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1 Intr oduction

ToXgeneis a template-basedgeneratorfor large collectionsof syntheticXML documents,underdevel-
opmentat the University of Torontoaspart of the ToX (TorontoXML Engine)project. This document
describesthebasicfunctioningof our tool andtheToXgeneTemplateSpeci�cationLanguage(TSL).

TSL templatesareessentiallyXML Schema[1] speci�cationsannotatedwith speci�cationsof proba-
bility distributionsandCDATAcontentdescriptors,usedfor generatingbothattributesandelements.Like
XML Schemaspeci�cations,TSL templatesareXML documents.For increasedreadability, wepresentthe
XML Schemanotationof TSL in our examplesusingtypewriter face . TSL-speci�c annotationsare
attributesor elementsaddedto aschemadocument;in eithercase,annotationsarepre�xedby thestringtox-
andpresentedusinga diff erent font .

1.1 De�nitions

Def. 1 - Type: A typeisadatatype,asde�nedin [1]: atypeis oneof asimpleType or acomplexType .

Def. 2 - Instance: An instanceof a type
�

is someXML contentthat conformsto
�

. Instancesof a
simpleType arecharacterdata(CDATA) literals, while instancesof a complexType areeitherXML
elements,CDATAliterals,or a mix of both.

Def. 3 - Gene: A geneis thespeci�cationof someXML contentthatconformsto a type.

1.2 Anatomy of a template

A TSL templateis anXML documentwhoseroot is a tox-template element,asspeci�edby thefollowing
DTD:

<!ELEMENT tox-template (tox-distribution|simpleType|complexType |tox-l ist|
tox-document)*>

Thesearethemainmaindeclarationsin a template.Wecover eachof themthroughoutthisdocument.

� tox-distrib ution : de�nes a randomnumbergeneratoraccordingto the given distribution (seeSec-
tion 2).

1



� simpleType : de�nes a genefor literals (i.e., CDATAvalues)conformingto the speci�ed simple
type(asspeci�edin [1]).

� complexType : de�nesa genefor documentfragmentsthatconformto thespeci�edcomplex type
(asspeci�edin [1]).

� tox-list : de�nes a main memoryrepositoryfor valuesthat canbe sharedduring the creationof the
actualXML documents(seeSection8).

� tox-document : de�nesthegenerationof oneormoreXML documentsof agiventype(seeSection6).

1.3 Installation instructions
� Platform requirements:ToXgeneshouldrunonall Javaplatforms.It hasbeendevelopedandtested

underLinux andSolaris,usingthefollowing:

– JREcompatiblewith JDK 1.4.1;

– Xerces1.4.4;

– PoBoy 1.1(persistentobjectmanager).

� Installation instructions:

1. Downloadandunzipthe�le

2. Setthefollowing environmentvariables:

– TOXGENEHOMEshouldpoint to the full path of the directory whereyou unzippedthe
package.

– XERCESHOMEshouldpoint to thefull pathof thedirectorywhereyou copiedtheXerces
jar�le.

3. Add $(TOXGENEHOME)/bin to your PATHvariable.

4. To test your installation,executethe script toxgene. You shouldget the responseshown in
Figure1.

1.4 ExecutingToXgene

Templatesare processedin two steps: validationand generation.The validationprocessstartswith the
parsingof the templatedocument,which is doneby the XercesXML parserusing the ToXgeneDTD.
Syntacticalandsomesemanticerrorsarecaughtat thistimeandreportedby theXercesparserautomatically.
The next stepin the validationdetectsothersemanticerrors,suchasreferencesto non-existentdatatypes
or pathexpressionsin lists (seeSection8). After the validationstepsaredone,ToXgenemovesto data
generationmode,whentheactualprocessingof thetemplateoccurs.

ToXgenetakesseveralcommandoptionsthatspecifyhow it behaves. Invoking ToXgenewithout argu-
mentsgivesa list of valid options(seeFigure1), mostof which areself describing.We next discusssome
of theseoptions:

� -v : whenexecutedin verbosemode,ToXgeneoutputsseveral messagesas the templateis being
parsed.This modeis helpful for developinganddebuggingtemplates.
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ToXgene 2.1 - (c) 2001 by University of Toronto and IBM Corporation

Usage: ToXgene <options> <template file>
where possible options include (<default value>):
-c Check template only; do not generate files <false>
-h Print this message
-v Verbose mode <false>
-w Omit warning messages <false>
-n Add a new line after each element close tag <false>
-t Show elapsed time <false>
-s v Use "v" as initial random seed
-o [p[f][[s]]] Use a persistent object manager <false>:

p is the path where to store temporary files
f is the fraction of the memory used for buffering
s is the size (in kilobytes) of the memory buffers
the default values are: p=".", f=0.5 and s=8KB

Figure1: ToXgeneoutputlisting invocationinstructions.

� -n : this optionmakesToXgenebreaklinesaftereachelementclosingtag in theoutputdocuments.
This optionsmakesToXgene's outputmorehumanreadableandthus,alsohelpsin debugging the
templates.

� -s � : uses� asmasterrandomseed.This optionis usefulif onewantsto repeata workloadfrom a
giventemplate.

� -o [ � [ � [ � ]]] : this option tells ToXgeneto usea persistentobjectmanager(POM) to storethe
intermediatecontentwhenprocessingthetemplates.ThispermitsToXgeneto generateXML datathat
is largerthanthememoryof themachinebeingused(asis thetypical situationin mostbenchmarks).
For details,referto Section11.

2 Specifyingvaluedistrib utions

Valuedistributionsaredeclaredby tox-distrib ution elements.Userde�ned multinomial distributionsare
speci�edwith theaidof enumeration subelementsasshown below:

<!ELEMENT tox-distribution (enumeration*)>
<!ATTLIST tox-distribution

name ID #REQUIRED
type (constant | exponential | geometric | lognormal

normal | uniform | user-defined) 'uniform'
minInclusive CDATA #REQUIRED
maxInclusive CDATA #REQUIRED
mean CDATA #IMPLIED
variance CDATA #IMPLIED>

<!ELEMENT enumeration EMPTY>
<!ATTLIST enumeration value CDATA #REQUIRED

tox-percent CDATA #REQUIRED>

Theattributesof a tox-distrib ution elementarede�ned asfollows:

� name: uniquelyidenti�es thedistribution within thetemplate;
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� minInc lusive: speci�estheminimumvaluethatis drawn from thedistribution;

� maxInc lusive: speci�esthemaximumvaluethatis drawn from thedistribution;

� type: speci�esthetypeof thedistribution; it canbeoneof:

– constant: speci�esaconstantdistribution wherethevaluedrawn is alwaysminInc lusive ;

– exponential: speci�es an exponentialdistribution, with expectedvaluespeci�ed by attribute
mean ;

– geometric: speci�esageometricdistribution,with meanvaluespeci�edby attributemean ;

– lognormal: speci�esa log-normaldistribution,with expectedvaluespeci�edby attributemean
andvariancespeci�edby attributevariance ;

– normal: speci�esa normaldistribution, with expectedvaluespeci�ed by attribute mean and
variancespeci�edby attributevariance ;

– unif orm: speci�esauniformdistribution in theinterval (default);

– user -de�ned: speci�es a arbitraryuser-de�ned distribution given by enumeration elements
(seebelow).

User-de�ned distributions arespeci�ed by enumeration elements,eachcontainingthe following at-
tributes:

� value: numericoutcome(thefollowing musthold: minInc lusive � value � maxInc lusive ).

� tox-per cent: probabilitymassassociatedwith thevalue.

2.1 Examples:

Example1. De�nition of anexponentialdistribution:

<tox-distrib ution name=”n-par s” type=”e xponential” minValue=”1” maxValue=”5” mean=”2” />

Example2. A user-de�ned distribution:

<tox-distrib ution name=”discount” type=”user -de�ned” min=”0” max=”30” >
<enumeration value="0" tox-per cent=”50” />
<enumeration value="5" tox-per cent=”25” />
<enumeration value="10" tox-per cent=”15” />
<enumeration value="30" tox-per cent=”10” />

</ tox-distrib ution >

3 SpecifyingsimpleType sand constants

A simpleType is a specializationof a basetype(e.g.,string,integer, etc.). EachsimpleType inherits
thepropertiesof thebasetypeit buildsupon.Thefollowing basetypesaresupportedin TSL:

� Numericaltypes: integer, unsignedinteger, long, unsignedlong, int, unsignedint, short,byte,non-
negative integer, positive integer, non-positive integer, negative integer, decimal,�oat anddouble;

4



� String;

� Date;

� ID , IDREF andIDREFS.

Typesare either namedor anonymous. A namedtype is declaredonce, independentlyof elements
or attributes,and is referencedby its name. The samenamedtype canbe usedby multiple elementsor
attributesin atemplate.Anonymoustypesaredeclaredwithin elementor attributespeci�cations,andcannot
bereused.

This thegeneralnotationfor specifyingsimpletypesin TSL:

<simpleType name="type name">
<restriction base="base type">

< �	��

���
� />
�����

< �	��

����� />
</restriction>

</simpleType>

Of course,thename attribute is only usedfor de�ning namedsimpletypes.Eachfacetelementre�nes
thede�nition of the type; thepropertiesspeci�ed in a facethave to conformwith thecanonicalproperties
of thebasetypebeingre�ned. Importantnote:all facetsareoptional;if no facetsareprovided,thedefault
valuesfor thecorrespondingbasetypeareused.

The generationof instancesof ID , IDREF andIDREFS typesis coveredin Section8. We now give
moredetailson thevariousfacetsthatspecifythegenerationof instancesof eachof thebasetypes.

3.1 Numerical types

An instanceof a numericaltypeis a stringrepresentationof a number, extractedfrom theinterval speci�ed
by � ����������� ��!�"#��$&%(')��* +,���-�.�/!�" �/$0%21 . Instancesof a numerictype areeitherrandomlyselectedfrom the
interval or sequentiallycomputedasdiscussedbelow. XML Schemade�nes variousnumericdatatypes,
someof which have in�nite domains(e.g.,the integers).ToXgene,however, imposesboundson themax-
imum andminimumvaluesallowedfor eachnumerictypesupported1. Table3.1shows themaximumand
minimumvaluesfor eachof thenumerictypessupportedby our tool.

Thesearethefacetsusedfor de�ning numericaltypes:

� minInclusive : de�nes theminimumvalueallowedfor instancesof thetype. Thenew valuehas
to begreaterthanor equalto thedefault valuefor thebasetype.

� maxInclusive : de�nes themaximumvalueallowedfor instancesof thetype. Thenew valuehas
to besmallerthanor equalto thedefault valuefor thebasetype.

� minExclusive : de�nes a value for which all allowed instancesof the type have to be strictly
greater than. This valuehasto be greaterthanor equalto minInclusive + 3 , where 3 is the
smallestabsolutenumberthatcanberepresentedby themachine(e.g.,1 for integerdatatypes).

� maxExclusive : de�nes a value for which all allowed instancesof the type have to be strictly
smaller than. This valuehasto be greaterthanor equalto maxInclusive - 3 , where 3 is the
smallestabsolutenumberthatcanberepresentedby themachine(e.g.,1 for integerdatatypes).

1It is naturalto do so,sincewe canrepresentonly �nitely many numbersondigital computersanyway.
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Base type minInclusive maxInclusive Example

integer MINLONG MAXLONG 123
unsignedInt 0 4294967295 123
long MINLONG MAXLONG 123
unsignedLong 0 MAXLONG 123
int -2147483648 2147483647 123
short -32767 32768 123
byte -127 128 123
nonNegativeInteg er 0 MAXLONG 123
positiveInteger 1 MAXLONG 123
nonPositiveInteg er MINLONG 0 123
negativeInteger MINLONG -1 123
decimal MINFLOAT MAXFLOAT 123.45
float MINFLOAT MAXFLOAT 123.456
double MINFLOAT MAXFLOAT 123.456

Table1: Supportednumericaldatatypes.MAXLONGandMINLONGrepresentrespectively the largestand
smallestinteger numberthat canbe representedby the (Java virtual) machineToXgeneisbeingexecuted.
Similarly, MAXFLOATandMINFLOATrepresentthelargestandthesmallest�oating pointnumbersthatcan
berepresented.Thesevaluesmayvaryamongdifferentimplementationsof theJavavirtual machine.Please
referto thedocumentationof your local Java runtimeenvironmentfor details.

� tox-format : speci�esformattinginstructionsfor writing theactualinstancesof thetype. For numer-
ical values,we usethe formattingconventionsof theNumberFormat Java class(for moredetails,
see[3]).

� tox-number : this is ToXgene's mainannotationfor specifyingnumericvalues. It providesthe fol-
lowing attributes:

<!ELEMENT tox-number EMPTY>
<!ATTLIST tox-number

minInclusive CDATA #IMPLIED
maxInclusive CDATA #IMPLIED
tox-distribution IDREF #IMPLIED
sequential (yes|no) 'no'
format CDATA #IMPLIED>

– tox-distrib ution : speci�esa distribution usedto generateinstancesof thetype. If noneis pro-
videdauniformdistribution on theinterval [minInc lusive , maxInc lusive ] is used.

– sequential : speci�eswhetherthenumbersaresequentiallygenerated;thedefault valuefor this
attribute is no. Both increasinganddecreasingsequencesareallowed. Theincrementis speci-
�ed byproviding aconstantdistribution;anincrementof +1 is usedif nodistribution isspeci�ed.
Consecutive instancesof the type form an increasingsequencestartingat minInc lusive if the
incrementis positive,or adecreasingsequencestartingatmaxInc lusive otherwise.

– format : sameastox-format above; thisonetakesprecedence.

– minInc lusive : sameasabove; thisonetakesprecedence.
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– maxInc lusive : sameasabove; thisonetakesprecedence.

Example 3. AnonymoussimpleType for positive integersin the interval [1,1000]. SeeSection4 for
moredetailsonelementdeclarations:

<element name="my element">
<simpleType>

<restriction base="positiveInteger">
<minInclusive value="1"/>
<maxInclusive value="1000"/>

</restriction>
</simpleType>

</element>

Example4. NamedsimpleType for sequentiallygeneratedintegernumbers.Consecutive instantsof the
typeform thesequence100,98,96,...:

<tox-distrib ution name=”c1” type=”constant” minInc lusive=”-2” maxInc lusive=”-2” />
<simpleType name="sequential">

<restriction base="Integer">
<tox-number sequential=”y es” tox-distrib ution=”c1” maxInc lusive value=”1000” />

</restriction>
</simpleType>

3.2 Date types

Dateliteralsarealsogeneratedfrom aninterval. Thereis only onebasedate type,whosedefaultminIn-
clusive andmaxInclusive valuesareJanuary1st,1 A.D. andJanuary1st,3000A.D., respectively.
Thesamefacetsusedfor specifyingnumericaltypesarealsode�ned for datetypes,exceptfor tox-number ,
which is replacedby:

� tox-date : speci�esa randomdategeneratorandhasthefollowing attributes:tox-distrib ution , min-
Inclusive , maxInclusive andformat , with thesameusageasde�ned for numericaltypes:

<!ELEMENT tox-date EMPTY>
<!ATTLIST tox-date

start-date CDATA #REQUIRED
end-date CDATA #REQUIRED
tox-distribution IDREF #IMPLIED
format CDATA #IMPLIED>

Instancesof datetypesaregeneratedby addinga randomnumberof days 4 to the start dateof the
speci�edinterval � ����������� ��!�"#��$&%(')��* +,���-�.�/!�" �/$0%/1 . 4 is randomlychosenfrom thegivendistribution; if no
distribution is speci�ed, 4 is uniformly chosenfrom theinterval � 50'76#8
9�:2;<�-*.+,���-� ��!�" �/$&%0')���2�����-�.�/!�" �/$0%.=)1 ,
where6(8
92:�;?>,'A@B= returnsthenumberof daysbetweenthedates> and @ . In any case,4DCE���������-� ��!�" �/$&%F�

�-*.+,���-� ��!�" �/$&% .
Importantnote: all dateconstantsin a template,suchasminInclusive values,arespeci�ed using

theformatYYYY-MM-dd. Outputformattinginstructionsfollow thestandardsin theDateFormat class
in theJava language[2].
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Type Description

text A textualstringgeneratedaccordingto theTPC-Hbenchmark[5] rules.
word A word, extractedfrom the list of words usedin the XMark bench-

mark[4].
xmrk text A textual stringgeneratedaccordingto theXMark benchmarkrules.
fname A �rst name,extractedfrom thelist of �rst namesin theXMark bench-

mark.
lname A lastname,extractedfrom the list of lastnamesin theXMark bench-

mark.
city A city name,extractedfrom thelist of citiesin theXMark benchmark.
province A province name,extractedfrom the list of provinces in the XMark

benchmark.
country A country name,extractedfrom the list of countriesin the XMark

benchmark.
domain An internetdomainname,extractedfrom the list of domainsin the

XMark benchmark.
email An emailaddressof theform G . H @I , whereG is aninstanceof fname ,

H is aninstanceof lname and I is aninstanceof domain .
gibberish A random string in J�*K'BLBLBL�'7M,'BLBLBL�'7N,'BLBLBL�'AOP'AQK'BLBLBL2'AR&S T

J #,ˆ,*,(,),_,-,= , $,+ ,{,},[,],?,.,/ ,˜ , S .

Table2: Prede�nedtox-string types.

Example5. Thefollowing examplespeci�esatypefor dateliterals,usingdd/MM/yyyy asformatpattern:

<simpleType name="x date">
<restriction base="date">

<minInclusive value="1998-01-01"/>
<maxInclusive value="2001-28-12"/>
<tox-format value=”d d/MM/yyyy”/ >

</restriction>
</simpleType>

3.3 String types

ToXgenecomeswith several prede�nedstring generators,as listed in Table2; the default string type is
gibberish.Stringliteralsarede�ned by thefollowing facets:

� minLength : de�nesthevaluefor theminimumlengthallowedfor instancesof thetype.

� maxLength : de�nes thevaluefor themaximumlengthallowedfor instancesof thetype. If neces-
sary, instancesaretruncatedto �t themaximumlengthspeci�ed.

� pattern : speci�es a patternto which the instancesof the type have to conform. ToXgeneuses
this patternwhen generatingthe instancesof the type. ToXgenesupportsa subsetof the pattern
speci�cationlanguagein [1].

� tox-string : this is themainannotationfor specifyingstringtypes,andhasthefollowing structure:
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<!ELEMENT tox-string EMPTY>
<!ATTLIST tox-string

type CDATA 'gibberish'
minLength CDATA #IMPLIED
maxLength CDATA #IMPLIED
tox-distribution IDREF #IMPLIED>

– type : speci�esthetypeof thestringsto begenerated;thedefault is gibberish.Thebasicstring
that comewith ToXgenearelisted in Table2. User-de�ned string typescanalsobe used(see
Section10).

– minLength : sameasabove; thisonetakesprecedence;

– maxLength : sameasabove; thisonetakesprecedence;

– tox-distrib ution : speci�esa distribution for determiningthe lengthof instancesof this type;
an uniform distribution in the interval � �����&U0%V�KW X Y,')�-*.+#U0%V�KW X Y 1 is usedif no distribution is
provided.

Thedefault valuesfor minLength andmaxLength are1 and200,respectively.

Example6. A namedsimpleType for stringliteralsbasedonapattern:

<simpleType name="isbn type">
<restriction base="string">

<pattern value="[0-9] Z 10 [ "/>
</restriction>

</simpleType>

3.4 Constants

Constantsarealso instancesof a simpleType andin ToXgenearedeclaredusing tox-value elements.
Constantscanbeusedfor specifyingthecontentof bothelementsandattributes.

<!ELEMENT tox-value (#CDATA)>

Example7. Declarationof anintegerconstant:

<simpleType name="my constant">
<restriction base="integer">

<tox-value>10</ tox-value>
</restriction>

</simpleType>

4 Specifyingattrib utesand elements

In this sectionwe discussthe speci�cation of attributesand elementsthat have simpleType content.
Thesearethe building blocksfor complexType speci�cations,coveredin Section5. The notationfor
specifyingelementsandattributesis asfollows:
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<!ELEMENT element ((simpleType|complexType|tox-expr*)?)>
<!ATTLIST element

name CDATA #REQUIRED
type CDATA #IMPLIED
minOccurs CDATA '1'
maxOccurs CDATA '1'
tox-distribution IDREF #IMPLIED
tox-recursionLevels IDREF #IMPLIED
tox-reset (yes|no) 'no'
tox-omitTag (yes|no) 'no'>

<!ELEMENT attribute (tox-expr|simpleType)>
<!ATTLIST attribute

name CDATA #REQUIRED
type CDATA #IMPLIED
tox-minOccurs CDATA '1'
tox-maxOccurs CDATA '1'
separator CDATA #IMPLIED
tox-distribution IDREF #IMPLIED>

Elementsandattributesarespeci�edby a name,a type,andcardinalityconstraints.Thetypeof anele-
mentor attributecanbeanamedtype(seeprevioussection)or ananonymoustype;elementscanhaveeither
simpleType sor complexType s;attributescanhave only simpleType s. The tox-expr annotationis
discussedin Section7.

Thesearetheattributesusedin thede�nition of elements:

� name: speci�esthenameof theelement.

� type : providesinformationaboutthetypefor thecontentof theelement.If notspeci�ed,theelement
declarationmustcontainananonymoustypespeci�cation.Whenprovided,it mustbeeitheranamed
type (simpleor complex) previously declared,or a basetype. Whena a basetype is speci�ed, the
contentof theelementis generatedusingthecanonicalspeci�cationsof thetype(seeSection3).

� minOccurs : speci�estheminimumnumberof occurrencesfor theelement.Valid valuesarenon-
negative integers.

� maxOccurs : speci�esthemaximumnumberof occurrencesfor theelement.Valid valuesarenon-
negative integersor unbounded .

� tox-distrib ution : speci�esadistributionusedto determinetheactualnumberof occurrencesof theel-
ementatgenerationtime. If omitted,anuniformdistribution in theinterval � ���2�,\0�(��!&]�".')��* +&\0�(��!&]�"B1

is used.Recallthateachdistribution is alsode�nedin termsof a � ������')�-*.+.1 interval, whichmightcon-
�ict with theinterval de�ned for theelement.In suchcases,theinterval speci�edfor thedistribution
takesprecedenceandwarningmessagesareissuedby ToXgeneat templatevalidationtime.

� tox-recur sionLe vels : speci�esa valuedistribution thatgovernsthedepthof therecursiontreewhen
generatingrecursive content.

� tox-reset : whenset to yes , the genesfor all descendantelementsand/orattributesare reseteach
time an instanceof theelementis produced.For example,resettinga tox-number speci�cationfor
sequentiallyincrementednumbersrestartsthenumericsequencespeci�edby theannotation.

As for attribute declarations,name andtype have exactly the sameuseasabove, thuswe focuson
theremainingattributesnext. As far asXML Schemais concerned,anattribute is simply a ^?_K`Vacb.'�d�`Vegf&b2h
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<element name="person" maxOccurs="500"
tox-recur sionLe vels =”r1” >
<complexType>

<element name="name" type="name type"/>
<element name="age" type="age type"/>
...
<element name="children">

<complexType>
<element name="person" maxOccurs="5"/>

</complexType>
...

</complexType>
</element>

(a)Speci�cationof a recursive gene.

age name children

person

age name children

person person

Level 0

Level 1

(b) Structureof resultingXML elements.

Figure2: Speci�cationandinstantiationof recursiveelementgenes.Notethereferenceto distribution"r1"
thatdetermineshow many recursive levelswill begenerated.

pair; the valueof the attribute is a string, andcanbe a list of words. In ToXgene,eachword is viewed
asan “occurrence”of a simple type: an attribute whosevalue is a singlestring has1 occurrence,while
an attribute whosevalue is a list hasmany occurrences.The tox-minOccur s, tox-maxOccur s and tox-
distrib ution areusedto determinethe numberof occurrencesfor attributes,andbehave similarly to the
attributesminOccurs , maxOccurs and tox-distrib ution for elementdeclarations.The separator
attributespeci�eswhich characteris usedto separatethewordsin a list-valuedattribute; its default valueis
“ , ”.

Example8. Speci�cationof elementsusingnamedandanonymoustypes:

<simpleType name="my int">
<restriction base="integer">

<tox-number minInc lusive=”5” maxInc lusive=”100” />
</restriction>

</simpleType>
...
<element name="capacity" type="my int"/>
<element name="age" type="nonNegativeInteger"/>
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Example9. Specifyinganonymoustypesin attributedeclarations:

<attribute name="address">
<simpleType>

<restriction base="string">
<tox-string type=”gibberish” maxLength=”25” >

</restriction>
</simpleType>

</attribute>
...
<attribute name="currency">

<simpleType>
<restriction base="string">

<tox-value>CDN</tox-value> <!-- a constant -->
</restriction>

</simpleType>
</attribute>

4.1 Specifyingrecursive elements

ToXgenealsosupportsthegenerationof recursive XML content,determinedby threeparameters:thetotal
numberof (recursive) elementsto be generated,the numberof childrenper element,and the numberof
levelsin therecursion.Figure2 illustratesthegenerationof recursive contentwith ToXgene.

5 SpecifyingcomplexType s

Similarly to asimpleType , acomplexType canbenamedor anonymous.Namedtypescanbeusedto
de�ne thecontentof differentelementsin atemplate.Thesyntaxfor specifyingcomplex typesis asfollows:

<!ELEMENT complexType ((tox-alternatives| tox-scan | tox-sample | tox-foreach |
tox-if |attribute | element | tox-string | tox-number |
tox-value | tox-expr)*)>

<!ATTLIST complexType
name ID #REQUIRED
mixed (true|false) 'false'>

As in [1], aninstanceof acomplexType mightcontainaCDATAstring,oneormoreelements,or amix
of elementsandCDATAstrings(in thiscasetheattributemixed hasto besetto true in thecorresponding
typedeclaration).By de�nition, only elementswith complexType canhave attributes.

Regardingthe notationfor specifyinga complexType , element , attribute , tox-string , tox-
number and tox-value werecoveredalreadyin previous sections;tox-scan , tox-sample , and tox-expr ,
which areusedfor specifyingqueriesover previously de�ned content,arecoveredin 8; �nally , tox-if and
tox-alternatives de�ne theconditionalgenerationof contentandarecoveredin Section9.

5.1 Specifyingelementswith complexType

Similarly to simpletypes,complex typescanbenamedor anonymousandnamedtypescanbeusedto de�ne
thecontentof multiple elements.Thefollowing examplessummarizesthenotationfor specifyingcomplex
types.

Example10. Speci�cationof anonymousandnamedcomplex type.Notetheanonymouscomplex typefor
theprice elementhasmixedcontent,de�nedby thecurrency elementanda tox-number speci�cation:
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<complexType name="my book">
<attribute name="isbn" type="isbn type"/>
<element name="title" type="string">

<tox-string type=”te xt” />
</element>
<element name="price">

<complexType mixed="true">
<element name="currency">

<simpleType>
<restriction base="string">

<tox-value>CDN</ tox-value>
</restriction>

</simpleType>
</element>
<tox-number tox-distrib ution=”c1” format=”0.00” />

</complexType>
</element>

</complexType>
...
<element name="book" type="my book"/>

6 Specifyingdocuments

A documentspeci�cation is TSL consistsof a nameandan elementdeclaration,which de�nes the root
elementof thedocumentbeinggenerated.The tox-document annotationhasthefollowing properties:

<!ELEMENT tox-document (element)>
<!ATTLIST tox-document

name CDATA #REQUIRED
copies CDATA '1'
starting-number CDATA '0'
DTD-file CDATA #IMPLIED>

Thesearetheattributesthataffect thea tox-document speci�cation:

� name: thenameof thedocument.ToXgeneautomaticallyappendsa ".xml" extensionto all docu-
mentsit generates.Documentsthathave morethanonecopy (seebelow) arenamedby appendingan
uniqueintegeridenti�er to thedocumentname(e.g.,book00.xml , book01.xml , etc.).

� copies: determinesthe numberof documentsto be generatedby ToXgeneusingthe sameelement
speci�cation. Eachdocumentwill containits own root element(a differentinstanceof theelement
de�ning thedocument).This featureallows theemulationof situationsin whichthedatabaseconsists
of multiple (similar) documents,eachcontaininga singleobject,asopposedto having a singledoc-
umentcontainingall objectsin thedatabase.By default, copiesarenumberedfrom 0 to thenumber
speci�ed.

� star ting-n umber: speci�estheinitial valuefor numberingthedocuments.

� DTD-�le: speci�esavaluethatis addedto theDOCTYPEdeclarationof eachdocumentgenerated.

Example 11. Speci�cationof a documentfor a bookcatalog,containingfrom 100to 200 instancesof the
my book type:
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<tox-document name=”books” >
<element name="books">

<complexType>
<element name="book" type="my book" minQtty="100" maxQtty="200"/>

</element>
</complexType>

</ tox-document >

7 Specifyingexpressions

Expressionsarethebasefor de�ning queries,somesimplecomputationsandintegrity constraintsover the
databeinggenerated.Thefollowing grammarsketchdescribesthevalid expressionsin a template:
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Wenow discusseachof theterminalsymbols.

� string: aCDATAliteral enclosedby singlequotemarks(e.g.,'maple leafs' );

� date: adate,enclosedby singlequotemarks,in theYYYY-MM-DD format(e.g.,'1998-06-28' );

� �oat: a �oating pointnumber, writtenusingtheformat#0.0# (e.g.,123.45 );

� int: anintegernumber, writtenusingtheformat#0 (e.g.,123 );

� name: anameof anamedsimpletypedeclaredin thetemplate);

� path expression:apathusedfor navigatingelementsin queries(seeSection8).

Theoperatorsallowed in anexpressionaretheusualarithmeticoperators(+, - , * and/ ), themodulo
operator(%), and the the string concatenationoperator(#). Expressionsin ToXgeneare typed. Table3
shows theresultingtypesfor valid expressionsandthecaseswhereautomatictypecastingis done.

The resultof a pathexpressionmight be an atomicvalue(of any of the typessupported)or a list of
atomicvalues(seeSection8 for detailson how queriesarewrittenandevaluated).ToXgenealsooffersthe
mostcommonaggregateoperationson theresultsof pathexpressions,asshown in Table4.

Expressionsareevaluatedin the usualleft to right manner;the orderof evaluationof expressionsis
as follows: queriesandnamedtype references;multiplication, division andmodulo; all otheroperators.
Parenthesiscanbeusedto overridethedefault precedence.A namedtypereferenceevaluatesto aninstance
of thenamedsimpletype.

Example 12. Thefollowing exampleshows how to pre�x a sequentiallyincrementednumericvalueswith
astring:
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operand 1 operand 2 operator type

int int +,- ,* ,/ , % int
float float +,- ,* ,/ float

int float +,- ,* ,/ float *
float int +,- ,* ,/ float *
date int +,- date
int date +,- date
ANY ANY # string *a

aNo warningis issuedif bothoperandsareof typestring .

Table3: Resultingtypesfor valid operations,accordingto theoperandsin ToXgene.Linesmarkedwith a
starindicatesituationswhereautomatictype castingis doneby ToXgene,a warningmessageat template
validationtime is issuedin suchcases.Any othercombinationof operandsandoperatorsresult in error.
ANY representsany type.

Input Output
name list/atom type description type

MIN list int ,float ,date returnsthesmallestvaluein thelist unch
MAX list int ,float ,date returnsthelargestvaluein thelist unch

COUNT list ANY returnsthenumberof elementsin thelist int
SUM list int ,float returnsthesumof all valuesin thelist unch
AVG list int ,float returnstheaverageof thevaluesin thelist float
LEN atom ANY returnsthelengthin charactersof theoperand int

CONCAT list ANY returnsthe concatenationof all items in the
list, treatedasstrings

string

Table4: Aggregateoperatorsin ToXgene.

<simpleType name="key">
<restriction base="positiveInteger">

<tox-number sequential=”y es” />
</restriction>

</simpleType>
...
<element name="book id">

<tox-expr value=” 'book'# ´ key ” />
</element>

7.1 Debugging expressionexecutions

ToXgeneofferssomedebugginginformationthatmighthelpunderstandingtheparsingof expressionswhen
executedin “verbose”mode(-v option in the commandline). We recommendyou usethis modewhen
writing templates,to makesureyourexpressionsgetevaluatedthewayyouexpectthemto be.

Hereis anexampleof theoutputof ToXgenein verbosemode:
...
Processing tox-expr for: [a]+([b]+[c])*[c]/[d]
parsed expression: ([a]+(([b]+[c])*([c]/[d])))
...
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Thefollowing is a fragmentof ToXgene'soutputin verbosemodewhenprocessingthemake orders
templatein theTPCHsample:

...
Processing tox-expr for: [PartKey]
parsed expression: [PartKey]
Processing tox-expr for: (([PartKey]+([i]*(250+([PartKey]-1)/1 000))) %1000) +1
parsed expression: ((([PartKey]+([i]*(250+(([PartKey]-1) /1000) )))%10 00)+1)
...

8 Specifyinglists and queries

In many situationsoneneedsto generatecorrelatedcontent. For instance,onemight want to generatea
catalogof books(uniquelyidenti�ed by their ISBN values)anda collectionof readerreviews aboutthese
books. Evidently, eachreview hasto refer to anexisting book(e.g.,includean ISBN valuepresentin the
catalog).This is calledelementsharing(thecontentof someelementsis sharedwith others).TheToXgene
approachfor elementsharingis to �rst generateall datathatwill besharedin a “temporarymemory”called
a tox-list , andquerythis list whenever necessary.

A list declarationis similar to a documentdeclarationin thesensethatbothincludeanelementspeci�-
cationthatis usedto generatetheir content(thedocumentitself or theitemsin thelist). Theactualnumber
of elementsin alist is dictatedby theoccurrencepatternfor theelementdeclaredinsideit (i.e.,theelement's
distribution or minOccurs , maxOccurs values).Thefollowing DTD fragmentdescribesthesyntaxfor
declaringlists:

<!ELEMENT tox-list (element)>
<!ATTLIST tox-list

name ID #REQUIRED
unique CDATA #IMPLIED
where CDATA #IMPLIED
readFrom CDATA #IMPLIED
abort (yes|no) 'no'
dump (yes|no) 'no'>

� name: uniquelyidenti�es thelist within a template;

� unique: speci�esuniquenessconstraintsfor theelementsin thelist; seedetailsbelow;

� where: speci�esmoreelaborateintegrity constraintsover theelementsin thelist; seedetailsbelow;

� readFrom: speci�esa �le from which theelementsin thelist areread;

� abor t: determineswhetherthetemplateprocessingis abortedwhenelementsreadfrom a list violate
any of theintegrity constraintsspeci�edfor thelist;

� dump: determineswhetherthelist shouldbewritten to a �le for laterreuse.

Example13. Declarationof a list with 100book“records”.EachrecordcontainsauniqueISBN anda title
of a book:
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<tox-list name=”book list” unique=”book/isbn” >
<element name="book rec" minOccurs="100" maxOccurs="100">

<complexType>
<element name="isbn" type="isbn type"/>
<element name="title">

<simpleType>
<restriction base="string">

<tox-string type=”te xt” />
</restriction>

</simpleType>
</element>

</complexType>
</element>

</ tox-list >

For themomentwe discusshow theelementsin a list aregeneratedby ToXgene.Section8.4describes
how a list canbereadfrom a �le. Eachelementin thelist is generatedindependentlyandvalidatedagainst
the list's integrity constraints;if theelementviolatesany of theconstraintsit is discarded.This processis
repeateduntil all elementsin thelist aregenerated.For instance,for thelist speci�ed in Example13,each
time a book rec elementis generated,its isbn valueis comparedto thosefor thebooksalreadyin the
list; if this isbn valuewasassignedto anexisting book,theelementis discarded;otherwise,theelement
is addedto the list. Of course,the frequency of repeatedisbn valuesdependson thespeci�cationof the
isbn type andthenumberof instancesin thelist.

8.1 Querying lists

Queriesin ToXgeneare speci�ed using cursorsand tox-expr annotations. Eachcursorspeci�es a path
expression, relative to a list or to anothercursor, which determinesa list of elementsover which thecursor
iterates.As mentionedbefore,queriesareexpression,thusdeclaredin tox-expr annotations.Eachquery
is boundto a cursor, thus tox-expr elementsthat de�ne querieshave to be descendantsof someelement
de�ning a cursor. By default, a queryis boundto its closestancestorcursor. Cursorsin ToXgenework in
theusual“one-element-at-a-time”mode:eachqueryreturns(possiblya setof) valuesthataredescendants
of thecurrentelementof thecursoronly.

A pathexpressionisasequenceof labelsseparatedby ' / '. A labelisoneof alist name,anelementname,
avariablename(referringtoanamedcursor)or ' ! ' (shorthandfor CDATA).All pathexpressionsin ToXgene
areenclosedby squarebrackets. For example,thepathexpression[book list/book rec/isbn/!]
returnsall isbnvaluesof all bookrecordsin book list ; [$a/isbn/!] returnsthe isbnof thecurrent
elementin thecursornameda (seeexamplebelow). All pathexpressionsin ToXgenearefully speci�ed: no
wildcardsareallowed.

Therearetwo typesof cursorsin ToXgene,differing on theway they accesstheir contents,declaredby
thefollowing annotations:
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<!ELEMENT tox-scan ((tox-scan|tox-sample|tox-foreach|tox- expr|a ttribu te|ele ment|
tox-if|tox-alternatives)*)>

<!ATTLIST tox-scan
path CDATA #REQUIRED
name CDATA #IMPLIED
where CDATA #IMPLIED>

<!ELEMENT tox-sample (((tox-scan|tox-sample|tox-foreach|tox-exp r)*)|
(attribute|element)*)>

<!ATTLIST tox-sample
path CDATA #REQUIRED
name CDATA #IMPLIED
where CDATA #IMPLIED
tox-distribution IDREF #IMPLIED
duplicates (yes|no) 'yes'>

<!ELEMENT tox-foreach ((tox-scan|tox-sample|tox-foreach|tox-exp r|attr ibute| elemen t|
tox-if|tox-alternatives)*)>

<!ATTLIST tox-foreach
path CDATA #REQUIRED
name CDATA #IMPLIED
where CDATA #IMPLIED>

� tox-scan: speci�esa cursorfor a sequentialscanover a list of elementsresultingfrom evaluatinga
pathexpression.Thefollowing attributesareusedfor de�ning thecursor:

– path: speci�esapathexpressionrelative to a list or to anancestorcursor(seeexampleof nested
cursorsbelow) from wheretheelementsof thecursorareextracted;

– name: necessaryonly whendeclaringnestedcursorswithin theonebeingspeci�ed(seeexam-
pleof nestedcursorsbelow);

– where: speci�esconditionsfor theselectionof theelementsresultingfrom evaluatingthepath
expression(seeexamplebelow).

A cursoris populatedasfollows: the pathexpressionis evaluatedreturninga list of elements(that
matchthepathexpression);eachelementis checkedagainsttheconditionsin thewhere clause,and
thosethatdo notqualify arediscarded.

� tox-sample: speci�esa cursorfor samplingfrom a list of elementsresultingfrom evaluatinga path
expression.All attributescommonto tox-scan and tox-sample cursorsbehave in thesameway as
above (path , name andwhere ). Thefollowing attributesareexclusive to tox-sample cursors:

– tox-distrib ution: speci�esa distribution in theinterval � 50'�µB5V5�1 , thatdetermineswhich element
of thelist is samplednext;

– duplicates: determineswhetherthesameelementcanbesampledmorethanonce.

� tox-foreac h: speci�esa cursorthat is instantiatedfor eachelementthatmatchesthegiven pathex-
pression.This cursoris especiallyusefulfor producingcomplex types.

Example14. Theelementde�nition below speci�esaqueryover thebook list , de�ned in Example13.
Notethatonecande�ne new randomcontentwithin acursor(asin theauthor elementspeci�cation):
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<tox-document name=”books” >
...

<element name="book" minOccurs="100">
<complexType>

<tox-scan path=”[book list/book rec]” name=”a” >
<attribute name="isbn" type="isbn type">

<tox-expr value=”[$a/isbn/!]” />
</attribute>
<element name="title" type="string">

<tox-expr value=”[title/!]” />
</element>
<element name="author" maxOccurs="5" type="string">

<tox-string type=”gibberish” maxLength=”30” />
</element>

</ tox-scan >
</complexType>

</element>
...
</ tox-document >

The exampleabove shows how path expressionin queriesbind to cursors. One cande�ne the path
relative to acursorname,asin [$a/isbn/!] . However, explicit namingis requiredonly whendeclaringnested
cursors.By default,eachpathexpressionbindsto its closestancestorcursor, thusin theexampleabove, the
expressions[title/!] and[$a/title/!] areequivalent.

Observe thattheISBN valueof eachbookis declaredasanelementin thebook list andasattributes
in thebook element.As shown in theexampleabove,bothelementsandattributesin a documentdeclara-
tion canincludequeries.However, list recordscannothave attributes:westressthefactthatlists aremeant
for temporarystorageof data,for queryingpurposesonly, andelementdeclarationsalonesuf�ce for this
purpose.

Example 15. Nestedqueries. The following exampleillustratesthe speci�cation of querieswithin list
de�nitions (notethede�nition of theauthors elementin thenew book list ) andof nestedqueries:
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<tox-list name=”book list” unique=”book/isbn” >
<element name="book rec" minOccurs="100" maxOccurs="100">

<element name="isbn" type="isbn type"/>
<element name="title">

<simpleType>
<restriction base="string">

<tox-string type=”te xt” />
</restriction>

</simpleType>
</element>

<element name="author id" type="integer" maxOccurs="5">
<tox-sample path=”[author list/author]” duplicates=”no” >

<tox-expr value=”[id/!]” />
</ tox-sample >

</element>
</element>

</tox-list >
...
<tox-document name=”books” >
...

<element name="book" minOccurs="100">
<complexType>

<tox-scan path=”[book list/book rec]” name=”a” >
<attribute name="isbn" type="isbn type">

<tox-expr value=”[isbn/!]” />
</attribute>
<element name="title" type="string">

<tox-expr value=”[title/!]” />
</element>
<attribute name="authors" type="IDREFS" maxOccurs="unbounded">

<tox-scan path=”[$a/author id]” >
<tox-expr value=”'author'#[!]” />

</ tox-scan >
</attribute>

</ tox-scan >
</complexType>

</element>
...
</ tox-document >

A few wordsareworth mentioninghereon how the speci�cationsin Example15 areprocessed,es-
pecially with respectto the authors attribute in the book element. First, note that the “records” in
book list now containa randomnumber(up to 5) of authoridenti�ers, which aresampledwithout rep-
etition from anotherlist. Assumethat theseidenti�ers aredeclaredto be uniquewithin that list, so we
getup to 5 distinctauthorid's in eachrecordin book list . As in Example14, thespeci�cationof the
book elementde�nes a sequentialscanover the recordsin book list , copying both the ISBN andthe
title in eachrecord. Here,however, we de�ne theauthors attribute, containingall authoridenti�ers in
eachbookrecord.Thiscanbedoneby declaringanestedcursorover theauthor id elementswithin each
book rec in thelist. Notethereferenceto theoutercursoris madeby de�ning a pathexpressionrelative
to its name($a in the example). Also, note that maxOccurs is set to unbounded for the authors
attribute,meaningthat therewill beasmany itemsin the list asthereitemsmatching[$a/author id]
(i.e.,authoridenti�ers in thecurrentbookrecordof theoutercursor).

8.2 Speci�cation of ID , IDREF and IDREFS attrib utes

As illustratedin Example15,onecanuselistswith uniquenessconstraintsandqueriesto produceattributes
of type ID , IDREF and IDREFS. The samemechanismscan be usedto enforce“referential integrity”
amongdocumentsaswell. For a completeexample,considerthecatalogsample,which producesa docu-
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mentcontaininga bookcatalogwith 500booksand1000review documents,eachreferringto anexisting
book.

8.3 Where clauses

Otherintegrity constraintscanbespeci�ed whengeneratinga list via where clauses.Eachclausede�nes
multiplepredicatesinvolving queriesthatarecheckedwhenever anew elementis generated(or readfrom a
�le). Whereclausesareusedalsofor specifyingselectioncriteriain cursors,andthesamenotationapplies
in bothcases:
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symbolabove representstheemptystring, thusmakesthequali�er optional. Thede�nition for
EXP andall rulesthatderive from it areidenticalto theonesspeci�edin Section7, werepeatthemherefor
theconvenienceof thereader. ThepredicatesEQ, DIF , LT, LEQ, GT, GEQcorrespondto ½¾'.¿ ½¾'�Ày'��y'�Á and

Â

, respectively2.

Example16. Thefollowing list containssequentiallyincrementedintegervalues,usedaskeys for theorder
relationin theTPC-Hdatabase.Thewhereclausein thelist speci�esthatonly the�rst 8 numbersfrom each
groupof 32 (i.e., µ/'BLBLBL2'AÃ('AÄVÄ('BLBLBL�'�Å.50'BLBLBL ) areused,asrequiredby theTPC-Hspeci�cation:

<tox-list name="order keys0" where="LT([OrderKey]%32,8)">
<element name="OrderKey" minOccurs="1000" maxOccurs="1000">

<simpleType>
<restriction base="nonNegativeInteger">

<maxInclusive value="1000"/>
<tox-number sequential=”y es” />

</restriction>
</simpleType>

</element>
</tox-list>

Example 17. Join of lists.The following exampleshows how nestedcursorscanbe usedto implement
a join operationbetweenlists L1 and L2. Note that the where clausein the outer cursorde�nes a se-
lection criterion (L1/a/x>100 ), while in the inner cursor the where clausede�nes the join condition
(L2/b/y =L1/a/x ):

2We usethe pre�x notationsimply becauseonecannothave anglebrackets insideattributesin XML documents(remember
ToXgenetemplatesareXML documents).
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<element name="e1" maxOccurs="unbounded">
<complexType>

<tox-scan path=”[L1/a]” where=”GT([x],100)” name=”a” >
<element name="x" type="integer">

<tox-expr value=”[x]” />
</element>
<element name="y" maxOccurs="unbounded">

<simpleType>
<restriction base="interger">

<tox-scan path=”[L2/b]” where=”EQ([y],[$a/x])” >
<tox-quer y expr=”[y]” />

</ tox-scan >
</restriction>

</simpleType>
</element>

</ tox-scan >
</complexType>

</element>

8.4 Readinglists fr om �les

As mentionedearlier, lists can be “dumped” into �les for later reuse(by settingthe dump attribute to
yes on the list declaration). For convenience,the lists are written to XML documents. We stressthat
althoughdumpingalist to a�le producesanXML document,this is not thepreferredmethodfor generating
documentsin ToXgene.The tox-document declarationprovidesmoreresourcesfor this tasksuchasthe
ability of generatingattributes,to cite justone.Moreover, ToXgeneimplementsasimplegarbagecollection
mechanismwhich enforcesthat only lists that areused(directly or indirectly) in a documentdeclaration
arepopulated.Thus,no dataat all is generatedfor templatesthat do not declaredocuments.ToXgene's
garbagecollectoralsoensuresthat thememoryusedby a list is freedassoonasall queriesde�ned over it
areexecuted.

Evidently, listscanbepopulatedwith thecontentsof XML documents,notnecessarilygeneratedby our
tool. This meansthatonecanreusepreviously generatedcontent,sayfor growing anexisting collectionof
documents,aswell asusingrealdatain thedocumentgenerationprocess.Onetypicalexampleis theuseof
realcountrynamesin documents.

Therearea few importantthingsto mentionhere.First,anelementspeci�cation,describingthetypeof
the“records”beingreadhasto bedeclared.Thevalidity checkingof pathexpressionsandtypeinferencing
in ToXgenearedonebeforeany datagenerationtakesplace,thusthe elementdeclarationis requiredfor
verifying the integrity of the expressionsandqueriesin the template. We note that only the elementsof
interestneedto bedeclared(i.e., thedocumentmight containmoreelementsthanthosein the list declara-
tion). Second,only elementsin the input XML documentareconsidered;attributesareignored. Finally,
integrity constraintsover lists readfrom �les aredeclaredin thesameway asfor lists beinggeneratedby
ToXgene.List “records”thatviolateany constraintarediscarded;theabor t attributeindicateswhetherToX-
geneshouldabortthegenerationprocessshoulda list recordreadviolateanintegrity constraintsde�ned for
therespective list. At templateprocessingtime,ToXgeneoutputstheactualnumberof elementsthatwere
generatedor readfor eachlist:
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ToXgene V2.1 - (c) 2001 by University of Toronto and IBM Corporation

***** Parsing template: Done!

Generating 1500 elements in order keys0: Done!
Generating 1500 elements in order keys1: Done!
Reading list Parts from temp/orders input.xml: Done! 2000 elements read.
Generating 1500 elements in order list0: Done!
Generating 1500 elements in order list1: Done!
Generating 1500 elements in order list2: Done!
Reading list priorities list from input/priorities.xml: Done! 5 elements read.
Reading list ship mode list from input/ship modes.xml: Done! 7 elements read.
Reading list ship instructions list from input/ship instructions.xml: Done!
4 elements read.

All ToXgenesampletemplatesincludelists thatarereadfrom XML documents.

9 Specifyingrandom structur es

In this sectionwe describetwo usefulannotations,usedfor introducingsomecontrolledrandomnessin the
datagenerationprocessin ToXgene:

<!ELEMENT tox-if (tox-then, tox-else?)>
<!ATTLIST tox-if

expr CDATA #REQUIRED>
<!ELEMENT tox-then (tox-alternatives|tox-scan|tox-sample| tox-fo reach| tox-if |

element|attribute)*>
<!ELEMENT tox-else (tox-alternatives|tox-scan|tox-sample| tox-fo reach| tox-if |

element|attribute)*>

<!ELEMENT tox-alternatives (tox-option*)>
<!ATTLIST tox-alternatives

tox-distribution IDREF #IMPLIED>
<!ELEMENT tox-option ((attribute|element|tox-if|tox-alternative s|tox- expr|

tox-string)*)> <!ATTLIST tox-option odds CDATA #REQUIRED>

� tox-if , tox-then, tox-else: theseannotationsprovide IF-THEN-ELSEblocks,which canbe nested.
The decisionon which branchto take is madebasedon the logical valueof the expressionde�ned
by theexpr attribute in theIF statement.Suchexpressionis declaredin thesameway asa integrity
constraint(seeSection8.3).TheELSEblock is optional.

� tox-alternatives, tox-option: theseannotationsprovide a way to randomlychooseoneprocessing
pathamongvariousoptions. Eachtox-option hasa contentdescriptor(e.g.,an elementdeclaration)
andthe oddswith which that option will be chosenas follows. Let �ŸÆ�'?�,Ç�'BLBLBL�'?�,È be the oddsfor

É tox-option elements(anerroroccursif ÊÌËp�
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ÁÍµB5V5 ). The �•ÆÎ'BLBLBL�'?�PÈ valuesyield the following
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For Example,supposethe odds are 30,30,20(no needto sum up to 100); the brackets will be
� 50'AÄ/5�1ÓÝ��ÞÄ/50'Aß/5�1ÓÝ��Þß.50'�µB5.5�1 (thelastoptionis alwaysassignedall probabilitymassleft). Theprocessing
of a tox-alternatives consiststhenof simply generatinga randomnumberaccordingto the given
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probability distribution anddeterminingin which bracket this numberfalls, andthus,which option
to process.The contentof the optionsneednot be relatedin any way: onecandeclarecompletely
differentstructuresand/orgenesfor describingtheXML contentto begenerated.Also, a tox-option

mightbeempty, thusallowing thespeci�cationof optionalcontent(seeexamplebelow).

Example18. Alternative waysof specifyingoptionalcontentin ToXgene:

<!-- the first method uses a random number generator and an IF-THEN-ELSE construct-->
<simpleType name="rand">

<restriction base="nonNegativeInteger">
<maxInclusive="100"/>

</restriction>
</simpleType>
...

<tox-if expr=”GT( ´ rand,50)” >
<element name="my element" type="my type"/>

</ tox-if />
...
<!-- the second method uses alternatives/options -->

<tox-alternatives >
<tox-option odds="50">

<element name="my element" type="my type"/>
</ tox-option >
<tox-option odds="50"/>

</ tox-alternatives >

10 Usinguser-de�ned CDATA generators

ToXgenecanbe extendedto allow theuseof otherCDATA generatorsthantheonesthatcomewith it by
default. This sectionexplainshow this canbedone.

All ToXgene's CDATA generatorsmustimplementthefollowing interface:

package genes.literals;

public interface Cdata à

public void setRandomSeed(int seed);
public String getCdata(int length);

á

The�rst methodgivesarandomseedthatshouldbeusedby theCDATA generator. Thisaimsatallowing
thegenerationof theexactsamecontentwhenthesamemasterrandomseedis speci�ed (recall the -s �

commandline option).
The secondmethodshouldreturna string literal to be usedin the datathat is outputby ToXgene. If

length is positive, thestring to bereturnedmustbeexactly length characterslong. If length is -1,
the CDATA generatorcanreturna string of any length. This last modeis usefulwhenthe userwantsto
bypassthespeci�cationof minLenght andmaxLength valuesand,thus,avoid truncatingstrings.

For example,supposewe provide a CDATA generatorfor emailaddressesthatoutputsstringsof min-
inumlenght5 andmaximumlength20. SupposeweusethisCDATA generatorin atemplatewhichspeci�es
minLength andmaxLength to thesevalues.Whenprocessingthis template,ToXgenewill setlength
to anumberuniformly distributedbetween5 and20,say10,andpassit to theCDATA generator. However,
it couldbethecasethattheemailaddressgeneratedat that iterationhasmorethan10 charactersandmust
betruncated.
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All registeredstringtypesin ToXgenearelistedin a �le calledsetup/cdata.cf g which is bundled
in thetoxgene.jar �le. Eachline in this �le associatesa CDATA typenameto a givenJava class,and
default valuesfor minLength andmaxLength for thattype. By default, this �le containsthefollowing
entries:

text;util.cdata.tpch.Text;1;200
xmrk_text;util.cdata.xmark.Text;1 ;200
email;util.cdata.xmark.Emails;-1; -1
fname;util.cdata.xmark.FirstNames ;-1;-1
lname;util.cdata.xmark.LastNames; -1;-1
city;util.cdata.xmark.Cities;-1;- 1
country;util.cdata.xmark.Countrie s;-1;- 1
province;util.cdata.xmark.Provinc es;-1; -1
domain;util.cdata.xmark.InetDomai ns;-1; -1
word;util.cdata.xmark.Names;-1;-1

Notethe-1's speci�edasminLength andmaxLength for mostof thetypes.For thesetypes,ToX-
genewill pass-1 aslenght for therespective CDATA generators.

Whena givenstringtypeis referencedin a template,ToXgenewill try to loadtheassociatedclassand
immediatelyafter thatcall setRandomSeed . An errorwill occurif the speci�ed classcannotbe found
by the Java classloader. Oneimportantnotehereis that ToXgenewill createonly 1 Cdatageneratorof
eachtype, thusminimizing theamountof memoryused.Thegibberishstringgeneratoris integratedinto
ToXgene's codedirectly.

For convenience,we provide thesourcecodeof all default CDATA generatorsthatcomewith ToXgene
in thesrc directory.

11 Usinga persistentobject manager

ToXgenecanmake usea PersistentObjectManager(POM) the“temporary”datathatmustbekept in tox-
list elementsis too largeto �t in mainmemory. As discussedearlier, this featureis activatedby passingthe
-o [ � [ � [ � ]]] commandline optionwheninvoking ToXgene.

The optionalparameters� , � and � specify: thepathwhereto storethe �les containingthe temporary
data;the fractionof the memorythat shouldbe usedfor buffering; andthesizein kilobytesof the buffer
pages,respectively. The default valuesfor theseparametersare ”.” (i.e., the �les will be placedin the
directorywhereToXgeneis beingexecuted),50%,and8KB.

All �les usedby thePOMareplacedin thedirectoryspeci�edby � (thedefaultvalueof � is thedirectory
from whereyou invoke ToXgene.All such�les arecalledtg file G , whereG is anidenti�er usedby the
POM.Thevalueof � is completelyirrelevant to ToXgeneitself. Thus,onecanspecifya directoryresiding
in a different�le systemandtake advantageof parallelI/O.

NotethatusingaPOMhasseveralperformanceimplications.NotethatToXgenehasnocontrolonhow
thePOM doesmemorymanagement.In fact,ToXgenecompeteswith the POM for memoryfor generat-
ing new randomdataandfor processingqueries.Also, accessingdatavia a POM requiresexpensive I/O
operations.On top of that,thereis theoverheadimposedby thePOM bookeepingoperationsaswell. The

� and � parametersallow theuserto adjusttheworking of thePOM in two ways. First, thecloser � is to
1, the morebuffering will be effective. However, high valuesof � meanthat ToXgenehasless“working
memory”andthusmight not beableto processthetemplatewithout swapping(doneautomaticallyby the
Javavirtual machine).Similarly, higher � valuesmeanthePOMwill performI/O overlargerchunksof data.
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For queriesthatperformsequentialaccessto dataitems(seeSection8), this will meanfewer cachemisses
dueto locality of reference.

ToXgenetriesto usememoryandexecutequeriesasef�ciently aspossible.However, theoptimalvalues
for � and � are,of course,templatedependent.Some“guidelines” for choosingthesevaluesare. If your
templatedoesmostlysequentialscansandperforms“simple” queries,usehighvaluesfor � and � ; otherwise,
experimentwith lower values.We alsonotethat,whenever possible,allowing someextra memoryto the
Java virtual machineandnotusingthePOM will yield muchbetteroverall performance.

Note on uniquenessconstraints. As discussedin Section8, onecanspecifyuniquenessconstraintsover
elementsin thelists. Therefore,duringthegenerationof thelist, ToXgenekeepsanindex thatcontainsthe
keys thathave beenused.Wenotethat,evenwhenusingaPOM,this index is keptin primarymemory, due
to high I/O costsof dynamicallymaintaininganindex on secondarymemory. This alsoappliesfor whena
list is readfrom a �le.

Of cours,oneway of generatingkeys for datasetsthat do not �t in memorywithout the uniqueness
constraintis by usingsequentiallyincrementednumbers.In fact,this is theway usedby mostbenchmarks.
In doing so,onesavesboth memory, by avoiding the materializationof a key index, andalsotime, since
uniquenessis guaranteedby construction.
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Appendix

A Creditsand contact information

ToXgeneis thedatageneratorfor the ToX project,developedat theUniversityof Toronto. This tool was
developedby DenilsonBarbosaunderthesupervisionof Alberto Mendelzon,both from theUniversityof
Toronto,in cooperationwith JohnKeenleysideandKelly Lyons,from theIBM TorontoLab.

This work waspartly fundedby theDepartmentof ComputerScienceof theUniversityof Toronto,the
NaturalSciencesandEngineeringResearchCouncilof Canada,Bell UniversityLaboratories,IBM Corpo-
ration,theIBM Centrefor AdvancedStudiesandtheIRIS Network of Centresof Excellence.

Acknowledgments. Of courseToXgenewould not have beenpossiblewithout theuseof otherpeople's
code.For copyright (andgratitude)reasons,westatethat:

Thisproductincludessoftwaredevelopedby theApacheSoftwareFoundation
(http://www.apac he. or g/ ).

This productusesPoBoy – A Packageof PersistentObjectJava Collections,developedby NorthBranch-
Logic (http://enteract. co m/˜w agman/N or th Br anc hLogic .h tml anddistributedaccording
to theGNU LesserGeneralPublicLicense.

A.1 Other ToXgeneresources
� ToXgenewebsites:

http://www.cs.t oro nt o. edu/ tox /t ox gene/
http://www.alph awork s. ib m.com/t ec h/ to xge ne

� ToXgenediscussionforum:

http://www.alph awork s. ib m.com/f or um/t oxg ene. ns f/ mai n

� ToXgenerelatedpublications:

– DenilsonBarbosa,AlbertoMendelzon,JohnKeenleysideandKelly Lyons.ToXgene:a template-
baseddata generatorfor XML . In Proceedingsof theFifth InternationalWorkshopontheWeb
andDatabases(WebDB2002).Madison,Wisconsin- June6-7,2002.

– DenilsonBarbosa,AlbertoMendelzon,JohnKeenleysideandKelly Lyons.ToXgene:A template-
baseddata generatorfor XML . In Proceedingsof the2002ACM SIGMODInternationalCon-
ferenceon Managementof Data– Demoprogram.Madison,Wisconsin- June4-6,2002.

Pleasereportbugsby emailto toxgene-bugs@cs .to ro nt o. edu
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B A DTD for TSL

Thefollowing DTD is usedto validatethetemplatesby ToXgene.

<!ELEMENT tox-template (tox-distribution|simpleType|complexType| tox-lis t|
tox-document)*>

<!-- ********************************************* ****** ******* *
XML Schema definitions needed
********************************************* ****** ******* * -->

<!-- Just a copy of what's in the XML Schema specifications -->

<!ELEMENT simpleType (restriction)>
<!ATTLIST simpleType name CDATA #IMPLIED>

<!-- tox-string, tox-number and tox-value are all "literals", thus can go
inside a restriction definition -->

<!ELEMENT restriction ((tox-value | pattern) |
((minLength |maxLength)*,tox-string) |
((minInclusive | maxInclusive | minExclusive |

maxExclusive | tox-format)*, (tox-number|tox-date)?) |
(tox-scan|tox-sample|tox-foreach))>

<!-- Here we have ALL 45 XML Schema datatypes! -->
<!ATTLIST restriction base (string|integer|long|unsignedLong|int|unsig nedInt |

short|byte|nonNegativeInteger|positiveInte ger|
nonPositiveInteger|negativeInteger|decimal |
float|double|date) #REQUIRED>

<!ELEMENT pattern EMPTY>
<!ATTLIST pattern value CDATA #REQUIRED>

<!ELEMENT minInclusive EMPTY>
<!ATTLIST minInclusive value CDATA #REQUIRED>

<!ELEMENT maxInclusive EMPTY>
<!ATTLIST maxInclusive value CDATA #REQUIRED>

<!ELEMENT minExclusive EMPTY>
<!ATTLIST minExclusive value CDATA #REQUIRED>

<!ELEMENT maxExclusive EMPTY>
<!ATTLIST maxExclusive value CDATA #REQUIRED>

<!ELEMENT minLength EMPTY>
<!ATTLIST minLength value CDATA #REQUIRED>

<!ELEMENT maxLength EMPTY>
<!ATTLIST maxLength value CDATA #REQUIRED>

<!ELEMENT tox-format EMPTY>
<!ATTLIST tox-format value CDATA #REQUIRED>

<!-- The tox-percent gives the probability of that particular element being
chose from the list -->

<!ELEMENT enumeration EMPTY>
<!ATTLIST enumeration value CDATA #REQUIRED

tox-percent CDATA #REQUIRED>

<!-- This is an simplified version of the XML Schema definition of element,
but this will do for our needs -->

<!ELEMENT complexType ((tox-alternatives|tox-scan|tox-sample|to x-forea ch|
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tox-if|attribute|element|tox-string|tox-number |
tox-value|tox-expr)*)>

<!ATTLIST complexType name CDATA #IMPLIED
mixed (true|false) 'false'>

<!-- These elements are like the XML Schema elements, and are used to define
data types and tox-files -->

<!ELEMENT element ((simpleType|complexType|tox-expr*)?)>
<!ATTLIST element name CDATA #REQUIRED

type CDATA #IMPLIED
minOccurs CDATA '1'
maxOccurs CDATA '1'
tox-distribution IDREF #IMPLIED
tox-recursionLevels CDATA #IMPLIED
tox-reset (yes|no) 'no'
tox-omitTag (yes|no) 'no'>

<!ELEMENT attribute (tox-expr|simpleType)>
<!ATTLIST attribute name CDATA #REQUIRED

type CDATA #IMPLIED
tox-minOccurs CDATA '1'
tox-maxOccurs CDATA '1'
tox-distribution IDREF #IMPLIED
separator CDATA #IMPLIED>

<!-- ********************************************* ****** ******* *******
ToXgene specific elements
********************************************* ****** ******* ******* -->

<!-- elements for defining skewed value distributions -->

<!ELEMENT tox-distribution (enumeration*)>
<!ATTLIST tox-distribution name ID #REQUIRED

type (constant | exponential | geometric |
lognormal | normal | uniform | user-defined)
'uniform'
minInclusive CDATA #REQUIRED
maxInclusive CDATA #REQUIRED
mean CDATA #IMPLIED
variance CDATA #IMPLIED>

<!-- These define string literals -->

<!ELEMENT tox-string EMPTY>
<!ATTLIST tox-string type CDATA 'gibberish'

minLength CDATA #IMPLIED
maxLength CDATA #IMPLIED
tox-distribution IDREF #IMPLIED>

<!-- These define numeric literals. This element will be extended in the
future to add things like different formatting for the numbers, according
to the XML Schema definitions for numeric datatypes. -->

<!ELEMENT tox-number EMPTY>
<!ATTLIST tox-number minInclusive CDATA #IMPLIED

maxInclusive CDATA #IMPLIED
tox-distribution IDREF #IMPLIED
sequential (yes|no) 'no'
format CDATA #IMPLIED>

<!-- These elements define date literals -->
<!ELEMENT tox-date EMPTY>
<!ATTLIST tox-date start-date CDATA #REQUIRED

end-date CDATA #REQUIRED
tox-distribution IDREF #IMPLIED
format CDATA #IMPLIED>
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<!-- The tox-value element is used to specify user-defined constants -->
<!ELEMENT tox-value (#PCDATA)>

<!-- A tox list is a repository for literals that are shared by the files
in the template -->

<!ELEMENT tox-list (element)>
<!ATTLIST tox-list name ID #REQUIRED

unique CDATA #IMPLIED
where CDATA #IMPLIED
readFrom CDATA #IMPLIED
abort (yes|no) 'no'
dump (yes|no) 'no'>

<!ELEMENT tox-alternatives (tox-option*)>
<!ATTLIST tox-alternatives tox-distribution IDREF #IMPLIED>

<!ELEMENT tox-option ((attribute|element|tox-if|tox-alternative s|tox-e xpr|
tox-string)*)>

<!ATTLIST tox-option odds CDATA #REQUIRED>

<!-- These elements implement ToXgene's query language -->

<!ELEMENT tox-scan ((tox-scan|tox-sample|tox-foreach|tox-expr|a ttribut e|elem ent|
tox-if|tox-alternatives)*)>

<!ATTLIST tox-scan path CDATA #REQUIRED
name CDATA #IMPLIED
where CDATA #IMPLIED>

<!ELEMENT tox-sample (((tox-scan|tox-sample|tox-foreach|tox-exp r)*)|
(attribute|element)*)>

<!ATTLIST tox-sample path CDATA #REQUIRED
name CDATA #IMPLIED
where CDATA #IMPLIED
tox-distribution IDREF #IMPLIED
duplicates (yes|no) 'yes'>

<!-- this element allows the nesting of content -->
<!ELEMENT tox-foreach ((tox-scan|tox-sample|tox-foreach|tox-exp r|attri bute|e lement|

tox-if|tox-alternatives)*)>
<!ATTLIST tox-foreach path CDATA #REQUIRED

name CDATA #IMPLIED
where CDATA #IMPLIED>

<!ELEMENT tox-expr EMPTY>
<!ATTLIST tox-expr value CDATA #REQUIRED

format CDATA #IMPLIED>

<!ELEMENT tox-if (tox-then, tox-else?)>
<!ATTLIST tox-if expr CDATA #REQUIRED>
<!ELEMENT tox-then (tox-alternatives|tox-scan|tox-sample|tox-fo reach|t ox-if|

element|attribute)*>
<!ELEMENT tox-else (tox-alternatives|tox-scan|tox-sample|tox-fo reach|t ox-if|

element|attribute)*>

<!-- This element defines the actual XML documents that are generated. -->

<!ELEMENT tox-document (element)>
<!ATTLIST tox-document name CDATA #REQUIRED

copies CDATA '1'
starting-number CDATA '0'
DTD-file CDATA #IMPLIED
pad (yes|no) 'no'>
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