zero-lengtharrayfor nil.

[] /nil
{ /cdr /car [ car cdr ] } /cons
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Wecanalsowrite a functionthat“patternmatches” on theheadof a list.

{ /if-cons /if-nil /lst
lst length 0 eqi
if-nil
{ lst 0 get lst 1 get if-cons apply }
if

}

2.7 Examples

Somesimplefunctiondefinitionswritten in GML:

{ } /id % the identity function
{ 1 addi } /inc % the increment function
{ /x /y x y } /swap % swap the top two stack locations
{ /x x x } /dup % duplicate the top of the stack
{ dup apply muli } /sq % the squaring function
{ /a /b a { true } { b } if } /or % logical-or function
{ /p % negate a point value

p getx negf
p gety negf
p getz negf point

} /negp

A moresubstantialexampleis theGML versionof therecursive factorialfunction:

{ /self /n
n 2 lessi
{ 1 }
{ n 1 subi self self apply n muli }
if

} /fact

Notice that this function follows the conventionof passingitself asthe top-mostargumenton the
stack.Wecancomputethefactorialof 12 with theexpression

12 fact fact apply

3 Ray tracing

In this section,wedescribehow theGML interpretersupportsray tracing.

3.1 Coordinate systems

GML modelsaredefinedin termsof two coordinatesystems:world coordinatesandobjectcoordi-
nates. World coordinatesareusedto specifythepositionof lightswhile objectcoordinatesareused
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to specifyprimitive objects.Therearesix transformationoperators(describedin Section3.3) that
areusedto mapobjectspaceto world space.

Theworld-coordinatesystemis left-handed. The ¤ -axisgoesto theright, the ¥ -axisgoesup,
andthe ¦ -axisgoesaway from theviewer.

3.2 Geometric primitives

Therearefive operationsin GML for constructingprimitive solids:sphere, cube, cylinder,
cone, andplane. Eachof theseoperationstakesa singlefunctionasanargument,whichdefines
theprimitive’s surfaceproperties(seeSection3.6).§Z¨E �©ªS �Z« sphere ¬@­�®

createsa sphereof radius � centeredat the origin with surfacepropertiesspecifiedby the
function §Z¨E c©$S �¡« . Formally, thesphereis definedby e { �f� { �¯� {±° � .§Z¨E �©ªS �Z« cube ¬@­�®
createsaunit cubewith oppositecorners

I � J � J � K and
I �kJ-�kJ-�=K . Thefunction §Z¨E c©$S �¡« specifies

thecube’s surfaceproperties.Formally, thecubeis definedby � ° e ° � , � ° � ° � , and� ° � ° � . CubesareaTier-2 feature.§Z¨E �©ªS �Z« cylinder ¬@­�®
createsa cylinder of radius � andheight � with surfacepropertiesspecifiedby the function§¡¨E c©$S �Z« . The baseof the cylinder is centeredat

I � J � J � K andthe top is centeredat
I � J-�kJ � K

(i.e., theaxisof thecylinder is the ¥ -axis).Formally, thecylinder is definedby e { ��� {t° �
and � ° � ° � . CylindersareaTier-2 feature.§Z¨E �©ªS �Z« cone ¬@­�®
createsaconewith baseradius � andheight � with surfacepropertiesspecifiedby thefunction§¡¨E c©$S �Z« . Theapex of theconeis at

I � J � J � K andthebaseof theconeis centeredat
I � J-�kJ � K .

Formally, theconeis definedby e { �²� { � � { ° � and � ° � ° � . ConesareaTier-2 feature.§Z¨E �©ªS �Z« plane ¬@­�®
createsaplaneobjectwith theequation� � � with surfacepropertiesspecifiedby thefunction§¡¨E c©$S �Z« . Formally, theplaneis thehalf-space� ° � .

3.3 Transformations

Fixedsizeobjectsat theorigin arenotvery interesting,soGML providestransformationoperations
to placeobjectsin world space.Eachtransformationoperatortakesanobjectandoneor morereals
asargumentsandreturnsthetransformedobject.Theoperationsare:¬@­³® � ´¶µC� ´¸·¹� ´¶º translate ¬@­�® b

translates¬@­�® by thevector
I � ´¶µ J � ´¸· J �:´»º K . I.e., if ¬@­�® is atposition

I ��¼ J ��½ J �h¾ K , then ¬�­�®:b is at
position

I � ¼ � � ´¶µ J � ½ � � ´¸· J � ¾ � � ´¶º K .
9



¬@­³® � ¿ µ � ¿ · � ¿ º scale ¬@­³® b
scales¬�­�® by � ¿ µ in the ¤ -dimension,� ¿ · in the ¥ -dimension,and � ¿ º in the ¦ dimension.¬@­³® ��À uscale ¬@­³® b
uniformly scales¬@­�® by � À in eachdimension.Thisoperationis calledIsotropic scaling.¬@­³®wÁ rotatex ¬@­�® b
rotates ¬@­³® aroundthe ¤ -axis by Á degrees. Rotationis measuredcounterclockwisewhen
looking alongthe ¤ -axisfrom theorigin towards �sÂ .¬@­³®wÁ rotatey ¬@­�® b
rotates ¬@­³® aroundthe ¥ -axis by Á degrees. Rotationis measuredcounterclockwisewhen
looking alongthe ¥ -axisfrom theorigin towards �sÂ .¬@­³®wÁ rotatez ¬@­�® b
rotates ¬@­³® aroundthe ¦ -axis by Á degrees. Rotationis measuredcounterclockwisewhen
looking alongthe ¦ -axisfrom theorigin towards �sÂ .

For example,if we want to put a sphereof radius � V � at
I³Ã V � J Ã V � J Ã V � K , we canusethe following

GML code:

{ ... } sphere
2.0 uscale
5.0 5.0 5.0 translate

The first line createsthe sphere(asdescribedin Section3.2, thesphere operatortakesa single
functionargument). The secondline uniformly scalesthesphereby a factorof � V � , andthe third
line translatesthesphereto

I³Ã V � J Ã V � J Ã V � K .
Thesetransformationsareall affinetransformationsandthey havethepropertyof preservingthe

straightnessof linesandparallelismbetweenlines,but they canalterthedistancebetweenpointsand
theanglebetweenlines. Usinghomogeneouscoordinates, thesetransformationscanbeexpressed
asmultiplicationby a Ä O Ä matrix. Figure3 describesthematricesthat correspondto eachof the
transformationoperators.For example,translatingthepoint

I � V¶Å J3� V � J � Ã V � K by
I � � V¶Å J � � V � J ÅQV � K

is expressedasthefollowing multiplication:ÆÇÇÈ � V � � V � � V � � � V¶Å� V � � V � � V � � � V �� V � � V � � V � ÅQV �� V � � V � � V � � V �
ÉËÊÊÌ

ÆÇÇÈ � V¶Å� V �� Ã V �� V �
ÉËÊÊÌ � ÆÇÇÈ � V �� V �� V �� V �

ÉËÊÊÌ
Observe that pointshave a fourth coordinateof � , whereasvectorshave a fourth coordinateof � .
Thus,translationhasnoeffect onvectors.

3.4 Illumination model

Whenthe ray that shootsfrom the eye position througha pixel hits a surface,we needto apply
theilluminationequationto determinewhatcolor thepixel shouldhave. Figure4 shows asituation
wherearayfrom theviewerhashit asurface.Theilluminationatthispoint is givenby thefollowing
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ÆÇÇÈ � � � � ´¶µ� � � � ´¸·� � � � ´¶º� � � �
ÉËÊÊÌ

ÆÇÇÈ � ¿ µ � � �� � ¿ · � �� � � ¿ º �� � � �
ÉËÊÊÌ

ÆÇÇÈ � À � � �� �mÀ � �� � � À �� � � �
ÉËÊÊÌ

Translation Scalematrix IsotropicscalematrixÆÇÇÈ � � � �� Fª9:� I Á�K � � 2(� I Á�K �� � 2(� I Á�K Fª9:� I Á�K �� � � �
ÉËÊÊÌ

ÆÇÇÈ Fª9:� I Á�K � � 2(� I Á�K �� � � �� � 26� I ÁQK � Fª9:� I Á�K �� � � �
ÉËÊÊÌ

ÆÇÇÈ Fª9:� I Á�K � � 26� I ÁQK � �� 2(� I Á�K Fª9:� I Á�K � �� � � �� � � �
ÉËÊÊÌ

Rotation( ¤ -axis) Rotation( ¥ -axis) Rotation( ¦ -axis)

Figure3: Transformationmatrices

equation: Í �MÎ:Ï Í$Ð�Ñ � Î@Ï lsÒÓZÔ U I�Õ �-Ö Ó K Í Ó Ñ � Î À lsÒÓ¡Ô U I�Õ �-× Ó K Y Í Ó Ñ � Î À Í À Ñ (10)

where Ñ �
surfacecolorÍ$Ð �
intensityof ambientlightingÎ@Ï �
diffusereflectioncoefficientÕ �
unit surfacenormalÖ Ó �
unit vectorin directionof Ø th light sourceÍ Ó �
intensityof Ø th light sourceÎ À �
specularreflectioncoefficient× Ó �
unit vectorin thedirectionhalfway betweentheviewer and Ö Ó� �
PhongexponentÍ À �
intensityof light from direction Ù

Theview vector,
Õ

, and Ù all lie in thesameplane.Thevector Ù is calledthereflectionvectorand
formssameanglewith

Õ
asthevectorto theviewerdoes(thisangleis labeledÁ in Figure4). Light

intensityis representedaspoint in GML andmultiplicationof pointsis componentwise.Thevalues
of

Ñ
,
Î:Ï

,
Î À , and � arethe surfacepropertiesof the objectat the point of reflection. Section3.6

describesthemechanismfor specifyingthesevaluesfor anobject.

Computingthe contribution of lights (the
Í Ó part of the above equation)requirescastinga

shadowray from theintersectionpoint to thelight’s position.If theray hits anobjectthat is closer
thanthelight, thenthelight doesnot contribute to theilluminationof theintersectionpoint.

Ray tracing is a recursive process.Computingthe valueof
Í À requiresshootinga ray in the

directionof Ú andseeingwhat object (if any) it intersects.To avoid infinite recursion,we limit
the tracingto somedepth. The depthlimit is given asan argumentto therender operator(see
Section3.8).
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Figure4: A ray intersectingasurface

3.5 Lights

GML supportsthreetypesof light sources:directionallights, pointlightsandspotlights. Directional
lightsareassumedtobeinfinitely farawayandhaveonlyadirection.Pointlightshaveapositionand
an intensity(specifiedasa color triple), andthey emit light uniformly in all directions.Spotlights
emit aconeof light in a givendirection.Thelight coneis specifiedby threeparameters:thelight’s
direction, the light’s cutoff angle,andan attenuationexponent(seeFigure5). Unlike geometric
objects,lights aredefinedin termsof world coordinates.ßkà   �3¬ká�¬   light â

createsa directionallight sourceat infinity with direction
ßkà   andintensity �Z¬ká¸¬   . Both

ßkà  
and �Z¬ká¸¬   arespecifiedaspointvalues.ã ¬ § �3¬ká�¬   pointlight â
createsa point-light sourceat theworld coordinateposition ã ¬ § with intensity �3¬ká�¬   . Bothã ¬ § and �Z¬ká�¬   arespecifiedaspoint values.PointlightsareaTier-2 feature.ã ¬ §lS ä �3¬ká�¬   � ¨)ä ¬æåç«"j ã spotlight â
createsa spotlightsourceat theworld coordinateposition ã ¬ § pointing towardsthepositionS:ä . The light’s color is given by �3¬ á¸¬   . The spotlight’s cutoff angleis given in degreesby� ¨)ä ¬æå andtheattenuationexponentis givenby «3j ã (thesearerealnumbers).Theintensityof
thelight from aspotlightatapoint è is determinedby theanglebetweenthelight’s direction
vector(i.e., thevectorfrom ã ¬ § to S ä ) andthevectorfrom ã ¬ § to è . If theangleis greater
thanthecutoff angle,thenintensityis zero;otherwisetheintensityis givenby theequationÍ �êé S ä��ëã ¬ §� S ä��ëã ¬ § � � è �ëã ¬ §� è �ëã ¬ § ��ìsí µïî �3¬ká�¬   (11)

SpotlightsareaTier-3 feature.
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Thelight from point lightsandspotlightsis attenuatedby thedistancefrom thelight to thesurface.
Theattenuationequationis: Í ¿�ó¡ô�õ³ö"÷ í � � � � Íø ø �¯ù { (12)

where ù is the distancefrom the light to the surfaceand
Í

is the intensityof the light. Thusat a
distanceof

Ã
unitsthestrengthof thelight will beabout ú Ã:û andat � � units it will beabout

Ã � û .
Notethatthelight reflectedfrom surfaces(the

Î À Í À Ñ termin Equation10) is not attenuated;nor is
thelight from directionalsources.

3.6 Surface functions

GML usesprocedural texturing to describethesurfacepropertiesof objects.Thebasicideais that
the modelprovidesa function for eachobject,which mapspositionson the object to the surface
propertiesthatdeterminehow theobjectis illuminated(seeSection3.4).

A surfacefunctiontakesthreearguments:anintegerspecifyinganobject’s faceandtwo texture
coordinates.For all objects,exceptplanes,the texture coordinatesarerestrictedto the range� °ü J1¢ ° � . TheTable1 specifieshow thesecoordinatesmapto pointsin object-spacefor thevarious
builtin graphicalobjects.Notethat(asalwaysin GML), theargumentsto the � 2(� and Fª9:� functions
arein degrees.TheGML implementationis responsiblefor theinversemapping;i.e., givenapoint
on asolid,computethetexturecoordinates.

A surfacefunctionreturnsapointrepresentingthesurfacecolor(
Ñ

), andthreerealnumbers:the
diffusereflectioncoefficient (

Î:Ï
), the specularreflectioncoefficient (

Î À ), andthe Phongexponent
( � ). For example,thecodein Figure6 definesa cubewith a matte � O � blackandwhite checked
patternon eachface.
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Table1: Texturecoordinatesfor primitives

SPHEREI � J ü J1¢)K I"ý � � � {þ� 2(� I � Å � ü KZJ1�hJ ý � � � {þFª9:� I � Å � ü K1K , where� � �m¢ � �
CUBEI � J ü J1¢)K I ü J1¢�J � K frontI �kJ ü J1¢)K I ü J1¢�J-�=K backI �QJ ü J1¢)K I � J1¢�J ü K leftI �QJ ü J1¢)K I �kJ1¢�J ü K rightI Ä)J ü J1¢)K I ü J-�kJ1¢EK topI³Ã J ü J1¢)K I ü J � J1¢EK bottom

CYLINDERI � J ü J1¢)K I � 26� I � Å � ü KZJ1¢�J Fª9:� I � Å � ü K1K sideI �kJ ü J1¢)K I � üÿ� �kJ-�kJ3�m¢ � �=K topI �QJ ü J1¢)K I � üÿ� �kJ � J3�m¢ � �=K bottom

CONEI � J ü J1¢)K I ¢ � 2(� I � Å � ü KZJ1¢�J1¢ Fª9:� I � Å � ü K1K sideI �kJ ü J1¢)K I � üÿ� �kJ-�kJ3�m¢ � �=K base

PLANEI � J ü J1¢)K I ü J � J1¢EK
3.7 Constructive solid geometry

Solid objectsmaybecombinedusingbooleansetoperationsto form morecomplex solids. There
arethreecompositionoperations:¬@­³® U ¬@­�®�� union ¬@­�®��

formstheunion ¬@­³®�� of thetwo solids ¬@­�® U and ¬@­³® { .¬@­³® U ¬@­�®�� intersect ¬�­�®��
formsthe intersection¬�­�® � of thetwo solids ¬@­³® U and ¬�­�® { . Theintersect operatoris a
Tier-3 feature.¬@­³® U ¬@­�® � difference ¬�­�® �
formsthesolid ¬@­�® � that is thesolid ¬@­�® U minusthesolid ¬@­³® { . Thedifference operator
is aTier-3 feature.

We candeterminethe intersectionof a ray and a compoundsolid by recursively computing
the intersectionsof the ray and the solid’s pieces(both entriesand exits) and then merging the
informationaccordingto thebooleancompositionoperator. Figure7 illustratesthisprocessfor two
objects(this pictureis calledaRothdiagram).
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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 /u /face % bind parameters
{ % toIntCoord : float -> int
3.0 mulf floor /i % i = floor(3.0*r)
i 3 eqi { 2 } { i } if % make sure i is not 3

} /toIntCoord
texture u toIntCoord apply get % color = texture[u][v]
v toIntCoord apply get

1.0 % kd = 1.0
0.0 % ks = 0.0
1.0 % n = 1.0

} cube

Figure6: A checkedpatternon acube

Whenrenderinga compositeobject,thesurfacepropertiesaredeterminedby theprimitive that
definesthe surface. If the surfacesof two primitives coincide,then which primitive definesthe
surfacepropertiesis unspecified.

3.8 Rendering

Therender operatorcausesthesceneto berenderedto afile.S�� ­sá à���� ä�§ ¬@­�® ß « ãqä � © ¬ 5
	 à³ß�� ä
� á�« render —

Therenderoperatorrendersasceneto afile. It takeseightarguments:S�� ­ theintensityof ambientlight (apoint).á à���� ä�§ is anarrayof lights usedto illuminatethescene.¬@­³® is thesceneto render.ß « ãqä � is an integer limit on the recursive depthof the ray tracing owing to specularreflection.
I.e., when

ß « ãqä � � � , we do not recursively computethecontribution from thedirectionof
reflection( Ù in Figure4).© ¬ 5 is thehorizontalfield of view in degrees(a realnumber).

	 à³ß is thewidth of therenderedimagein pixels(aninteger).
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Figure7: Tracinga ray throughacompoundsolid

� ä is theheightof therenderedimagein pixels(aninteger).

� á(« is astringspecifyingoutputfile for therenderedimage.

The render operatoris the only GML operatorwith side effects (i.e., it modifiesthe host file
system).A GML programmaycontainmultiplerender operators(for animationeffects),but the
orderin whichtheoutputfilesaregeneratedis implementationdependent.Theresultsof evaluating
therender operatorduringtheevaluationof a surfacefunctionareundefined(i.e., your program
maychooseto exit with anerror, or executetheoperation,or do somethingelse).

Whenrenderingascene,theeyepositionis fixedat
I � J � J � �=K lookingdown the ¦ -axisandthe

imageplaneis the ¤ ¥ -plane(seeFigure8). Thehorizontalfield of view (© ¬ 5 ) determinesthewidth
of theimagein world space(i.e., it is � � � � I � V Ã © ¬ 5 K ), andtheheightis determinedfrom theaspect
ratio. If theupper-left cornerof theimageis at

I edJ1�hJ � K andthewidth of a pixel is � , thentheray
throughthe Ø th pixel in the

�
th row hasadirectionof

I el� I Ø±� � V Ã K��,J1� � I � � � V Ã K��,J-�=K .
Whenthe renderoperationdetectsthat a ray hasintersectedthe surfaceof an object, it must

computethetexturecoordinatesat thepoint of intersectionandapplythesurfacefunctionto them.
Let

I ©$S �Z«�J ü J1¢EK bethetexturecoordinatesand §Z¨E �© bethesurfacefunctionat thepoint of intersec-
tion, andlet L N � & I §Z¨E �© apply J ©ªS �Z«�J ü J1¢)K � I Ñ J Î@Ï J Î À J � K
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Figure8: View coordinatesystem

Thenthesurfacepropertiesfor theillumination equation(seeSection3.4)are
Ñ

,
Î@Ï

,
Î À , and � .

3.9 The output format

The output format is the Portable Pixmap(PPM) file format.1 The format consistsof a ASCII
headerfollowedby thepixel datain binaryform. Theformatof theheaderis

� Themagicnumber, whicharethetwo characters“P6.”

� A width, formattedasASCII charactersin decimal.

� A height,againin ASCII decimal.

� TheASCII text “255,” which is themaximumcolor-componentvalue.

Theseitemsareseparatedby whitespace(blanks,TABs, CRs,andLFs). After themaximumcolor
value,thereis asinglewhitespacecharacter(usuallyanewline), whichis followedby thepixel data.
Thepixel datais a sequenceof three-bytepixel values(red,green,blue) in row-majororder. Light
intensityvalues(representedasGML points)areconvertedto RGB formatby clampingtherange
andscaling.

In the header, charactersfrom a “#” to the next end-of-lineare ignored(comments). This
commentmechanismshouldbe usedto includethe group’s nameimmediatelyfollowing the line
with themagicnumber. For example,thesampleimplementationproducesthefollowing header:

1Thexv program,availableonmostUNIX systems,andtheIrfanView viewerfor MicrosoftWindows(availablefrom
http://www.irfanview.com/) bothunderstandthePPMformat.
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P6
# GML Sample Implementation
256 256
255

4 Requirements

Yourprogramshouldtake its input from standardinput (i.e., UNIX file descriptor0). Executionof
theinputspecificationwill resultin zeroor moreimagesbeingrenderedto files. If your implemen-
tationdetectsanerror, it shouldreturna non-zeroexit status;otherwiseit shouldreturna zeroexit
statusuponsuccessfultermination.Our testharnessreliesonthiserrorstatusbeingsetcorrectly, so
besureto getthemright!

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

Thesubmissionrequirementsaredescribedin detail at http://www.cs.cornell.edu/
icfp/submission.htm, but we summarizethem here. Your submissionshould include a
README file containinga brief descriptionof thesubmission,programminglanguage(s)used,and
anything elsethatyouwantto bring to theattentionof thejudges.

Submissionswill beevaluatedon their correctness,speedof execution,andsetof implemented
GML features.For thelattermetric,wehavegroupedthefeaturesof GML into threetiersasfollows:

Tier 1 The first tier consistsof the operationsdescribedin Section2, plus planes,spheres,and
directional lights. All GML operatorsexceptcone, cube, cylinder, difference,
intersect, pointlight, andspotlight shouldbeimplemented.

Tier 2 This tier addsmoreprimitive solidsandadditionallighting to Tier 1. Theadditionalopera-
torsare:cone, cube, cylinder, andpointlight.

Tier 3 This tier addsconstructive solid geometryandadditionallighting to Tier 2. Theadditional
operatorsare:difference,intersect, andspotlight.

YourREADME file shouldspecifywhich tier yoursubmissionimplements.

Judgingof the contestentrieswill proceedin threephases.First, we will evaluateeachsub-
missionfor basiccorrectnessusingvery simpleTier-1 testcases.Programsthat fail to run, dump
core,etc.will bedisqualifiedat theendof this phase.Thesecondphaseteststhebasiccorrectness
of submissions(without regardsto performance).We will usea selectionof Tier-1 testcasesand
comparethe outputwith that generatedby our sampleimplementations.Submissionsthat devi-
atesignificantlyfrom the the referenceoutputswill bedisqualified.The third phasewill compare
the performanceandimplementedfeaturesof the submissions.Whencomparingsubmissions,a
programthat implementsTier-1 will have to be significantly fasterthana Tier-2 programto beat
it. Likewise, a Tier-2 programwill have to be significantly fasterthana Tier-3 programto beat
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it. Imagequality also matters;for example,a programthat hassurfaceacnewill be penalized.
Considerationwill begivenfor interestingsampleimages.

5 Hints

5.1 Basic facts

Thedotproductof two vectors¢ U � I e U J1� U J"� U K and ¢ { � I e { J1� { J"� { K is ¢ U � ¢ { � I e U e { �f� U � { �� U ��{-K . When ¢ U and ¢ { areunit vectors,then ¢ U¹� ¢k{ is thecosineof theangleformedby the two
vectors.More generally, ¢ U � ¢ { � � ¢ U ��� ¢ { � Fª9:� I Á�K , whereÁ is theanglebetweenthevectors.

5.2 Intersection testing

A plane � canbe definedby its unit normal � Y andthe distanceù from the planeto the origin.
Thehalf-spacethat � � I � Y J"ùQK definesarethosepoints è suchthat è � � Y ��ù ° � . Giventhis
definition,theintersectionof aray � I�� K � I ����� � � Ï K andaplane

I � Y J"ùEK is givenby theequation

����� ´ í ô³¿ í ÷ ´ � �!� � � I � Yw� �"���¯ùQK
� Yp� � Ï (13)

If � Y � � Ï?� � , thenthe ray is parallelto the plane(it might lie in the plane,but we canignore
thatcasefor our purposes).If

� � � ´ í ô³¿ í ÷ ´ � �#� � � , thentheline definedby theray intersectstheplane
behindtheray’sorigin; otherwisethepointof intersectionis � I������ ´ í ô³¿ í ÷ ´ � �!� K . Wecantell whichside
of theplane �"� lies by examiningthesignof � Yw� � Ï

; if it is positive, then �"� is in thehalf-space
definedby � .

Computingthe intersectionof a ray � I�� K � I � � � � � Ï K anda sphereÚ centeredat Ù%$ with
radius � is morecomplicated.Let â � ÷ bethelengthof thevectorfrom theray’s origin to thecenter
of the sphere;thenif â � ÷ � � , the ray originatesinsidethe sphere.We cancomputethe distance
alongthe ray from the ray’s origin to the closestapproachto the sphere’s centerby the equation� ÷�ö � I Ù $ � ���ªK � � Ï

(seeFigure9). If
� ÷�ö � � , thenthe ray is pointingaway from thesphere’s

center, which meansthatif theray’s origin is outsidethespherethenthereis no intersection.Once
we have computed

� ÷�ö , we cancomputethesquareof thedistancefrom theray to thecenterat the
point of closestapproachby the ù { � â { � ÷ � � { ÷�ö . Fromthis, we cancomputethesquareof thehalf
chorddistance

� { & ÷ � � { � ù { � � { � â { � ÷ � � { ÷�ö . As canbeseenin Figure9, if
� & ÷ � � , thenthe

ray doesnot intersectthe sphere,otherwisethe pointsof intersectionaregiven by � I�� ÷�ö n � & ÷ K
(assumingtheray originatesoutsidethesphere).

Theintersectionof a ray anda cubecanbedeterminedby usingthetechniquegivenfor planes
(testagainsttheplanescontainingthefacesof thecube).Intersectionsfor conesandcylinderscan
bedeterminedby pluggingtheray equation( � I�� K � �"�%� � � Ï

) into theequationsfor thesurface.
In bothcases(asfor spheres)thesolutionrequiresplugginvaluesinto thequadraticformula.

Oneapproachto raytracingwith amodelinglanguagethatsupportsaffinetransformations(such
asGML) is to transformtheraysinto objectspaceanddotheintersectionteststhere.Thisapproach
allows theintersectionteststo bespecializedto thestandardobjects,whichcangreatlysimplify the
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Figure9: Ray/sphereintersection

tests.Remember, however, thataffine transformationsdonotpreserve lengths— applyinganaffine
transformationto a unit vectorwill not yield aunit vectorin general.

5.3 Surface acne

Oneproblemthatyouarelikely to encounteris calledsurfaceacneandresultsfrom precisionerrors.
The problemarisesfrom whenthe origin of a shadow ray is on the wrong sideof its originating
surface,andthus intersetsthe surface. The visual result is usuallya black dot at that pixel. The
sampleimagesincludeanexamplethatillustratesthisproblem.Onesolutionis to offsettheshadow
ray’s origin by a small amountin the ray’s direction. Anothersolutionis not to testintersection’s
againsttheoriginatingsurface.

5.4 Optimizations

Thereareopportunitiesfor performanceimprovementsbothin thetheimplementationof theGML
interpreterandin theray tracingengine.

While the time spentto computetheobjectsin a sceneis typically smallcomparedto the ren-
deringtime, theGML functionsthatdefinethesurfacepropertiesgetevaluatedfor every ray inter-
section. You may find it usefulto analysesurfacefunctionsfor the commoncasewherethey are
constant.

The resourceslisted below includeinformationon techniquesfor improving the efficiency of
ray tracing.Mostof thesetechniquesfocusonreducingthecostor numberof ray/solidintersection
tests.For example,if you precomputea boundingvolumefor a complex object,thena quick test
againstthe boundingvolumemay allow you to avoid a moreexpensive testagainstthe object. If
your implementationsupportstheTier-3 CSGoperators,thenyou probablywantto have a version
of your intersectiontestingcodethatis specializedfor shadow rays.
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5.5 Resources

Hereareafew pointersto on-linesourcesof informationaboutgraphicalalgorithmsandraytracing.

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

http://www.cs.b el l- lab s. co m/˜jh r/ ic fp /e xampl es .h tml
is apageof exampleGML specificationswith theexpectedimages.

http://www.cs.b el l- lab s. co m/˜jh r/ ic fp /o per at or s. tx t
is a text file thatlists all of theGML operators.

http://www.real ti mere nde ri ng.c om/in t/
is the3D ObjectIntersectionpagewith pointersto papersandcodedescribingvariousinter-
sectionalgorithms.

http://www.acm. or g/ to g/r es ourc es /RT News/h tml/
is the homepageof the Ray Tracing News, which is an online journal about ray tracing
techniques.

http://www.cs.u ta h. edu/˜ bes/ papers/ fa st RT/
is apaperby Brian Smitsonefficiency issuesin implementingray tracers.

http://www.acm. or g/ pubs/ to g/ Graphic sGems/
is thesource-coderepositoryfor theGraphicsGemsseries.

http://www.exaf lo p. or g/d oc s/ cg af aq/
is theFAQ for thecomp.graphics.algorithms news group.

http://www.magi c- sof tw ar e. co m
hassourcecodefor variousgraphicalalgorithms.

Operator summary

The following is an alphabeticallisting of the GML operatorswith brief descriptions.The third
columnlists thesectionwheretheoperatoris definedandthefourthcolumnspecifieswhich imple-
mentationtier theoperatorbelongsto.

Name Description Section Tier
acos arccosinefunction 2.4 *
addi integeraddition 2.4 *
addf realaddition 2.4 *
apply functionapplicationoperator 2.3 *
asin arcsinefunction 2.4 *
clampf clamptherangeof a realnumber 2.4 *
cone aunit cone 3.2 **
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Name Description Section Tier
cos cosinefunction 2.4 *
cube aunit cube 3.2 **
cylinder aunit cylinder 3.2 **
difference differenceof two solids 3.7 ***
divi integerdivision 2.4 *
divf realdivision 2.4 *
eqi integerequalitycomparison 2.4 *
eqf realequalitycomparison 2.4 *
floor realto integerconversion 2.4 *
frac fractionalpartof realnumber 2.4 *
get getanarrayelement 2.6 *
getx get e componentof point 2.5 *
gety get � componentof point 2.5 *
getz get � componentof point 2.5 *
if conditionalcontroloperator 2.3 *
intersect intersectionof two solids 3.7 ***
length arraylength 2.6 *
lessi integerless-thancomparison 2.4 *
lessf realless-thancomparison 2.4 *
light definesadirectionallight source 3.5 *
modi integerremainder 2.4 *
muli integermultiplication 2.4 *
mulf realmultiplication 2.4 *
negi integernegation 2.4 *
negf realnegation 2.4 *
plane the ¤ë¦ -plane 3.2 *
point createapointvalue 2.5 *
pointlight definesapoint-light source 3.5 **
real convert anintegerto a realnumber 2.4 *
render renderasceneto afile 3.8 *
rotatex rotationaroundthe ¤ -axis 3.3 *
rotatey rotationaroundthe ¥ -axis 3.3 *
rotatez rotationaroundthe ¦ -axis 3.3 *
scale scalingtransform 3.3 *
sin sinefunction 2.4 *
sphere aunit sphere 3.2 *
spotlight definesaspotlightsource 3.5 ***
sqrt squareroot 2.4 *
subi integersubtraction 2.4 *
subf realsubtraction 2.4 *
translate translationtransform 3.3 *
union unionof two solids 3.7 *
uscale uniform scalingtransform 3.3 *
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Change history

1.18 A bunchof HTML renderingworkarounds.

1.17 Descriptionof how surfacefunctionsareappliedwasmissingthefaceargument.

1.16 Correctedsloppy languageaboutilluminationvectors.

1.15 Clarified who renderingdepthlimit works; correctedtext aboutlight attenuation;andfixed
textureequationsfor coneandcylinder endcaps.

1.14 Got theattenuationequationfix into thedocumentthis time.

1.13 Clarifieddefinitionof modi; fixedtypo in descriptionof initial ray direction;clarifiedtypes
of light operators;correctedtypo in attenuationequation(shouldbe ù { , not ù � ); andadded
noteaboutconversionto RGB format.

1.12 Addednoteaboutnumbersizesandfixedtexturecoordinatesof planes.

1.11 Many fixes: addedspecificationof therender operation’s types;fixedtypo in definitionof
dot product;addedclarificationaboutillumination equationandvectormultiplication; fixed
typo in equationfor squareof half-chorddistance;andfixedtexturecoordinateequationsfor
spheresandcones.

1.10 Clarifieddefinitionof frac operator.

1.9 Addednoteaboutrebindingtrue andfalse.

1.8 Addeddiscussionaboutapplyingrender in asurfacefunction.

1.7 Fixedinc example.

1.6 Fixedswap example.

1.5 Fixedtypo in divi/divf description;addedtext to clarify syntax.

1.4 Fixedmistake in factorialexample.

1.3 Addedversionnumberandchangehistory.

1.2 Fixedrulecrossreferencesin HTML version.

1.1 Fixedbug in example;sub shouldhave beenget.

1.0 First release.
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