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management, and synchronizations are the main factors for determining the execu-tion time of a sequential program. To e�ciently utilize the hardware design, thesefactors should be highly regarded.In most vector computers, vector compilers are able to analyze the dependencerelation existed in program and automatically perform the vectorization and par-allelization. However, implicit vector operations or parallelism existed in programscan not be fully exploited by vector compilers. Most current compilers [10, 11, 14]provide compiler directives for user to manually de�ne vector operations and multi-thread in program. An improper use of these directives will cause not only semanticerrors but also ine�cient execution. Unless that users are skilled in parallel programdesign, it is di�cult to write an e�cient program with explicit de�nitions of vectorand/or parallel operations.Another critical issue to improve the system performance of supercomputers isto reduce the data movements between shared memory and vector registers. Ex-ploiting reuse opportunities of vector register data not only reduces the workloadof load/store functional units but also gains the following three advantages. First,arithmetic functional units may avoid waiting for load/store operation and haveearlier startup time. Second, time spent on load operations can be saved. Theexecution time of program is thus signi�cantly improved. Third, fewer load/storeoperations reduce the tra�c of shared memory accessing. Most current compil-ers, however, are not capable of exploiting the implicit reuse opportunities. Thismotivates us to design and implement a High Performance Fortran assistant Tool(HPFT) that assists vector compilers in vectorization, reuse exploitation, and syn-chronization reduction.Related translators developed in last decade can be found such as Parafrase [18],PFC [2, 3], and SUPERB [23]. Parafrase is a source-to-source translator applied toa Fortran 66 or Fortran 77 program. The system can be retargeted to produce codefor di�erent classes of concurrent architectures, including register-to-register andmemory-to-memory vector machines, array processors, and shared-memory multi-processors. The PFC is a source-to-source vectorizer that translates fromFortran 66or 77 into Fortran 90. Standard transformations are applied in PFC. These includeif-conversion, induction variable recognition and substitution, constant propagationand deletion of dead code [2]. SUPERB was developed by Zima and coworkers. Ittranslates Fortran 77 programs into concurrent SUPRENUM Fortran programs forthe SUPRENUM machine [23].Di�erent to these designs, the HPFT is an assistant tool to vectorize, paral-lelize, and exploit reuse opportunities for vector compilers. HPFT performs the�-block decomposition such that maximum bene�ts can be gained for vectoriza-tion and reuse exploitation. In the �-block decomposition and vectorization phase,HPFT determines a vectorization vector for each statement in loop body. Thevectorization vector is then used to reconstruct the parsing tree such that vectoroperations are automatically de�ned. Several procedures are designed and imple-mented in HPFT to reconstruct the vectorized loop such that maximum bene�tscan be obtained from the exploitation of the reuse opportunities of vector data. Inaddition, HPFT provides the multi-threading technique to partition the exploitedvector operations into multi-thread such that the reuse opportunities are still pre-served and the synchronizations are as few as possible. Sequential program thus



can be translated into a high performance code.Before execution, performance evaluator is designed for evaluating the perfor-mance of the translated code including degree of vectorization, reuse exploitation,and parallelization. In addition, after execution, it summarizes the informationincluding the execution time and speedup. A user interface is also developed foruser to easily set options provided by HPFT system and to capture the informa-tion o�ered by performance evaluator. Several benchmarks, libraries, and scienti�capplication programs are taken as the input for measuring the performance improve-ment. Experimental results based on the Convex C3840 vector computer show thatour implementation enhances the system performance and usually reduces the pro-gram execution time.2. Design overview. The HPFT system has been implemented using C lan-guage in an X-window based environment. It consists of three main parts: theHPFT kernel, the user interface, and the performance evaluator. The HPFT kernelconsists of several modules including the dependence analysis module, the �-blockdecomposition and vectorization module [8], the reuse exploitation module [8], andthe multi-threading module [9].The HPFT kernel is a source-to-source translator, which is implemented inDEC 3000 workstations. It can be roughly divided into six phases as shown in Fig.1. The outputs of each phase are stored in database and will be the input of thenext phase. In the �rst phase, sequential program written in Fortran 77 is takenas the input and syntax analysis is made to construct the parsing tree. HPFT usesthe abstract syntax tree as the intermediate representation. Several procedures aredesigned for manipulating the abstract syntax tree. Similar design of syntax tree ofAdaptor tool [6] is utilized in HPFT. The Adaptor is a source-to-source translatordesigned mainly for message passing system. It transforms data parallel programswritten in Fortran into host and node programs with message passing that can beexecuted on most parallel architectures. We make modi�cation of syntax tree designof Adaptor to guarantee that parsing tree of a source program written in standardFortran 77 can be generated.After the syntax analysis, in the second phase, data dependence relation isinvestigated. In this phase, the GCD [24] and Banerjee [5] tests are used as theprincipal dependence tests. Then, HPFT constructs the extended dependence graph(EDG) for use in latter phases. The EDG is a graphical representation of depen-dence restriction existed in original program. Di�erent from the conventional datadependence graph [24, 19] (DG), the constructed EDG additionally captures thestatement order for each dependence relation existed in program. In latter phase,vectorization can be processed independently for each statement by examining theEDG. In the third phase, HPFT decomposes EDG into several strongly connectedcomponents. Then, HPFT extracts vector operations and combines the compo-nents that have reuse opportunities into a �-block [24]. According to the EDG'srestriction, the HPFT then automatically inserts proper compiler directives in pars-ing tree to de�ne the vector operations. In the fourth phase, HPFT applies someheuristic rules to reconstruct the parsing tree such that implicit reuse can be ex-ploited. Then, in the �fth phase, the HPFT further optimizes the vectorized andreuse-exploited abstract syntax tree and automatically inserts directives to de�ne



Fig. 1. The block diagram of HPFT design.



Fig. 2. Menu-driven design of user interface in HPFT.multi-thread. Lastly, in the sixth phase, HPFT transforms the parsing tree into ahigh performance source code for vector compiler of Convex C3840.The design of user interface provides a friendly environment for user to selectcompilation options and to capture the information sent by performance evaluator.Many library functions o�ered by Motif [13] are used to build the menu-drivenprocedures. Fig. 2 displays the main functions of user interface design. The userinterface of HPFT system provides several switches for user to specify their needsfor target machine and source programs. For example, if the target machine isequipped with multiple CPUs, the user may set the 'vector-parallel' switch andspecify the number of CPUs for HPFT generating a multi-thread version. Fig. 3(a)shows the snapshots of optimization set by user possibly including index shifting,loop peeling, loop unrolling, and array reorganization. By the user interface design,HPFT system cooperates with the user in determining the best transformationstrategy.Before execution, the performance evaluator o�ers the information includingthe estimated CPU time and the degree of vectorization, reuse exploitation, andparallelization for user. After execution, the performance evaluator reports the re-sults and performance information to user. Fig. 3(b)-(f) display some snapshots of



HPFT execution. First, sequential program written in Fortran 77 is analyzed. Ac-cording to the EDG translation, another version of program is generated by HPFTas shown in Fig. 3(b). By setting the 'compilation information' to user interface asshown in Fig. 3(c), users may view the processing of EDG and the correspondingprogram in each HPFT processing phase. The menu-driven procedures built in userinterface module will be activated and the EDG will be displayed by graphic andtabular viewer. Fig. 3(d) and (e) respectively display the EDG before and afterthe process of �-block decomposition. By setting the 'comparison' switch, HPFTreports the speedup and execution time of both the HPFT version and originalversion as shown in Fig. 3(f). The design of HPFT system assists vector compilerof Convex C3840 to generate a better object code such that user's programs can beexecuted in high performance.3. Data structure and algorithms in HPFT design. In this section, weillustrate the new compilation techniques designed in HPFT for vectorization, reuseexploitation, and multi-threading. To extremely describe the concept of HPFTdesign, several arti�cial examples are used. The measure of improvement of HPFTfor real applications or benchmarks is located in latter section.For a sequential program written in Fortran 77, the HPFT parses the programand then constructs the abstract syntax tree. HPFT then analyzes the data depen-dence relation and constructs the EDG of the original sequential program. Mostof the previous designs [18, 2, 23] use dependence vectors [19] or direction vectors[21] to present the data dependence relation existed in program. In HPFT design,we use EDG to present the data dependence restriction of a loop program. Wecombine the dependence vector and statement order into an extended dependencevector such that the vectorization can be performed on each statement indepen-dently and the reuse exploitation can be easily made. In what follows, we �rstde�ne the extended dependence graph. To illustrate the design of HPFT in vector-ization, reuse exploitation, and multi-threading, algorithm and examples are thendescribed.Definition 3.1 (Extended Dependence Graph). An extended depen-dence graph EDG(N;E) of an n-nested loop L consists of a set of nodes N and aset of edges E. The node labeled by S denotes a statement S in loop L. An edgelabeled by an extended dependence vector �dej = (dej1; dej2; : : : ; dej(n+1)) links fromnode S1 to node S2 if array element is referenced by S1 in iteration �i1, and thenreferenced again by S2 in iteration �i2, where (dej1; dej2; : : : ; dejn) = �i2��i1 and dej(n+1)is 1, 0, or �1 according to the textual order of S1 is before, equal to, or after S2,respectively.There are input, output, true dependences, and anti-dependences possibly ex-isted in loops program. For the use of vectorization and reuse exploitation, only truedependence and input dependence are considered in EDG. Before the constructionof EDG, HPFT uses variable renaming and variable copying [24] techniques toeliminate the output dependences and anti-dependences. The preprocessing alsorenames the equivalence declaration for constructing EDG. Program with variableextended dependence vectors has very few opportunities for vectorization, reuse ex-ploitation, and multi-thread extraction. Thus, in HPFT, only loops with constantextended dependence vectors are considered to be reconstructed.







Fig. 3. Snapshots of HPFT translation process. (a) Snapshots of setting compila-tion options to user interface of HPFT. (b) The sequential program and the HPFTtranslated code. (c) The setting of views of compilation information. (d) A view ofthe original EDG provided by data dependence viewer. (e) A view of EDG after� � block decomposition. (f) Speedup and execution of original version and HPFTversion.Several vector compilers o�er compiler directives for users to manually optimizethe program. We implemented our methods for Convex vector compiler. To assistvector compiler of Convex C38 series extracting more or better vector operationsfrom program, HPFT automatically inserts directive C$DIR Force Vector. InConvex C38 series, the Force Vector directive [10] will force vector compilerto vectorize the loop that follows. If the Force Vector directive is applied toan outer loop, the Convex compiler will move the speci�ed loop to the innermostposition and run it in vector mode. Similar directives can be also found in CRAYX-MP and IBM ES/9000 supercomputers [11, 14]. In this paper, to display theprogram in short, sometimes we use the vectorized statementA(1 : 128) = B(1 : 128) + C(1 : 128)to denote the generated code C$DIR Force VectorDO 1 I = 1, 128A(I) = B(I) + C(I)1 CONTINUE.The design of phases 2 to 6 of HPFT is described in what follows.3.1. � � Block decomposition and vectorization. Before vectorization,HPFT partitions the EDG into several strongly connected components. Each com-ponent is called a �-block [24]. If statement Si is not strongly connected to otherstatements, isolating Si can relax the dependence constraint of Si. Thus, �-blockdecomposition will bene�t to extract more vector operations from sequential loops.



However, �-block decomposition possibly distributes two statements that have reuseopportunities into two di�erent �-blocks. The reuse opportunities will be lost. InHPFT design, the �-block decomposition is mixed with the vectorization such thatreuse opportunities can be preserved. Statements that are vectorized in the sameloop and have reuse opportunities are not to be decomposed into two �-blocks. Twoadvantages can be obtained from HPFT approach. First, the reuse opportunitiescan be preserved. Second, additional loop heading tests can be saved.To improve or make possible the execution of vector operations, loop restruc-turing techniques such as loop distribution [3, 24], loop interchange [3, 24, 16], loopfusion [24, 16], and scalar expansion [24] were introduced in previous study andsome of them were implemented in compilers of vector machines. In HPFT design,the �-block decomposition and vectorization phase integrates loop distribution, loopinterchange, and loop fusion techniques to maintain the reuse opportunities. The�-block decomposition design and vectorization design of HPFT are outlined in thefollowing steps.(1) Find all strongly connected components of EDG.(2) Topological sort these strongly connected components according to the datadependence relation of these components.(3) For each statement in EDG, �nd the best possible loop level for vectoriza-tion such that the memory stride is minimal. In this step, HPFT �nds avectorization vector Vi for each statement Si.(4) Combine two adjacent strongly connected components if they have reuse op-portunities.The detail algorithm of the �-block decomposition and vectorization is located atthe latter paragraph. In what follows, we describe how to �nd the vectorizationvector Vi for each statement Si in a strongly connected component.In an EDG, if an edge �de links two nodes from S1 to S2, then Tail( �de) denotesnode S1 and Head( �de) denotes node S2. Let Di denote the set of extended depen-dence vectors f �dejg for all �dej pointing to or from Si in EDG and both the Head( �dej)and Tail( �dej) belonging to the same strongly connected component. That is, all �dejthat satisfy the following two conditions should be collected into the set Di.(C1) Head( �dej)=Si or Tail( �dej)=Si(C2) Both Head( �dej) and Tail( �dej) belong to the same strongly connected compo-nent.The HPFT determines a vectorization vector Vi = (v1; v2; : : : ; vn+1), vk = 0 or 1,1 � k � n + 1, for each statement Si in loop body. The value of vk is 0 or 1respectively denoting the enable or disable of vectorization on loop in level k, for1 � k � n. The value of vn+1 is always 1. Let sign(�p) denote the value of "+"or "�" depending on the �rst nonzero element of vector �p is positive or negative,respectively. Let �dej = (d1; : : : ; dn+1): The operation Vi � �dej is de�ned as follows.Vi � �dej = (v1d1; v2d2; : : : ; vn+1dn+1):To guarantee the semantic correctness, the vectorization vector Vi should satisfythe following vectorization conditionsign(Vi � �dej) = " + "; 8 �dej 2 Di:



The reason is stated as follows. The sign of all dependence vectors in EDG is"+" since HPFT only consider the input and true dependence in EDG construction.The vectorization should maintain the semantic correctness of original sequentialprogram. For a true dependence �dej linking from Si to S0, data generation of Sishould be performed before the data use of S0. Assume that statement Si is vector-ized in the kth loop level. The value vk is 0 and the value of other elements vx is 1,for all x 6= k. Thus, the kth element of Vi � �dej is 0 and other elements of Vi � �dej arethe same as �dej . If the condition sign(Vi � �dej) = " + " is satis�ed, it indicates thatvectorization on loop (in level k) maintains the precedence relation for Si and S0.Let D0ik = f�d0ejg denote the set of n-dimensional vectors that is obtained bymasking the kth element of vectors in Di. To determine the vectorization vector Vifor each statement Si, HPFT constructs D0i1 by masking the �rst element (k = 1)of all the extended dependence vectors �dej 2 Di. Then, HPFT checks whether thesign of the �rst nonzero value of �d0ej is "+" or not, for all �d0ej 2 D0i1. If the answeris `yes', a zero value is determined to the �rst element of Vi and the vectorizationis made on the outermost loop. Similarly, the value of the second element (k=2),: : :, and the nth element (k = n) of Vi can be determined. A vectorization vectorVi is then determined perhaps with two or more zeros. Because the Fortran is acolumn-major language, loop that controls the leftmost position of subscript of arrayvariable will have the property of shortest memory stride. Under the considerationof the shortest memory stride, HPFT preserves one of these zero elements and setsother elements to 1.Consider the following example.Example 1:DO 1 I = 2, 65DO 2 J = 2, 65DO 3 K = 2, 65S1 : A(I; J;K) = B(I � 1; J + 1;K) +A(I; J;K � 1) (L1)S2 : B(I; J;K) = A(I � 1; J + 1;K) +B(I; J � 1;K)3 CONTINUE2 CONTINUE1 CONTINUEThe extended dependence vectors in loop L1 are�de1 = (1;�1; 0;+1) for variables A(I; J;K) and A(I � 1; J + 1;K);�de2 = (0; 0; 1; 0) for variables A(I; J;K) and A(I; J;K � 1);�de3 = (1;�1; 0;�1) for variables B(I; J;K) and B(I � 1; J + 1;K); and�de4 = (0; 1; 0; 0) for variables B(I; J;K) and B(I; J � 1;K):The EDG of loop L1 is depicted in Fig. 4. By the previous de�nition, D1 isf �de1; �de2; �de3g and D2 is f �de1; �de3; �de4g. The selected vectorization vectors V 1 for S1 andV 2 for S2 are (1, 0, 1, 1) and (1, 1, 0, 1), respectively, where V 1 and V 2 satisfy thevalid vectorizing conditionssign(V 1 � �dei ) = "+", for all �dei 2 D1 andsign(V 2 � �dek) = "+", for all �dek 2 D2.



Fig. 4. The EDG of loop L1.Since the second element of V 1 has a zero value, statement S1 can be vectorizedon loop J . Similarly, statement S2 can be vectorized on loop K. HPFT translatesloop L1 into the following version L10.DO 1 I = 2, 65C$DIR Force VectorDO 21 J = 2, 65DO 3 K = 2, 65S1 : A(I; J;K) = B(I � 1; J + 1;K) +A(I; J;K � 1)3 CONTINUE (L10)21 CONTINUEDO 2 J = 2, 65C$DIR Force VectorDO 31 K = 2, 65S2 : B(I; J;K) = A(I � 1; J + 1;K) +B(I; J � 1;K)31 CONTINUE2 CONTINUE1 CONTINUEThe resultant two-way nonperfect loop L10 is vectorized in di�erent loop levels forthese two statements. Because that all the extended dependence vectors �dej 2 D1capture the information of statement order of S1 and S2, HPFT can independentlyperform the vectorization process on S1 without the e�ect of vectorization of S2.Thus, S1 can be vectorized on loop J , the valid vectorization loop with shortestmemory stride.The �-block decomposition and vectorization algorithm is listed in follows.Algorithm: �-block Decomposition and Vectorization of an n-nested loop LInput: The parsing tree of loop L and the EDG(N;E),where N = fSi; 1 � i � sgOutput:The reconstructed parsing tree, decomposed �-blocks, andvectorization vector Vi for each statement Si; 1 � i � s.Step 1: Decompose the EDG into maximal number of strongly connectedcomponents.Let b denote the number of these components.Step 2: Topologically sort these components according to dependence relationexisted among these components.



Let SC1(N1; E1), SC2(N2; E2), : : :, SCb(Nb; Eb) denote the sortedcomponents, where Ni and Ei respectively denote the node set andedge set of component SCi, 1 � i � b.Step 3: /* Find vectorization vector Vi for statement Si */For each statement Si 2 N; 1 � i � s, doLet Vi = (v1; v2; : : : ; vn+1).Let Di = f �dej = (d1j ; d2j; : : : ; dn+1j )g for all �dej pointing to or from Siin EDG and both the Head( �dej) and Tail(�dej) belonging to the samestrongly connected component.For k=1 to n doLet D0i = f�d0ej = (d1j ; : : : ; dk�1j ; dk+1j ; : : : ; dn+1j )g, where �d0ej isobtained by masking the kth element of �dej.If there exists a �d0ej 2 D0i such that the �rst nonzero element of �d0ejis negativeset vk = 1Elseset vk = 0EndifEndforSet vn+1 = 1.Preserve one of zero elements in Vi such that memory stride isminimal and set other zero elements to 1.EndforStep 4: /* Combine strongly connected components that have reuse opportunitiesinto one �-block */For k = b to 2 step by -1 doSet 
ag Combine = 1.For each dependence vector �de linking from SCk�1 to SCk doAssume �de = (d1; d2; : : : ; dn+1) pointing from Si 2 Nk�1to Sj 2 Nk.If one of the following conditions satis�ed, set 
ag Combine = 0.(1) the zero value of Vi and Vj is at the di�erent positions.(2) Let the lth position of Vi have value 0.Let �d0e = (d1; d2; : : : ; dl�1; dl+1; : : : ; dn+1).The �rst nonzero element of �d0e is negative.EndifEndforIf 
ag Combine = 1Combine components SCk�1 and SCk into a �-block.EndifEndforAccording to the decomposed EDG, reconstruct the parsing tree byapplying the loop distribution and statement reordering techniques.According Vi, for 1 � i � s, insert C$DIR Force Vector directivesto parsing tree.



Fig. 5. The EDG of L2 after performing � � block decomposition.Consider the following loops program.Example 2:DO 1 I = 2, 65DO 2 J = 2, 65S1 : A(I; J) = B(I � 1; J) � 0:5S2 : B(I; J) = A(I � 1; J) � 0:5 (L2)S3 : C(I; J) = B(I � 1; J) � 0:5 +C(I � 1; J)2 CONTINUE1 CONTINUEIn the �-block decomposition phase, the HPFT will not decompose two consecutivestatements if they will be vectorized in the same loop and have reuse opportunity.The EDG of loop L2 will be constructed in phase 2 of HPFT as shown in Fig.5. The HPFT looks ahead that S2 and S3 are both vectorized on loop J and thereuse distance of array B is one iteration gap of loop I. Thus, HPFT does notdecompose the EDG into two �-blocks. According to the EDG, as described inlatter subsection (phase 4), loop L2 can be translated into the following vectorizedand reuse exploited code by HPFT.C(2; 2 : 65) = B(1; 2 : 65) � 0:5 + C(1; 2 : 65)B(2; 2 : 65) = A(1; 2 : 65) � 0:5C(3; 2 : 65) = B(2; 2 : 65) � 0:5 + C(2; 2 : 65)DO 1 I = 3, 64S1 : A(I � 1; 2 : 65) = B(I � 2; 2 : 65) � 0:5S2 : B(I; 2 : 65) = A(I � 1; 2 : 65) � 0:5 (L20)S3 : C(I + 1; 2 : 65) = B(I; 2 : 65) � 0:5 + C(I; 2 : 65)1 CONTINUEA(64; 2 : 65) = B(63; 2 : 65) � 0:5A(65; 2 : 65) = B(64; 2 : 65) � 0:5B(65; 2 : 65) = A(64; 2 : 65) � 0:5As a result, loop L20 saves 62 vector loads for A(I � 1; 2 : 65) in S2 and 62 vector



loads for B(I; 2 : 65) in S3. For instance, A(2; 2 : 65) generated in vector register,say V R1, by S1 at instance I = 3 will be immediately reused by S2 at instanceI = 3 without loading again from memory to vector register.Consider another example which is extracted from subroutine S084 of vectorbenchmark in NETLIB of NCHC (National Center for High Performance Comput-ing). In the �-block decomposition phase, HPFT will decompose the EDG.Example 3:DO 1 I = 2, nDO 2 J = 2, nS1 : AA(I; J) = AA(I; J � 1) + CC(I; J)=AA(I; J � 1)S2 : BB(I; J) = BB(I � 1; J) + CC(I; J)=BB(I � 1; J) (L3)2 CONTINUE1 CONTINUEThe EDG of L3 and the data structure of EDG are respectively shown in Fig. 6(a)and (b). Since S1 and S2 can be vectorized in di�erent loops, the HPFT decomposesthe EDG as shown in Fig. 6(c). In phase 3, HPFT will perform vectorization andmodify the parsing tree equivalent to the program L30 as follows.DO 11 J = 2; nS1 : AA(2 : n; J) = AA(2 : n; J � 1) +CC(2 : n; J)=AA(2 : n; J � 1)11 CONTINUE (L30)DO 2 I = 2; nS2 : BB(I; 2 : n) = BB(I � 1; 2 : n) +CC(I; 2 : n)=BB(I � 1; 2 : n)2 CONTINUEThe decomposition of the set of statements fS1; S2g into two sets fS1g andfS2g causes statement S1 vectorized in loop I. Bene�ts of shorter memory strideaccessing and vectorization are gained when executing S1. There are reuse op-portunities of arrays AA and BB existed in S1 and S2, respectively. These reuseopportunities will be further exploited in the reuse exploiting phase of HPFT. TheHPFT automatically determines how to decompose the original EDG into several�-blocks such that maximumbene�ts from vectorization and reuse exploitation canbe obtained.3.2. Reuse exploitation of vector data. A considerable amount of re-search has been done on this topic [4, 7, 12]. In HPFT design, loops with reusedistance equal to or larger than one iteartion gap can be further reduced to zero.The reduction of reuse distance is determined by several heuristic rules operatedon EDG. In what follows, we will use an example to illustrate the process of reuseexploitation in HPFT. Improvements in real application programs are measured inlatter section. In phase 4, the HPFT exploits the reuse opportunities existed in theparsing tree. Consider the following vectorized loop L4 whose parsing tree is theinput of phase 4 of HPFT.



Fig. 6. Data structure of EDG and � � block decomposition of loop L3. (a) TheEDG of L3. (b) Data structure representing EDG in HPFT. (c) The decomposedEDG of L3.



Fig. 7. The EDG of L4.Example 4:DO 2 J = 3, 642S1 : A(1 : 64; J) = C(1 : 64; J � 1) +XS2 : B(1 : 64; J) = A(1 : 64; J � 1) � Y (L4)S3 : C(1 : 64; J) = B(1 : 64; J � 2)� Z2 CONTINUEThe EDG of loop L4 is shown in Fig. 7. In loop L4, the extended dependence vectorsare �de1 = (0, 1, 1), �de2 = (0, 2, 1), and �de3 = (0; 1;�1). Data elements A(1 : 64; 3)generated by statement S1 at instance J = 3 will be used by S2 at instance J =4. However, most supercomputers generate A(1 : 64; 3) in vector register, say V R1,at J = 3 and then load A(1 : 64; 3) again in another vector register, say V R2, atJ = 4. This is because that V R1 should swap out the data A(1 : 64; 3) beforeexecuting J = 4 for keeping the generated data A(1 : 64; 4). Likewise, arrays B andC generated by S2 and S3 will be used by statements S3 and S1, respectively. Thereuse distance can be reduced by applying index shift method [15] or loop alignmentmethod [1]. HPFT performs the index shift [15] procedure Shift on EDG of L4 toexploit the reuse opportunities of arrays A, B, and C.Let sets IN(S) and OUT(S) respectively denote the set of edges incoming toand outgoing from the node S in EDG. In the following, we will �rst give thede�nition of shift vector �demax which will be used to reduce the dependence distancebetween two references.Definition 3.2 (shift vector and reuse vector). Let there be l extendeddependence vectors �dei 2 IN(S) and r extended dependence vectors �dej 2 OUT(S)for 1 � i � l; 1 � j � r. A shift vector �demax of IN(S) is the maximum vector thatsatis�es the condition 8 �dei 2 IN(S), �dei � �demax > 0n+1 where 0n+1 is an (n+ 1)-dimensional zero vector, for 1 � i � l. Extended dependence vectors �dei 2 IN(S) thatare equal to �demax are called reuse vectors �dereuse of IN(S), for 1 � i � l. Similarly,a shift vector �demax of OUT(S) is the maximum vector that satis�es the condition8 �dej 2 OUT(S), �dej � �demax > 0n+1, for 1 � j � r. Extended dependence vectors�dej 2 OUT(S) that are equal to �demax are called reuse vectors �dereuse of OUT(S).Note that there are possibly more than one dependence vector �dei 2 IN(S) beingreuse vectors of IN(S). Let �de = (de1; : : : ; den+1) be the reuse vector of IN(S). Twocases of �de will be discussed as follows. First, if the value den+1 is 1, �de � �demax is



Fig. 8. Index shift operation on node S. (a) Original EDG. (b) ApplyingShift(S; �demax ; IN ).equal to (0; 0; : : : ; 0; 1). In another case, if the value den+1 is �1, �de � �demax is equalto (0; : : : ; 0; 1;�1). When a node S is selected to be adjusted in an IN direction,all the dependence vectors �dei 2 IN(S) can be reduced to �dei � �demax. The seman-tic correctness is maintained since condition �dei � �demax > 0n+1 is satis�ed. Letdir be the variable with value of IN or OUT. When applying index shift operationon node S, the value of dir is IN or OUT can be determined by several heuristicrules[8]. Let the complement direction dir denote the value IN or OUT if dir is OUTor IN respectively. We now formally de�ne the index shift operation on S as follows:Shift(S, �demax, dir):8 edges �de 2 dir(S), �de = �de � �demax.8 edges �de 2 dir(S), �de = �de + �demax.Mark node S with "unadjustable".Mark adjustable nodes in set Tail( �dereuse) or Head( �dereuse) with "unadjustable"depending on that the value of dir is IN or OUT respectively.Fig. 8 depicts the index shift operation performing on node S in an IN direction.Assume that �de2 is the reuse vectors of IN(S). In Fig. 8(b), the index shift operationis applied on node S with dir = IN such that the reuse distance between statementsS and S0 can be reduced, for all S0 2 Tail( �dei), 8 �dei 2 IN(S). Dependence vectors �dei2 IN(S), for i = 1 and 2, can get bene�ts by decreasing their dependence distancevalue. The decreasing of the dependence value indicates that the reuse distanceis shortened when running program. However, the reuse distance of dependencevectors �dej 2 OUT(S), for j = 3 and 4, has been increased by value �demax afterapplying Shift(S, �demax, IN) on node S. Initially, all nodes in EDG are adjustable.When we apply the index shift operation Shift(S, �demax, dir) on node S, the reusedistance of edges �dereuse is optimal. All nodes linked by edges �dereuse can not befurther adjusted to maintain the optimal distance.In Example 4, HPFT �rst applies the Shift(S2, (0, 1, 0), IN) on statementS2. That is, HPFT adjusts the variables' subscript of S2 such that value of the



Fig. 9. Index shift operation applying on loop L4. (a) The EDG after applyingShift(S2 ; (0; 1; 0); IN ). (b) The EDG after applying Shift(S3 ; (0; 3; 0); IN ). (c)Iteration range of statements after applying index shift operations.extended dependence vector f �de1g = (0, 1, 1) 2 IN(S2) can be reduced to (0, 0, 1).Statement S2 is then changed toS2 : B(1 : 64; J + 1) = A(1 : 64; J) � Y; for 2 � J � 641:To preserve the exploited reuse, statements S1 and S2 can not be further adjusted.The HPFT marks them with 'unadjustable' as shown the shaded nodes in Fig.9(a). The dependence distance 1 of �de1 in Fig. 7 is then accumulated to �de2 sincethe reference B(1 : 64; J + 1) of the adjusted S2 and the reference B(1 : 64; J � 2)of S3 in L4 have an extended dependence vector (0, 3, 1) as shown in Fig. 9(a).Continuously, HPFT applies Shift(S3, (0, 3, 0), IN) procedure on node S3 suchthat �de2 2 IN(S3) can be reduced to (0, 0, 1). Statement S3 can be changed toS3 : C(1 : 64; J + 3) = B(1 : 64; J + 1)� Z; for 0 � J � 639:The dependence distance of �de2 is accumulated to �de3 as shown in Fig. 9(b). Theiteration range of J on statements S1, S2, and S3 is shown in Fig. 9(c). HPFT thengather the intersection of these statements' running iteration range into one loop.Translated by HPFT, parsing tree of loop L4 will be reconstructed into anotherparsing tree equivalent to the following loop L40.



DO 21 J = 0, 1S3 : C(1 : 64; J + 3) = B(1 : 64; J + 1)� Z21 CONTINUES2 : B(1 : 64; 3) = A(1 : 64; 2) � YS3 : C(1 : 64; 5) = B(1 : 64; 3)� ZDO 2 J = 3, 639S1 : A(1 : 64; J) = C(1 : 64; J � 1) +XS2 : B(1 : 64; J + 1) = A(1 : 64; J) � Y (L40)S3 : C(1 : 64; J + 3) = B(1 : 64; J + 1)� Z2 CONTINUEDO 22 J= 640, 641S1 : A(1 : 64; J) = C(1 : 64; J � 1) +XS2 : B(1 : 64; J + 1) = A(1 : 64; J) � Y22 CONTINUES1 : A(1 : 64; 642) = C(1 : 64; 641) +XThis makes that arrays A and B are reused in the same iteration and the reuseof array C occurs after 4 running iterations in loop J labeled by 2. To reduce thereuse distance of array C incurred by the extended dependence vector (0, 4, �1),HPFT invokes the procedure Spreading to further apply loop spreading technique[24] on loop J labeled by 2 in L40. The reconstructed syntax tree is equivalent tothe following loop L400:DO 23 K = 3, 6DO2 J = K, 639, 4S1 : A(1 : 64; J) = C(1 : 64; J � 1) +XS2 : B(1 : 64; J + 1) = A(1 : 64; J) � Y (L400)S3 : C(1 : 64; J + 3) = B(1 : 64; J + 1)� Z2 CONTINUE23 CONTINUEThe other fragments of loops labeled by 21 and 22 can be further unrolled by HPFTto reduce the loop head overhead. In loop L400, the elements of arrays A and Bgenerated in vector registers are immediately reused in the same iteration instanceand the reuse of array C occurs in the next running iteration. To exploit the reuseof array C, HPFT further reconstructs L400 into the following program.DO 23 K = 3, 6TEMP(1 : 64) = C(1 : 64;K � 1)DO2 J = K, 639, 4S1 : A(1 : 64; J) = TEMP(1 : 64) +XS2 : B(1 : 64; J + 1) = A(1 : 64; J) � Y (L4000)S3 : C(1 : 64; J + 3) = B(1 : 64; J + 1)� ZS03 : TEMP(1 : 64) = C(1 : 64; J + 3)2 CONTINUE23 CONTINUE



The HPFT automatically replaces array C in S1 by an additional array variableTEMP. The Convex C3840 vector compiler is capable of eliminating the load op-eration of S1 and the store operation of S03 for array TEMP since the variableTEMP is loop invariant. Thus, the load operation for TEMP of S1 and the storeoperation for TEMP of S03 will only be performed one time during the executionof loop J running from K to 639. Loop L4000 is superior than L400 since the loadoperation of array C in statement S1 of L400 is saved in L4000. The improvementof loop L4000 in execution time is 14:65% compared to L400 in Convex C3840. Asa result, reuse opportunities of arrays A, B, and C are fully exploited by HPFT.Compared to the version of L4, loop L4000 saves 45:71% execution time.For a given complex EDG, the order of each node (or statement) applied by theindex shift operation may e�ect the degree of reuse exploitation. Several heuristicrules [8] have been developed in Select procedure. These rules are designed forachieving the following two principles. First, HPFT selects node S that applyingindex shift operation Shift(S, �demax, dir) on S will reduce the maximum numberof edges to a distance of zero or one iteration gap and mark the least nodes with"unadjustable". Since applying index shift operation on an adjustable node canexploit at least one reuse opportunity, the adjustable node can be treated as aresource of reuse exploitation. Second, in vector register reuse consideration, wehope that the dependence distance can be reduced to zero such that the memoryload operation can be saved. Even if some of the reuse distance can not be reducedto zero when applying the index shift operation on node S, the reduced nonzerodistance can bene�t cache or memory accessing since the reuse distance has beenshortened. Thus, when applying the index shift operation on node S, we hope thatthe operation can bene�t more dependence vectors in set dir(S) by shortening theirreuse distance and accumulate their distance on less dependence vectors belongingto dir(S).The HPFT calls Select procedure to determine which node is suitable to be�rst selected to apply the shift operation. For example, consider the EDG shown inFig. 10(a). HPFT �rst selects S2 to apply index shift operation. Applying the indexshift operation on S2 to minimize dependence vector �de1 �rst will exploit the reuseopportunity occurred by �de1 and mark node S2 with 'unadjustable'. Statement S3 isstill adjustable. However, applying index shift operation on S3 �rst to minimize �de2will exploit the reuse opportunity occurred by �de2 and mark nodes S2 and S3 with'unadjustable'. This will result statements S1, S2, and S3 are unadjustable. Sincethe adjustable nodes are the resources of reuse exploitation, the HPFT will �rstselect node S2 to apply the index shift operation. Similarly, in Fig. 10(b), select-ing S2 �rst to apply the index shift operation will exploit two reuse opportunitiesintroduced by �de1 and �de2. In another way, selecting S3 �rst to apply the index shiftoperation will exploit only one opportunity. Thus, HPFT selects the S1 �rst.In the reuse exploitation phase, HPFT translates the parsing tree into a formthat reuse distance can be reduced. Other techniques related to reuse exploitationsuch as loop unrolling [24], loop rerolling [24], and temp variable replacement [7]are also designed to cooperate with the index shift process. The reuse exploitationdesigned in HPFT kernel also bene�ts to the multi-threading extraction as discussedin the latter subsection.



Fig. 10. Applying index shift operation �rst on S2 is better than on S3. (a) SelectingS2 �rst is better. (b) Selecting S2 �rst is better.3.3. Multi-threading. Recent vector computers are equipped with severalCPUs. Most of them o�er both vectorization and multiprocessing capabilities.Several independent vector operations can be concurrently performed by multipleCPUs. Synchronizations are needed among these CPUs if their references of vectordata have dependence relation. It is important to carefully partition the vectoroperations into threads such that these threads can be concurrently performed bymultiple CPUs with fewer synchronizations and more reuse opportunities.Let Force Parallel be the compiler directive that forces compiler to par-allelize the loop that follows. The directive introduced here are recognizable tocompiler of Convex C38 series [10]. Similar instructions also can be found in com-pilers of other vector machines such as CRAY families [11]. As an example, considerthe following program. DO 1 I1 = 1; nC$DIR Force ParallelDO 2 I2 = 1, 4Loop Body2 CONTINUE1 CONTINUEThe directive Force Parallel will force compiler to distribute four instancesI2 = 1, I2=2, I2=3, and I2=4 on 4 CPUs to concurrently execute the loop body.Since loop I1 is a sequential loop, synchronizations are needed among these CPUsto guarantee the sequential execution of loop I. In this example, there are n syn-chronizations needed among 4 CPUs.Assume there are 4 CPUs in vector computers. Consider again the example ofL4. One possible multi-threading version can be easily derived by partitioning thevector operations into 4 subsets as follows.



Example 5:DO 1 J = 3, 642C$DIR Force ParallelDO 2 I = 1, 64, 16S1 : A(I : I + 15; J) = C(I : I + 15; J � 1) +XS2 : B(I : I + 15; J) = A(I : I + 15; J � 1) � Y (L5)S3 : C(I : I + 15; J) = B(I : I + 15; J � 2) � Z2 CONTINUE1 CONTINUEThe partitioned 4 sets, I = 1, I = 17, I = 33, and I = 49 can be assigned to 4CPUs for concurrent execution as shown in Fig. 11(a). Since the outermost loop Jis a sequential loop, the 4 CPUs should be synchronized in each instance of J . Twodisadvantages can be found in the multi-thread version of loop L5. First, there is noreuse opportunity exploited in vector register of each CPU. Second, there are 640synchronizations which can be reduced in another multi-thread version translatedby HPFT.The HPFT �rst exploits the reuse opportunities of arrays A, B, and C intoanother version of loop L4000 as discussed before. Then, HPFT transforms abstractsyntax tree of loop L4000 into another syntax tree equivalent to following multi-thread version.C$DIR Force ParallelDO 23 K = 3, 6TEMP(1 : 64) = C(1 : 64;K � 1)DO2 J = K, 639, 4S1 : A(1 : 64; J) = TEMP(1 : 64) +XS2 : B(1 : 64; J + 1) = A(1 : 64; J) � Y (L50)S3 : C(1 : 64; J + 3) = B(1 : 64; J + 1)� ZS03 : TEMP(1 : 64) = C(1 : 64; J + 3)2 CONTINUE23 CONTINUEThe execution of loop L50 is shown in Fig. 11(b). The version of L50 is superiorthan L5 in degree of reuse exploitation and the number of synchronizations. In loopL50, reuse of arrays A, B, and C has been exploited. In total, there are 3*(639-3+1)=1911 vector loads saved. In addition, loop L50 has only one synchronization.Compared to L5, loop L50 saves 69:6% execution time.If compiler applies loop interchange technique to loop L5, the number of syn-chronizations can be reduced to one. However, even if the loop interchange ispossibly applied during multi-threading, in the following example, HPFT can alsoimprove the execution time by reducing the number of synchronizations. Considerthe following program which is extracted from vector benchmark of NETLIB inNCHC.Example 6:



Fig. 11. Multi-thread execution of loops L5 and L50. (a) Execution of loop L5. (b)Execution of loop L50.



EQUIVALENCE (EQV 4(1; 1); CC4(1;2))DO 1 J = 2, 80DO 2 I = 1, 90EQV 4(I; J) = CC4(I + 2; J + 5) + Y (I; J) (L6)2 CONTINUE1 CONTINUEBy setting '-O3' optimization switch to Convex C3840 vector compiler, we have theassembly code equivalent to the following code.DO 1 J = 2, 80C$DIR Force ParallelDO 2 I = 1, 90, 23EQV 4(I : I + 22; J) = EQV 4(I + 2 : I + 24;J + 4) + Y (I : I + 22; J) (L60)2 CONTINUE1 CONTINUEAn attempt to interchange loops I and J will cause semantic error. The reason isstated as follows. The vector data EQV 4(3 : 25; 6) are used by a CPU, say P1,at the execution of J = 2. The vector data EQV 4(24 : 46; 6) will be generatedby another CPU, say P2, at the execution of J = 6. To guarantee that the dataelement EQV 4(24; 6) used by P1 is old, the loop J should be kept in the outermostposition to ensure the sequential execution. Partitioning vector length 90 into 4 setsproduces 79 synchronizations. In the vectorization phase, the HPFT will translatethe loop L6 into the following vector form.DO 1 J = 2, 80EQV 4(1 : 90; J) = EQV 4(3 : 92; J + 4) + Y (1 : 90; J)1 CONTINUEThen, in the multi-threading phase, the HPFT translates the loop L6 into multi-thread execution form as follows.C$DIR Force ParallelDO 1 K = 2, 5DO 2 J = K, 80, 4EQV 4(1 : 90; J) = EQV 4(3 : 92; J + 4) + Y (1 : 90; J) (L600)2 CONTINUE1 CONTINUEOnly one synchronization is needed in loop L600. Compared to L60, the loop L600has fewer synchronizations. The translated HPFT version avoids the dependencerelation caused by sectioning the length of vector operations.In what follows, we list the algorithm of reuse exploitation and multi-threadingfor each �-block.Algorithm: Reuse exploitation and multi-threadingInput: The �-block B(N;E) where N = fSi; 1 � i � mg and the associatedparsing tree.Output:The reduced �-block and a reconstructed parsing tree.



/* reuse exploitation */For each node Si; 1 � i � m, doSet Adjustable(Si) = True.EndforWhile there exists an adjustable node in EDG doCall Select(B) to select an adjustable node S from B anddetermine the value of dir.Apply Shift(S, �demax; dir) on node S.Modify the running iteration range and variables' subscript of node Saccording to the vector �demax.EndwhileAccording to the intersection of running iteration range of Si, 1 � i � m, applyloop distribution and loop unrolling to statements Si; 1 � i � m, in parsing tree./* Loop spreading and multi-threading */Let B0 denote the reuse exploited �-block.Let f be the level of loops that all statements Si 2 N; 1 � i � m, are enclosed.Let there be h extended dependence vectors �dej = (dj1; dj2; : : : ; dj(n+1)); 1 � j � h,existed in B0.For k = 1 to fpk = gcd(djk), for all 1 � j � h.EndforSelect maximum value pm from set fp1; p2; : : : ; pfg such that interchanging loopin level m tothe outermost position is valid.Interchange the mth level loop to the outermost loop in parsing tree.Apply loop spreading on the parsing tree and automatically insert TEMPvariable to increase the degree of reuse exploiting.Insert multi-threading directive in parsing tree such that the generated programhas directive Force Parallel before the outermost loop.For a given program, the HPFT �rst performs the �-block decomposition andvectorization such that maximum bene�ts can be obtained for reuse exploitation.Then, HPFT further inserts the directives to explicitly de�ne more or better vectoroperations from sequential program. In the reuse exploitation phase, the HPFTreconstructs the original program such that the number of vector load operationscan be reduced. In �nal, the HPFT inserts directives to de�ne the multi-thread withless number of synchronizations and generates another high performance version ofloops for vector compilers. As discussed in the next section, with the assistance ofHPFT, compiler of Convex C3840 usually obtains a better performance.4. Experimental results. In this section, the performance improvement ofsequential programs translated by HPFT is measured on Convex C3840 supercom-puter. The current version of Fortran compiler on Convex C3840 system is 7.0. Twoversions of program are compared. For the �rst version, we take original programwritten in Fortran 77 as the input of vector compiler of Convex. The object codegenerated by vector compiler is referred to the original version. Instead, anotherversion is generated by the following two steps. First, the sequential program is



taken as the input of HPFT. The high performance code translated by HPFT isthen taken as the input of vector compiler of Convex C3840 in the second step. Thegenerated object code by these two steps is referred to the HPFT version.Loops selected as the original programs for test can be roughly cataloged intothree classes. The �rst class is the vector benchmarks that are extracted fromNETLIB of NCHC (National Center for High Performance Computing). Twobenchmarks are measured. The �rst benchmark (referred as benchmark 1) consistsof 107 subroutines of loops that are originally designed for testing the vectorizationcapability of PFC [2, 3]. In total, there are 65 subroutines can be vectorized byvector compiler of Convex. The 65 subroutines are considered as the original pro-grams and the execution time of two versions, the original version and the HPFTversion, is compared. In total, there are 11 subroutines improved by applying theHPFT system.The second benchmark (referred as benchmark 2) consists of 45 simple vector-ization tests, 50 subscript tests, 8 tests of rearranging the structure of nested loops,36 tests involving branching, 35 ambiguity checking, 28 tests for external routines,and 49 tests for others. Because that the 45 tests of simple vectorization focusmainly on the testing of general vectorization capabilities, for most current vectorcompiler, they can obtain a good performance without the assistance of HPFT.Only 8 rearranging the structure of nests of loops that are related to the main focusof HPFT design are selected to be tested. Two loops of the 8 selected loops havesigni�cant improvement in execution time for HPFT versions.The second class selected as the original programs consists of several librariesincluding subroutines of BLAS1 and BLAS2. The level 1 BLAS (Basic LinearAlgebra Subprograms) and level 2 BLAS respectively perform the vector/vectorand matrix/vector operations. All subroutines of BLAS1 and BLAS2 are designedin libraries for calls in most supercomputers. The subroutines of BLAS1 and BLAS2used as the original source are also stored in NETLIB of NCHC.In addition, the third class consists of several application programs. Most ofthese programs are selected from the numerical computation programs [17, 22].In what follows, only those that are restructured or the directives are inserted byHPFT are listed in Table 1.The experimental results of execution time and speedup for these three classesof programs are summarized in Table 2. For the three measured classes, two versionsof several subroutines that have the same execution time (HPFT is not activatedwhen translating these subroutines) are not listed in Table 2.Compared with the original version, the main factors that the HPFT versionimproves are classi�ed into vectorization, memory con
ict, locality, and the numberof synchronizations. The e�ect of these factors is analyzed as shown in Table 3. Invectorization, the HPFT assists vector compiler of Convex C3840 to extract more orbetter vector operations from several subroutines. For instance, two statements S1and S2 of subroutine S084 will be decomposed into two �-blocks by HPFT process.Then the HPFT vectorizes the �rst dimension and second dimension of S1 and S2,respectively. However, these two statements of original version are not decomposed.The dependence relation existed in S2 thus makes S1 sequential execution.Some programs such as S029, S030, S084, Loop 1 and Loop 2 of vector bench-mark 2, FLSA, SLEGE2, and FDFT are vectorized in the second dimension of array



Table 1Applications and it's abbreviation.Applications AbbreviationFourier Least-Squares Approximation [17] FLSAJacobi Method for Solution of Linear Equations [17] JacobiBarycentric Form of Lagrange Interpolation [17] BFLIAccumulating a Sum (A. Sum) [22] ASumSolving Linear Equation by Gaussian Elimination SLEGE1(loop 1) [22]Solving Linear Equation by Gaussian Elimination SLEGE2(loop 2) [22]Computing the Uniform Norm of Matrix A and Uniform normA Inverse [22]Gauss-Seidel Iterations [22] GSIComparing Compound Simposon's and CSNCINewton-Cotes Integration [22]Computing The Value of A Filtered Discrete FDFTFourier Transform [22]operations. The HPFT performs the memory con
ict reduction scheme to reorga-nize the memory allocation. Consequently, array accessing when performing vectoroperations has low frequency of memory con
ict. The speedup of these programsthus has signi�cant improvement as found in Table 2.In the reuse exploitation, the HPFT performs index shifting, temp vector vari-able, and loop spreading schemes to exploit the reuse opportunities. The reuse ex-ploitation reduces the number of loads from shared memory to vector registers andfrees the load/store functional units for other use. Execution time of subroutinesS022, S023, S029, S030, S047, S048, S049, S084, S100, loops 1 and 2 in benchmark2, BLAS2, and application programs are thus improved. In synchronization, theexecution of HPFT version has fewer synchronizations among CPUs than one ofthe original version for some subroutines and programs.The HPFT system extracts not only the implicit vector operations but also thereuse opportunities for a sequential program written in Fortran 77. The exploitedvector operations and multi-thread are explicitly de�ned for vector compilers byautomatically inserting proper compiler directives in the translated code. Experi-mental results show that vector compiler cooperated with the HPFT system usuallyproduces a more e�cient code for users to early complete their program execution.5. Conclusion. In this paper, we have described the design and implemen-tation of HPFT. The HPFT performs source-to-source translation and code tuningfrom a sequential program into a favorite execution form. Execution of sequentialprograms thus can be earlier completed due to the bene�ts of more vector opera-tions, higher degree of reuse exploitation, and fewer synchronizations among CPUs.Performance evaluator and menu-driven user interface are also designed in HPFTsystem to o�er users a friendly environment.



Table 2Comparisons of original version and HPFT version for benchmarks, libraries andapplications.loop programs Problem Size Original HPFT speedupS022 1024 � 1024 8.5 ms 5.3 ms 1.6S023 1024 � 1024 12.8 ms 9.5 ms 1.3S029 1024 � 1024 7.5 ms 0.3 ms 25S030 1024 � 1024 23.88 ms 3.64 ms 6.56S044 1048576 5.55 ms 3.0 ms 1.85Bench 1 S045 1048576 8.51 ms 5.10 ms 1.66S047 1024 � 1024 7.12 ms 5.72 ms 1.24S048 1024 � 1024 6.99 ms 5.75 ms 1.22S049 1024 � 1024 6.96 ms 5.63 ms 1.23S084 1024 � 1024 23.9 ms 1.58 ms 15.1S100 1024 � 1024 219 ms 153 ms 1.43Bench 2 LOOP 1 1024 � 1024 72 ms 3 ms 24LOOP 2 1024 � 1024 78 ms 7 ms 11.14SAXPY 1048576 10 ms 4 ms 2.5SCOPY 1048576 10 ms 3 ms 3.33BLAS1 SSCAL 1048576 6 ms 2 ms 3DAXPY 1048576 19 ms 9 ms 2.1DCOPY 1048576 17 ms 6 ms 2.8DSCAL 1048576 12 ms 5 ms 2.4SGEMV 1024 � 1024 6 ms 5 ms 1.2BLAS2 SGBMV 1024 � 1024 6 ms 5 ms 1.2DGEMV 1024 � 1024 11.5 ms 9.8 ms 1.17DGBMV 1024 � 1024 12.1 ms 9.9 ms 1.2FLSA 1024 32.1 ms 5.1 ms 6.29Jacobi 1024 � 1024 16 ms 13 ms 1.23BFLI 1024 � 1024 31 ms 27 ms 1.15ASum 1024 3.8 ms 2.6 ms 1.46SLEGE1 1024 � 1024 7.8 ms 6.5 ms 1.2App.s SLEGE2 1024 � 1024 55 ms 7 ms 7.85Uniform norm 1024 � 1024 74 ms 58 ms 1.27GSI 1024 � 1024 6.3 ms 4.8 ms 1.31CSNCI 1024 � 1024 53 ms 5.7 ms 9.29FDFT 1024 � 1024 57 ms 5 ms 11.4



Table 3Factors responsible for the e�ect of HPFT version.loop programs Vectorization mem. con
ict Localities SynchronizationsS022 pS023 pS029 p p pS030 p pS044 pS045 pS047 p pS048 p pS049 p pS084 p p p pS100 pLoop 1 p pLoop 2 p pSAXPY pSCOPY pSSCAL pDAXPY pDCOPY pDSCAL pSGEMV p pSGBMV p pDGEMV p pDGBMV p pFLSA p p p pJacobi pBFLI pASum pSLEGE1 pSLEGE2 p p pUniform norm pGSI p pCSNCI pFDFT p p p
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