Bibliographical Sk etc rank Mueller as orn on Marc 24, 1966 in Berlin, German He re- ceiv ed his Bac helor of Science, ma joring in Computer Science from the ec hnisc he Univ ersit� at Berlin, German in 1987. In 1991, he graduated from Florida State Univ ersit with Master of Science in Computer Sci- ence. He is curren tly seeking his Ph.D. at Florida State Univ ersit His professional in terests include the areas of compilers, real-time systems, and neural net orks. He is mem er of the CM. 71 70 [Go90] M. C. Golum bic, V. Rainish, Instruction Sche duling eyond Basic Blo cks IBM Journal of Researc Dev elopmen t, ol. 34, No. 1, Jan uary 1990, pp. 93-97 [He90] J. L. Hennessy D. A. atterson, Computer chite ctur e: Quantitative Appr ach Morgan Kaufmann, 1990 [Hw89] W. W. Hwu, Chang, Inlining unction Exp ansion for Compil- ing Pr gr ams Pro ceedings of the CM SIGPLAN 1989 Conference on Programming Language Design and Implemen tation, ol. 24, No. 5, June 1989, pp. 246-257 [Mc89] S. McF arling, Pr gr am Optimization for Instruction Caches 3rd In ter- national Conference on Arc hitectural Supp ort for Programming Languages and Op erating Systems, April 1989, pp. 183-191 [Mo85] Motorola, MC68020 32-Bit Micr opr essor User’s Manual Pren tice- Hall Inc., 1985 [P a85] D. A. atterson, duc Instruction Set Computers Comm unications of the CM, ol. 28, No. 1, Jan uary 1985, pp. 8-21 [P e77] B. L. euto, L. J. Sh ustek, Instruction Timing Mo del of CPU Per- formanc Pro ceedings of the 4th Ann ual Symp osium on Computer Arc hi- tecture, Marc 1977, pp. 165-178 [P e90] K. ettis, R. C. Hansen, Pr o�le Guide Co de Positioning Pro ceedings of the CM SIGPLAN 1990 Conference on Programming Language Design and Implemen tation, ol. 25, No. 6, June 1990, pp. 16-27 [Ri72] E. M. Riseman, C. C. oster, The Inhibition of Potential Par al lelism by Conditional Jumps IEEE ransactions on Computers, ol. 21, No. 12, Decem er 1972, pp. 1405-1411 [Sc77] C.-P Sc hnorr, lgorithm for ansitive Closur with Line ar Exp cte Time Computer Science Lecture Series, Springer, 1977, pp. 329-338 [Sm82] A. J. Smith, Cache Memories Computing Surv eys, ol. 14, No. 3, Septem er 1982, pp. 473-530 [W a62] S. arshall, The or em on Bo ole an Matric es Journal of the CM, No. 9, 1962, pp. 11-12 References [Ah86] A. V. Aho, R. Sethi, J. D. Ullman, Compilers Principles, chniques, and ols Addison-W esley 1986 [Be91] M. E. Benitez, gister ansfer Standar Computer Science Rep ort No. RM-91-01, Univ ersit of Virginia, Charlottesville, Virginia, Marc 1991 [Bl76] Bloniaz, Fisc her, Mey er, note on the aver age time to ompute tr ansitive closur es Automata Languages and Programming, Editors: Mic haelson, Milner, Edin burgh Univ ersit Press, 1976 [Br76] J. Bruno, R. Sethi, Co de Gener ation for One-R gister Machine Jour- nal of the CM, ol. 23, No. 3, July 1976, pp. 502-510 [Cl82] D. W. Clark, H. M. Levy Me asur ement and nalysis of Instruction Use in the AX-11/780 Pro ceedings of the 9th Ann ual Symp osium on Com- puter Arc hitecture, April 1982, pp. 9-17 [Da88] J. W. Da vidson, A. M. Holler, Study of unction Inliner Soft are, ol. 18, No. 8, August 1988, pp. 775-790 [Da90-1] J. W. Da vidson, D. B. Whalley ducing the Cost of Br anches by Using gisters 4th In ternational Conference on Arc hitectural Supp ort for Programming Languages and Op erating Systems, April 1990, pp. 182-191 [Da90-2] J. W. Da vidson, D. B. Whalley Ease: Envir onment for chite c- tur Study and Exp erimentation Pro ceedings of the SIGMETRICS 1990 Conference on Measuremen and Mo deling of Computer Systems, Ma 1990, pp. 259-260 [Di87] D. R. Ditzel, H. R. McLellan, Br anch olding in the CRISP Micr opr o- essor: ducing Br anch Delay to Zer Pro ceedings of the 14th Ann ual Symp osium on Computer Arc hitecture, 1987, pp. 2-9 [Fl62] R. W. Flo yd, lgorithm 97: Shortest Path Comm unications of the CM, ol. 5, No. 6, June 1962, p. 345 [F u89] Stephen B. urb er, VLSI RISC chite ctur and Or ganization Marcel Dekk er, 1989 69 App endix Measuremen ts to Ev aluate Instruction Alignmen able C.1: Additional Instruction etc hes for Unaligned Instructions for 1Kb Cac he without Con text Switc ercen of all instructions di�erence to SIMPLE program SIMPLE LOOPS ALL LOOPS ALL cal +6.46 +7.69 +6.02 +1.23 0.44 quic ksort +3.97 +1.41 +7.00 2.57 +3.03 +10.15 +10.15 +7.79 0.00 2.36 grep +3.34 +7.86 +5.05 +4.52 +1.70 sort +5.19 +4.30 +4.28 0.89 0.91 +3.48 +6.65 +4.01 +3.17 +0.53 mincost +9.64 +9.17 +10.23 0.47 +0.59 bubblesort +8.66 +0.03 +0.07 8.63 8.60 ac erman +0.02 +0.02 +3.86 +0.00 +3.83 matm ult +7.85 +7.87 +7.87 +0.02 +0.02 banner +1.08 +1.90 +2.32 +0.82 +1.24 siev +11.65 +8.53 +8.53 3.12 3.12 compact +3.32 +5.61 +9.71 +2.28 +6.38 queens +6.01 +6.01 +16.57 +0.00 +10.56 dero� +12.49 +10.06 +16.15 2.42 +3.67 erage +6.22 +5.82 +7.30 0.40 +1.08 68 67 able B.4: ercen Change of Instruction etc Cost (Con text Switc h, Aligned) cac he size 1Kb 2Kb 4Kb 8Kb program LOOPS ALL LOOPS ALL LOOPS ALL LOOPS ALL cal 2.72 2.39 2.72 2.53 2.72 2.53 2.72 2.53 quic ksort 0.37 3.82 0.37 3.82 0.37 3.82 0.37 3.82 +0.01 3.88 +0.01 3.88 +0.01 3.88 +0.01 3.88 grep +0.02 +26.40 +0.01 3.21 +0.01 3.23 +0.01 3.23 sort 21.55 27.24 3.93 9.27 3.93 11.98 3.93 11.98 14.33 29.33 14.68 35.64 3.33 8.27 3.33 10.47 mincost +2.90 +8.90 0.03 +16.47 1.58 4.18 1.58 4.18 bubblesort 18.91 18.91 18.91 18.91 18.91 18.91 18.91 18.91 ac erman +0.00 3.77 +0.00 3.77 +0.00 3.77 +0.00 3.77 matm ult 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 banner 1.18 8.07 1.18 8.07 1.18 8.07 1.18 8.07 siev 8.52 8.52 8.52 8.52 8.52 8.52 8.52 8.52 compact 13.62 8.58 7.74 13.59 4.52 13.05 0.01 3.16 queens +0.00 +0.20 +0.00 +0.20 +0.00 +0.20 +0.00 +0.20 dero� +0.71 2.40 +1.29 6.76 +1.32 6.88 0.11 6.43 erage 5.18 5.44 3.80 6.77 2.93 6.47 2.72 5.93 able B.5: ercen Change of Instruction etc Cost (No Con text Switc h, Aligned) cac he size 1Kb 2Kb 4Kb 8Kb program LOOPS ALL LOOPS ALL LOOPS ALL LOOPS ALL cal 2.97 1.90 2.97 2.92 2.97 2.92 2.97 2.92 quic ksort 0.38 3.83 0.38 3.95 0.38 3.95 0.38 3.95 +0.01 4.55 +0.01 4.55 +0.01 4.55 +0.01 4.55 grep 0.02 +26.29 0.02 3.14 0.02 3.39 0.02 3.39 sort 21.69 27.49 4.05 9.45 4.05 12.24 4.05 12.24 14.59 29.19 14.71 35.87 3.23 7.77 3.23 10.31 mincost +3.13 +9.22 0.11 +16.33 1.76 6.30 1.76 6.34 bubblesort 18.92 18.92 18.92 18.92 18.92 18.92 18.92 18.92 ac erman +0.00 3.86 +0.00 3.86 +0.00 3.86 +0.00 3.86 matm ult 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 banner 1.18 8.07 1.18 8.07 1.18 8.07 1.18 8.07 siev 8.53 8.53 8.53 8.53 8.53 8.53 8.53 8.53 compact 14.70 8.84 8.40 16.03 4.94 15.67 0.22 5.13 queens +0.00 0.03 +0.00 0.03 +0.00 0.03 +0.00 0.03 dero� +0.30 2.10 +1.13 7.40 +1.17 7.94 0.87 7.40 erage 5.32 5.47 3.89 7.11 3.00 6.95 2.82 6.39 66 able B.2: Change of Miss Ratio (Con text Switc h, Aligned) cac he 1Kb 2Kb 4Kb 8Kb program LOOPS ALL LOOPS ALL LOOPS ALL LOOPS ALL cal +0.05 +0.09 +0.05 +0.07 +0.05 +0.07 +0.05 +0.07 quic ksort +0.00 +0.02 +0.00 +0.02 +0.00 +0.02 +0.00 +0.02 +0.00 +0.08 +0.00 +0.08 +0.00 +0.08 +0.00 +0.08 grep +0.01 +3.54 +0.00 +0.02 +0.00 +0.02 +0.00 +0.02 sort 2.57 2.40 +0.02 +0.39 +0.02 +0.04 +0.02 +0.04 2.47 4.56 2.43 5.81 0.01 +0.27 0.01 0.02 mincost +0.96 +3.31 +0.25 +3.39 +0.03 +0.31 +0.03 +0.31 bubblesort +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 ac erman +0.00 +0.01 +0.00 +0.01 +0.00 +0.01 +0.00 +0.01 matm ult 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 banner +0.06 +0.21 +0.06 +0.21 +0.06 +0.21 +0.06 +0.21 siev +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 compact 2.36 0.64 1.17 1.38 0.58 1.12 +0.02 +0.25 queens +0.00 +0.03 +0.00 +0.03 +0.00 +0.03 +0.00 +0.03 dero� +0.09 +0.62 +0.16 +0.05 +0.16 +0.03 0.01 +0.09 erage 0.42 +0.02 0.20 0.20 0.02 0.00 +0.01 +0.07 able B.3: Change of Miss Ratio (No Con text Switc h, Aligned) cac he size 1Kb 2Kb 4Kb 8Kb program LOOPS ALL LOOPS ALL LOOPS ALL LOOPS ALL cal +0.01 +0.14 +0.01 +0.02 +0.01 +0.02 +0.01 +0.02 quic ksort +0.00 +0.02 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 grep +0.00 +3.46 +0.00 +0.03 +0.00 +0.00 +0.00 +0.00 sort 2.55 2.41 +0.00 +0.36 +0.00 +0.01 +0.00 +0.01 2.45 4.39 2.34 5.62 +0.00 +0.32 +0.00 +0.00 mincost +0.97 +3.27 +0.22 +3.11 +0.00 +0.03 +0.00 +0.02 bubblesort +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 ac erman +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 matm ult +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 banner +0.06 +0.21 +0.06 +0.21 +0.06 +0.21 +0.06 +0.21 siev +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 compact 2.45 0.66 1.21 1.70 0.60 1.40 0.00 +0.00 queens +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 dero� +0.04 +0.64 +0.13 0.04 +0.14 0.10 0.10 0.04 erage 0.42 +0.02 0.21 0.24 0.03 0.06 0.00 +0.02 App endix Cac he Measuremen ts for Aligned Instructions able B.1: Program Size in Bytes and ercen Change for Aligned Instructions size in ytes hange of size program SIMPLE LOOPS ALL LOOPS ALL cal 1,288 1,340 1,464 4.04% 13.66% quic ksort 976 1,012 1,156 3.69% 18.44% 688 776 1,124 12.79% 63.37% grep 3,068 3,204 5,388 4.43% 75.62% sort 6,224 7,044 9,712 13.17% 56.04% 4,768 4,884 8,016 2.43% 68.12% mincost 3,616 3,748 4,712 3.65% 30.31% bubblesort 544 564 560 3.68% 2.94% ac erman 284 284 292 0.00% 2.82% matm ult 580 600 600 3.45% 3.45% banner 696 836 972 20.11% 39.66% siev 276 280 280 1.45% 1.45% compact 4,536 4,668 8,040 2.91% 77.25% queens 376 376 424 0.00% 12.77% dero� 22,872 24,032 61,224 5.07% 167.68% erage 3,386 3,577 6,931 5.39% 42.24% 65 64 able A.4: ercen Change of Instruction etc Cost (Con text Switc h, Unaligned) cac he size 1Kb 2Kb 4Kb 8Kb program LOOPS ALL LOOPS ALL LOOPS ALL LOOPS ALL cal 1.78 3.26 1.78 3.26 1.78 3.26 1.78 3.26 quic ksort 3.01 0.75 3.01 0.75 3.01 0.75 3.01 0.75 +0.00 6.38 +0.00 6.38 +0.00 6.38 +0.00 6.38 grep +4.78 1.00 +4.77 1.51 +4.77 1.51 +4.77 1.51 sort +7.44 12.67 4.62 9.94 4.62 12.68 4.62 12.68 3.89 +14.19 5.57 +9.56 +0.14 9.89 +0.14 9.89 mincost +1.16 +13.89 +4.53 +14.99 1.93 3.31 1.93 3.31 bubblesort 25.98 25.95 25.98 25.95 25.98 25.95 25.98 25.95 ac erman +0.00 0.02 +0.00 0.02 +0.00 0.02 +0.00 0.02 matm ult 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 banner 0.11 6.22 0.11 6.22 0.11 6.22 0.11 6.22 siev 11.64 11.64 11.64 11.64 11.64 11.64 11.64 11.64 compact +2.21 +25.02 +13.79 +6.28 +17.76 +3.64 +2.56 +3.67 queens +0.00 +12.89 +0.00 +12.89 +0.00 +12.89 +0.00 +12.89 dero� 1.22 +2.67 2.18 2.28 1.38 2.08 1.87 2.87 erage 2.14 +0.04 2.13 1.62 1.86 4.48 2.90 4.53 able A.5: ercen Change of Instruction etc Cost (No Con text Switc h, Unaligned) cac he size 1Kb 2Kb 4Kb 8Kb program LOOPS ALL LOOPS ALL LOOPS ALL LOOPS ALL cal 1.72 3.41 1.72 3.41 1.72 3.41 1.72 3.41 quic ksort 2.98 0.82 2.98 0.82 2.98 0.82 2.98 0.82 +0.00 6.99 +0.00 6.99 +0.00 6.99 +0.00 6.99 grep +4.86 0.73 +4.88 1.66 +4.87 1.66 +4.87 1.66 sort +7.05 13.07 4.95 10.25 4.95 13.08 4.95 13.08 3.68 +15.34 5.64 +9.48 +0.06 9.81 +0.06 9.81 mincost +1.14 +14.94 +4.67 +14.64 2.28 5.75 2.28 5.76 bubblesort 25.92 25.89 25.92 25.89 25.92 25.89 25.92 25.89 ac erman +0.00 0.02 +0.00 0.02 +0.00 0.02 +0.00 0.02 matm ult 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 banner 0.11 6.22 0.11 6.22 0.11 6.22 0.11 6.22 siev 11.65 11.65 11.65 11.65 11.65 11.65 11.65 11.65 compact +2.06 +25.51 +14.35 +4.78 +18.30 +1.53 +2.20 +1.58 queens +0.00 +12.60 +0.00 +12.60 +0.00 +12.60 +0.00 +12.60 dero� 0.88 +3.56 2.08 2.23 0.73 1.71 1.18 2.83 erage 2.13 +0.20 2.09 1.85 1.82 4.87 2.92 4.94 63 able A.2: Change of Miss Ratio (Con text Switc h, Unaligned) cac he size 1Kb 2Kb 4Kb 8Kb program LOOPS ALL LOOPS ALL LOOPS ALL LOOPS ALL cal +0.00 +0.04 +0.00 +0.04 +0.00 +0.04 +0.00 +0.04 quic ksort 0.00 +0.01 0.00 +0.01 0.00 +0.01 0.00 +0.01 +0.00 +0.08 +0.00 +0.08 +0.00 +0.08 +0.00 +0.08 grep 0.01 +0.08 0.01 +0.02 0.01 +0.02 0.01 +0.02 sort +1.52 +0.06 +0.04 +0.41 +0.04 +0.06 +0.04 +0.06 0.60 +4.03 0.84 +3.20 +0.01 0.01 +0.01 0.01 mincost +0.60 +3.56 +0.85 +2.69 +0.05 +0.33 +0.05 +0.33 bubblesort 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 ac erman +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 matm ult +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 banner +0.09 +0.29 +0.09 +0.29 +0.09 +0.29 +0.09 +0.29 siev +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 compact +0.00 +3.74 +1.57 +0.64 +1.80 +0.24 +0.04 +0.24 queens +0.00 +0.03 +0.00 +0.03 +0.00 +0.03 +0.00 +0.03 dero� +0.18 +0.71 +0.06 +0.09 +0.16 +0.12 +0.10 +0.02 erage +0.12 +0.84 +0.12 +0.50 +0.14 +0.08 +0.02 +0.07 able A.3: Change of Miss Ratio (No Con text Switc h, Unaligned) cac he size 1Kb 2Kb 4Kb 8Kb program LOOPS ALL LOOPS ALL LOOPS ALL LOOPS ALL cal +0.01 +0.02 +0.01 +0.02 +0.01 +0.02 +0.01 +0.02 quic ksort +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 grep 0.00 +0.11 +0.00 +0.00 0.00 +0.00 0.00 +0.00 sort +1.45 +0.01 +0.00 +0.37 +0.00 +0.01 +0.00 +0.01 0.55 +4.09 0.82 +3.08 +0.00 +0.00 +0.00 +0.00 mincost +0.58 +3.61 +0.80 +2.44 +0.00 +0.02 +0.00 +0.02 bubblesort +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 ac erman +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 matm ult +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 banner +0.09 +0.29 +0.09 +0.29 +0.09 +0.29 +0.09 +0.29 siev +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 compact 0.02 +3.68 +1.57 +0.42 +1.75 0.00 0.00 +0.00 queens +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 dero� +0.22 +0.79 +0.07 +0.10 +0.23 +0.15 +0.17 +0.02 erage +0.12 +0.84 +0.11 +0.45 +0.14 +0.03 +0.02 +0.02 App endix Cac he Measuremen ts for Unaligned Instructions able A.1: Program Size in Bytes and ercen Change for Unaligned Instructions size in ytes hange of size program SIMPLE LOOPS ALL LOOPS ALL cal 1,172 1,206 1,300 2.90% 10.92% quic ksort 824 848 964 2.91% 16.99% 664 722 1,084 8.73% 63.25% grep 2,532 2,668 4,674 5.37% 84.60% sort 5,272 5,912 8,268 12.14% 56.83% 4,126 4,244 7,208 2.86% 74.70% mincost 3,172 3,312 4,254 4.41% 34.11% bubblesort 498 512 510 2.81% 2.41% ac erman 284 284 288 0.00% 1.41% matm ult 558 570 570 2.15% 2.15% banner 512 610 714 19.14% 39.45% siev 260 266 266 2.31% 2.31% compact 4,216 4,338 7,574 2.89% 79.65% queens 314 314 354 0.00% 12.74% dero� 21,524 22,658 61,112 5.27% 183.92% erage 3,062 3,231 6,609 4.93% 44.36% 62 Chapter Conclusions new global optimization metho called co de replication as dev elop ed whic can applied to eliminate almost all unconditional branc hes in program. The resulting programs are executing 6.3% less instructions in erage, th us gener- alized replication outp erforms replication tec hniques applied to lo ops only The um er of instructions et een branc hes is increased 28.3% on the er- age, so that the opp ortunities for instruction sc heduling in RISC en vironmen are impro ed. The cac he ork decreases 5-6% for aligned instructions but actually increases sligh tly for unaligned instructions. The static um er of in- structions increases an erage of 42.5%. The direct compile time erhead for the replication pro cess itself as found to minimal, but follo wing opti- mization stages ust pro cess more TLs, whic increases the erall compile time of the optimizer an erage of 72.5% (dep ending on the um er of replicated TLs). The generalized tec hnique of co de replication should applied in the bac k- end of highly optimizing compilers if the execution time but not the program size is the ma jor concern. Ev en more gain is exp ected the tec hnique when applied in conjunction with pro�ling data. The results of the test set also sho that the replication of the jump condition at natural lo ops on its wn, commonly erformed in optimizing compilers, results in ab out 50% of the gains whic can ac hiev ed generalized co de replication. 61 60 tures. urthermore, the elimination of unconditional branc hes ma impro the sc hedulabilit of instructions. The execution of branc instructions in tro duces problems with pip elines ecause the destination is not kno wn at the time of the fetc of the next instruction. This problem can resolv ed dela ying the e�ect of branc hes one or pip eline cycles and sc heduling non-in terfering instructions to �ll the un used pip eline slots. Instruction sc heduling can also used to handle dela ys of load and store instructions. or example, an attempt is made to mo load instruction for register from the next use of the same register to oid in terlo ks caused the dela ed fetc h. If no candidates for instruction sc heduling can found, the adv an tages of pip elines cannot fully exploited. The erage um er of instructions et een branc hes increases with the use of co de replication. Th us, it ecomes easier to �ll dela slots for certain reduced instructions whic impro es the utilization of an instruction pip eline. Lately sev eral attempts ha een made to reorganize the ositional order of basic blo ks based on pro�ling data Mc89 e90 ]. Co de replication could tak adv an tage of pro�ling data in ys. First, the selection of basic blo ks for replication sequence can mo di�ed to fa or frequen tly executed blo ks rather than the shortest path. Second, pro�ling data can used to decide if particular replication should not erformed ecause the unconditional branc eing eliminated is rarely executed. Chapter uture ork Curren tly indirect branc hes are excluded from replication. The algorithm for co de replication could extended to cop indirect jumps, the asso ciated jump tables, and adjust the con trol o accordingly But not only the branc table ould ha to replicated, all basic blo ks whic can the destination of the indirect branc ould ha to copied. The e�ect of suc massiv replication has to ev aluated to determine if replication at indirect jumps is really desirable. The replication sequence for unconditional branc hes is determined �nding the shortest path with resp ect to the um er of basic blo ks in the curren implemen tation. Instead, the um er of TLs could used as cost function to determine the shortest path. The e�ect of this approac should compared to the curren results. In oking co de replication at later stage in the optimizing phase of the compiler migh reduce the compile-time erhead considerably It should de- termined whether sources for other optimizations are reduced suc hange and whether the tak en measuremen ts are a�ected. The measuremen ts presen ted in the last hapter sho that the cac he ork can reduced on pro cessors with uniform instruction alignmen t. Th us, the impact of co de replication on reduced instruction sets should ev aluated to get more information ab out the impact of co de replication on RISC arc hitec- 59 58 executed sequen tially as efore but they no ccup adjacen memory lo ca- tions. Th us, co de replication places instructions together whic are lik ely to executed in sequence but increases the distance et een conditional branc instructions and their branc destinations. Nev ertheless, the program’s spatial lo calit can impro ed replicating co de. As discussed earlier, the co de replication tec hnique increases the size of some lo op dies so that more instructions can found in lo op after co de replica- tion is applied. If particular blo inside lo op as duplicated, the execution ma alternate et een the original blo and its duplicate. Th us, the temp oral lo calit of program can degraded. Nev ertheless, co de replication reduces the total um er of instructions exe- cuted suc that the erage fetc cost is actually reduced for aligned instructions in particular. 57 This sho ws that ev en if the um er of instructions executed decreases there can negativ impact on the cac he erformance mostly due to expanded lo ops. The impact on con text switc hing as minimal. Recall that eac test set as compared to the corresp onding SIMPLE ersion with the same con�guration. Comparable hanges in the measuremen ts ere found with and without con text switc hing. In fact, the miss ratio only increased sligh tly with con text switc hing on. The tables listing the cac he miss ratio in the App endices and sho that the misses increase 0.02-0.84% in erage for unaligned instructions de- ending on the cac he size. or replication at lo ops, the increase aries et een 0.02% and 0.14%. When instructions are aligned, the miss ratio recorded for co de replication is almost the same as the miss ratio for the SIMPLE ersion. or 2Kb cac he 0.02-0.24% reduction in the ratio has ev en een found for generalized co de replication. If replication at lo ops is applied only the reduc- tion of the miss ratio aries et een 0.42% and 0% for aligned instructions. Recall that the miss ratio can misleading measuremen when the um er of instructions hanges. or example, for 1Kb cac he with con text switc hing and aligned instructions, the program \banner" has 0.21% increase in the miss ratio while the fetc cost decreases 8.1% due to the reduced um er of instructions executed after co de replication. The tec hnique of co de replication causes instructions to laid out di�er- en tly Before replication, the instruction efore an unconditional branc will executed shortly efore the instruction at the target address of the jump but their lo cations can distan t. After co de replication, the instructions will 56 one line. able C.1 in the App endix illustrates that the ercen tage of in- structions causing alignmen problems increased 6% for generalized co de replication compared to the SIMPLE ersion. In fact, after aligning the in- structions the fetc cost for the program \compact" is reduced 8.5%. The program \bubblesort" is an example for drastically reduced fetc cost for un- aligned instructions with JUMPS eing applied, but at the same time 8.6% less instructions caused alignmen problems compared to SIMPLE. In this case, the reduction in fetc cost for unaligned instructions is partially due to instructions spanning more than one line. Ov erall, unaligned instructions can cause unpre- dictable cac he measuremen ts ecause their impact can dominate the hanges of cac he measuremen ts caused co de replication. or aligned instructions, oth replication tec hniques (LOOPS and ALL) reduce the instruction fetc cost ab out 5%. The generalized replication algorithm JUMPS erforms sligh tly etter than LOOPS. This result is more conclusiv since unpredictable side-e�ects of instructions spanning more than one cac he line cannot ccur. But not all programs impro ed with resp ect to the fetc cost: Although the um er of instructions executed for the program \grep" decreased 3.4% after applying JUMPS, the fetc cost increased 26% for aligned instructions and the static um er of instructions increased 75%. In this case, the cost of the extra misses out eigh ts the reduction in the um er of instructions executed. The alues in able C.1 are deriv ed calculating the di�erence et een the um er of references of unaligned instructions and the um er of references of aligned instructions. Then, these additional references are related to the total um er of references of unaligned instructions resulting in the \p ercen of additional instructions." The last columns rep- resen the di�erence of columns 2, and columns 2, resp ectiv ely 55 Figure 7.1). Notice that some programs initially �t in the cac he, but after co de replication is applied, they migh not �t an ymore. Therefore, capacit misses can also in tro duced. cac he oundary instr instr instr cac he oundary instr instr instr instr instr instr 1’ cac he oundary instr 2’ Without Replication With Replication Figure 7.1: Instruction Alignmen in Cac he An unaligned instruction can also span line oundary causing cac he references, one for eac line, whenev er the instruction has to fetc hed (see instructions and 2’ in the replicated co de of Figure 7.1). With instruction alignmen t, an instruction spanning adjacen lines can oided if the size of all instructions are the same and if the line size is an in teger ultiple of the instruction size. Therefore, aligned instructions ere sim ulated �xing the instruction size to ytes. or example, the instruction fetc cost for the program \compact" increases 25% for unaligned instructions in 1Kb cac he. But 16% of the instruc- tion fetc hes are due to alignmen problems where instructions span more than 54 able 7.5 sho ws the hange of the fetc cost for 1Kb direct-mapp ed cac he. The measuremen ts of the SIMPLE ersion ere related to the programs where replication ccurred only at lo ops and those where co de replication as er- formed. In other ords, eac set of measuremen ts is compared to the corre- sp onding alues of the SIMPLE ersion with the same con�guration. able 7.5: ercen Change in Instruction etc Cost for 1Kb Direct-Mapp ed Cac he unaligned instructions aligned instructions con text sw on o� on o� program LOOPS ALL LOOPS ALL LOOPS ALL LOOPS ALL cal 1.78 3.26 1.72 3.41 2.72 2.39 2.97 1.90 quic ksort 3.01 0.75 2.98 0.82 0.37 3.82 0.38 3.83 +0.00 6.38 +0.00 6.99 +0.01 3.88 +0.01 4.55 grep +4.78 1.00 +4.86 0.73 +0.02 +26.40 0.02 +26.29 sort +7.44 12.67 +7.05 13.07 21.55 27.24 21.69 27.49 3.89 +14.19 3.68 +15.34 14.33 29.33 14.59 29.19 mincost +1.16 +13.89 +1.14 +14.94 +2.90 +8.90 +3.13 +9.22 bubblesort 25.98 25.95 25.92 25.89 18.91 18.91 18.92 18.92 ac erman +0.00 0.02 +0.00 0.02 +0.00 3.77 +0.00 3.86 matm ult 0.10 0.10 0.19 0.19 0.21 0.21 0.21 0.21 banner 0.11 6.22 0.11 6.22 1.18 8.07 1.18 8.07 siev 11.64 11.64 11.65 11.65 8.52 8.52 8.53 8.53 compact +2.21 +25.02 +2.06 +25.51 13.62 8.58 14.70 8.84 queens +0.00 +12.89 +0.00 +12.60 +0.00 +0.20 +0.00 0.03 dero� 1.22 +2.67 0.88 +3.56 +0.71 2.40 +0.30 2.10 erage 2.14 +0.04 2.13 +0.20 5.18 5.44 5.32 5.47 or unaligned instructions, co de replication do es not hange the erage in- struction fetc cost signi�can tly while reduction of 2.1% is found for LOOPS. The �ndings for co de replication can explained an increase in the size of some lo ops suc that lo op ccupies more lines after applying co de replica- tion than efore. Th us, eac time the instructions of suc lo op are fetc hed, additional hits or misses will caused the replicated lines of the lo op (see 53 The sim ulation of instruction cac hing required the insertion of trace co de for eac program. Man instruction sets supp ort di�eren branc instructions for short jumps and for long jumps. Often, the selection of the branc instruction is made the assem bler, and compiler migh not able to analyze the actual size of all instructions. oid inaccurate results, o-pass compilation as implemen ted for the cac he analysis. In the �rst pass, the size of eac instruction is determined the assem bler without inserting trace co de. Rather than insp ecting the ob ject co de and using table lo okup metho d, whic ma rather complicated for highly enco ded arc hitecture, lab el is inserted efore and after eac instruction. The assem bler is used to determine the size of eac instruction, the di�erence et een eac pair of lab els. In the second pass, trace instructions are inserted in to the program co de but the instruction sizes are actually tak en from �le generated the �rst pass. collection of tables sho wing the cac he measuremen ts and the program sizes can found in the App endices and B. The follo wing cac he con�gurations ere aried: size: Cac hes with sizes of 1Kb, 2Kb, 4Kb, and 8Kb ere in estigated. ontext switching: Measuremen ts ere tak en with and without sim ulating con text switc hing to ev aluate the impact on ulti-tasking systems and single-tasking system suc as ersonal computers. alignment: Unaligned instructions and aligned instructions ere sim ulated. The size of aligned instructions as set to ytes. Aligned instructions sim ulate the impact of cac hing on reduced instruction sets. 52 7.2 Impact on Instruction Cac hing The cac he erformance as tested for cac he sizes of 1Kb, 2Kb, 4Kb, and 8Kb. The um er of lines ere 64, 128, 256, and 512, resp ectiv ely or eac di�eren cac he size direct-mapp ed cac he with 16 ytes er line as sim ulated. Both the miss ratio and the fetc cost ere measured in the exp erimen t. The estimation of the fetc cost is based on the assumption that misses are ten times as exp ensiv as hits when instruction prefetc hing is erformed. Th us, fetc cost is calculated as follo ws: etch cost cache hits cache access time cache misses miss penal ty where the cac he access time is time unit and the miss enalt is 10 units of time. Con text-switc hes ere sim ulated, in alidating the en tire cac he ev ery 10000 units of ork with resp ect to the fetc cost. The estimates for the cac he access time, the miss enalt and the con text-switc hing in terv al ere adopted from Smith’s cac he studies Sm82 ]. Notice that the erall cost of instruction fetc hing can decrease while the miss ratio increases for the same program. Suc eha vior can explained the reduced um er of instructions executed after replication and illustrates the short-comings of the miss ratio as measuremen when the dynamic eha vior of program hanges. The relativ ely small cac he sizes ere hosen to sim ulate realistic en viron- men where programs do not �t completely in the cac he. Recall that library routines ere not measured so that the sim ulated cac he sizes corresp ond to larger cac hes as found in realistic en vironmen t. 51 the generalized ersion of co de replication is applied. able 7.4 indicates the erage um er of instructions executed et een branc instructions in the �rst column (SIMPLE) and its hange in ercen for LOOPS and ALL. 28.3% increase in the um er of instructions executed et een branc hes is measured so that an erage of 6.5 instructions is found et een branc hes after co de replication as applied. Th us, the opp ortunities for instruction sc heduling ma impro if co de replication is applied in RISC en vironmen t. Or, in large instruction ord (LIW) en vironmen more oten tial parallelism can found due to the increase of the basic blo size Ri72 ]. Also, instruction cac hes ma erform more e�cien tly when instructions are requested from consecutiv memory lo cations and branc hes ccur less frequen tly able 7.4: otal Num er and ercen Change of Instructions et een Branc hes program SIMPLE LOOPS ALL cal 5.90 2.03% 13.56% quic ksort 5.47 +10.24% +7.13% 4.35 +0.00% +173.79% grep 5.50 +0.00% +29.64% sort 4.90 8.37% +46.33% 6.05 +9.42% +34.55% mincost 5.23 +10.13% +19.31% bubblesort 5.96 21.64% 21.48% ac erman 2.71 +0.00% +16.97% matm ult 9.71 +5.05% +5.05% banner 5.23 +22.18% +33.65% siev 3.45 6.67% 6.67% compact 6.33 +10.90% +23.38% queens 4.40 +0.00% +0.23% dero� 2.93 +0.00% +76.11% erage 5.21 +1.95% +28.30% 50 able 7.3: otal Num er and ercen Change of Instructions program static instructions dynamic instructions executed SIMPLE LOOPS ALL SIMPLE LOOPS ALL cal 323 +4.33% +13.93% 36,290 3.09% 3.11% quic ksort 245 +3.67% +18.37% 536,566 0.39% 3.96% 173 +12.72% +63.01% 421,038 0.00% 4.58% grep 775 +4.39% +74.97% 1,309,586 0.03% 3.41% sort 1,558 +13.16% +56.35% 902,075 8.94% 12.51% 1,198 +2.67% +71.45% 1,980,808 2.59% 10.30% mincost 906 +4.08% +31.13% 302,062 1.53% 5.76% bubblesort 137 +3.65% +2.92% 20,340,231 18.92% 18.92% ac erman 72 +0.00% +2.78% 2,239,579 0.00% 3.86% matm ult 146 +3.42% +3.42% 4,891,507 0.21% 0.21% banner 177 +19.77% +38.98% 2,473 1.66% 8.21% siev 70 +1.43% +1.43% 1,759,088 8.53% 8.53% compact 1,143 +2.89% +78.65% 10,602,159 0.42% 4.16% queens 94 +0.00% +12.77% 189,518 0.00% 0.05% dero� 5,730 +5.08% +167.61% 360,051 0.42% 7.12% erage 850 +5.42% +42.52% 3,058,202 3.12% 6.31% hes are oided co de replication. The result, ho ev er, as an increase of the um er of instructions factor of 2.7. Most of the unconditional jumps in the program ere not due to lo ops, and the resulting replication sequences ccasionally ecame length The dynamic measuremen ts in able 7.3 sho the hange of the um er of instructions executed. There is 6.3% dynamic decrease when co de replication is in ok ed, while LOOPS exceeds 3.1% reduction. Compared with the simple approac of eliminating unconditional branc hes in case of natural lo ops, the um er of instructions executed is reduced another 3.2% in erage. Th us, only ab out half of the dynamic impro emen is due to the traditional metho of remo ving unconditional branc hes at lo ops. The rest of the gain ccurs when 49 able 7.2: ercen of Unconditional Branc hes program static dynamic SIMPLE LOOPS ALL SIMPLE LOOPS ALL cal 1.86 0.89 0.00 3.16 0.07 0.00 quic ksort 3.67 1.18 0.00 1.14 0.11 0.00 6.94 4.10 0.00 7.07 7.07 0.00 grep 8.39 7.29 0.59 3.40 3.38 1.69 sort 6.87 3.91 0.00 12.22 8.94 0.00 6.34 4.80 0.00 5.78 3.45 0.00 mincost 5.08 2.76 0.00 2.50 1.40 0.00 bubblesort 4.38 0.70 0.00 0.05 0.00 0.00 ac erman 2.78 2.78 0.00 3.86 3.86 0.00 matm ult 4.11 0.00 0.00 0.21 0.00 0.00 banner 5.65 1.89 0.00 4.12 2.47 0.00 siev 1.43 0.00 0.00 8.53 0.00 0.00 compact 5.42 4.51 0.00 2.53 1.21 0.00 queens 1.06 1.06 0.00 0.05 0.05 0.00 dero� 9.95 9.05 0.03 7.21 7.18 0.18 erage 4.93 3.00 0.04 4.12 2.61 0.12 cation sequence can found for the unconditional transfers to this basic blo k. The columns SIMPLE in able 7.3 indicate the total um er of instructions and the other columns represen the hange in the um er of instructions rela- tiv to the SIMPLE ersion of eac program. The static hange is prop ortional to the gro wth of the co de size. The co de size in ytes is sho wn in able A.1 in App endix A. When LOOPS is applied, the um er of instructions increases only 5.4%. With generalized co de replication, on the other hand, ab out an erage of 42.5% more instructions are generated. The hange of the co de size is directly related to the total um er of un- conditional branc hes and the cause of the unconditional branc h. The program \dero� initially has 570 unconditional branc hes, and almost all of these bran- 48 able 7.1: est Set of Programs Class Name Description banner banner generator cal calendar generator compact �le compression dero� remo nro� constructs Utilities grep pattern searc ctal dump sort sort or merge �les ord coun ac erman ac erman function bubblesort sort um ers matm ult matrix ultiplication Benc hmarks siev iteration queens 8-queens problem quic ksort sort um ers (iterativ e) User co de mincost VLSI circuit partitioning 7.1 Static and Dynamic Beha vior able 7.2 sho ws the um er of unconditional branc hes relativ to the total um er of instructions for the static and dynamic measuremen ts. Only uncon- ditional direct jumps to designated lab el are coun ted while indirect branc hes, call instructions, and return statemen ts are excluded. The um er of uncon- ditional branc hes is reduced ab out 36.9% dynamically when LOOPS as applied, and with co de replication practically no unconditional branc hes are left. Th us, co de replication results in reduction of instructions executed at least the um er of unconditional branc hes whic could oided dynamically The unconditional branc hes of the program \grep" whic could not re- mo ed co de replication are transfers to basic blo including an indirect branc h. Since indirect branc hes ere excluded from eing replicated, no repli- Chapter Measuremen ts Dynamic and static measuremen ts ere tak en from um er of ell-kno wn enc hmarks, UNIX utilities, and one application (see able 7.1). The co de as generated for the Motorola 68020 pro cessor Mo85 ]. Also, the impact of co de replication on instruction cac hing as in estigated. All measuremen ts include the standard co de optimization tec hniques suc as branc haining, instruction selection, register coloring, common sub expression elimination, constan folding, co de motion, strength reduction, and constan folding at conditional branc hes (algorithm CONSTS). Library routines could not measured since the source co de as not ailable to compiled VPO. Eac program as tested with three di�eren sets of optimizations: SIMPLE: Only the standard optimizations ere erformed. LOOPS: Standard optimizations and replication within natural lo ops with resp ect to the termination condition (algorithm LOOPS) ere in ok ed. ALL: All ossible replications (algorithm JUMPS) including the impro e- men ts discussed in the last hapter ere erformed together with the stan- dard optimizations. 47 46 branch chaining; dead code elimination; jump minimization by reordering basic blocks; code replication (JUMPS or LOOPS alternatively); dead code elimination; instruction selection; register assignment; if (change) instruction selection; do register allocation by register coloring; instruction selection; common subexpression elimination; dead variable elimination; code motion; strength reduction; recurrences; instruction selection; branch chaining; constant folding at conditional branches (CONSTS); code replication (JUMPS or LOOPS alternatively); dead code elimination; while (change); Figure 6.5: Order of Optimizations 45 co de replication, the compile time erhead for the replication pro cess itself is minimal, but the follo wing optimization stages pro cess more TLs. The impact of LOOPS on the compile time is minimal. After most unconditional branc hes ha een remo ed, instruction selection is erformed follo ed the common optimization phases suc as register col- oring, common sub expression elimination, co de motion, and strength reduction. Then, CONSTS is in ok ed to replace or eliminate comparisons of constan ts together with the asso ciated branc hes. In order to replace all unconditional branc hes generated CONSTS or in tro duced remote preheaders, co de replication is rein ok ed. If an impro e- men ts to the TLs ere applied since register coloring as erformed, set of optimizations including register coloring, common sub expression elimination, and co de replication, will reapplied. The order in whic the optimizations are applied is summarized in Figure 6.5. 44 1. Algorithm LOOPS: Unconditional jumps are often needed to either en ter natural lo op or jump bac to the header of suc lo op. This unconditional branc is replaced the termination condition of the lo op. The replicated condition has to in erted if copied in to the preheader of the lo op. In fact, replicating the termination condition, the opp ortunities for other optimizations suc as common sub expression elimination are impro ed. Dep ending on the original la out of the lo op, either one unconditional jump is remo ed at the en try oin t, or one unconditional branc is sa ed er lo op iteration. This algorithm also handles nested lo ops. 2. Algorithm JUMPS: This algorithm as discussed in the previous sections of this hapter. It is generalized approac whic attempts to replace an ccurrences of unconditional branc hes replicating co de. Again, sources for further optimizations suc as common sub expression elimination and register coloring are pro duced. The traditional approac h, algorithm LOOPS, as compared with the algo- rithm JUMPS with resp ect to its impact on optimizing the co de of programs. In addition, an algorithm CONSTS to erform constan folding at condi- tional branc hes as implemen ted. This algorithm ma in tro duce unconditional branc hes whic then ecome candidate for remo al the co de replication algorithm JUMPS. The co de replication algorithms are in tegrated in to the optimizing bac k-end of the VPO compiler in the follo wing manner. After erforming initial branc optimizations suc as branc haining, co de replication is erformed to reduce the remaining um er of unconditional branc hes. When JUMPS is used for 43 The �rst conditional branc is mo ed in to the preheader of the lo op and, after common sub expression elimination (CSE) is erformed, can eliminated since the branc is nev er tak en due to the comparison et een the constan ts 100 and 1000. able 6.3: Excerpt from unction main() in quic ksort.c. without replication after JUMPS after CONSTS d[2]=100; d[2]=100; d[2]=100; ... ... ... L23 NZ=d[2]?1000; NZ=d[2]?1000; PC=NZ 0,L02; PC=NZ 0,L02; L00 L00 ...(loop body) ...(loop body) ...(loop body) d[2]=d[2]+100; d[2]=d[2]+100; d[2]=d[2]+100; NZ=d[2]?1000; NZ=d[2]?1000; PC=L23; PC=NZ =0,L00; PC=NZ =0,L00; L02 L02 m[6]=UK; m[6]=UK; m[6]=UK; PC=RT; PC=RT; PC=RT; 6.4 In tegration in to an Optimizing Compiler This section summarizes the di�eren algorithms for co de replication and their relation to further opp ortunities for optimizations. urthermore, the order of the erformed optimizations is giv en. Tw di�eren algorithms for co de replication ere implemen ted in the ex- erimen tal en vironmen t. One handles replication for natural lo ops only The other, algorithm JUMPS, replicates co de whenev er an unconditional jump is encoun tered whic can replaced. 42 is di�cult to represen accurately whic can e�ect global register allo cation. Second, lo op optimizations suc as co de motion and strength reduction are generally implemen ted to ork on one lo op at time. But erlapping lo ops ma ha to handled di�eren tly to tak in to accoun hanges whic a�ect oth lo ops. Since optimizing compilers ma not optimize partially erlapping lo ops ell, it as decided to eliminate suc lo ops adjusting the con trol o as discussed previously Notice that the impro ed ersion of the algorithm JUMPS requires complete lo ops to copied, whic results in an additional increase of the co de size ab out 3%. The results of the impro ed ersion of JUMPS are ev aluated in the next hapter. 6.3 Remo al of Constan Comparisons CONSTS is an algorithm eliminating the comparison of constan ts. The list of basic blo ks is tra ersed in their ositional order and searc hed for conditional branc hes. If conditional branc is encoun tered, the compiler hec ks if the comparison instruction setting the condition co des as based on the compari- son of constan ts or on the comparison of the same ob jects. If this is the case, the compare instruction is eliminated and, dep ending on the branc condition, the branc is either remo ed if it as nev er tak en, or replaced an unconditional branc if the conditional branc as alw ys tak en. If an uncon- ditional branc is in tro duced, it is sub ject for remo al later iteration of co de replication. The example sho wn in able 6.3 illustrates the initial replication of the conditional branc to replace the unconditional branc at the end of the lo op. 41 "! "! "! "! "! 1’ "! "! "! "! "! 1’ "! "! "! "! Initial Con trol Flo After Replication Adjusted Con trol Flo Figure 6.4: artial Ov erlapping of Natural Lo ops 40 2. In addition, the adjustmen of the con trol o is extended in ys: When replication is initiated from blo inside lo op, ortion of the lo op can copied without in tro ducing unnatural lo ops. In addition, the con trol o of all blo ks in the lo op whic ere not copied but branc conditionally to blo whic as copied, is hanged to the copied blo k. If blo ccurs wice in the replication sequence, forw ard branc hes (p ositionally do wn) are fa ored er branc hes bac to previous blo k. This distinction is needed to oid the partial erlapping of natural lo ops. An example for partially erlapping lo ops is giv en in Figure 6.4. After co de replication, the unconditional jump at the end of blo is remo ed and fall-through transition to the copied blo 1’ is added. The con trol o of the bac k-edges results in natural lo ops, the �rst one consisting of blo ks 1, 2, 3, and 1’, and the second lo op including blo ks 2, 3, and 1’. Blo is the header of the second lo op but has bac edge to the header of the �rst lo op so that the bac edges are partially erlapping. After adjusting the con trol o w, the problem of erlapping lo ops is resolv ed. Then, there is only one lo op (blo ks 2, 3, and 1’) since the former transition as hanged to the transition 1’. Usually partially erlapping lo ops do not ccur in programs. With con- en tional optimizations, partially erlapping lo ops can only caused goto statemen ts. Lo op optimization metho ds cannot tak complete adv an tage of erlapping lo ops for arious reasons. First, the nesting lev el of suc lo ops 39 After replication, cop of the lo op is created elo blo 2. Blo as not copied since only the blo ks on the shortest path ere collected for replication. Th us, the original lo op consisting of the blo ks to is no longer natural lo op since the lo op can en tered either from blo or from blo 6. Nev ertheless, the replicated blo ks form natural lo op with blo 4’, 5’, and 7’. Since unnatural lo ops are not recognized as lo ops, some aluable optimiza- tion tec hniques suc as co de motion and strength reduction cannot applied. Th us, it is undesirable to in tro duce unnatural lo ops. urthermore, had blo een included in the replication sequence, indep enden natural lo ops ould ha resulted as illustrated in the second graph of Figure 6.3. The original lo op with blo ks to ould preserv ed, and one-to-one cop consisting of blo 4’ to 6’ ould in tro duced as efore. This de�ciency motiv ated ariation on the implemen tation discussed in the last section. When determining the replication sequence in the algorithm for co de replication, the blo ks on the shortest path are collected. ariation in the collection metho resolv es the ab problem. An informal description of the mo di�cations to the algorithm JUMPS is giv en elo w. 1. When tra ersing the shortest path, an blo on this path is collected as efore (see algorithm JUMPS). If collected blo as detected to the header of natural lo op and the blo collected previously as not inside the same lo op, then all blo ks inside this lo op are included in the replication sequence in their ositional order. Then, the pro cess of collecting blo ks follo ws the original path again. 38 "! "! "! "! "! "! "! "! "! "! 7’ 5’ 4’ "! "! "! "! "! "! "! Without Replication With Replication Figure 6.3: In terference with Natural Lo ops 37 let be block in the original code; let be the block positionally following (fall through); let be the destination block of conditional branch in A; let A’, B’, and F’ be replications of A, B, and respectively; let N’ be copied block positionally following A’; if (basic block A’ is terminated by an unconditional branch) remove the branch in A’; create fall-through transition to the following block N’; if (the basic block A’ ends with conditional branch) if (the next block N’ is copy of block B) reverse the branch condition in A’; if (block was replicated) change the branch destination in A’ to block F’; else change the branch destination in A’ to block F; else if (block was replicated) change the branch destination in A’ to block B’; else change the branch destination in A’ to block B; if (the basic block A’ does not end with branch instruction) create fall-through transition to the block N’; if (the A’ is the last block in the replication sequence) if (the last instruction in A’ is return statement) do not create any transitions to other blocks; else fall through to the block positionally following; Figure 6.2: Adjusting the Con trol Flo 36 certain blo ks migh not reac hable from the curren blo k, and in few cases there migh not an replication ossible at all. 3. Once sequence of basic blo ks is replicated, the con trol o is adjusted accordingly New lab els are in tro duced, and the destinations of condi- tional branc hes are mo di�ed. In addition, all unconditional branc hes that are found in the replicated co de can eliminated since the sequence of blo ks replicated had to follo the con trol o with fall-through transi- tions. Recall that unconditional branc hes cannot ccur in replicated co de. Figure 6.2 sho ws the pseudo-co de for adjusting the con trol o w. 4. As result of the replication pro cess, co de whic cannot reac hed the con trol o an ymore can sometimes found. Therefore, dead co de elimination is in ok ed to delete all these blo ks. An example as giv en previously in able 5.5. 6.2 Impro emen ts The metho of strictly using the shortest path to �nd replication sequences dis- cussed in the last section has the de�ciency that natural lo ops are not necessarily preserv ed. Figure 6.3 sho ws the con trol o graph of program ortion efore and after replication. An if-then-else statemen consisting of blo ks 1, 2, and 3, is follo ed natural lo op. An if-then statemen (blo ks and 6) is em edded in the lo op. The dotted arc et een blo and indicates an unconditional branc h. 35 en try (1,5), blo is collected next. There is direct connection et een blo and blo since en try (2,5) indicated remaining length of so that the sequence is complete with blo ks and 2. The alternativ replication sequence for blo fa oring returns is found similarly examining the en tries (4,6) and (1,6). The replication sequence then consists of blo ks and 6. In this case, oth replication sequences for blo ha length of 2, and an empirical decision is made to fa or lo ops. This decision is based on the assumption that creating lo ops is more lik ely to supp ort the actual con trol o at execution time since bac edges are ery lik ely to tak en. The algorithm JUMPS is divided in to di�eren phases: 1. Initially the information required to �nd the shortest sequence of basic blo ks to replace an unconditional branc is set up. 2. In the second step, the basic blo ks within function are tra ersed sequen- tially and unconditional branc hes are replaced as follo ws. Either sequence of blo ks that ends with return from the subroutine is replicated favoring eturns ), or sequence of blo ks is hosen linking the curren blo con- taining the unconditional branc with the blo ositionally follo wing the unconditional jump favoring lo ops ). The sequence of blo ks to repli- cated will fall through to the next blo (see able 6.1 and able 6.2). this oin t, heuristics can plugged in to mak the hoice et een these options. In some cases, only one ossible path for replication can found ecause 34 blo tra ersals Fl62 ]. In the end, the matrix can used to lo ok up the shortest path et een arbitrary basic blo ks in the table without recalculating the con trol o after eac replication. or the example in able 6.1, with the con trol o graph of Figure 6.1, the resulting connections are sho wn in able 6.2. Eac en try indicates the next blo in the replication sequence and, in paren theses, the um er of blo ks left in the replication sequence. The latter information can used for heuristics to decide whic replication sequence should preferred. The length of path has to ailable when setting up the table in order to decide if connection is the shortest connection found up to this oin and th us needs to recorded. able 6.2: Connections et een Basic Blo ks from/to (0) (1) (0) (1) (0) (2) (0) (1) (2) (2) (0) (1) (1) The replication sequence resulting in lo op for the unconditional branc in blo is found examining the en try in ro and column 5. Informally an attempt is made to \�ll the gap" et een the blo ks and 5. In other ords, the question \Is there connection et een blo and whic results in sequence of basic blo ks with fall-through transitions?" can answ ered examining en try (4,5). This en try indicates that blo is the �rst blo in the sequence and that the sequence will consist of blo ks. Ha ving collected blo 1, the new problem is to �nd connection et een blo and 5. By examing 33 sequence. This can accomplished algorithms suc as depth-�rst searc or breadth-�rst searc whic ha an exp onen tial complexit In order to oid algorithms with high degree of complexit it as decided to use some initial assumptions. Only the shortest path et een basic blo ks is examined. This constrain is motiv ated the goal of limiting the size of co de in tro duced the replication pro cess. The shortest path is determined with resp ect to the um er of basic blo ks. Finding the shortest path in graph with no des can accomplished using arshall’s algorithm for calculating the transitiv closure of graph a62 whic has complexit of where denotes the um er of no des. First, all legal transitions et een an distinct basic blo ks are collected in matrix. This initial pass creates cop of the con trol o graph but it excludes self-re exiv transitions and, optionally other edges whose con trol o is excluded explicitly or example, the replication of indirect jumps together with their jump tables has not et een implemen ted at this oin t. Then, the non-re exiv transitiv closure is calculated for all no des with resp ect to the shortest path. The transitivit relation et een no des is only recorded if it is the shortest connection found so far in terms of the um er of In future implemen tation, it is in tended to use the um er of TLs rather than the um er of blo ks to determine the shortest path Sev eral impro emen ts to the algorithm ha een suggested to cut do wn on the complex- it Among the more recen e�orts, an algorithm with an erage complexit of )) has een prop osed Bloniaz, Fisc her, and Mey er Bl76 ], and Sc hnorr describ ed an algorithm running in time where is the exp ected um er of edges in the transitiv clo- sure Sc77 ]. The latter approac is preferable for relativ ely sparse connections. The original algorithm as suggested arshall as hosen for this thesis. or depth-b ounded searc with small depth on the other hand, an exhaustiv searc in breadth-�rst or depth-�rst manner migh just as useful. But it as decided not to limit the ork to depth oundary thereb missing some length replication sequences. 32 If replication sequences ha the same length, as in this case, lo ops are actually fa ored ecause bac edges are more lik ely to follo ed in the con trol o w. The second problem in this example is ho the unconditional branc in blo preceding lab el L02 can replaced replicating co de. avoring eturns: The replication sequence terminated the return state- men consists of the basic blo ks and again. Th us, the blo ks are copied and the con trol o is adjusted as efore. The old ersion of blo with lab el L02 is still the last blo ositionally avoring lo ops: The replication sequence fa oring lo ops includes blo only After replicating blo and replacing the unconditional branc h, the con trol o is adjusted in erting the conditional branc to create fall-through transition et een blo ks and 6. Notice that although the replication sequences di�er, the �nal replacemen for the second unconditional branc results in lo op starting at lab el L09 for oth fa oring lo ops and fa oring returns. Nev ertheless, the replication sequence for lo ops is shorter in this example and is preferred er the se- quence fa oring returns. In fact, the blo structure in able 6.1 illustrates the redundancy of creating cop of blo (fa oring returns) where sim- ple fall-through transition results in more compact co de (fa oring lo ops). In general, the task of co de replication is to �nd sequence of basic blo ks to replace an unconditional branc h. One ould ha to examine all paths et een an blo ks in order to determine whic path results in the est replication 31 "! "! "! "! "! ... Figure 6.1: Con trol Flo Graph for Excerpt from unction cp() in c.c. 30 able 6.1: Excerpt from unction cp() in c.c. without replication favor returns favor loops L83 NZ=B[A[m[2]]]?0; NZ=B[A[m[2]]]?0; NZ=B[A[m[2]]]?0; PC=NZ==0,L02; PC=NZ==0,L02; PC=NZ==0,L02; L09 L09 b[0]=B[A[m[2]i]]; b[0]=B[A[m[2]i]]; b[0]=B[A[m[2]i]]; NZ=b[0]?99; NZ=b[0]?99; NZ=b[0]?99; PC=NZ==0,L90; PC=NZ==0,L90; PC=NZ==0,L90; ... ... L08 ... NZ=B[A[m[2]]]?0; NZ=B[A[m[2]]]?0; PC=NZ!=0,L09; PC=NZ==0,L02; b[0]=B[A[m[2]i]]; m[6]=UK; NZ=b[0]?99; PC=L83; PC=RT; PC=NZ!=0,L08 L90 L90 L90 L[A[dm[7]]]=d[4]; L[A[dm[7]]]=d[4]; L[A[dm[7]]]=d[4]; ST=A[ ipr]; ST=A[ ipr]; ST=A[ ipr]; m[7]=m[7]+4; m[7]=m[7]+4; m[7]=m[7]+4; NZ=B[A[m[2]]]?0; NZ=B[A[m[2]]]?0; PC=L83; PC=NZ!=0,L09; PC=NZ!=0,L09; L02 L02 m[6]=UK; m[6]=UK; m[6]=UK; PC=RT; PC=RT; PC=RT; L02 m[6]=UK; PC=RT; 29 een the blo ks is adjusted. In other ords, the jump condition for conditional branc hes ma ha to rev ersed and the lab el hanged. Unconditional bran- hes can eliminated where the next blo in the replication list is iden tical to the branc destination. In fact, there are no unconditional branc hes allo ed in the replicated co de after adjusting the con trol o w. The example in able 6.1 illustrates the sources for the distinct replica- tion sequences. The basic blo um er is indicated in the �rst column of able 6.1; the other columns sho the sequence of TLs efore replication ccurs, af- ter replication to ards the return statemen is erformed, and, alternativ ely after lo op replication is attempted. The corresp onding con trol o graph is sho wn in Figure 6.1. The replication for the unconditional branc hes is erformed as follo ws: The �rst problem in this example is ho the unconditional branc in blo preceding lab el L90 can replaced replicating co de. avoring eturns: The �rst sequence, terminated the return statemen t, consists of the basic blo ks and 6. After replacing the unconditional branc with the TLs of blo ks and 6, the con trol o is adjusted in the copied blo ks and 4: The jump condition of blo is in erted and the lab el L09 is generated for blo 2. avoring lo ops: The replication sequence resulting in lo op consists of the basic blo ks and 2. The unconditional branc in blo is replaced cop of the blo ks, and the con trol o is up dated: The jump condition in the new blo is rev ersed and the lab el L08 is generated for the new blo to jump bac to the top of the lo op. Chapter Algorithms Tw algorithms ha een dev elop ed to ev aluate co de replication for this thesis. JUMPS is the algorithm for replacing unconditional branc hes co de replica- tion. Occasionally common sub expression elimination after co de replication re- sults in the comparison of constan ts preceding conditional branc h. There- fore, CONSTS, an algorithm for constan folding at conditional branc hes, as also dev elop ed. 6.1 Co de Replication The algorithm JUMPS searc hes basic blo ks for unconditional branc hes. Once an unconditional branc is found, the con trol o of the program is tra ersed to replicate either the termination condition of lo op or an other sequence of basic blo ks that includes no further unconditional branc hes. Th us, the algorithm JUMPS is generalized tec hnique of co de replication applicable at an unconditional branc h. The tra ersal of basic blo ks as hosen in order to detect all lo ops. When an unconditional branc is encoun tered, searc pro cess is initiated to �nd either return statemen or branc to the basic blo ositionally follo wing the unconditional branc h. The basic blo ks leading to the end of replication sequence are collected in list if the searc pro cess as successful. The collected blo ks are then inserted in the order of the tra ersal, and the con trol o e- 28 27 "! "! "! "! "! "! "! "! "! "! "! No Preheader Remote Preheader Figure 5.1: In tro ducing Remote Preheader 26 from rep eated replication to oid the situation where lo op is replicated and remote preheader is created whic causes the same replication to applied ad in�nitum In Figure 5.1, an example of lo op is giv en without preheader and after preheader has to created in remote osition. Blo ks and comprise the lo op. Also, blo falls through in to blo and causes the preheader, blo 0, to placed at remote lo cation. The last instruction in blo is an unconditional branc to the header of the lo op. Without the preheader, the lo op could en tered taking the conditional branc from blo 1. There are other instances when an unconditional branc cannot remo ed. Indirect branc hes are explicitly excluded from eing replicated at this implemen- tation stage. Th us, an unconditional branc to the basic blo con taining the indirect branc cannot optimized. This de�ciency can ercome al- lo wing indirect jumps and their jump tables to replicated and the branc addresses to recalculated. In general, an unconditional branc cannot replaced if replication se- quence do es not exist. or endless lo ops for example, there is no transfer of con trol to return statemen t. Finally co de replication is not applied to other yp es of unconditional trans- fers of con trol suc as function calls and return statemen ts. unction calls and return statemen ts are ey ond the range of global optimization metho ds whic op erate across the basic blo of function but can handled inlining. 25 able 5.6: unction BubbleSort() in bubblesort.c. without replication with replication m[6]=LK12; m[6]=LK12; L[A[m[7]]]=MM7168; L[A[m[7]]]=MM7168; d[4]=L[A[m[6]+Elements.]]; d[4]=L[A[m[6]+Elements.]]; m[0]=A[4+ Array]; NZ=d[4]?2; PC=L56; PC=NZ 0,L07; m[0]=A[4+

Array]; L57 L57 d[3]=1; d[3]=1; d[2]=1; d[2]=1; d[1]=d[4]; d[1]=d[1]-1; m[1]=m[0]; NZ=d[3]?d[1]; PC=L60; PC=NZ 0,L59; m[1]=m[0]; L61 L61 d[0]=L[A[m[1]]]; d[0]=L[A[m[1]]]; NZ=d[0]?L[A[m[1]+4]]; NZ=d[0]?L[A[m[1]+4]]; PC=NZ =0,L58; PC=NZ =0,L58; L[A[m[1]]]=L[A[m[1]+4]]; L[A[m[1]]]=L[A[m[1]+4]]; L[A[m[1]+4]]=d[0]; L[A[m[1]+4]]=d[0]; d[3]=0; d[3]=0; L58 L58 m[1]=m[1]+4; m[1]=m[1]+4; d[2]=d[2]+1; d[2]=d[2]+1; L60 d[1]=d[4]; d[1]=d[1]-1; NZ=d[2]?d[1]; NZ=d[2]?d[1]; PC=NZ =0,L61; PC=NZ =0,L61; L59 NZ=d[3]?0; NZ=d[3]?0; PC=NZ!=0,L07; PC=NZ!=0,L07; 10 d[4]=d[1]; d[4]=d[1]; 11 L56 NZ=d[4]?2; NZ=d[4]?2; PC=NZ =0,L57; PC=NZ =0,L57; 12 L07 L07 NL=MM7168,L[A[m[7]]]; NL=MM7168,L[A[m[7]]]; m[6]=UK; m[6]=UK; PC=RT; PC=RT; 24 not handle instances of ultiple assignmen ts to the same ob ject. 5.3.3 Relo cating the Preheader of Lo ops The example sho wn in able 5.6 also illustrates instances where redundan executions of instructions are oided for an execution path. Co de motion is erformed after co de replication. This results in new lo cation of the prehead- ers, blo ks and 4, for the nested natural lo ops. The fall-through transition from blo to the outer lo op allo ws an TL to mo ed to basic blo 2. Similarly blo con tains an TL whic resides in blo without co de repli- cation. If lo op is nev er executed ecause the conditional jump preceding the lo op is tak en, the TL follo wing that branc ould not executed, resulting in an erall sa vings of the um er of instructions executed. The ables 5.1 and 5.2 include similar instances. 5.4 Unremo able Branc hes few instances of unconditional branc hes cannot remo ed at all as the follo wing discussion illustrates. Sometimes lo op preheaders are in tro duced to mo in arian instructions out of the lo op when co de motion and strength reduction is applied. Whenev er the header of natural lo op is preceded fall-through transition of the same lo op, the preheader cannot placed ositionally in fron of the header, but rather has to placed at remote lo cation. Th us, suc preheader is called emote pr ehe ader The last instruction of remote preheader is an unconditional jump to the top of the lo op. Suc branc is candidate for an initial pass of co de replication. Remote preheaders are explicitly excluded 23 in the preheader, and the discussed ariation on constan folding can applied as ell. An example for suc case is discussed in the next hapter (see able 6.3). 5.3.2 Common Sub expression Elimination In conjunction with co de replication, common sub expression elimination can usually remo instructions when alue is assigned to register, follo ed an unconditional branc h. If the replication sequence uses the register, the use is often replaced the initial alue so that the assignmen to the register ecomes redundan if there are no further uses or sets of the register. The example in able 5.5 illustrates suc case. The assignmen of the alue zero to register d[0] is only used to index the arra After replication and constan folding, the TL initializing d[0] is simply remo ed and the index zero for arra is omitted. Another example is giv en in able 5.6. The �rst column in the table indicates the basic blo um er. In the example, blo is copied as result of replacing the unconditional branc in blo 3. Since blo dominates blo 8, common sub expression elimination remo es the TLs in blo that mo dify the alue of d[1] As the measuremen ts in Chapter sho w, this optimization results in tremendous impro emen since there are less instructions in the inner lo op, and the inner lo op is executed ery frequen tly One should note that more sophisticated co de motion algorithm could ha mo ed up the the TLs ev en without co de replication. Co de motion in VPO as designed to implemen the algorithm describ ed Aho, Sethi, and Ullman Ah86 and do es 22 able 5.5: Constan olding for If{Then{Else Statemen ts if (j==0) 0; else 1; if (i==0) a=b[i]; else a=c[j]; return(a); 1. before replication 2. after replication d[0]=L[A[m[6]+j.]]; d[0]=L[A[m[6]+j.]]; NZ=d[0]?0; NZ=d[0]?0; PC=NZ!=0,L17; PC=NZ!=0,L17; d[0]=0; NZ=0?0; PC=L18; PC=NZ!=0,L19; b[0]=B[A[m[6]+b.]]; L17 m[6]=UK; d[0]=1; PC=RT; L18 L17 NZ=d[0]?0 NZ=1?0; PC=NZ!=0,L19; PC=NZ!=0,L19; b[0]=B[A[d[0]+m[6]+b.]]; b[0]=B[A[1+m[6]+b.]]; PC=L20; m[6]=UK; L19 PC=RT; m[0]=L[A[m[6]+j.]]; L19 m[1]=A[m[6]+c.]; b[0]=B[A[d[0]+m[6]+c.]]; m[0]=m[0]+m[1]; m[6]=UK; b[0]=B[m[0]]]; PC=RT; L20 m[6]=UK; PC=RT; 3. after constant folding 4. after dead code elimination d[0]=L[A[m[6]+j.]]; d[0]=L[A[m[6]+j.]]; NZ=d[0]?0; NZ=d[0]?0; PC=NZ!=0,L17; PC=NZ!=0,L19; b[0]=B[A[m[6]+b.]]; b[0]=B[A[m[6]+b.]]; m[6]=UK; m[6]=UK; PC=RT; PC=RT; L17 L19 PC=L19; b[0]=B[A[d[0]+m[6]+c.]]; b[0]=B[A[1+m[6]+b.]]; m[6]=UK; m[6]=UK; PC=RT; PC=RT; L19 b[0]=B[A[d[0]+m[6]+c.]]; m[6]=UK; PC=RT; 21 5.3 Sources for other Optimizations Co de replication creates new opp ortunities for global optimizations mo dify- ing the con trol o of function. The examples giv en in the follo wing para- graphs co er instances of constan folding, common sub expression elimination, and co de motion. 5.3.1 Constan olding of Comparisons and Conditional Branc hes After applying co de replication, sources for constan folding ma in tro duced whic did not exist efore. The example in able 5.5 illustrates case of con- stan folding. By erforming co de replication, the con trol o at conditional statemen ts is reorganized. As side-e�ect, conditional jumps dep end on the comparison of constan ts. After applying constan folding, one conditional branc can eliminated and the other one can replaced an unconditional branc h. Notice that after constan folding the co de et een the TL PC=L19; and lab el L19 cannot reac hed an ymore. Also, the conditional branc to L17 can instead hained to L19. After erforming dead co de elimination and branc haining, the unreac hable co de and the unconditional branc are eliminated. Ov erall, three jump instructions and one test can oided. This example ma not seem to realistic. Nev ertheless, sligh tly more complex cases can caused co de replication when execution paths are joined. The if-condition is often used to hec for sp ecial cases and collapses after replication and constan folding as sho wn in able 5.5, while the else- part co ers the general case limiting the sources for further optimization. In addition, replicating co de at lo ops sometimes results in constan comparisons 20 copied instructions. able 5.4 sho ws ho the execution paths return from the function separately able 5.4: If{Then{Else Statemen if (i 5) n; else n; return(i); without replication with replication NZ=L[A[m[6]+i.]]?5; NZ=L[A[m[6]+i.]]?5; PC=NZ =0,L22; PC=NZ =0,L22; d[0]=L[A[m[6]+i.]]; d[0]=L[A[m[6]+i.]]; d[0]=d[0]/L[A[m[6]+n.]]; d[0]=d[0]/L[A[m[6]+n.]]; L[A[m[6]+i.]]=d[0]; L[A[m[6]+i.]]=d[0]; PC=L23; m[6]=UK; L22 PC=RT; d[0]=L[A[m[6]+i.]]; L22 d[0]=d[0]*L[A[m[6]+n.]]; d[0]=L[A[m[6]+i.]]; L[A[m[6]+i.]]=d[0]; d[0]=d[0]*L[A[m[6]+n.]]; L23 L[A[m[6]+i.]]=d[0]; m[6]=UK; m[6]=UK; PC=RT; PC=RT; Notice that nested if-then-else statemen ts can cause co de to replicated ery often, th us resulting in an disprop ortional gro wth in co de size relativ to the original co de size. The metho of co de replication used for conditional statemen ts can also applied to br ak and goto statemen ts, and conditional expressions in the language expr?expr:expr ). 19 In fact, one unconditional branc er lo op iteration is sa ed in this particular example. able 5.3: Exit Condition in the Middle of Lo op 1; while (i++<n) a[i-1] a[i]; without replication with replication d[1]=1; d[0]=1; m[0]=A[1+m[6]+a.-1]; d[1]=2; L15 NZ=d[0]?L[A[ n]]; d[0]=d[1]; PC=NZ>=0,L16; m[0]=m[0]+1; m[0]=A[2+m[6]+a.-1]; d[1]=d[1]+1; L000 NZ=d[0]?L[A[ n]]; B[A[m[0]]]=B[A[m[0]+1]]; PC=NZ>=0,L16; m[0]=m[0]+1; B[A[m[0]]]=B[A[m[0]+1]]; d[0]=d[1]; PC=L15; d[1]=d[1]+1; L16 ... NZ=d[0]?L[A[ n]]; PC=NZ<0,L000; L16 ... 5.2 Conditional Statemen ts The if-then-else construct imp oses problems for co de replication. Generally an unconditional branc is only generated at the end of the if-part to jump er the else-part. There are execution paths ossible whic are joined at the end of the if-then-else construct. The execution paths can separated completely or their joining can at least deferred replicating the co de after the if-then-else construct, so that the unconditional branc is replaced the 18 termination condition, ortion of co de placed at the end of the lo op. This unconditional jump can also replaced the co de whic tests for the in erse termination condition. Th us, the replicated co de ould app ear efore the lo op and at the end of the lo op (see able 5.2). This optimization metho can also applied to nested lo ops. able 5.2: or{Lo op for (i=k;i 10;i++) a[i]=b[i]; without replication with replication d[0]=L[A[m[6]+k.]]; d[0]=L[A[m[6]+k.]]; NZ=d[0]?10; PC=NZ =0,L0001; m[0]=A[d[0]+m[6]+a.]; m[0]=A[d[0]+m[6]+a.]; m[1]=A[d[0]+m[6]+b.]; m[1]=A[d[0]+m[6]+b.]; PC=L18; L19 L19 B[A[m[0]i]]=B[A[m[1]i]]; B[A[m[0]i]]=B[A[m[1]i]]; d[0]=d[0]+1; d[0]=d[0]+1; NZ=d[0]?10; L18 PC=NZ 0,L19; NZ=d[0]?10; L0001 ... PC=NZ 0,L19; ... raditionally the replication of the termination condition discussed so far is erformed optimizing compilers. But when the exit condition is placed in the middle of lo op, most compilers do not attempt replacemen for the unconditional branc h. An example for suc situation is giv en able 5.3. The metho prop osed in this thesis handles these cases as ell as unnatural lo ops. 17 able 5.1: While{Lo op 1; while (a[i]) a[i-1] a[i]; i++; without replication with replication m[0]=A[1+m[6]+a.]; NZ=B[A[1+m[6]+a.]]?0; m[1]=m[0]; PC=NZ==0,L16; L15 m[0]=A[1+m[6]+a.-1]; NZ=B[A[m[0]]]?0; L000 PC=NZ==0,L16; B[A[m[0]]]=B[A[m[0]+1]]; B[A[m[0]+-1]]=B[A[m[1]i]]; m[0]=m[0]+1; m[0]=m[0]+1; NZ=B[A[m[0]+1]]?0; PC=L15; PC=NZ!=0,L000; L16 ... L16 ... Chapter Motiv ation The optimization ev aluated in this thesis, co de replication, as accomplished mo difying the optimizer of VPO. The algorithms to erform the optimization, except for few small functions, are mac hine-indep enden t. In general, TLs are searc hed for unconditional jumps. By determining the branc destination and using the con trol o information already ailable in the bac k-end, subset of the basic blo ks in the function can replicated, replacing the uncondi- tional branc h. Suc an optimization can applied for all lo op constructs (for, while, do-while) as ell as some conditional statemen ts (if-then-else) and other transfers of con trol within function (break, goto). The follo wing sections giv examples of instances where co de replication can applied. 5.1 Lo ops or while-lo ops with an unkno wn um er of iterations at compile time, the fron t-end, VPCC, generates in termediate co de with an unconditional transfer of con trol at the end of the lo op. This unconditional transfer can replaced the instructions testing the termination condition of the lo op with the termination condition rev ersed. able 5.1 illustrates the la out of while-lo ops efore and after co de replication. Similarly the in termediate co de pro duced the fron t-end for for-lo ops with an unkno wn um er of iterations has an unconditional transfer of con trol to the 16 15 De�nition 4.10 natur al lo op is set of basic blo ks with single en try blo called the he ader blo k, whic dominates all other blo ks in the lo op and there exists bac edge for blo within the lo op. Notice that natural lo op can ha more than one bac edge. lo op whic has more than one en try oin is called an unnatur al lo op De�nition 4.11 The pr ehe ader blo of natural lo op is the only predecessor of the header blo from whic the lo op can en tered. Th us, is the only transition to from outside the lo op. Preheaders sometimes ha to created to erform optimizations suc as co de motion and strength reduction that mo TLs out of lo op. 14 De�nition 4.6 The ontr ol ow gr aph CF G, of function is the graph whose no des are the basic blo ks represen ting the function and whose edges are all legal transitions et een an blo ks. Th us, the CF is directed graph ossibly including cyclic dep endencies. Figure 4.1 sho ws the CF G, basic blo ks, and TLs for simple function with one lo op. De�nition 4.7 The tr ansitive closur of directed graph is graph with edges from an no de to no de if there exists sequence of transitions to denoted as Th us, the transitiv closure of graph indicates whether one no de can reac hed from another. In Figure 4.1, the transition is in tro duced since there exists sequence 4, but there is no sequence 1. transitiv closure is called e exive if it includes connections of the form for an no de The graph of non-r e exive transitiv closure excludes these edges. Finally the terminology to describ lo ops in program is de�ned. De�nition 4.8 In the CF G, basic blo dominates blo if all paths from the �rst basic blo in the function to blo include blo Notice that an basic basic blo dominates itself. De�nition 4.9 transition is called ack dge if dominates 13 main() int i, k; char a[10],b[10]; scanf("%k", &k); for (i=k;i<10;i++) a[i]=b[i]; #1 m[6]=LK28; L[A[dm[7]]]=A[m[6]+k.]; L[A[dm[7]]]=A[L15]; ST=A[ scanf]; m[7]=m[7]+8; d[0]=L[A[m[6]+k.]]; m[0]=A[d[0]+m[6]+a.]; m[1]=A[d[0]+m[6]+b.]; PC=L18; #2 L19 B[A[m[0]i]]=B[A[m[1]i]]; d[0]=d[0]+1; #3 L18 NZ=d[0]?10; PC=NZ<0,L19; #4 m[6]=UK; PC=RT; Figure 4.1: simple Con trol Flo Graph 12 not treated as an ordinary branc instruction since the con trol is transferred ey ond the ounds of the curren function (in ter-pro cedural). Therefore, call instruction can ccur an ywhere within basic blo k. De�nition 4.4 le gal tr ansition from basic blo to basic blo denoted as is determined the last TL of blo and the lo cation or lab el of blo If is an unconditional branc h, then the transition is the only transfer of con trol from and the destination of the branc has to lab el (see transition in Figure 4.1). If is conditional branc h, then there are transitions from blo One transition is to the basic blo whic ositionally follo ws blo (see in Figure 4.1) and the other is to the blo whose lab el is the target of the branc instruction (see in Figure 4.1). urthermore, i� If is return instruction, then there is no transition from blo since only single function is ev aluated at one time (see basic blo in Figure 4.1). If is an other instruction, then the transition is the only transition and blo ositionally follo ws blo (see transition in Figure 4.1). Notice that the self-r e exive transition is legal transition. De�nition 4.5 transition is fal thr ough tr ansition if blo osi- tionally follo ws blo 11 able 4.1: Register ransfer Con en tions for the Motorola 68020 sym ol description Ln lab el for (p ositiv um ers including 0) PC program coun ter NZ negativ and zero ag comparison op eration (in�x) with op erands A[lo c] address of memory lo cation B[A[lo c]] con ten of memory lo cation (b yte size) W[A[lo c]] con ten of memory lo cation (w ord size) L[A[lo c]] con ten of memory lo cation (long size) b[n] data register (b yte size) for :: w[n] data register (w ord size) for :: d[n] data register (long size) for :: m[n] address register for :: where m[7] is reserv ed for the stac oin ter and m[6] is reserv ed for the frame oin ter dm[n] address register with pre-decremen for :: m[n] address register with ost-incremen for :: name. sym olic o�set for lo cal iden ti�er name sym olic o�set for global iden ti�er ST call instruction LK link instruction UK unlink instruction MM ultiple mo instruction umeric constan for (p ositiv and negativ um ers) 10 The con en tions used to denote TLs for the Motorola 68020 Mo85 ], the arc hitecture used in this thesis, are summarized in able 4.1. or example, the TLs NZ=d[0]?10; PC=NZ<=0,L19; denote comparison et een the con ten of data register and the umeric constan 10 follo ed conditional branc to lab el L19. Note that the branc is only tak en if the alue in the register is less than or equal to 10. or ypical mac hines most TLs consist of only single register transfer. Ho ev er, there are instances where single instruction can ha more than one e�ect. or the Motorola 68020, some instructions hange the condition co des implicitly or example, the TL NZ=d[0]?0;d[2]=d[0]; describ es register cop instruction whic also has the e�ect of hanging the condition co des that will used conditional branc instruction. 4.2 In termediate Represen tation of unction The follo wing de�nitions describ con trol o relationships et een instructions within function (in tra-pro cedural): De�nition 4.3 asic blo ck is sequence of consecutiv TLs with exactly one en try oin t, an optional lab el, and one exit oin t. Only the last TL, at the exit oin t, can branc instruction. Since the instructions within basic blo are executed sequen tially they are alw ys executed the same um er of times. function or pro cedure call is Chapter De�nitions In the follo wing sections the essen tial terminology is in tro duced, and the no- tation for discussing the issues of co de replication in the compiler bac k-end is giv en. The terms are used in subsequen hapter to describ the algorithms to implemen co de replication. 4.1 Register ransfer Lists Throughout the follo wing hapters, transformations on instructions of the in ter- mediate represen tation of program are describ ed. Eac instruction is denoted register transfer list. more detailed description of the instruction repre- sen tation is giv en Benitez Be91 ]. De�nition 4.1 gister tr ansfer denotes the assignmen of source alue, src to destination lo cation, dst whic represen ts an individual e�ect of an instruction and has the general form of an assignmen t. dst src The source can simple expression of constan ts, memory alues, and op er- ators. The destination denotes memory address or register. De�nition 4.2 gister tr ansfer list (R TL) is sequence of register transfers. The e�ects of the register transfers within the list are accomplished in parallel. Eac TL describ es legal instruction for particular arc hitecture. transformations to TLs are legal and to translate eac TL to assem bly co de. dead ariable elimination co de motion strength reduction instruction sc heduling VPO itself is part of the \En vironmen for Arc hitectural Study and Exp er- imen tation (EASE)" whic as designed to tak static and dynamic measure- men ts of programs and erform instruction cac he analysis cac he sim ulation. When generating co de, additional instructions are inserted to capture measure- men ts during the execution of program without in uencing the measuremen ts. The haracteristics of instructions are obtained and stored at compile time. or dynamic measuremen ts and cac he analysis, the frequency coun ts and instruc- tion information are used together to generate detailed rep orts of the um er of instructions executed, the um er of cac he hits and misses, the distribution of instruction yp es, etc. or static measuremen ts, frequency coun of one is assumed for eac instruction in the program. more detailed description of the en vironmen is giv en Da vidson and Whalley Da90-2 ]. The in termediate program represen tation used the compiler in the exp er- imen allo ws transformations and optimizations to ccur in mac hine-indep en- den fashion. Instructions are represen ted register transfer lists (R TLs). The general format of TLs is mac hine-indep enden but the actual register transfers represen legal instructions for sp eci�c arc hitecture. mac hine description, constructed from con text-free grammar and seman tic actions, de�nes the set of legal instructions. This mac hine description is used to determine whether Chapter En vironmen for Exp erimen tation Tw di�eren approac hes are commonly tak en to reduce the um er of un- conditional branc hes. One can emplo language-dep enden optimizations in the fron t-end of compiler or one can attempt mac hine-dep enden optimiza- tions in the bac k-end. While optimizations at an early stage tak adv an tage of information already ailable from parsing, the latter approac generalizes optimizations, applies them to unstructured programming constructs, and tak es arc hitectural restrictions in to consideration. or those reasons, co de replication as em edded in to the bac k-end of to ol called ery ortable Optimizer (VPO) whic reads the in termediate represen- tation generated the fron t-end called ery ortable Compiler (VPCC). The optimizations erformed in VPO include: branc haining and branc minimization dead co de elimination instruction selection lo cal register allo cation global register allo cation coloring common sub expression elimination sic blo ks for instruction sc heduling. In their approac h, it su�ces to cop the um er of instructions needed to oid pip eline dela from the blo follo w- ing conditional statemen t. They expand natural lo ops similarly replicating instructions from the top of the lo op, negating the branc condition, and insert- ing another unconditional branc h. Their goal is strictly to increase the pip eline utilization �lling the dela slots of conditional branc hes if they are lik ely to tak en, but not to oid unconditional branc hes co de replication. Lately sev eral approac hes ha een made to hange the ositional order of basic blo ks based on pro�ling data Mc89 e90 ]. Co de as restructured suc that frequen tly executed hains of basic blo ks follo one another ositionally Th us, the um er of executed instructions as reduced in tro ducing transfers of con trol to infrequen tly executed ortions of co de in remote lo cations. and lac of information ab out the target arc hitecture. Consequen tly fron t-end metho ds for co de replication cannot catc ccurrences of unconditional jumps whic are in tro duced the optimization phase. Pro cedure inlining, an optimization metho describ ed Da vidson and Holler Da88 ], often results in replicated co de. Hwu and Chang Hw89 used inlining tec hniques based on pro�ling data to limit the um er of call site ex- pansions and thereb oid excessiv gro wth. In general, pro cedure call to non-recursiv function can replaced the actual co de of the pro cedure dy The pro cedure call can view ed as an unconditional jump to the eginning of the dy and an return from the pro cedure can view ed as an unconditional branc bac to the instruction follo wing the call. Branc hes ha long een recognized as causing problems for mac hines, and ariet of sc hemes ha een prop osed to reduce the cost of transfers of con trol. Dela ying the execution of branc hes is commonly used tec hnique to oid stalls in instruction pip elines a85 ]. Using complicated hardw are, branc hes ha een folded in to instructions when brough in to an instruction cac he Di87 ]. In this approac h, eac instruction also con tains the address of the next instruction to executed. Th us, an unconditional branc can folded in to its preceding instruction. Conditional branc instructions con tain oten tial addresses for the next instruction and static prediction bit to supp ort prefetc hing to ards the path whic is more lik ely to executed. In another study the use of branc registers has een suggested to mo the branc target address calculation out of lo ops and reduce dela ys in the pip eline Da90-1 ]. Golum bic and Rainish Go90 used the metho of replicating parts of ba- Chapter Related Researc Sev eral tec hniques to oid unconditional jumps ha een applied in optimizing compilers. or example, branc haining hanges the destination of branc to the destination of the last jump in hain of unconditional branc hes. The um- er of unconditional branc hes can reduced further reorganizing the order of basic blo ks. Suc traditional tec hniques, as describ ed Aho, Sethi, and Ullman Ah86 ], can enhanced co de replication, an optimization metho describ ed in this thesis, to remo almost all unconditional branc hes of pro- gram. When compiler fron t-end emits in termediate co de, it is quite common to use the termination criteria for lo op as pre-c hec condition for the lo op, follo ed the lo op dy and, instead of an unconditional branc to the pre- hec k, ost-c hec whic is the in erted termination condition. Nev ertheless, suc co de impro emen ts can only erformed whenev er natural lo ops are found in program source co de. Unconditional jumps in unnatural lo ops (lo ops with ultiple en try oin ts) are usually not eliminated. All tec hniques emplo ed in the fron t-end lac generalit in reducing the um- er of unconditional jumps. Instances of unconditional jumps cannot alw ys detected at the lev el of the parser due to its in teraction with other optimizations set of examples for lo ops and other ccurrences of unconditional branc hes is giv en in Chapter 5. scrib es the format of the in termediate represen tation. Chapter illustrates the adv an tages of using co de replication for optimizing arious programming con- structs. Chapter pro vides an informal description of the algorithms used to implemen co de replication. Chapter discusses the results of the implemen ta- tion comparing the measuremen ts of umerous programs with and without co de replication. Chapter giv es an erview of future ork and Chapter summarizes the results. Chapter In tro duction Unconditional branc hes are instructions that ccur often in programs. Dep end- ing on the en vironmen t, execution frequencies et een 4% and 10% ha een rep orted e77 Cl82 ]. Common programming constructs suc as lo ops and con- ditional statemen ts are co ded using unconditional jumps, th us resulting in rel- ativ ely compact co de. In recen ears, co de size has ecome less imp ortan t. or instance, with the in tro duction of reduced instruction set computers (RISC), the co de size of programs has increased since instructions are less erful and more simply enco ded. mak up for increased bus tra�c due to more frequen instruction fetc hes, cac he memory has een added for RISC arc hitecture as ell as for the traditional complex instruction set computers (CISC). This thesis describ es metho of replacing unconditional branc hes uniformly replicating sequence of instructions from the branc destination. er- form this task, an algorithm is prop osed whic is based on the idea of follo wing the shortest path within the con trol o when searc hing for replication se- quence. The e�ect of co de replication is ev aluated measuremen ts of program traces to illustrate its adv an tages er traditional replication metho ds. The do cumen is structured as follo ws. Chapter giv es an erview of re- searc on related topics. Chapter describ es the en vironmen used for the exp erimen t. Chapter in tro duces the terminology used in the thesis, and de- Abstract This thesis ev aluates global optimization tec hnique that oids unconditional jumps replicating co de. Common programming constructs suc as for-lo ops and conditional statemen ts are translated to mac hine instructions the use of conditional and unconditional jumps. One can reduce the um er of un- conditional jumps replicating unks of co de, whic reduces the um er of instructions executed and ma in tro duce new opp ortunities for co de optimiza- tion. When implemen ted in the bac k-end, this tec hnique can generalized to ork on conditional statemen ts, switc statemen ts co ded as sequence of bran- hes, and oth structured and unstructured lo ops. The replication metho is based on the idea of �nding replacemen for eac unconditional branc whic minimizes the gro wth in co de size. This is ac hiev ed ho osing the shortest sequence of instructions as replacemen t. In addition, the execution time of programs is impro ed. Measuremen ts tak en from ariet of programs sho ed that not only the um er of executed instructions decreased, but also that the total cac he ork as reduced despite increases in co de size. ix List of Figures 4.1 simple Con trol Flo Graph 13 5.1 In tro ducing Remote Preheader 27 6.1 Con trol Flo Graph for Excerpt from unction cp() in c.c. 31 6.2 Adjusting the Con trol Flo 37 6.3 In terference with Natural Lo ops 38 6.4 artial Ov erlapping of Natural Lo ops 41 6.5 Order of Optimizations 46 7.1 Instruction Alignmen in Cac he 55 viii A.3 Change of Miss Ratio with Unaligned Instructions and without Con text Switc 63 A.4 ercen Change of Instruction etc Cost with Unaligned In- structions and with Con text Switc 64 A.5 ercen Change of Instruction etc Cost with Unaligned In- structions and without Con text Switc 64 B.1 Program Size in Bytes and ercen Change for Aligned Instruc- tions 65 B.2 Change of Miss Ratio with Aligned Instructions and with Con text Switc 66 B.3 Change of Miss Ratio with Aligned Instructions and without Con- text Switc 66 B.4 ercen Change of Instruction etc Cost with Aligned Instruc- tions and with Con text Switc 67 B.5 ercen Change of Instruction etc Cost with Aligned Instruc- tions and without Con text Switc 67 C.1 Additional Instruction etc hes for Unaligned Instructions for 1Kb Cac he without Con text Switc 68 vii List of ables 4.1 Register ransfer Con en tions for the Motorola 68020 11 5.1 While{Lo op 17 5.2 or{Lo op 18 5.3 Exit Condition in the Middle of Lo op 19 5.4 If{Then{Else Statemen 20 5.5 Constan olding for If{Then{Else Statemen ts 22 5.6 unction BubbleSort() in bubblesort.c. 25 6.1 Excerpt from unction cp() in c.c. 30 6.2 Connections et een Basic Blo ks 34 6.3 Excerpt from unction main() in quic ksort.c. 43 7.1 est Set of Programs 48 7.2 ercen of Unconditional Branc hes 49 7.3 otal Num er and ercen Change of Instructions 50 7.4 otal Num er and ercen Change of Instructions et een Bran- hes 51 7.5 ercen Change in Instruction etc Cost for 1Kb Direct-Mapp ed Cac he 54 A.1 Program Size in Bytes and ercen Change for Unaligned In- structions 62 A.2 Change of Miss Ratio with Unaligned Instructions and with Con- text Switc 63 vi 5.4 Unremo able Branc hes 24 Algorithms 28 6.1 Co de Replication 28 6.2 Impro emen ts 36 6.3 Remo al of Constan Comparisons 42 6.4 In tegration in to an Optimizing Compiler 43 Measuremen ts 47 7.1 Static and Dynamic Beha vior 48 7.2 Impact on Instruction Cac hing 52 uture ork 59 Conclusions 61 App endices 62 Cac he Measuremen ts for Unaligned Instructions 62 Cac he Measuremen ts for Aligned Instructions 65 Measuremen ts to Ev aluate Instruction Alignmen 68 References 69 Bibliographical Sk etc 71 Con ten ts List of ables List of Figures vi Abstract vii In tro duction Related Researc En vironmen for Exp erimen tation De�nitions 4.1 Register ransfer Lists 4.2 In termediate Represen tation of unction 10 Motiv ation 16 5.1 Lo ops 16 5.2 Conditional Statemen ts 19 5.3 Sources for other Optimizations 21 5.3.1 Constan olding of Comparisons and Conditional Branc hes 21 5.3.2 Common Sub expression Elimination 23 5.3.3 Relo cating the Preheader of Lo ops 24 iv Ac kno wledgemen ts an to express gratitude to Dr. Da vid Whalley ma jor professor, for his guidance, supp ort, patience, and promptness during ork on this thesis. iii The mem ers of the Committee appro the thesis of rank Mueller defended on April 12, 1991. Da vid Whalley Professor Directing Thesis Theo dore Bak er Committee Mem er Gregory A. Riccardi Committee Mem er THE FLORID ST TE UNIVERSITY COLLEGE OF AR TS AND SCIENCES OIDING UNCONDITIONAL JUMPS BY CODE REPLICA TION By FRANK MUELLER Thesis submitted to the Departmen of Computer Science in partial ful�llmen of the requiremen ts for the degree of Master of Science Degree Aw arded: Spring Semester, 1991