$* Cc $N ?e =w ;R Bg 3X <+ A3 2J 3X Js 9p Bh 53 4, Bh 1 9f Natural Science Rep ort, Oc hanomizu Univ ersit y , V ol. 53, No. 1 (2002) 97 Can partial ev aluation impro v e the p erformance of ra y tracing? Kenic hi Asai Departmen t of Information Science, F acult y of Science, Oc hanomizu Univ ersit y 2-1-1 Otsuk a Bunky o-ku T oky o 112-8610 Japan asai@is.ocha.ac.jp Abstract This short pap er rep orts our exp erience on us- ing run time partial ev aluation to impro v e the p er- formance of ra y tracing. By exploiting constan t information on ob jects and ligh t during the ra y tracing pro cess, w e can pro duce a sp ecialized ra y tracer whic h runs up to t w o times faster than the unsp ecialized v ersion. Thanks to the in tegration of a partial ev aluator in to an in terpreter, sp ecial- ization is ac hiev ed simply b y inserting a pe com- mand. Although the implemen tation is still proto- t ypical, the exp erimen tal results sho w that partial ev aluation do es ha v e a role in ra y tracing. 1 P artial ev aluation P artial ev aluation (or program sp ecialization) is a program transformation tec hnique whic h im- pro v es e�ciency of a program b y p erforming as m uc h computation as p ossible b efor e all the in- puts b ecome a v ailable [8]. F or example, consider the follo wing p o w er function written in a func- tional programming language Sc heme [9]. (define (power m n) (if (= n 0) 1 (* m (power m (- n 1))))) If the v alue of n is kno wn to b e a constan t, sa y 4, then w e can mak e a sp ecialized v ersion of power where n is alw a ys 4 b y unfolding the recursiv e call to power without kno wning the v alue of m as fol- lo ws: (power m 4) -> (* m (power m 3)) -> (* m (* m (power m 2))) -> (* m (* m (* m (power m 1)))) -> (* m (* m (* m (* m (power m 0))))) -> (* m (* m (* m (* m 1)))) Th us, w e obtain the follo wing sp ecialization: (define (power4 m) (* m (* m (* m (* m 1))))) whic h is m uc h faster than the original execution (power m 4) . P artial ev aluation is e�ectiv e when a function is used man y times, and some of its argumen ts are alw a ys the same. In the ab o v e example, it pa ys o� to mak e power4 once, if it is used su�cien tly man y times afterw ards. The partial ev aluation tec hnique is widely used, for example, in generation of compilers from in terpreters [6, 8], optimization of ob ject- orien ted languages [5], and compilation of re- ectiv e languages [10]. Because of its abilit y to mec hanically sp ecialize general-purp ose programs in to sp ecialized, more e�cien t programs, it is said that partial ev aluation ac hiev es b oth the pro ductivit y and e�ciency [8]. P artial ev alu- ation has b een mainly studied for functional languages, but there are also partial ev aluators for C suc h as T emp o [4] and C-Mix [1]. (See http://compose.labri.fr/prototypes/tempo/ for T emp o, and http://www.diku.dk/research- groups/topps/activities/cmix/ for C-Mix.) W e ha v e implemen ted a Sc heme in terpreter where a sp ecial partial ev aluation construct pe is a v ailable [3]. F or example, w e can obtain the sp e- cialized p o w er program as follo ws: > (pe (lambda (m) (power m 4))) (lambda (m) (* m (* m (* m (* m 1))))) Giv en a function as an argumen t, pe returns a function whic h is the sp ecialized v ersion of the original argumen t. In con trast to the con v en- tional partial ev aluators, whic h ha v e b een mainly a source to source program transformation, pe sp ecializes its argumen t at runtime . W e do not ha v e to prepare a program in a separate �le for sp ecialization, but w e simply insert pe whenev er

98 Kenic hi Asai NSR. O., V ol. 53 (define (main V-point objects lights) (map (pe (lambda (pixel) (let ((V-vector (- pixel V-point))) (ray-trace V-point V-vector objects lights)))) ; list all the pixels on the screen)) (define (ray-trace V-point V-vector objects lights) (if V-vector intersects with objects (add ; ambient light ; diffuse reflection (if lighted directly) ; specular reflection (via recursion)) ; return back-ground color)) Figure 2: Pseudo co de for ra y tracing Figure 1: A sample image (128 � 128 pixels) w e w an t sp ecialization. This mak es it easy to use partial ev aluation in a larger program. (In addi- tion, w e need to annotate the program to mak e the recursion v ariables explicit. W e will not dis- cuss it further in this pap er, ho w ev er.) 2 Ra y tracing Ra y tracing pro duces a realistic image of 3D ob- jects b y calculating the color of eac h pixel on the screen. Figure 1 sho ws a sample output of ra y tracing. Giv en a con�guration of 3D ob- jects, w e trace ligh t in the rev erse direction from the view-p oin t ( V-point ) to eac h pixel on the screen. When it in tersects with an ob ject, w e collect v arious ligh t that reac hes that in tersect- ing p oin t, suc h as am bien t ligh t (uniform ligh t whose in tensit y is the same at all places), dif- fuse re ection (ligh t coming directly from the ligh t source; e�ectiv e only when the p oin t is visible from the ligh t source), and sp ecular re ection (re- ected ligh t coming from the direction of mirror- re ection; computed using recursion). Figure 2 sho ws the pseudo co de for it. 3 Where to use partial ev alua- tion The in teresting observ ation on the ab o v e pseudo co de is that (1) ray-trace is called as man y times as the n um b er of pixels on the screen, and that (2) for eac h execution, the ob ject con�guration objects and the ligh t con�guration lights are constan ts. Since the n um b er of times ray-trace is called is quite large, w e can exp ect that the execution will b ecome faster if w e mak e a sp e- cialized v ersion of ray-trace (with resp ect to the �xed objects and lights ) once, and use this op- timized v ersion to compute the color of all the pixels. This is exactly where partial ev aluation can con tribute. W e do so b y inserting pe in main as is already done in Fig. 2. The pe construct mak es the sp e- cialized v ersion of ray-trace where objects and lights are �xed, but pixel is unkno wn (since it is � -abstracted). In tuitiv ely , it inlines all the tra v er- sals o v er the ob jects and ligh ts con�guration in to the resulting sp ecialized program. 4 Exp erimen tal results W e ha v e implemen ted a ra y tracer that conforms to the requiremen ts in the ICFP 2000 program- ming con test, where the task w as to implemen t a ra y tracer. (See http://www.cs.cornell.edu/ icfp/ for the details of this con test.) It sup- p orts �v e ob ject t yp es (spheres, cub es, cylinders, cones, and planes), three op erations on ob jects (union, in tersection, and di�erence), three ligh t t yp es (directional ligh t, p oin t ligh t, and sp ot- ligh t), v arious transformations (translation, scal- ing, and rotation), and pro cedural surface ren-

June 2002 Can partial ev aluation impro v e the p erformance of ra y tracing? 99 scene size without PE with PE ratio size without PE with PE ratio spheres 32 � 24 23.7 12.1 1.96 320 � 240 7.0 4.3 1.65 spheres2 32 � 24 28.1 13.7 2.05 320 � 240 8.4 4.8 1.74 re ect 32 � 24 51.8 23.9 2.17 320 � 240 13.9 7.7 1.80 �b 32 � 24 48.5 42.0 1.16 320 � 240 17.1 11.6 1.47 cub e 32 � 20 4.0 2.6 1.53 320 � 200 1.7 1.36 1.25 dice 64 � 40 241.1 138.8 1.74 640 � 400 75.1 47.9 1.57 sp ot 32 � 24 16.1 10.1 1.48 320 � 240 5.0 3.9 1.30 golf 32 � 24 80.3 38.8 2.07 320 � 240 21.4 11.9 1.80 T able 1: Exp erimen tal results in seconds. The columns ‘size’ sho w the n um b er of pixels. The left half uses pe construct while the righ t half uses man ual annotation to ac hiev e partial ev aluation. dering. W e ha v e also implemen ted b ounding v ol- umes to reduce the n um b er of in tersection calcula- tion. The exp erimen t w as done on Sun Blade 1000 (UltraSP AR C-I I I, 750MHz, 512 MB memory) us- ing Chez Sc heme compiler with optimize-lev el 3. T able 1 sho ws the exp erimen tal results. The column ‘scene’ sho ws the name of the scenes that w e used. The left half of the table sho ws ho w the use of pe mak es the execution faster. W e can observ e 16 p ercen t to 2 times sp eedup b y the use of partial ev aluation. In all cases, the time for partial ev aluation w as ignorable. Ho w ev er, the absolute �gures for these exp eri- men ts are not v ery satisfactory . Ev en after partial ev aluation, it tak es more than ten seconds for a scene of size only 32 � 24 pixels. One of the rea- son for it is that the ra y tracing program is exe- cuted (in terpreted) on top of the partial ev aluator w e made. Although the partial ev aluator itself is compiled via Chez Sc heme compiler, the ra y trac- ing program is in terpreted b y this (compiled) par- tial ev aluator. If w e could implemen t the partial ev aluator b y extending the Chez Sc heme compiler directly , w e could obtain b etter �gures. T o see it, w e ha v e made another exp erimen t. Since it is not v ery easy to directly extend the Sc heme in terpreter to cop e with pe , w e imple- men ted the e�ect of partial ev aluation man ually b y rewriting the ra y tracing program b y hand instead. It is w ell-kno wn that partial ev alua- tion can b e sim ulated b y separating the program in to t w o stages and inserting quote and unquote . (Note that w e can no longer ac hiev e partial ev al- uation b y simply inserting pe . Instead, w e ha v e to rewrite ma jor parts of the program. Prop er kno wledge on (o�ine) partial ev aluation is also required to do it.) Then, the resulting program is compiled using Chez Sc heme compiler. The exp erimen tal results for this hand-t w eak ed ra y tracer are giv en in the righ t half of T able 1. First, notice that the sizes of scenes are 100 times larger than the previous exp erimen t. This means that this implemen tation is ab out 300 times faster than the previous one. (F or example, the scene ‘spheres’ �nished 23 : 7 � 100 = 7 : 0 � 338 times faster.) F rom this, w e can see that the o v er- head of in terpretation w as ab out the magnitude of 300 times. P artial ev aluation then adds ab out 25 to 80 p ercen t sp eedup. Although the sp eedup is rather mo dest than the previous exp erimen t, partial ev aluation do es impro v e the p erformance. Then, the natural question to ask is whether this is su�cien t or not. Unfortunately , it is still not v ery fast. The winning program of the ICFP 2000 programming con test is so fast that the ex- ecution time for all the scenes used in this ex- p erimen t w as zero! (See http://www.cis.upenn. edu/~sumii/icfp/ for the details of the winning program.) T o compare the winning program with ours, w e ha v e exp erimen ted on a larger (and more com- plicated) scene, and found that the winning pro- gram is ab out 70 times faster than our ra y tracer without partial ev aluation. (W e could not com- pare the v ersion that uses partial ev aluation b e- cause the pro duced sp ecialized co de w as so big that the Chez Sc heme compiler could not com- pile it.) Assuming optimistically that w e obtain 2 times sp eedup via partial ev aluation, w e still lose b y ab out 35 times from the winning pro- gram. Because the winning program is written in a t yp ed language (OCaml), it is b ene�ted from static t yp e-c hec king to remo v e run time c hec ks. Estimating optimistically that static t yp e c hec k- ing mak es programs three times faster, w e still lose b y more than ten times. Curren tly , w e ha v e

100 Kenic hi Asai NSR. O., V ol. 53 no clue ho w to bridge this gap. 5 Related w ork Sp ecialization of ra y tracing w as �rst done b y Mogensen[11]. Andersen[2] sp ecialized an already e�cien t ra y tracer written in C. W e did the same exp erimen t using Sc heme extended with pe . Thanks to the presence of pe , w e could ac hiev e sp ecialization simply b y inserting pe at an appro- priate place. The realistic application of sp ecial- ization in graphics is found in [7]. 6 Conclusion This short pap er rep orted our exp erience on us- ing partial ev aluation to impro v e the p erformance of ra y tracing. By exploiting the static informa- tion (the ob jects and ligh t con�guration), w e can pro duce a sp ecialized ra y tracer whic h runs up to t w o times faster than the unsp ecialized v ersion. Thanks to the in tegration of a partial ev aluator in to an in terpreter, sp ecialization w as ac hiev ed simply b y inserting pe at an appropriate place. Because w e did not directly c hange the under- lying language implemen tation to supp ort partial ev aluation but w e implemen ted it as a stand-alone program, it su�ers from sev ere in terpretiv e o v er- head. Although this approac h is go o d for proto- t ypical implemen tation, it do es not suit for prac- tical uses of partial ev aluation. Since w e obtained signi�can t sp eedup for the ra y tracer with man ual partial ev aluation, ho w ev er, there is a go o d hop e that implemen ting partial ev aluation directly in the underlying Sc heme implemen tation will b e b ene�cial. References [1] Andersen, L. O. Pr o gr am A nalysis and Sp e- cialization for the C Pr o gr amming L anguage , Ph.D. thesis, DIKU, Univ ersit y of Cop en- hagen (Ma y 1994). [2] Andersen, P . H. \P artial Ev aluation Applied to Ra y T racing," Softwar e Engine ering in Scienti�c Computing , pp. 78{85, DIKU re- p ort D-289 (1996). [3] Asai, K. \In tegrating P artial Ev aluators in to In terpreters," In W. T aha, editor, Semantics, Applic ations, and Implementation of Pr o- gr am Gener ation (LNCS 2196) , pp. 126{145 (Septem b er 2001). [4] Consel, C., L. Hornof, R. Marlet, G. Muller, S. Thibault, E. -N. V olansc hi, J. La w all, and J. No y � e \T emp o: Sp ecializing Systems Applications and Bey ond," A CM Computing Surveys , V ol. 30, Issue 3es (Septem b er 1998). [5] Dean, J., C. Cham b ers, and D. Gro v e \Iden tifying Pro�table Sp ecialization in Ob ject-Orien ted Languages," A CM SIG- PLAN Workshop on Partial Evaluation and Semantics-Base d Pr o gr am Manipulation (PEPM ’94) , pp. 85{96 (June 1994). [6] F utam ura, Y. \P artial ev aluation of compu- tation pro cess { an approac h to a compiler- compiler," Systems, Computers, Contr ols , V ol. 2, No. 5, pp. 45{50, (1971), reprin ted as Higher-Or der and Symb olic Computation , V ol. 12, No. 4, pp. 381{391, Klu w er Aca- demic Publishers (Decem b er 1999). [7] Guen ter, B., T. B. Knoblo c k, E. Ruf \Sp ecializing Shaders," Pr o c e e dings of SIG- GRAPH 95 (Computer Gr aphics Pr o c e e d- ings) pp. 343{350 (1995). [8] Jones, N. D., C. K. Gomard, and P . Sestoft Partial Evaluation and A utomatic Pr o gr am Gener ation , New Y ork: Pren tice-Hall (1993). [9] Kelsey , R., W. Clinger, and J. Rees (edi- tors) \Revised 5 Rep ort on the Algorithmic Language Sc heme," Higher-Or der and Sym- b olic Computation , V ol. 11, No. 1, pp. 7{105, Klu w er Academic Publishers (August 1998). [10] Masuhara, H., S. Matsuok a, K. Asai, and A. Y oneza w a \Compiling Aw a y the Meta- Lev el in Ob ject-Orien ted Concurren t Re ec- tiv e Languages Using P artial Ev aluation," T enth A nnual Confer enc e on Obje ct-Oriente d Pr o gr amming Systems, L anguages, and Ap- plic ations (OOPSLA ’95) , pp. 300{315, (Oc- tob er 1995). [11] Mogensen, T. �. \The Application of P artial Ev aluation to Ra y-T racing," Master’s thesis, DIKU, Univ ersit y of Cop enhagen (1986).