AbstractThe conventional processing techniques for pipelinedvector processors such as Cray-XMP, or SIMD parallelprocessors, such as CM-2 (connection machine), aregenerally applied only to independent multiple data pro-cessing. This paper describes a vector processing methodof multiple processings including parallel rewriting ofdynamic data structures with shared elements, and of mul-tiple processings that may rewrite the same data elementtwo or more times. This method is called the filtering-overwritten-label method (FOL). FOL enables vectorprocessing of entering multiple data into a hash table,address calculation sorting, and many other algorithmsthat handle lists, trees, graphs and other types of symbolicdata structures. FOL is applied to several symbolicprocessing algorithms; consequently, the performance isimproved by a factor of ten on the Hitachi S-810.1.IntroductionAn attached vector processor, called the Hitachi M-680HIDP (Integrated Database Processor) [Koj˚87], is designedfor database processing and has been applied to severalsymbolic processing applications [Tor˚88]. However, mostother vector processors, such as the Cray-XMP or theHitachi S-820, are mostly used for numerical processing,and rarely used for symbolic processing. One of thereasons that the extension of applications from numericalto non-numerical areas has been prevented is that novectorization method that is widely applicable t o processing dynamic data structures connected by pointers,such as linear lists, trees and graphs has yet beenestablished.The symbolic vector-processing methods developed byKanada, et.˚al. [Kan˚88, Kan˚89a, Kan˚89b] enable vectorprocessing of multiple dynamic data structures byvectorization, aprogram transformation. When thesemethods are applied, the data structures are accessedthrough index vectors, which contain pointers or indicesto the data to be processed. These methods are calledsimple index-vector-based vector-processing methods(SIVP) in this paper. The list-vector-processing facilityand conditional control facilities [Kam˚83], such as maskedoperations, of vector processors are used in SIVP.However, the conventional vector-processing methodsincluding SIVP are basically applied only to independentmultiple data processings. That means these methods can-not vectorize multiple processings including rewriting ofdata with shared elements, such as graphs, and they cannotvectorize multiple processings that may rewrite the samedata element two or more times, such as entering multipledata into ahash table, as will be explained in Section˚2.The filtering-overwritten-label method (FOL) explained inthis paper solves this problem.The above problem is explained further in Section˚2.The principle and algorithms of FOL are shown inSection˚3. Several applications and performance evalua-tions of FOL are shown in Section˚4. The related works arementioned briefly in Section˚5.2.Problems in Vector Processing of SharedDataIn the symbolic vector-processing methods shown inKanada [Kan˚88, Kan˚89a, Kan˚89b], data are read andwritten through index vectors. Figure˚1 illustrates twotypes of index vectors: a vector of pointers to the data, anda vector of subscripts or displacements of the data. Usingindex vectors, parts of the symbolic data are gathered intoa vector register or scattered to the main storage by the so-called list-vector instructions or indirect vectorload/store instructions.

0 1 2 3 4 5 6

2 0 5

(a) A vector of pointers(b) A vector of subscriptsFigure˚1. Two types of index vectorsThe classes of vectorizable and unvectorizable process-ings are explained using Figure˚2. SIVP is basically appli-A Method of Vector Processing for Shared Symbolic DataYasusi KanadaCentral Research Laboratory, Hitachi Ltd.P. O. Box 2, Kokubunji, Tokyo 185, Japan.kanada@crl.hitachi.co.jp cable only for independent multiple data processings.That means SIVP can be applied to an index vector thatcontains pointers or indices to independent data(Figure˚2a). However, SIVP can also be applied to read-only processings of multiple data including shared data.The index vector may have pointers to the same data(Figure˚2b), as long as it does not update the data. ButSIVP cannot be applied for rewriting multiple data withsharing (Figure˚2b), because if applied, processings thatmust be performed sequentially would be performed inparallel and would cause incorrect results (explained laterin this section). Therefore, SIVP cannot be applied forrewriting partially shared data structures (illustrated inFigure˚3), because read-only vector-processable indexvectors (Figure˚2b) may be generated while processingsuch data structures.

(a) Unconditionallyvector-processable data(b) Read-only vector-processable dataFigure˚2. Vector-processable datafor the previous methods

(a) Two lists with sharedelements(b) A binary tree with ashared elementFigure˚3. Examples of partially shared data structuresTwo examples that cannot be processed by the previousSIVP methods are shown below (in Figure˚4). The firstexample shows multiple data being entered into ahashtable. This processing is called multiple hashing in thispaper. The entered data are chained from the hash tableentries. Figure˚4a shows sequential processing wherebytwo keys are being entered. Keys 353 and 911 are entered inthis order. Because the hashed values of these keys are bothfive, they are colliding. So they are chained from the samehash table entry. Figure˚4b shows the problem of mul-tiple hashing by forced vector processing. The keys are ini-tially stored in avector, and the hashed values arecalculated by vector operations and stored into anothervector which is used as an index vector in the followingprocess. If no collisions occur, the key writing is pro-cessed properly. However, collision occurrence makes thecorrect processing impossible. The pointer to the secondkey overwrites that to the first key in this figure.35359115�

key k1key k2hashed valuehashed value

353911

hash table(a) Sequential processing35359115�

key vectorhashed value vector(index vector)

353911Key 353 is not in entered status because it is overwritten by key 911.

hash table

(b) �Forced� vector processingFigure˚4. The problem of multiple hashingby vector processing

*a*dcbn2n1n3n5n7n4n6*a*dcbn2n1n3n5n7n4n6*a*dcbn2n1n3n5n7n4n6*a*dcbn2n1n3n5n7n4n6(a) Possible rewriting 1(b) Possible rewriting 2Figure˚5. Two ways of rewriting a treeThe second example is tree rewriting which transformsan input tree to an equivalent final form by applying arewriting rule. Figure˚5 illustrates two ways of rewrit-ing an operation tree; here, the associative law is used asthe rewriting rule. The associative law is expressed as X *(Y * Z) fi (X * Y) * Z. The arrow indicates the directionof the rewriting. The input tree is a * (b * (c * d)) inFigure˚5. The rewriting is applied to nodes n3 and n5 inFigure˚5a, and to nodes n1 and n3 in Figure˚5b. Node n3 is�shared� between these two rewritings. A forcedparallel rewriting by vector processing causes generationof atree which is not equivalent to the original, or therewriting process will be aborted because of anonexistent(phantom) node access. In this example, multiple (two)nodes are rewritten in a unit process, i.e., one rewriting.

3.A Solution: the Overwritten-LabelFiltering MethodA method of rewriting multiple symbolic data with shar-ing, called the filtering-overwritten-label method (FOL),has been developed. The principle and algorithms of FOLare explained in this section.3.1The principle of FOLThe problem explained in Section˚2 is solved by the decom-position of adata set into parallel-processable subsets,illustrated in Figure˚6. In this principal method, theelement set (S) of the original index vector is split intoparallel-processable sets (S1, S2, and S3) and restored intoparallel-processable index vectors (V1, V2, and V3). Theseindex vectors are processed one-by-one by vectoroperations. Pointers to one data, a for example, are scat-tered into different index vectors. This principal methodprocesses the unshared part of the multiple data inparallel and the shared part sequentially.

S1S2S3V1V2V3 Sabacabcacabca, b, c are the datato be processed.Set of data pointers(elements of theoriginal index vector)

Parallel-processable setof data pointers

Parallel-processableindex vectorsFigure 6. Decomposition of data with sharing intoparallel-processable index vectorsTo implement the above principal method, amethod ofdecomposing data sets into parallel-processable sets mustbe developed. The data which cannot be processed inparallel are multiple pointers or indices that point to onedata, and they can be detected by comparing all of the pairsof pointers or indices. However, this process needs O(N2)comparisons, so it will decrease the performance. FOL* isa method of decomposing a data set in O(N) time in normalcases by vector processing.Before explaining the algorithms of FOL in thefollowing subsections, amethod of multiple hashingusing FOL is explained informally (See Figure˚7). Onlythe keys are entered into the hash table in this example forthe sake of simplicity. The keys to be entered are initially

* FOL is a generalization of the �overwrite-and-check� method inKanada [Kan˚90a].stored in avector. Each hash table entry has awork areafor storing labels.The detection of collisions, entitled FOL processes 1and 2 in Figure˚7, is performed entirely by vector opera-tions in the following manner. In Step˚1, the subscriptsof the key vector are written into the work area indexed bythe hashed values. These subscripts are called labels inFOL. In Step˚2, the labels are read immediately afterwriting, using the same indices, i.e., the hashed values.These label writing and reading processes are performedusing the list-vector instructions. The elements of theread vector are compared with the original labels. They areequal if there are no collisions. However, they are notequal when there are collisions, because collisions causeoverwriting of labels in the work areas. The results of thecomparisons are stored into amask vector, aBooleanvector. The key vector elements, whose correspondingmask vector elements are true, are the set of parallel-pro-cessable data. In the example in Figure˚7, the second t o fourth elements of the key vector form the first parallel-processable set of keys, because the second to fourthelements of the mask vector are true. These keys areentered into the hash table in parallel in Step˚3. InStep˚4, the above process is repeated until all of the keysare classified into aparallel-processable set, and all ofthem are entered into the hash table.3.2FOL for rewriting single data per unitprocessFOL is ageneralization of the multiple hashing methodexplained in the previous subsection. FOL can be appliedto a wide range of processings that rewrite multiple datawith possible sharing. The algorithm of FOL forrewriting a single data per unit process to be vectorized isshown in this subsection. An extension of FOL forrewriting multiple data per unit process, such as rewritingthe operation tree shown in Section˚2, is shown in the nextsubsection.An FOL algorithm which decomposes a set of data intoparallel-processable sets is shown below. The wholeprocess of this algorithm can be performed by vectoroperations on a vector processor such as the Hitachi S-820.

Figure 7. A method of multiple hashing by FOLn Algorithm: The Overwritten-Label FilteringMethod 1 (FOL1)o InputThis algorithm inputs an index vector V. The elementsof V are pointers or indices to storage areas containingdata d1, d2, �,dN, respectively, where there may beduplicated data (i.e., the same data may appear two ormore times in the sequence d1, d2, �,dN). The storagearea pointed to by v, an element of V, is noted by vfi, andthe data stored in vfi is noted by vfid.o OutputThis algorithm outputs the sets of parallel-processabledata S1, S2, �, SM (the value of M is obtained as an execu-tion result of this algorithm), where Ui˚=1˚M˚Si = {d1, d2, �,dN} and S1, S2, �, SM are disjoint sets, i.e., Si ˙ Sj = ˘ forarbitrary i and j (disjoint decomposition condition).o Process conditions• Processing Pi, which corresponds to the main process inFigure 7, is applied to data di (i = 1, 2, �,N) by vectoroperation after the execution of this algorithm. All thedata included in an output set Sj (˚j = 1, 2, �,M) may beprocessed in parallel or in arbitrary order in processingPi.* The order of processing for each output setcan be in arbitrary order, but two data belongingto different output sets may not be executed inparallel. So any two of the output sets must beprocessed sequentially. The execution orderbetween the processings of two arbitrary datamust not affect the correctness of the result.• If va and vb are arbitrary elements of V beforethe execution, vafi and vbfi are possibly thesame storage area. However, the data pointed t o by va and that pointed to by vb are regarded asnon-identical data in the algorithm description.• For each element v of the index vector V, aworkarea noted by vfiw is allocated in the storagearea vfi. This means that, if vafi and vbfi arethe same storage area, vafiw and vbfiw are alsothe same work area even when va and vb are notidentical.o Procedure(0)˚Preprocessing: Set 1 to variable j. Assign aunique label to each element of V. The labelsmay be assigned before the execution time ifpossible.**(1)˚Writing labels: Write the labels of v1, v2, �,vn into the work areas v1fiw, v2fiw, �,vnfiw,respectively; where n is the number of elements of V.The execution order is arbitrary, and the labels may beprocessed in parallel.(2)˚Detection of overwriting: Read the labels from thework areas v1fiw, v2fiw, �,vnfiw, and compare themwith the labels of v1, v2, �,vn, respectively. Step˚(1)must be completed before reading the labels. ( A synchronization may be necessary.) If the value readfrom vifiw is not equal to the label of vi, it means thatvi is overwritten. Then the set of all the data pointed t o by the elements of V except the data whose equalitycheck has failed is the parallel-processable set. This setis named Sj. More exactly, set {u1fid, u2fid, �, umfid}is assigned to Sj, where uk (k = 1, 2, �,m) are all theelements of V, which satisfies the relation ukfiw = lk;where lk is the label for uk.(3)˚Updating control variables: Add 1 to j. Delete thepointers or indices pointing to data in Sj, from V. Thenumber of elements of V is reduced.

* This condition holds for multiple hashing. Because if no collisionoccurs, the order does not matter. And if a collision occurs, the order ofthe entered data in the hash table is dependent on which colliding data isstored, but again it does not matter. Processings not satisfying thiscondition are considered later in a footnote.** The most easily computable label for element v in vector V is theindex or element number of v in V, or the displacement of v (the numberof bytes) from the top address of V.

35359113�keyvectorhashed valuevector(index vector)

911work areas for labels

01writing label 0

2�The data whosecorresponding masks are trueare entered. (The datawhose corresponding masksare false .) The data without collisionare entered in parallel.

6214152351312123read fromthe writtenplaces false truetruetruegenerated bycomparisonwith thelabels.

13621415The filtered element, 353, isentered in the next iteration.

Only the keyscorrespondingto the storedlabels areentered.

the areas forentered data hash table entered keys mask vector

Label(subscripts) shared data element(0 is overwritten and 2 is stored)

1. Writing labels (FOL p es s 1 ) 2. Overwritten data detection (FOL p ce ss 2 ) 3. The main process

4. Repetition

Repeating processes 1 to 3 .

writing label 2

012345

(4)˚Repetition: Repeat the above Steps˚(1) to (3) until Vbecomes empty. When terminated, set j — 1 to variableM. nIn the example of multiple hashing shown inSubsection˚3.1, the main processing (entering the keys) isamalgamated to the steps of FOL because of efficiency, butthe main processing is not included in FOL1 (the abovealgorithm), to make the algorithm multi-purpose.The following condition must hold for the sake of thecorrectness of FOL1.n The exclusive label storing condition (ELScondition)One of the multiple labels written into one work areais stored correctly. That means, if two labels la and lb arewritten into the same area in parallel, the stored value isnot an amalgam of la and lb. Which one of these labels isstored is arbitrary. nELS condition is guaranteed when the label length isequal to or less than the machine word length in normalpipelined vector processors. This condition holds here-after.*The lemmas and theorems on FOL1 are shown below.n Theorem˚1: Termination propertyAlgorithm FOL1 terminates.o Proof: Any label read from a work area is equal to oneof the original labels written to the work area by ELScondition. Thus, the read label is equal to at least one ofthe original labels in Step˚(2), and Sj is not an empty set forarbitrary j. This means that the number of elements of theindex vector V is reduced every time in Step˚(3). Therefore,V always becomes empty in finite iterations, and FOL1terminates. nThe correctness of FOL1 will be proved using twolemmas.n Lemma˚1: Disjoint decompositionThe disjoint decomposition condition shown in the out-

* There is a type of algorithms, which FOL should be applied to, inwhich the order of multiple processings for one data must be preserved.It is possible to modify FOL1 so as to eliminate the above processcondition and to construct vectorized algorithms of such a type. That is,if processings Pi are applied to data di (= vifid) and processing Pj areapplied to data dj (= vjfid) where di and dj are equivalent (i.e., in thesame storage area), and the execution of Pi precedes that of Pj in thesequential execution, then ELS condition can be replaced by a strongercondition so that the relation k > l holds for the output sets Sk and Sl,where di ˛ Sk and dj ˛ Sl.For the vector processor S-820, higher-performance list-vector storeinstruction (VIST (Vector Indirect STore) instruction), which satisfiesELS condition, can be used for writing labels in FOL1. However, VSTX(Vector STore indeXed) instruction, which is slower but guarantees theorder of storing the vector elements (a stronger condition than ELScondition), can be used instead of VIST to satisfy the above relation, k >l, and to eliminate the above condition.put specification of FOL1 holds. That means, the union ofthe output sets, S1, S2, �, SM, is equal to the input data set,and Si ˙ Sj = ˘ for arbitrary i and j, when FOL1terminates.o Proof: If the following conditions hold, the disjointdecomposition condition holds:(a)˚each element of the output set Sj (˚j = 1, 2, �, M) is oneof the input data,(b)˚each input data is an element of an output set, and(c)˚the output sets are disjoint.First, we show condition (a). The index vector Vconsists of all the pointers, each of which points to eachinput data on the beginning of the execution. An element,e, of an arbitrary output set Sj is one of the input data,because it is selected from all of the data that the elementsof V point to in Step˚(2).Next, we will show conditions (b) and (c). V consistsof all of and only the pointers or indices to the input dataof the beginning of the execution. V becomes an empty setat the termination. The elements are deleted from V inStep (3) immediately after they are added to one of theoutput sets Sj (˚j = 1, 2, �,M) in Step˚(2), and all the el-ements are deleted from V before the execution terminates.That means that all of the data pointed to from V are addedto one of the output sets. In addition, the pointer or indexto an element of Sj is deleted immediately after thecontent of Sj is computed, so this pointer or index neverbelongs to Sm (m > j). Thus, the output sets are disjoint. nThe cardinalities (the numbers of elements) of S1, S2,�, SM are noted by �S1�, �S2�, �, �SM�, respectively. Then,the following lemma and theorem hold.n Lemma˚2If dk and dl (k „ l) are arbitrary elements of an outputset Sk, then dk and dl are in different areas (dk and dl aredifferent data).o Proof: The lemma is proved by contradiction. If dk anddl are in the same area, the pointers or indices to them,which are the elements of V, have the same value. Thelabels assigned to these elements are stored into the samework area. One of these labels is overwritten by the other,so dk and dl are included in different output sets in Step˚(2).This is a contradiction, so the lemma is concluded. nn Theorem˚2: CorrectnessThe output conditions hold when FOL1 terminates.o Proof: This theorem is proved by Lemmas˚1 and 2.(Lemma˚2 guarantees that the output sets are parallel-processable.) nOne more theorem is given but the proof is omitted.

n Theorem˚3The following relation always holds: �S1� ‡ �S2� ‡ �‡ �SM�, and M = 1 (the number of iterations in FOL1 isequal to one) when the input data does not haveduplications. nThe allocation of the work area used in FOL1 isexplained. Normally, the work area can share storage withthe area used by the main processing, because it does notmatter whether the value held in the area pointed to by theelements of V is destroyed before FOL1 is applied bywriting labels, and because there is no possibility that thewrong value, which is not acorrect label, is read in theprocess of overwriting detection. It does not matterwhether the value is destroyed because the main processingwill rewrite the storage area where the labels are writtenby FOL1. Conversely, a sufficient condition that the mainprocessing always rewrites the work area, where the labelsare written, or a weaker condition must hold. There is nopossibility that the wrong value is read, because there is nopossibility that, while reading labels in Step˚(2), the labelsare read from an area where no labels were written, becauseELS condition holds and the labels are read through thesame pointers or indices used when writing the labels.Because the size of each work area is log2N bits or more,the shared area must be extended when the main processingrequires less area. The size must be log2N bits or morebecause the work area must have enough capacity to holdone of N different labels.The performance of FOL1 is examined next. Thesequentially processed part of the main processing is notaccelerated by FOL. On the contrary, the execution of thispart becomes slower because of the overhead of thedetection of parallel-processable data. Consequently, thesequential execution is better than FOL in aprocessingwhere most of the data cannot be processed in parallel.However, if the sharing rarely occurs and most of the datacan be processed in parallel, FOL is promising.The following theorem guarantees that the executiontime of FOL1 is O(N) when the number of sharing issmall.n Theorem˚4: O(N ) execution timeIf condition �S1� ¨ �i˚=2M˚�Si� holds, then the executiontime of FOL1 is O(N).o Proof: If the above condition holds, the execution timeof Step˚(4), which depends on �Si� (i = 2, 3, �,M), can beignored compared with the sum of the execution time ofSteps˚(1) and (2) which depend on �S1�. Then the executiontime of FOL1 is O(N), because the execution time of bothSteps˚(1) and (2) is O(N). nIn particular, the execution time of FOL1 is O(N) whenthere are no duplications in the input data, by Theorems˚3and 4.A lemma and two theorems are given. Theorem˚5guarantees the best performance in a sense, when condition�S1� ¨ �i˚=2M˚�Si� does not hold.n Lemma˚3If there are M� duplications in the input data, all ofwhich are the same, including the original data (i.e., there isa storage area which is shared by M� input data), and thereare no more than M� duplications, the number of outputsets, M, is equal to M�.o Proof: If there are M� duplications, V has M� elements,which point to the same storage area containing theduplicated data, at the beginning of FOL1. As explained inthe proof of Theorem˚1, there always exists alabel thatcoincides with the original in Step˚(2). In addition, eachinput data has aunique label and only one of the labels isread repeatedly M� times, so, in the labels of the M� elements of V, there is exactly one label that coincides.Therefore, exactly one of these elements is deleted from Vevery time Step˚(3) is executed. The number of iterationsin FOL1 is equal to M. Thus, M� is equal to M. nn Theorem˚5: Minimum decompositionIf T1 ¨ T2 ¨ �¨ TM� is an arbitrary decompositionof the input data, i.e.,Ui˚=1˚M�˚Ti = {d1, d2, �,dN}, where theelements of Ti is parallel-processable for arbitrary i, andthe number of output sets of FOL1 is M, then M� ‡ M.That means that the number of output sets of FOL1 isminimum.o Proof: The duplicated data does not belong to the sameoutput set because, otherwise, the output set is notparallel-processable. Thus, if there are M� duplications inthe input data, the number of parallel-processable sets isno less than M� for arbitrary decomposition. The numberof output sets of FOL1 is also M� by Lemma˚3. Thus, thenumber of output sets of FOL1 is minimum. nn Theorem˚6: Worst execution timeThe execution time of FOL1 is O(N2) when thefollowing condition holds: �S1� = �S2� = � = �SM� = 1.o Proof: The execution time of the single iteration inFOL1 is mainly dependent on that of Steps˚(1) and (2), andthey are in proportion to the number of the elements of V.The number of elements of V decreases one by one underthe above condition. So the execution time of the j-thiteration is (N — j + 1) t + c, if the sum of the executiontime of Steps˚(1) and (2) is t and c is aconstant, and thetotal execution time is approximately

�j˚=1N˚(N˚—˚j˚+˚1)˚t˚+˚C , which means it is O(N2). nThe application area of FOL1 is considered next. FOL1is avectorization/parallelization method which can beused in a wide range of applications. Multiple hashing is atypical multiple data processing where asmall number ofsharings exist, but the same condition holds in manyapplications, for example, address calculation sorting andparallel rewriting of lists, trees (DAGs) or graphs withsharing, as illustrated in Figure˚3.Finally, amethod of improving the execution time ofFOL1 by simplifying its process is examined. The follow-ing simplified method can be applied when there is noduplication in the values to be written into the areapointed to by the elements of the index vector V. In thiscase, these values can be used for labels, and the labelwriting and the main processing (i.e., writing the values)can be performed at the same time. For multiple hashing,the above condition holds when the keys are unique andused as labels.3.3FOL for rewriting multiple data per unitprocessFOL1 can be applied when only one data is rewritten in aunit process. An FOL algorithm, which is applied whenmultiple data are rewritten in a unit process, is as follows.n Algorithm: The Overwritten-Label FilteringMethod 2 (FOL*)o InputThis algorithm inputs index vectors V1, V2, �,VL. Theelements of these vectors are pointers or indices to stor-age areas containing data di1, di2, �,diL (i = 1, 2, �,N),respectively, where there may be duplicated data. Thestorage area pointed to by v, an element of Vk, is noted byvfi, and the data stored in vfi is noted by vfid.o OutputThis algorithm outputs sets of tuples Æ˚di1, di2, �,diL˚æ (i= 1, 2, �,N) of parallel-processable data: S1, S2, �,SM(the value of M is obtained as an execution result of thisalgorithm), where Uj˚=1˚M˚Sj = {Æ˚di1, di2, �, diL˚æ � i = 1, 2, �,N} and S1, S2, �,SM are disjoint sets, i.e., Si ˙ Sj = ˘(disjoint decomposition condition).o Process conditions• Processing Pi (i = 1, 2, �,N) is applied to adata tupleÆ˚di1, di2, �, diL˚æ by vector operation after the applicationof this algorithm. All the data included in an output setSj (˚j = 1, 2, �, M) may be processed in parallel or in anyorder, but any two data belong to different output setsmay not be executed in parallel. The execution ordermust not affect the correctness of the result.• If va is an arbitrary element of Vf and vb is an arbitraryelement of Vg before the execution where f, g ˛ {1, 2, �,L}, vafi and vbfi are possibly the same storage area.That means V1, V2, �,VL may have the same pointers astheir elements.• A work area to be used in this algorithm is reserved foreach storage area pointed to by each element of V1, V2, �,VL. The work area pointed to by v is noted by vfiw.o Procedure(0)˚Preprocessing: Set 1 to variable j. Assign auniquelabel to each element of index vectors Vk (k = 1, 2, �, L).That means, if la is the label of an arbitrary element ofVk1 and lb is the label of an arbitrary elements of Vk2 andthese elements are different, condition la „ lb must hold.The labels may be assigned before the execution time.(1)˚Writing labels: vk1, vk2, �,vkn are assumed to be theelements of the index vector Vk, where n is the numberof elements of V1, V2, �, VL (where all of them have thesame number of elements). For k = 1, 2, �,L, performthe following process. Write the labels of vk1, vk2, �,vkn into the work areas vk1fiw, vk2fiw, �,vknfiw,respectively. The execution order is arbitrary, and thelabels may be processed in parallel.*(2)˚Detection of overwriting: For k = 1, 2, �, L, performthe following process. Read the labels from the workareas vk1fiw, vk2fiw, �, vknfiw and compare them withthe labels of vk1, vk2, �, vkn, respectively. Step˚(1) mustbe completed before label reading. If vifiw is not equalto the label of vi, it means that vi is overwritten. The setof all the data tuples Æ˚di1, di2, �, diL˚æ whose elements arethe data pointed to by the i-th elements of V1, V2, �,VL,respectively, except the tuples which contain adata, forwhich the equality check has failed, is the parallel-processable set Sj. More exactly, set Sj is defined asfollows: l1j, l2j, �,lLj are assumed to be the labelsassigned to the index vector elements v1i, v2i, �,vLi,then Sj is the set of all the tuples Æ˚v1ifid, v2ifid, �,vLifid˚æ (i = i1, i2, �, in) where condition v1ifiw = l1i �v2ifiw = l2i � � � vLifiw = lLi holds.(3)˚Updating control variables: Add 1 to j. For k = 1, 2,�, L, delete the pointers or indices pointing to data in atuple in Sj, from Vk. The number of elements of Vk isreduced for each k.(4)˚Repetition: Repeat the above Steps˚(1) to (3) until Vkbecomes empty. (Testing one of V1, V2, �,VL is enoughbecause all of them have the same number of elements.)When terminated, set j — 1 to variable M. nELS condition must hold in Step˚(1) as in FOL1. In

* A deadlock may occur in Step (4). A solution to this problem will beexplained later.

addition, a deadlock may occur unless another appropriatecondition is added on the label writing order, as explainedin Step˚(1). That means, in the case that an appropriatewriting order of the labels cannot be guaranteed, therelation in Step (2) does not hold for any element of theindex vectors. Then Sj may be an empty set and the controldoes not exit from the loop in FOL*.A method to avoid the above problem is explained. Theelements of the index vectors except the last ones arewritten by vector instructions in parallel, but the lastelements are written by scalar instructions sequentiallyafter the execution of the vector instructions. It isasserted that there are no shared elements among the lastelements of the index vectors. Then the relation shown inStep˚(2) holds for the last elements, and Sj is preventedfrom being empty. However, the above method may causeasignificant decrease of parallelism, and the accelerationratio may become less than 1.0. So, a better method shouldbe developed.The proofs of the termination property and the disjointdecomposition condition are omitted because they can beproved in the same way as the case of rewriting single datashown in Subsection˚3.2.The performance of FOL* is examined next. When thenumber of data rewritten in aunit process, i.e., L, is large,the execution time of FOL* becomes larger compared withthe main processing, and the acceleration ratio* of the totalprocess is low. Thus, FOL* is considered to be practicalonly when L is less than five or so. The value of L is twoin the case of the operation tree rewriting shown inSection˚2, so the vectorized algorithm will be practical inthis case.4.Applications of FOLThree applications of FOL1 and the resulting perfor-mances are shown in this section.4.1 Multiple hashingThere are two ways of collision resolution in hashing:open addressing and chaining [Knu˚73]. Figures˚4 and 7apply chaining. The algorithm for multiple hashing usingopen addressing in Kanada [Kan˚90] is based on a specializedversion of FOL, which is called the �overwrite-and-checkmethod.� The FOL algorithms shown in Section˚3 areabstractions of this algorithm.The result of an optimized version of Kanada�smultiple hashing algorithm is shown in this paper. Themethod of subscript recalculation in the case of collisionsin this algorithm is different from the original [Kan˚90].In the original algorithm, the n-element vector of sub-scripts, hashedValue[1 : n], is computed from the old

* The acceleration ratio means the ratio of the vectorized total executiontime and the original sequential execution time. subscripts, which are initially equal to the hashed values,as follows:hashedValue[1 : n] :=(hashedValue[1 : n] + 1) mod size(table);� All of the elements are incremented by one.However, if three or more keys in the key vector collide,the keys failed to be entered cause collisions again whentried to be entered again, because the subscripts are thesame again. Thus the optimized algorithm recalculates thevector of subscripts as follows:hashedValue[1 : n] :=(hashedValue[1 : n] + (key[1 : n] & 31) + 1) modsize(table);� �&� means bitwise �and� operation.� size(table) > 32 is asserted.The optimized algorithm is coded in Fortran** andexecuted on the Hitachi S-810 [Nag˚84], which is an older-generation vector processor than the S-820. All of theinnermost loops are vectorized. Figures˚8 and 9 displaythe CPU time and acceleration ratio of multiple hashingwhere the table sizes are 521 and 4099. The horizontalaxes show the load factor (the ratio of the filled tableentries) after entering the keys. The acceleration ratioreaches the maximum value, 5.2 or 12.3, when the loadfactor is 0.5. The reason that the acceleration ratioincreases when the load factor is less than 0.5 is that thevector length is proportional to the load factor. Thereason that the acceleration ratio decreases when the loadfactor is between 0.5 and 1.0 is that the effect of reducingthe performance caused by the increase of sequentiality islarger than the acceleration effect caused by the increase ofthe vector length. However, the acceleration ratioconverges to avalue larger than 1.0 when the load factorgets closer to 1.0. This fact means that the vectorprocessing is faster than the sequential processing, becausethe parallelism still remains when the load factor getscloser to 1.0.

** However, because the vectorized algorithm cannot be written instandard Fortran, the program violates its semantics using vectorizationforcing option (*VOPTION).

1.00.80.60.40.20.0

10-210-1100101102103

Vector Time (N=521)

Scalar Time (N=521)

Vector Time (N=4099)

Scalar Time (N =4099)Load Factor

CPU Time (ms)Figure˚8. CPU time of multiple hashing into an emptyhash table by S-810 (N : table size)1.00.80.60.40.20.0

05101520

Acceleration Ratio (N=521)

Acceleration Ratio (N=4099)Load Factor

Acceleration RatioFigure˚9. Acceleration ratio of multiple hashing intoan empty hash table by S-810 (N : table size)The results of the optimized algorithm shown inFigures˚8 and 9 are better than those of the original[Kan˚90] in that the acceleration ratio is larger when theload factor is between 0.5 to 0.98. This is the result ofimproving the method of subscript recalculation forcolliding keys.4.2Address calculation sorting and distributioncounting sortAn FOL1-based algorithm of an address calculationsorting [Flo˚60, Gon˚84] and the results of the addresscalculation sorting and adistribution counting sort[Knu˚73] are shown in Kanada [Kan˚90]. The summary ofthe results (the same results as shown in [Kan˚90]) isshown in Table˚1. The maximum acceleration ratio of theaddress calculation sorting is more than ten.Table˚1. CPU time and the acceleration ratio of O(N)sorting algorithms* The size of the work array C is 3n.** The size of the work array is 216, which is the range of thedata.4.3Entering multiple data into a binary treeAn algorithm that enters multiple data into alinkedbinary tree using FOL1 has been developed. The tree is notbalanced in this algorithm. Figure˚10 displays aprelimi-nary result of a performance evaluation on the S-810. Thehorizontal axis indicates the number of uniformly randomkeys entered into the tree, and the vertical axis indicatesthe acceleration ratio. The tree has Ni elements, each ofwhich contains a random key, before entering the keys. Thereason why an empty tree is not used for the benchmarkingis that it is too disadvantageous for vector processingbecause all the keys to be entered conflict when the tree isempty. The number of trials for each plotted point is onlyone, so this result is not very reliable. However, we canconclude that the average acceleration ratio is more than1.0, though it is not a factor of ten, if the initial tree size isnot very small and the amount of data to be entered is notvery small.5.Related WorksAppel and Bendiksen�s vectorized garbage collectionalgorithm [App˚89] implicitly includes avery specializedversion of FOL. Miki et.˚al. use asimilar technique in thevectorized LSI routing algorithm [Mik˚91]. In both algo-rithms, the first output set S1 is implicitly computed. Theoutput sets S2, S3, �, SM are not computed because they areunnecessary in these algorithms.AlgorithmNS-810/20 CPU time (ms)AccelerationSequentialVectorizedratioAddressCalculationSorting*262102142894,28666,9551105605,2152.627.6512.84Distribution CountingSort**2621021412,20613,07230,089 1,5221,7385,6678.027.525.31

5004003002001000

0123456

Ni=2048

Ni=512

Ni=128

Ni=32

Ni=8The number of entered elements

Acceleration ratioFigure˚10. Acceleration ratio of entering multipledata into a binary tree by S-8106.ConclusionThe filtering-overwritten-label method (FOL) given in thispaper enables vector processing over awide range ofapplications which include rewriting data with sharedelements or possibly rewriting the same data element twoor more times. The evaluation results show that theapplication of FOL to multiple hashing and to an addresscalculation sorting accelerates the execution by a factor often. FOL is apromising vector-processing technique forprocessing lists, trees, graphs or other symbolic process-ings on pipelined vector processors or SIMD parallelprocessors such as CM-2 (Connection Machine).The main focus of future works will be to apply FOLto various symbolic algorithms including tree rebalancingand graph rewriting.AcknowledgementsThe author wishes to thank Dr.˚Sakae Takahashi and SeiichiYoshizumi of Hitachi Ltd. for their continuing support ofhis research, Shun�ichi Torii of Hitachi Ltd. for hiscomments that led to significant improvements in thispaper, and Dr.˚Michiaki Yasumura of Keio University,Keiji Kojima and Masahiro Sugaya of Hitachi Ltd. for theirsuggestive comments.References[App˚89]Appel, A. W., and Bendiksen, A.: VectorizedGarbage Collection, J. Supercomputing, Vol.˚3,pp.˚151—160 (1989).[Flo˚60]Flores, I.: Computer Times for AddressCalculation Sorting, J. ACM, Vol.˚7, No.˚4, pp.˚389—409 (1960).[Gon˚84]Gonnet, G. H.: Handbook of Algorithms andData Structures, Addison-Wesley (1984).[Kam˚83]Kamiya, S.,Isobe, F., Takashima, H., andTakiuchi, M.: Practical Vectorization Techniques forthe �FACOM VP,� Information Processing �83,pp.˚389—394 (1983).[Kan 88]Kanada, Y., Kojima, K., and Sugaya, M.:Vectorization Techniques for Prolog, 1988 ACM Int.Conf. on Supercomputing, pp.˚539—549 (1988).[Kan 89a]Kanada, Y., and Sugaya, M.: VectorizationTechniques for Prolog without Explosion, Int. JointConf. on Artificial Intelligence �89, pp.˚151—156(1989).[Kan 89b]Kanada, Y., and Sugaya, M.: A VectorProcessing Method for List Based on aProgramTransformation, and its Application to the Eight-Queens Problem, Transactions of InformationProcessing, Vol.˚30, No.˚7, pp.˚856—868 (1989), inJapanese.[Kan 90]Kanada, Y.: A Vectorization Technique ofHashing and its Application to Several SortingAlgorithms, PARBASE-90, pp. 147—151, IEEE (1990).[Koj 87]Kojima, K., Torii, S., and Yoshizumi, S.: IDP �A Main Storage Based Vector Database Processor, 1987Int. Workshop on Database Machines, pp.˚60—73(1987).[Knu˚73]Knuth, D. E.: Sorting and Searching, The Art ofComputer Programming, Vol.˚3, Addison-Wesley(1973).[Mik˚91]Suzuki, K., Miki, Y., and Takamine, Y.: AnAcceleration of Maze Algorithm Using Vector Proces-sor, Technical Report CAS 91-17, Vol. 91, No. 55,pp.˚23—28, Institute of Electronics, Information andCommunication Engineers (1991), in Japanese.[Nag˚84]Nagashima, S.,et al.: Design Consideration forHigh-Speed Vector Processor: S-810, IEEE Int. Conf. onComputer Design, pp.˚238—242 (1984).[Tor 88]Torii, S.,Kojima, K., Kanada Y., Sakata, A.,Yoshizumi, S.,Takahashi, M.: Accelerating Non-Numerical Processing by An Extended VectorProcessor, 4th Int. Conf. on Data Engineering, pp. 194—201 (1988).