
XQuery Function Inlining for OptimizingXQuery QueriesMaxim Grinev1 and Dmitry Lizorkin21 Institute for System Programming RAS, Russia,grinev@ispras.ru2 Moscow State University, Russia,lizorkin@hotbox.ruAbstract. Function inlining replaces a call to a function with the bodyof the function. In this paper, we investigate the application of functioninlining technique to user-de�ned functions expressed in XML QueryLanguage (XQuery). XQuery function inlining eliminates function calloverhead and allows statically optimizing the inlined function body withthe rest of the query. We suggest an inlining algorithm that inlines callsto all non-recursive functions and usually allows completely inlining callsto structurally recursive functions, a class of recursive functions mostinteresting from practical viewpoint. The suggested algorithm reason-ably terminates in�nite inlining for recursive functions of any kind thatmakes the algorithm applicable to any XQuery query. Experimental mea-surements show the eÆciency of the suggested approach for optimizingXQuery queries and for speeding up their evaluation.1 IntroductionXML is a popular format for data representation. A query language to XMLdata sources is being developed by the W3 Consortium and is called XQuery [1].The growing amounts of information stored in XML and the growing number ofXML applications make optimization of XQuery queries a crucial task.Two XQuery queries are considered equivalent if they produce the same resultwhen evaluated. By optimization we mean a machine transformation of a givenquery into an equivalent one, such that the latter is better than the former withrespect to some criteria. In this paper, we consider two such criteria for XQueryqueries:{ The total number of nodes accessed in target XML documents during queryevaluation. Query optimization should be aimed at minimizing the numberof nodes required to be accessed. Thus, the optimized query ideally shouldaccess only those nodes that a�ect the query result, and skip nodes that donot a�ect it.{ The total number of operations performed over target XML data to producethe query result. Query optimization should follow the strategy of minimizingthe number of operations that are required to be performed during queryevaluation.



These criteria are closely related to execution time required for query evaluation:by accessing only the minimally required number of nodes and by executing theminimal number of operations over them, we minimize the running time requiredto obtain the query result.In accordance with the XQuery Speci�cation [1], a query is processed in twophases: static type analysis phase and dynamic evaluation phase. Static typeanalysis phase deals with the query expression itself and not with input data.Next occurs dynamic evaluation phase. During dynamic evaluation phase thevalue of the query is computed using input data.In this paper we consider query optimization techniques that are appliedduring static type analysis phase, and the optimized query is then passed todynamic evaluation phase. To produce the optimized query, we use type infor-mation available about the query during static analysis phase. This informationincludes:{ Statically-known schema for target XML documents. Such schemas may besupplied with XML documents and are speci�ed in schema de�nition lan-guage, such as DTD, XML Schema, Relax NG. Statically-known schemaallows us to statically obtain the type of the document node that wouldresult from calling the fn:doc function within the XQuery query.{ Static typing rules for XQuery operations, formally speci�ed in [2]. Thesetyping rules specify types for XQuery primary expressions like literals, andallow to determine a type of a more complex XQuery expression based ontypes of its sub-expressions. Typing rules thus allow us to infer a type forany expression.This paper focuses on the query optimization technique based on XQueryfunction inlining. Function inlining is the replacement of a function call withthe corresponding function body. Function inlining allows reducing the numberof nodes required to be accessed in the target XML documents during queryevaluation, because function inlining facilitates the application of the other op-timization techniques [3] to the inlined function body expression. Once the func-tion body expression is inlined into the query, it becomes independent of thefunction declaration, and optimization techniques from [3] can freely be appliedto the inlined expression, without corrupting the function declaration. Functioninlining also eliminates function call overhead and thus reduces the total numberof operations required to evaluate a query.This paper is organized as follows. Section 2 introduces the notion of XQueryfunctions and discusses their inlining into the query. Section 3 discusses relatedworks on the subject of XQuery function inlining for optimization purposes. Sec-tion 4 suggests classi�cation of XQuery functions and analyses the possibility ofinlining for optimization purposes for each of the function classes introduced. InSect. 5 we give a detailed description of the suggested inlining algorithm, illus-trate it with examples and prove the algorithm correctness. Section 6 presentslimitations possessed by the inlining algorithm. Results of practical experimentsare shown in Sect. 7.



2 XQuery Functions and their Inlining into the QueryXQuery queries can contain di�erent operators, and in particular they can con-tain function calls. A function call consists of a function name followed by a listof zero or more arguments enclosed in parentheses. A function name identi�esthe XQuery function. The XQuery function produces a value which is evalu-ated with respect to the argument list provided in the function call. The valueproduced by the function becomes the result of the function call.XQuery introduces two kinds of functions:{ A set of built-in functions, described in XQuery 1.0 and XPath 2.0 Functionsand Operators [4]. This document formally speci�es how the result of eachbuilt-in function is computed from its parameters.{ User-de�ned functions3. These are speci�ed in the XQuery prolog. Each user-de�ned function declaration speci�es the name of the function, its parametersand an expression called the function body that de�nes how the result of thefunction is computed from its parameters.To speed up query evaluation, we suggest to statically perform XQuery func-tion inlining for XQuery user-de�ned functions. Function inlining is the replace-ment of a function call with the corresponding function body. Function inliningis a well-known optimization technique that is �rst introduced in compilers forprogramming languages [5] and is proven to be especially e�ective to optimizeprogram evaluation.However, unlike programming languages, XQuery has its own slightly di�er-ent semantics for function evaluation. This semantics is re
ected in [2] and caninvolve atomization, subsequence extraction and implicit conversion operations:{ Atomization converts an argument to a sequence of atomic values, if atomicvalues are required by the corresponding function parameter.{ Subsequence extraction extracts just the �rst item from a sequence.{ Conversion operations convert an argument value to its expected type spec-i�ed in the function declaration.The above 3 operations are applied implicitly to each of the argument when theXQuery function call is evaluated. When we inline a function, we have to insertthese 3 operations explicitly, to guarantee the correct semantics of a functioncall with respect to the XQuery formal semantics.2.1 Inlining ExampleTo illustrate the idea of function inlining for XQuery functions, we considerthe following example. Let us introduce a simple user-de�ned XQuery functionwhich counts text nodes that are descendants of a given element node. XQuerydeclaration for this function is given in Fig. 1.3 In the XQuery speci�cation such functions are called both "user-de�ned" and "user-declared", because the XQuery draft recently replaced the keyword "de�ne" withthe keyword "declare". Since the terminology is not currently �xed, in this paper weuse the older term "user-de�ned" to denote such a class of functions



declare function count_leaves($e as element()) as xs:integer {fn:count($e/text()) + fn:sum(for $c in $e/* return count_leaves($c))}Fig. 1. Sample XQuery user-de�ned function which counts descendant text nodes fora given node $eTo calculate descendant text nodes for a given element node $e, the function:1. counts child text nodes of $e (with a built-in function fn:count);2. recursively applies to each of child element nodes of $e to count their descen-dant text nodes (with for-return expression), recursion terminates when$e has no child element nodes;3. takes the sum of all these results (with the addition operation "+" and abuilt-in function fn:sum).Now let us consider a sample function call to count leaves, which looks asfollows:count_leaves( fn:doc("address-book.xml")/addressBook )We will now discuss how XQuery function inlining can help us to optimize thisfunction call. As it was mentioned in Sect. 1, a schema for a target XML doc-ument ("address-book.xml" in our case) allows us to obtain the type of thedocument node that would result from calling the built-in function fn:doc. Sup-pose that the schema for "address-book.xml" looks as described in Fig. 2: it isan addressBook element de�nition that contains zero or more cards, and eachcard contains a person name and an email [6].type AddressBook = element addressBook(Card*)type Card = element card ( element name(xs:string),element email(xs:string) )Fig. 2. Sample schema that describes an address bookWe see that count leaves is called with the argument whose type is elementaddressBook, and this type information helps us to inline this function call andfurther optimize it. This process is described in Fig. 3. Since count leaves is arecursive function, several inlinings are performed one after another, and eachinlining is expressed in Fig. 3 in its own nested frame.Starting in Frame (1) in Fig. 3, we replace the call to count leaves with itsfunction body, with the argument of the function call substituted instead of the



(1) count_leaves(fn:doc("address-book.xml")/addressBook)==>fn:count(fn:doc("address-book.xml")/addressBook/text()) +fn:sum(for $c in fn:doc("address-book.xml")/addressBook/*return count_leaves($c) )==>fn:count( () ) +fn:sum(for $c in fn:doc("address-book.xml")/addressBook/*return count_leaves($c) )==>fn:sum(for $c in fn:doc("address-book.xml")/addressBook/*return count leaves($c) )(2) count leaves($c)==>fn:count($c/text()) +fn:sum(for $c2 in $c/* return count_leaves($c2))==>fn:count( () ) +fn:sum(for $c2 in $c/* return count_leaves($c2))==>fn:sum(for $c2 in $c/* return count_leaves($c2))==>fn:sum( ( count_leaves($c/*/self::name),count_leaves($c/*/self::email) ) )(3) count_leaves($c/*/self::name)==>fn:count($c/*/self::name/text()) +fn:sum(for $c3 in $c/*/self::name/*return count_leaves($c3))==>1 + fn:sum(for $c3 in () return count_leaves($c3))==>1 + fn:sum( () )==>1(4) count_leaves($c/*/self::email)==> ... ==>1==>fn:sum( (1, 1) )==>2==>fn:sum(for $c in fn:doc("address-book.xml")/addressBook/*return 2) Fig. 3. XQuery function inlining example



formal parameter $e. Exploiting type information, we can see that the argumentof fn:count function is an empty sequence, since element addressBook has nochild text nodes. Function fn:count is a built-in XQuery function and it returnsthe number of items in the argument; thus we can statically determine thatthis function call would always evaluate to 0. Variable $c in the for-returnexpression iterates over card elements (according to schema in Fig. 2). Therecursive call to the function count leaves is underlined, to show that it willbe further inlined, as illustrated in the nested Frame (2) in Fig. 3.In Frame (2), we inline the function call to count leaves in the same man-ner as in Frame (1). Again, we can statically determine that a function call tofn:countwould always evaluate to 0, since the static type of $c is element cardwhich has no child text nodes. Considering static type information, we can fur-ther notice that the for-return expression in Frame (2) iterates just over twoelements: name and email, and thus the whole expression can be replaced bythe direct sequence of two items. Both items are function calls to functioncount leaves, however with di�erent arguments. Both function calls are un-derlined in Fig. 3 to show that they will be further inlined, in Frames (3) and(4) respectively.In Frame (3), after we inline the function call, static type information againhelps us to further optimize the expression. Namely, fn:countwould always eval-uate to 1, since element name de�ned in Fig. 2 has exactly one child text node.Similar considerations allow us to determine that for-return expression onFrame (3) would always iterate over an empty sequence, because element namecannot have child element nodes. Thus the result of the whole for-return ex-pression in Frame (3) would be an empty sequence, and consequently the resultof fn:sum in Frame (3) would always be 0. Function inlining and type analysisallow us to statically determine that the function call in Frame (3) would alwaysevaluate to 1.The same considerations fully apply to Frame (4), because element emailalso has exactly one child text node and no child element nodes.In the bottom of Frame (2) we substitute the result obtained in Frames (3)and (4) instead of previously underlined function calls to count leaves. Ex-pression that results from optimization is shown in the bottom of Frame (1).This expression fully re
ects the intuitive notion of the expected result: theaddressBook has twice as text nodes as there are card child elements in theaddressBook element.It is worth noting that this optimization helped us to signi�cantly reducethe number of nodes required to be accessed in the target XML document"address-book.xml" during dynamic evaluation phase. Before inlining, thewhole content of the document had to be scanned. Now, dynamic evaluationphase requires only the document element addressBook and its child card ele-ments to be accessed. Also the less number of operations is required to evaluatethe optimized expression, because we were able to statically determine resultsof many operations. The optimization considered can make evaluation faster, aspractically proven by experimental results re
ected in Sect. 7.



3 Related WorksThere has been a lot of work made on function inlining in functional program-ming languages. For instance, [7] suggested estimating costs and bene�ts for eachfunction call that is a candidate for being inlined. The �nal decision on whether afunction call should be inlined or not is based on the cost and bene�t informationobtained. Our results can be considered as a further development of this generalidea, and are XQuery-speci�c. Our inlining algorithm for XQuery functions canbe considered to exploit the idea of costs and bene�ts, but implicitly.Structural Function Inlining Technique suggested in [8] greatly in
uenced ourwork. However, that approach is not suitable for queries that are not structurallyrecursive, and [8] does not suggest any mechanisms to determine whether a givenquery is structurally recursive or not. Also, the algorithm proposed in [8] isstrongly based on the typeswitch operator, which limits the class of recursiontermination conditions to conditions on argument types, not on their values.Our approach, which we suggest in this paper, pays more attention on whento stop recursive function inlining. Our algorithm is applicable to every user-de�ned XQuery function, not just structurally recursive one. Instead of limitingthe class of functions, as it was done in [8], our algorithm is applicable to everyXQuery function: the algorithm makes the decision not to inline some functioncall if this inlining is unlikely to produce a better query or threats to fall into arecursive in�nite loop. Our algorithm is able to handle any recursive terminationcondition, not just the typeswitch operator, and uses static type informationavailable to produce a better query via function inlining.4 Classi�cation of XQuery User-de�ned FunctionsThis section gives a simple classi�cation of XQuery user-de�ned functions fromthe viewpoint of inlining. The idea behind this classi�cation is to introduceclasses of XQuery user-de�ned functions for which function inlining is possible,and classes of functions for which function inlining is impossible. Obviously,every non-recursive function can always be inlined [5]; that is why classi�cationlisted below is given for recursive XQuery user-de�ned functions only.4.1 Structurally Recursive FunctionsStructurally recursive functions are functions that follow the structure of XMLdata. For structurally recursive functions, recursion is used to walk an XML treebeing processed: the function body processes a given node, and recursive callsare used to process its descendant nodes.Structurally recursive functions constitute a practical subset of XQuery user-de�ned recursive functions. In particular, all user-de�ned recursive functionsintroduced in XQuery Use Cases [9] are structurally recursive.By de�nition, structurally recursive user-de�ned functions have an importantfeature: each of the following function calls is supplied with di�erent types of



arguments. This feature makes structurally recursive functions very attractivefrom the viewpoint of their inlining into the query, because we can actively usetype information for further simpli�cation of each function body inlined and forrecursion termination.XQuery user-de�ned function in Fig. 1 is structurally recursive. As discussedin Sect. 2, information about type declarations (like the one shown in Fig. 2)can be e�ectively used to inline function calls to structurally recursive functionsto produce optimized queries.4.2 Recursive Functions that Iterate over SequencesAnother practical class of XQuery user-de�ned recursive functions are thosewhich iterate over sequences. For a user-de�ned function that iterates over asequence, the function body generally processes only some items of the givensequence, and a recursive call is applied to process the rest items.An example of an XQuery user-de�ned recursive function that iterates overa sequence, is shown in Fig. 4. This function simply reverses the order of itemsin a given sequence4.declare function reverse_sequence($s as node()*) as node()* {if (empty($s)) then ()else ( reverse_sequence($s[position()>1]), $s[1] )} Fig. 4. User-de�ned XQuery function which reverses the given sequenceBy nature, recursive user-de�ned functions that iterate over sequences havethe following feature: each of the following function calls is supplied with thesame types of arguments { the same sequences to be processed. The idea can beillustrated by the following sample function call:reverse_sequence( doc("address-book.xml")/addressBook/card )If we recall the type de�nition for an address book in Fig. 2, this functioncall returns cards in reverse order. But if we attempt to recursively inline sucha function call, we would see that the argument always has the type Card*.This information does not allow us to terminate inlining because we do notpossess static information about the number of cards that would be in thetarget document. We are unable to make any reasonable simpli�cations in thefunction body inlined as well.4 There is such a built-in function called fn:reverse speci�ed in [4]. However, weintroduce a user-de�ned function with the same semantics to keep our examplesconcise



We make the decision of not inlining functions that iterate over sequences,because information available during static phase cannot make this inlining ben-e�tial [7].4.3 Recursive Functions over Simple TypesAnother practical subset of XQuery user-de�ned recursive functions are functionsapplied for calculations over simple types, usually numbers. As an illustrationof such a class of functions, we can mention the calculation of mathematicalfactorial, implemented in Fig. 5.declare function factorial($n as xs:integer) as xs:integer {if ($n=0 or $n=1) then 1else $n * factorial($n - 1)} Fig. 5. User-de�ned XQuery function which calculates mathematical factorialStatic information about types cannot help us to reasonably inline recursivefunctions over simple types, because information about argument values is gen-erally required for e�ective inlining and optimization, and information aboutvalues can generally be possessed during dynamic evaluation only. Figure 5 il-lustrates this observation: condition on argument value (not type) is used forterminating recursion, and operations on values (not types) are applied to per-form a recursive call.The nature of XQuery user-de�ned functions over simple types opposes totheir function calls being inlined when argument values cannot be determinedduring static phase.5 Inlining AlgorithmAs we could conclude from the classi�cation given in the previous section, inlin-ing algorithm should be able to implicitly determine the class of the user-de�nedXQuery function, a function call to which is currently processed, because func-tions from di�erent classes should be given di�erent treatment. We developedthe inlining algorithm which possesses this feature, and remains simple for itspractical implementation.Before discussing the inlining algorithm, we introduce a notion of type depth,which is required for the algorithm.



5.1 Type DepthWith each schema type T we associate its depth which we denote as �(T ). Typedepth is a non-negative integer and is calculated as follows:{ For all atomic types, text nodes and an empty sequence, their depth is 0.{ For attribute nodes, comment nodes and processing-instruction nodes, theirdepth is 1.{ For an element node, its depth is de�ned recursively as the depth of itschild nodes plus 1: T = element(�) =) �(T ) = �(T/child::node()) + 1.If element schema type contains recursive schema de�nitions, the elementdepth is considered +1 (positive in�nity).{ For a document node, its depth is the depth of its document element plus 1.{ For a type that is a choice among several alternatives, its depth is the max-imal depth for all alternatives. The same treatment applies for a type thatis a sequence: �(T1jT2j : : : jTn) = max(�(T1); �(T2); : : : ; �(Tn)) ;�((T1; T2; : : : ; Tn)) = max(�(T1); �(T2); : : : ; �(Tn)) :{ For a type that contains occurrence indicator, its depth is the depth of thetype standing under that occurrence indicator:�(T ?) = �(T ); �(T�) = �(T ); �(T+) = �(T ){ For xs:anyType, its depth is considered +1 (positive in�nity).5.2 Algorithm DescriptionThroughout its work, the algorithm stores information about XQuery user-de�ned function previously inlined. For each previously inlined functionf(x1; x2; : : : ; xn), this information includes:{ The name of the function: f{ Type depth for each of its arguments for the previously inlined function callto f : mprev;1;mprev;2; : : : ;mprev;n{ A mask: a vector of length n consisting of 0-s and 1-s. A number in eachposition denotes whether the depth of the corresponding argument decreasedwith respect to the previous inlining of f .The inlining algorithm consists of the following steps:1. Analyze the query prolog and store information about all user-de�ned XQueryfunctions.2. Expression Expr to be further processed is the QueryBody.3. Expr is traversed from outer query operations to inner operations, in thetree style. For each function call f(expr1; expr2; : : : ; exprn) encountered:



4. If f is not a user-de�ned XQuery function, keep this function call unchangedand resume step 3 for each of expr1; expr2; : : : ; exprn.5. Otherwise, f is a user-de�ned function. Let us consider its signature to bedeclare function f(x1 as T1,...,xn as Tn) as resT{ body_expr }6. Perform inlining for each argument: expr1; expr2; : : : ; exprn. Let us denotethese expressions after inlining as expr01; expr02; : : : ; expr0n.7. If function f is not stored by the algorithm as previously inlined in the outerexpression, inline this function call, as speci�ed in Fig. 6. Store informationabout f , type depth for each of its arguments�(T (expr01)); �(T (expr02)); : : : ; �(T (expr0n))and a mask of 1s: (1; 1; : : : ; 1). Go to step 3 to process the inlined body expr.let x1 := Convert_to_T1( Extract( AtomizeAtomic_for_T1( expr1 ) ) ),x2 := Convert_to_T2( Extract( AtomizeAtomic_for_T2( expr2 ) ) ),...xn := Convert_to_Tn( Extract( AtomizeAtomic_for_Tn( exprn ) ) ),returnbody_exprwhere:{ AtomizedAtomic for Tk($x) = fn:data($x) if Tk is the subtype ofxs:anyAtomic*, and the identity function otherwise.{ Extract($x) = fn:subsequence($x, 1, 1) if compatibility with XPath 1.0is set to true for speci�c XQuery implementation, and the identity functionotherwise.{ Convert to Tk($x) = $x cast as Tk if Tk is the subtype ofxs:anySimpleType, and the identity function otherwise.Fig. 6. Formal form of the expression to replace the function call being inlined8. Otherwise, function call to f was previously inlined in the outer XQueryexpression, and we have information about the previous arguments typedepths ( �prev[i]; i = 1; n ) and the previous mask ( maskprev[i]; i = 1; n ).9. Calculate current type depths and the delta between the corresponding pre-vious and current type depths:�curr[i] = �(T (expr0i)); i = 1; n ;4�[i] = max(�prev[i]� �curr[i]; 0); i = 1; n :The new mask is calculated as follows:maskcurr[i] = sgn(4�[i] �maskprev[i]); i = 1; n



10. If 8i = 1; n : maskcurr[i] = 0, this function call to f should not be inlined,because the current mask shows that the type depth decreased for none ofthe arguments, compared to the previous function call to f .11. Otherwise, inline this function call, as speci�ed in Fig. 6. Store informationabout f , current type depths ( �curr[i]; i = 1; n ) and the current mask( maskcurr[i]; i = 1; n ). Go to step 3 to process the inlined body expr.5.3 Examples of the Algorithm ApplicationIn this subsection, we consider the treatment the suggested inlining algorithmprovides to user-de�ned XQuery functions from each function class introducedin Sect. 4. We also give a more formal consideration to the inlining examplediscussed in Subsect. 2.1.The inlining algorithm was developed to automatically identify structurallyrecursive user-de�ned XQuery functions and inline such function calls as manytimes as it is required to fully walk an XML tree being processed. A samplefunction discussed in Subsect. 2.1 is obviously a structurally recursive one. If werecall Fig. 3 once again and now consider it from the viewpoint of the inliningalgorithm, it is worth noting the following:{ In Frame (1), function count leaves is called with the argument whose typedepth is 3: �(addressBook) = �(card) + 1 = 2 + 1 = 3{ In Frame (2), the type depth of the argument is 2:�(card) = max(�(name); �(email)) + 1 = 1+ 1 = 2{ In Frames (3) and (4), the type depth of the argument is 1:�(name) = �(xs:string) + 1 = 0 + 1 = 1 ;�(email) = �(xs:string) + 1 = 0 + 1 = 1 :These values encourage the algorithm to proceed inlining calls to recursive func-tion count leaves, because type depth decreases for each of the subsequentrecursive function calls. Based on static type information, inlined expressionscan be signi�cantly simpli�ed, to �nally form the resulting expression shown atthe bottom of Frame (1) in Fig. 3.For XQuery user-de�ned functions that iterate over sequences (Subsect. 4.2),type depth of their arguments remain stable throughout subsequent recursivefunction calls. This condition instructs the inlining algorithm to terminate, andthis algorithm behavior fully corresponds to the conclusion formulated in Sub-sect. 4.2: it is not bene�tial to inline XQuery user-de�ned functions that iterateover sequences.Similar treatment is given by the algorithm to XQuery user-de�ned recursivefunctions over simple types (introduced in Subsect. 4.3). The type depth of theargument always remains 0 for such functions, and this instructs the algorithmto terminate inlining, because inlining is quite likely to be fruitless here, as notedin Subsect. 4.3.



5.4 Proof of the Algorithm CorrectnessTheorem 1. For any XQuery query Q, the suggested function inlining algo-rithm always terminates and produces the equivalent query QIProof. We prove the theorem in two steps. As the �rst step, we prove that ourinlining algorithm produces the equivalent query. As the second step, we provethat the algorithm successfully terminates for every XQuery query provided.1. Inlining algorithm produces the equivalent XQuery query QI , because everysingle function inlining produces the equivalent query. This leads from thefact that function inlining is performed in full accordance with dynamicevaluation of XQuery functions de�ned in XQuery Formal Semantics[2], i.e.the function call is rewritten as it would be evaluated.2. We will now prove that the inlining algorithm successfully terminates forevery XQuery query provided.Let us consider an arbitrary XQuery query Q. Suppose that this query con-tains n functions f1; f2; : : : ; fn de�ned in its prolog. Every such function fi(for i = 1; n) has ai parameters and contains ci function calls to f1; f2; : : : ; fnin its body.Suppose that our query Q considered involvesm XML documents, and for j-s document (for j = 1;m), the depth for its document element in accordancewith document schema is dj . Each dj is either a natural number or positivein�nity if document schema is recursive.Finally, let us suppose that the query Q contains e element constructors andc function calls to f1; f2; : : : ; fn in its query-body.With these symbols taken, the number of levels of inlining does not exceeda1d � a2d � : : : � andwith d = maxi=1;n;di 6=1 di + eThis statement leads from the fact that the longest chain of function calls (i.e.when one function calls another one and so on in a chain) contains no morethan n di�erent functions (f1; f2; : : : ; fn), and each of these will be inlinedfor no more that ajd times, because for every following inlining the typedepth must decrease by at least 1 for at least single argument in comparisonwith the previous inlining, and the initial depth for each argument does notexceed d.Thus, if we de�ne cmax = maxi=1;n ci , the total number of functions inlinedcannot exceed c � cmaxa1d�a2d�:::�andThis leads from the reason that we start with c function calls to f1; f2; : : : ; fn,and every following level of inlining multiplies this number of function callsby at maximum cmax. Since the number of such levels cannot exceed a1d �a2d � : : : � and as previously noted, this �nally proves the statement that thesuggested algorithm of function inlining always terminates.



utNote 1. In practice, the suggested inlining algorithm allows reducing the numberof function calls in the query body and often even to eliminate function calls fromquery body completely, because function inlining facilitates the application ofthe other static query optimization methods, like the ones described in [10], [3].6 Limitations of the Inlining AlgorithmThe inlining algorithm suggested in this paper does not allow completely inlininga structurally recursive XQuery user-de�ned function if it iterates over a typewhose schema is itself recursive. Even if a recursive XQuery user-de�ned functiondescends over such a type, its statically calculated depth remains in�nite becauseof recursive schema, and thus the inlining algorithm cannot assert that the depthdecreases. By having only static information (i.e. the schema of the document),we cannot obtain a more reliable information about the behavior of a recursivefunction.The situation can be illustrated by the following example. Consider theschema of a document in Fig. 7. (The idea of this schema de�nition is takenfrom Relax NG Tutorial [6]). It contains a recursive de�nition, which states thatbold and italic elements are allowed to be arbitrarily nested into one anotherand mixed with the remaining text.type doc = element doc(markedText)type markedText = ( xs:string |element bold(markedText) |element italic(markedText) )*Fig. 7. Sample recursive schema de�nitionLet us consider XQuery function count leaves already discussed in Sub-sect. 2.1, applied to doc element from Fig. 7. Although this function is struc-turally recursive, it is clear that we cannot statically determine the number ofinlinings for such a function call, because we do not know the maximal depththe document data might have, since the schema states that bold and italicelements may be nested into one another as many times as possible. Inlining ofthis function call to count leaves terminates, because the argument type depthis in�nite and it remains in�nite for a subsequent recursive function call.We suppose that even for a type whose schema is itself recursive it maybe sometimes reasonable to inline a structurally recursive XQuery function thatiterates over that type. However, our algorithm does not allow doing this, becauseit is based on the idea of type depth, which is in�nite for a type with a recursiveschema de�nition.



7 ExperimentsWe implemented the suggested inlining algorithm in our XML DBMS Sedna [11],being developed by the Institute for System Programming, Russian Academy ofScience. We conducted several experiments to consider the quali�cative e�ect ofXQuery function inlining for query optimization.Table 1 summarizes the benchmark statistics for the example which we earlierconsidered in Subsect. 2.1: counting descendant text nodes of an addressBookelement. Node counting is performed either in the form of the function call to astructurally recursive function count leaves (this case corresponds to the col-umn "Before optimization" in Table 1), or in the form of the expression thatresults from inlining and optimizing this function call (this case corresponds tothe column "After optimization" in Table 1). We measured the correspondingquery evaluation time by considering addressBook elements with di�erent num-ber of Card elements in them (the number of Card elements is re
ected in theleft column of Table 1).It is worth noting that the execution time in both columns in Table 1 dependslinearly on the number of Card elements in the address book. For this example,the query after optimization can be evaluated by average 11 times faster thanbefore optimization.We performed more experiments on di�erent practical XQuery queries andXML documents. The experimental results obtained show that XQuery functioninlining and optimization can make query evaluation up to 76 times faster, andthe running time of the inlining algorithm is negligible compared to time toevaluate complex queries.Table 1. Benchmarks for the example considered in Subsect. 2.1Number of card elements Execution time, secondsin the addressBook Before optimization After optimization1000 1.30 0.14000 5.18 0.4116000 18.73 1.3064000 75.11 5.31256000 309.55 21.231024000 1425.96 129.188 ConclusionIn this paper we considered the application of function inlining technique to XMLQuery Language (XQuery) for optimizing XQuery queries. Two optimizationcriteria and type information available for optimization purposes during static
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