IEICE TRANS. INF. & SYST., VOL. E00{D, NO. 10 OCTOBER 2003 1 P APER Sp e cial Issue on Development of A dvanc e d Computer Systems ReV olv er/C40 : A Scalable P a rallel Computer fo r V olume Rendering | Design and Implementation| Shin-ichiro Mori y , Memb er , T omoaki Tsumura yy , Masahiro Goshima y , Y asuhik o Nak ashima yy , Hiroshi Nak ashima y , Nonmemb ers , and Shinji T omita y , Memb er SUMMAR Y This pap er describ es the architecture of Re- V olv er/C40 a scalable parallel machine for volume rendering and its prototype implementation. The most imp ortant feature of ReV olv er/C40 is view-indep endent real time rendering of translu- cent 3D ob ject using p erspective pro jection. In order to realize this feature, the authors prop ose a parallel volume memory ar- chitecture based on the principal axis oriented sampling metho d and parallel treble volume memory . This pap er also discuss the implementation issues of ReV olv er/C40 where v arious kinds of parallelism extracted to achiev e the rendering p erformance are explained. The authors developed its prototype systems and their performance ev aluation results are explained. According the ev aluation of the prototype systems, ReV olv er/C40 with 32 parallel volume memory is estimated to achiev e more than 10 frame p er second for 256 3 volume data on 256 2 screen using p er- sp ective pro jection. The authors also review the developmen t of ReV olv er/C40 from several view p oints. key wor ds: V olume R endering, Par al lel Pr o c essing, Scalable Ar chite ctur e, Visualization 1. INTR ODUCTION V olume rendering is a visualization technique for a three dimensional ob ject called volume data which has color and transparency on its grid p oints called voxels . Such a volume data is conv en tionally obtained by medi- cal scanning equipments such as CT and MRI scanner, but recently also pro duced by scien ti�c computation such as for structural analysis and uid dynamics. Since volume rendering requires a huge amount of computa- tional p ow er and resources, it is natural and necessary to exploit parallel pro cessing techniques for high sp eed rendering. In order to realize real-time volume rendering for large volumedata, we had prop osed a parallel hardware architecture[13], [14] for volume rendering and we hav e designed ReV olv er/C40 [15], [17], [18] as its protot yp e implementation (Fig. 1). In this pap er, we introduce the architecture of Re- V olv er/C40 in section 2. Then w e discuss implemen- tation related issues of ReV olv er/C40 in section 3, fol- low ed by its p erformance ev aluation in section 4. After that, we review the dev elopmen t of ReV olv er/C40 from several view p oints in section 5 and conclude in section Manuscript receiv ed F ebruary 7, 2003 Manuscript revised 2003 y Graduate School of Informatics, Kyoto Universit y , Y oshida-Hon-Mac hi, Saky ou-ku, Kyoto, 606-8501 JAP AN yy Graduate School of Economy , Kyoto Universit y Fig. 1 ReV olv er/C40-demo Fig. 2 V olume Rendering (Ray Casting Algorithm) 6. 2. CHARACTERISTICS OF ReV olv er/C40 2.1 F undamen tal F eatures in ReV olv er/C40 ReV olv er/C40 adopts ra y-casting style volume rendering algorithm which is widely used image-space approac h. This algorithm traces rays through the vol- ume, accumulating color along each ray(Fig. 2). Let v 0 , v 1 , . . . , v n b e v o xels along a ray spatially ordered from view p oint, c i and t i b e color and transparency of v i resp ectively . The pixel v alue (or color) C for this ray is

2 IEICE TRANS. INF. & SYST., VOL. E00{D, NO. 10 OCTOBER 2003 C = n � 1 X i =0 c i (1 � t i ) i � 1 Y j =0 t j : (1) This calculation is referred to as c omp osition op er a- tion [1] and it can b e computed recursively using the following equation. C out = C in + T in � t i � c i T out = T in � t i (2) where C out and T out are the total accumulated color and transparency just after the ray hit i-th vo xel, and C in and T in are the total accumulated color and trans- parency just b efore the ray hit the vo xel. This calcu- lation is referred to as over op er ation [1]. It is b ecause C out and T out can b e though t as color and opacity of the com bined ob ject in whic h an ob ject that has color C in and transparency T in is placed ov er v o xel v i . As you can see from these equations, volume ren- dering b elongs to a class of memory in tensiv e compu- tation. Thus the memory p erformance is crucial to the rendering sp eed. If w e could prepare enough memory p erformance, there exist fruitful sources of parallelism. The ReV olv er/C40 was designed by compiling all these parallelisms into this machine. Since the target of ReV olv er/C40 is real-time visu- alizaion of not only medical volume data but also scien- ti�c data, ReV olv er/C40 also has the following features. 1. Discr ete and c ontinuous mo dels In discr ete mo del, it is assumed that a vo xel is the center of a unit cub e and any p oints in the cub e hav e the same vo xel v alue. On the other hand, vo x- els in c ontinuous mo del are at vertices of the cub e and the v alue of a p oint in the cub e is obtained by linear interpolation of the vo xel v alues. Both mo d- els should b e applicable dep ending on the ob jective of rendering. 2. T r ansluc ent volumes V olumes to b e rendered should b e tr ansluc ent so that the interior of ob jects is seen. The translucen t rendering also cop es with an op aque ob ject, which conv en tional systems can visualize only , giving zero transparency to the vo xels for its surface. 3. Persp e ctive and p ar al lel pr oje ction F or the visualization of scienti�c computation re- sults, such as analysis of seismic wa v es, p ersp e ctive pro jection is often suitable to showing wide range of space. F or small ob jects, such as human brains, p ar al lel pro jection is also av ailable as in conv en- tional systems. 4. R e al-time r endering Quick resp onse following the mo v emen t of view p oint is essentially imp ortant to help the analysis and recognition of complicated volume data. This r e al-time rendering requires high pro cessing sp eed ov er 10 frames p er second. T o make ReV olv er/C40 hav e these features, w e de- vised a simpli�ed vo xel sampling metho d. W e also con- triv ed a three dimensional v olume memory �t for this algorithm in order to read all volume data on a ray of an y direction in parallel. 2.2 Architectural F eatures of ReV olv er/C40 2.2.1 Sampling Metho d and Parallel V olume Memory Rendering one image(or frame) of N � N from N 3 vol- ume data requires O ( N 3 ) memory throughput. Thus, to satisfy the real-time requirement, we had to develop a con ict free highly parallel multi-bank memory which can sim ultaneously read out all v o xels along a ray of an y direction. Since ReV olv er/C40 supp orts p ersp ec- tiv e pro jection metho d as well as parallel pro jection, re- quiremen ts to the memory system are muc h more sev ere than the systems which do esn’t supp ort p ersp ective pro jection. In order to alleviate this severit y , we had prop osed a simpli�ed vo xel sampling metho d[13], [14]. It is called ob ject-based (or slice-aligned) sampling re- cen tly[1], [7]. In this metho d, instead of sampling vo xels on a ra y at regular interv als of the ray itself(Fig.3(a)), we sample vo xels at regular interv als of the ra y’s principal- axis whic h is the x,y , or z-axis most parallel to the ra y(Fig.3(b)). Therefore, if the sampling interv al is equal to the unit of the volume co ordinate system, the co ordinates of any sampling p oin ts with resp ect to the principal-axis are di�eren t each other. This mak es it p ossible to construct a bank-con ict free par- allel volume memory for b oth p ersp ective and paral- lel pro jections(Fig.4). Here, the principal-axis of each ra ys v aries among x-,y-, and z-axis according to the view p oin t and we wan t to av oid co ordinate transfor- mation in the memory to keep real-time follow-up to view p oin t mov emen t. So, we slice the volume space in to planes p erp endicular to x-, y-, and z-axis and store a set of i-th planes from Xplanes, Yplanes and Zplanes in to i-th Parallel T reble V olume Memory no de. As it is ob vious from this memory structure, the e�ective mem- ory throughput scales with the num ber of the memory no des, irresp ective of the view p oin t and the pro jection metho d. 2.2.2 Comp osition Netw ork The next to b e considered in the arc hitectural design is how to organize the comp osition netw ork in which the comp osition op eration(Eq.1) is p erformed. As we ha v e mentioned b efore, a pixel v alue can b e calculated b y applying the comp osition op eration recursively , so that it is relatively easy to organize a N-stages linear pip eline of ov er op eration(Eq. 2)[9], [15]. On the other hand, since this comp osition op era- tion can also b e deformable into a pip eline of tree re-

MORI et al.: REVOL VER/C40 : A SCALABLE P ARALLEL COMPUTER FOR VOLUME RENDERING 3 Fig. 3 Simpli�ed Sampling Metho d Fig. 4 Parallel T reble V olume Memory duction style[13], [14], there exists parallel volume ren- dering systems whic h adopt tree-based comp osition net- work.[2], [4] In our initial prop osal[13], [14], w e also used a tree-based comp osition netw ork. In ReV olv er/C40 , we organize the comp osition netw ork as one directional link structure(Fig.5) y . The primary adv an tages of the link netw ork are the go o d scalability and the ease of implementation; the cost of wiring b ecomes half while the logical throughputs of b oth netw orks are the same at the output-end. Though the latency increase from O ( l og N ) to O ( N ), it is neg- y The latest version of PCB b oards of ReV olv er/C40 has bi-directional ring structure for another reasons[25] (see sec- tion 5) but they are still waiting for parts assembly . ligible if each created images has the order of N 2 pix- els. This argument is not alwa ys applicable to most parallel volume rendering systems[4], [5]. It is b ecause they use frame-based comp osition to hide their large comm unication ov erhead, whereas in ReV olv er/C40 we could use pixel-based comp osition since ReV olv er/C40 has the low latency comp osition netw ork em b edded into its N-stages linear pip eline of ov er op eration. Fig. 5 Comp osition Netw ork 3. PROTOTYPE IMPLEMENT A TION 3.1 Preliminary Sp eci�cation As a protot yp e implementation of our parallel volume rendering architecture, we had de�ned the sp eci�cation of ReV olv er/C40 as follows based on the technology a v ailable in early ’90s. T able 1 Preliminary Sp eci�cation Parallel V olume Memory Number of No des (N) 128 Memory Size(total) 512MB Memory Size(no de) 4MB Rendering Sp eed(p ersp ective pro jection,discrete mo del) 128 3 V olume on 128 2 Screen 30 > FPS 256 3 V olume on 256 2 Screen 30 > FPS 512 3 V olume on 512 2 Screen 10FPS 3.2 Hardware Con�guration of ReV olv er/C40 Figure 6 sho ws the ov erview of the hardware con�g-

4 IEICE TRANS. INF. & SYST., VOL. E00{D, NO. 10 OCTOBER 2003 Fig. 6 Overview of the Prototype System: ReV olv er/C40 uration of ReV olv er/C40 . The system consists of a control unit and a three-stage macro pip eline as fol- lows. In ReV olv er/C40 , we adopts TI’s Digital Signal Pro cessor(DSP) TMS320C40[28] op erating at 50MHz as pro cessing element(PE) since it has useful internal con�guration for volume rendering calculation. System Control Unit(SCU) This unit gives other units v arious data/commands, such as volume data, viewing parameters such as p ositions of view p oint and screen, and rendering mo de. Ray Casting Stage(RCS) This stage casts ra ys which start from the view p oint and p enetrate pixels on the screen, and send them to Pixel Cal- culation Stage. In order to generates a ray data in every machine cycle, this stage consists of 8 PEs. The unit of load distribution is one scan- line and the scanlines are statically assigned to each PEs in cyclic fashion. Generated ray data is stored into a FIFO memory common to the 8PEs. The output of the FIFO memory is directly con- nected to the address generator mentioned b elow to feed ray data directly into Pixel V alue Calcu- lation Stage. Pixel V alue Calculation Stage(PCS) This stage organizes a 128-stages linear pip eline of ov er op eration. W e call the unit corresp ond to one stage of this pip eline Pixel v alue Calcula- tion Unit(PCUs). Each PCU is con�gured with V olume Memory(VM), Address Generator(AG), C & T Lo ok-Up-T able(LUT), and one PE. V olume Memory(VM) : The VM corresp onds to the PTM no de in Fig.4 and may contains upto 3sets yy of 4 512 2 planes out of 512 3 volume data. Address Generator(AG) : The Address Gener- ator computes V olume Memory addresses of vo x- yy These 3sets corresp ond to X-memory , Y-memory , and Z-memory in Fig.4, resp ectively Fig. 7 Pixel V alue Calculation Unit(PCU) els to b e sampled using viewing parameters, cur- rent pixel co ordinate, and PCU’s relative p osition in PCS. Since this kind of computation includes a lot of bit-based op erations, w e ha v e implemen ted AG with FPGA(Xilinx XC4010D, 10,000 gates). All the information necessary to compute the ad- dress is transferred through the direct link b e- tw een neighboring AGs, without any interv en tion by the pro cessing element. The AG also has an imp ortan t function of the vo xel preloading to hide the latency of the VM ac- cesses, as follows: V o xels to b e sampled are read out from the VM using the addresses generated by AG and are stored into the V o xel Latch !J see Fig. 7) during the PE is doing the ov er op eration for the previous pixel. C & T Lo ok-Up-T able(LUT) : Before the ov er op eration, the sampled pixel v alue has to b e translated into color and transparency . C & T Lo ok-Up-T able(LUT) is provided with each PCU to do this translation. In our ReV olv er/C40 im- plementation, this table is allo cated into the em- b edded memory lo cated at lo cal bus inside the DSP so that it could b e accessed in one cycle. Pro cessing Element(PE) : As we hav e metioned b efore, we hav e adopted TI’s DSP TMS320C40, we call it C40 in the rest of this pap er, as our pro cessing unit. It was b ecause, 1) C40 has tw o ph ysically separated 32-bit buses, called Glob al Bus and L o- c al Bus , whic h supp ort simultaneous access to the tw o di�erent external/internal devices if they are lo cated at di�erent busses each other; 2)C40 has tw o embedded SRAMs which can b e used as C & T

MORI et al.: REVOL VER/C40 : A SCALABLE P ARALLEL COMPUTER FOR VOLUME RENDERING 5 LUT and the storage are for program memory and runtime environmen ts; 3)C40 has six embedded bi-directional communication p orts with 20MB/s p eak transfer sp eed for each which can b e used at initial program loading and debugging in Re- V olv er/C40 . As it is sho wn in Fig.7, a FIFO bu�er(32bits x 64entries) is placed on Global Bus. The output of this FIFO bu�er is directly connected to the Global Bus of the C40 in the next PCU. The maximum throughput of this FIF O is 100MB/s. During volume rendering op eration, the C40 picks up intermediate color and transparency data from the FIFO of its previous PCU, then it p erforms the ov er op erations using preloaded vo xels and stores the result into its lo cal FIFO. Shading Stage(SS) This stage consists of a 4 � 4 tw o-dimensional array of Shading Units(SUs). The SU consists of one C40 and tw o kinds of double-bu�ered memories: Receive Bu�er(RB) and frame memory . The pixel v alue from the pixel calculation stage is distributed among 16RBs ac- cording to the pixel’s co ordinate. When all pixels b elongs to an image get ready in RBs, this image is shaded using depth gradient shading, by de- fault, if the user wan t to hav e b etter visual e�ect. The �nal image is stored in to the double-bu�ered video memories distributed among 16 C40s. A video signal generation circuit collects sub-images generated by each C40s, conv erts them into ana- log video signal and sends it to a Disply . 3.3 PCB-Lev el System Con�guration W e hav e designed four kinds of printed circuit b oard: SCU b oards, R CS b oards, PCS b oard and SS b oard. Each b oards except for SCU b oards are VME standard triple-height b oard and they con tains 8 C40s each. So, 16 PCS b oards for the PCS and 2 SS b oards for the SS ha v e to b e mounted onto ReV olv er/C40 prototype. Fig. 8 shows a o or-plan of the prototype system. 3.4 Ov erview of Rendering Pip eline in ReV olv er/C40 Fig.9 sho ws how the rendering pip eline of Re- V olv er/C40 works. F rom the highest level, there is the frame-based pip eline where image generation, shading, and image output organize a 3-stages pip eline. The last tw o stages are implemented by the well-kno wn double bu�ering of the frame memory in the SS. The second level is pixel-based pip eline that exists in the image generation stage. This pip eline consists of the ray cast- ing stage and the N-stages linear pip eline of ov er op- eration. Though the RCS itself utilizes scanline-based parallelism, it is not visible to the image generation Fig. 8 A Flo or-plan of the Prototype System: ReV olv er/C40 Fig. 9 Rendering Pip eline pip eline as long as there exists ray information in R CS’s output FIFO. 3.5 Developmen t of ReV olv er/C40 After 5years from the initial prop osal of the ReV olv er arc hitecture[13], [14], a part of RCS b oard with 3PEs, one PCS b oard with 8PEs, and one SS b oard with 8PEs b ecame op erational in late 1998. Using these parts, w e had constructed a ev aluation subsystem which we called ReV olv er/C40-mini . And then, in early 1999, w e ha v e reorganized it into a little bit larger system whic h w e call ReV olv er/C40-demo . ReV olv er/C40- demo w as con�gured with four PCS b oards (32PEs) and one SS b oard(8PEs) but it do es not hav e vo xel preload function of PCS b oards neither RCS b oards. In Revolv er/C40-demo , all the communication b etw een neigh b oring PEs is p erformed through the embedded comm unication p orts of TMS320C40 and the host com- puter(P en tiumII I 800MHz) also functions as RCS. Due to the memory size restriction, ReV olv er/C40-demo can

6 IEICE TRANS. INF. & SYST., VOL. E00{D, NO. 10 OCTOBER 2003 render upto 256 3 volume at the price of declining frame rate. 4. PERF ORMANCE EV ALUA TION W e had made detailed p erformance ev aluation based-on ReV olv er/C40-mini and the results ware summarized in [17], [18]. In this section, we hav e fo cused on the ev alu- ation of PCS since the p erformance of PCS is the most dominant part in the ov erall p erformance. In the fol- lowing discussion, we assume the image size of 256 � 256 unless noticed esp ecially . And also we assume that each PCUs are resp onsible for 3-sets of P -256 � 256 planes out of 256 3 volume data where f P j 1 ; 2 ; 4 ; 8 g . 4.1 Rendering Performance The vo xel preloading is one of the most imp ortan t is- sue in the implementation, we �rst examine the p er- formance of the address generator(AG). T able2 shows the time sp ent for preloading P v o xels along a ray . Since we hav e designed t w o kinds of AG, this table con- tains b oth of these p erformance. The type1 AG is the non-pip elined implementation of AG, while the type2 AG is the pip elined v ersion where 1)ray-data read-out from previous FIFO, 2)Address Calculation, 3)V olume Memory Access, and 4)ra y-data store into its FIFO are p erformed in pip elined fashion. F rom this table, we could �gure out that t yp e1 and type2 AGs hav e p er- formance of 6.1FPS(F rame Per Second) and 29.3FPS, resp ectively , if P = 1. How ev er, we could not achiev e the goal of 30FPS for P=2 even with type2 AG. It is b ecause we could not extract the p eak p erformance of DRAM device whose ras-access time is 160ns. T able 2 Performance of AG in ReV olv er/C40-mini # of planes V o xel Preload Time( � s)/F rame Rate(FPS) p er PCU(P) Type 1 Type 2 1 2.52/6.05 0.52/29.34 2 2.80/5.45 0.80/19.1 4 3.36/4.54 1.36/11.2 The next thing to examine is the time sp en t for ov er op eration which determines the pip eline pitc h of the rendering pip eline. T able 3 shows p er-pixel render- ing time and frame rate for 256 � 256 image. In order to examine the e�ects of AG, this table contains the result of tw o di�erent con�gurations of PCU: with and with- out A G. In case of PCU with AG, we used the Type-I AG since Type-I I AG was a little bit unstable. In case of PCU without AG, not only the results of ov er op er- ation but also ray-data hav e to b e transferred b etw een C40s and C40 also has to substitute for AG. F rom this table, we could con�rm the great impact of A G on the rendering p erformance. Indeed, the PCU with Type-I AG p erforms roughly 2.5 times faster than the PCU without AG. How ev er, comparing with table2, the ren- dering p erformance has declined. It wad due to the comm unication o v erhead of C40. Because of the imple- men tation dep enden t critical timing of FIF O access and the restriction of C40 on the consecutive write accesses, roughly 2 � s was sp en t for communication b etw een C40 and FIFO memories. As a result, e�ective throughput decreased to only 20MB/s which is comparable to the em b edded communication p ort of C40. T able 3 E�ect of AG in ReV olv er/C40-mini # of planes Rendering Time ( � s/pixel)/F rame Rate(FPS) p er PCU (P) with AG(T ype I) without AG 1 3.28/4.65 8.31/1.84 2 4.80/3.18 11.96/1.28 4 7.24/2.11 19.11/0.80 In the ab ov e discussion we assumed ReV olv er/C40- mini . F rom, now we contin ue our discussion based on the p erformance of ReV olv er/C40-demo . T able 4 shows the rendering p erformance of ReV olv er/C40-demo . In this table, the p erformance of simulated con�guration that assumes a p erfect AG (whic h alwa ys supplies vo xel data in one cycle) is shown as well as the normal con- �guration without AG. The normal con�guration with- out AG has b etter p erformance in ReV olv er/C40-demo than in ReV olv er/C40-mini . It is due to the very high in ternal I/O throughput(100MB/s) of communication p orts in C40. When we assume the p erfect AG, the p er- formance reaches to 11.6FPS and seems to b e saturated when P < 4. F rom this results, we could assume the ef- fectiv e throughput of communication p ort b etw een tw o C40s in ReV olv er/C40-demo is 12.2MB/s. According to the hand-co ded assembly program which assume the p erfect AG, the p eak p erformance of ReV olv er/C40- demo could achiev e ab out 20FPS for P=1 if there is su�cien t bandwidth b etw een tw o C40s. T able 4 Rendering Sp eed in ReV olv er/C40-demo # of planes Rendering Time(s/frame)/F rame Rate(FPS) p er PCU normal(without AG) with p erfect AG 1 0.31/3.2 0.086/11.6 2 0.56/1.8 0.086/11.6 4 1.0 /1.0 0.094/10.7 8 1.8 /0.55 0.26/3.8 In the ab ov e discussions, we alwa ys assume the im- age size of 256 2 . Since the image size do es not a�ect the rendering time for a pixel, the ov erall rendering p erfor- mance is inv ersely prop ortional to the num ber of rays in the image. On the other hand, if there is enough capacit y to store v olume data in eac h PCUs, the o v er- all rendering p erformance decrease with the num ber of planes (P) p er PCU but it is m uc h b etter than 1/P b e- cause the increase of the computational time for ov er op eration reduces the communication ov erhead relative to the computational time.

MORI et al.: REVOL VER/C40 : A SCALABLE P ARALLEL COMPUTER FOR VOLUME RENDERING 7 4.2 V olume Data Initialization This section discuss ab out an issue of volume data ini- tialization. In adv ance to any rendering op eration, vol- ume data should b e stored into volume memories of PCUs. In ReV olv er/C40-demo , volume data stored in the hard disk of host computer is download sequentially as a set of four consecutive vo xels. This is done through the communication link b etw een SCU and PCU. Ev- ery time a set of four v o xels is arrived at a PCU, the PCU p erforms the following op erations: 1)It examines if some of them should b e stored inside its volume mem- ory according to the vo xel’s (x,y ,z)-coordinate and rel- ative lo cation of the PCU. 2) It p erforms memory ac- cesses if necessary . 3)It forwards them to the next PCU. The parallel trebled volume memory is initialized in this wa y . During the initialization, 9 = 4 N 3 memory accesses are p erformed in PCS. It takes ab out 500ns for each of this memory accesses including miscellaneous ov er- head in PCU. Indeed, for 256 3 volume data, we hav e observed that it takes 19.8sec on the host machine in- cluding disk access time. Recent graphics cards for vol- ume rendering[3], [7] also takes similar latency , though it is not negligible if the user wan t to change the vol- ume data frequently . One solution to this problem is to hav e m ultiple pathes to download the data[23], [31]. 5. CONSIDERA TIONS 5.1 Consideration on Adv ances in T ec hnology As we men tioned b efore, the design of ReV olv er/C40 was based on the technology roughly 10 y ears ago. So we are going to review ReV olv er/C40 from the view p oint of technology adv ances. 1. Pro cessor T ec hnology W e adopts TI’s DSP TMS320C40 as our pro cessing el- ement. The C40’s features b ene�t ReV olv er/C40 are 1) hardw are supp ort for inv erse and inv erse square ro ot which are very useful in the RCS, 2)parallel instructions which realize multiply-and-add lik e op erations useful in all stages, 3)rep eat blo ck op eration which uses single cycle branch very useful in PCS, for P=1 in particular, 4)embedded communication p orts for parallel pro cess- ing, 5)embedded small lo cal sram blo ck, and so forth. Indeed, w e didn’t hav e any plan to use the em- b edded communication during rendering op eration at a time of initial design, ReV olv er/C40-demo exactly b en- e�ts from the low latency read/write op erations to the communication p orts. If they hav e m uc h more through- put, like Alpha 21364[29], it would b e very useful for �ne grain communication like we need in pixel-based rendering pip eline. Embedded small capacity �rst memory is quite useful in the applications which do es not necessarily require high precision calculation. Since some function calls can b e replaced by a single cycle memory lo okup, lik e C & T LUT in PCU. But thing for C40 is that it do es not hav e mul- timedia extension instruction lik e quadruplet instruc- tions which can b e used to compute color v alue. If C40 w ould ha v e such an instruction, p erformance of ov er op- eration in PCS would tripled. Since the clo ck frequency of the latest pro cessor is more than 50 times faster than C40, we could achiev e 150 times sp eedup totally if we could use all there latest technologies. 2. Memory T ec hnology The volume memory in PCU is 4MB DRAM of 32bit width. It’s ras access latency is 160ns and has through- put of 66.6MB/s. Now, we could purchase 512MB DDR-SDRAM of 64-bits width, 2666MB/s, at the sim- ilar price. This memory is large enough for volume data of 512 3 and has acceptable bandwidth for 512 2 screen. How ev er, ras access latency for random accesses is still far b eneath the required sp eed. So, still there is need for parallel volume memory organization even with the latest memory tec hnology in order to realize view- indep endent real-time volume rendering using p ersp ec- tiv e pro jection. How ev er, if we allo w view-restricted or view-dep endent rendering, there are some p ossibilities to reduce the randomness in memory access patterns: cac he blo cking, or tiling, tec hnique is one of such p os- sibilit y . 3. FPGA and Dynamic Recon�gurable T ec h. The most p o w erful FPGA we used in ReV olv er/C40 is Xilinx XC4010D which has 10,000 equiv alen t gates, op erating at 25MHz in our system. It was a biggest FPGA reasonably av ailable at that time. Since it was imp ossible to implement b oth AG and circuits for ov er op eration in one chip, we had decided to employ DSP for ov er op eration. No w, w e hav e v arious choices of v ersatile FPGAs. Some FPGAs hav e embedded pro- cessor(or DSP)-cores running 300MHz and up, some ha v e embedded synchronous memory blo c k accessible at 150MHz and up, and some ha v e more than 10 million gates. If we can use suc h a FPGA device, we could im- plemen t a few tens of PCU including AG in one FPGA with a few channels of DDR-SDRAM Memories. In- deed, we are curren tly designing such a system in our lab oratory[27]. In addition to that, if we could utilize the latest technique on dynamic recon�gurability[30], it is p ossible to consider a graphics pro cessor whic h can dynamically adapt itself to meet the requirement of ren- dering conditions, lik e pro jection mo des, v olume data structures[19], lighting and shading parameters, and so on. 5.2 Consideration on V olume Rendering Algorithm The fundamental algorithm we used in ReV olv er/C40 is the ray casting algorithm. Due to its simplicity and its image quality , almost all of the hardware accelerated v olume rendering systems[2]{[4], [9]{[11] adopt this al-

8 IEICE TRANS. INF. & SYST., VOL. E00{D, NO. 10 OCTOBER 2003 gorithm. But none of these system supp ort parallel volume rendering using p ersp ective pro jection, except ReV olv er/C40 . Recent adv ances in PC-based commo dity graph- ics cards which supp ort � -blending for rendering non- opaque p olygon realize the texture-based approach to the volume rendering[7]. If a whole volume data can b e stored inside video memory of such a graphics card, it can p erform volume rendering with acceptable frame rate. How ev er, such a commo dity graphics card do es not hav e enough video memory to store large volume data, so it signi�cantly slo ws down for large volume data due to the slicing e�ect. Some systems hav e pro- p osed to alleviate this e�ect by parallel pro cessing[8], [26]. There are some other algorithms[12] for parallel volume rendering, like splatting and cell pro jection[6]. These algorithms hav e a capabilit y of volume rendering with unstructured grid volume data, though, they are di�cult to implement in hardw are due to some kind of complicated list pro cessing to keep the order of o v er op eration to intermediate sub-images. 5.3 Consideration on Human Visual Perception So far, w e hav e intended not to consider the approxima- tion techniques in image generation b ecause we thought it is not acceptable in medical applications which we thought the biggest market of volume rendering. Ho w- ever, there are a lot of p ossibilities to increase rendering sp eed if we take the human visual p erception into ac- count. Here we consider three types of approximation. 1. Early Ray T ermination[20], [21] During the comp osition computaion, if the accumulated transparency b ecomes very low, say � , the further accu- mulations do not a�ect the image to o muc h. The early ray termination is a technique which cuts o� the accu- mulation for the rest of sampling p oints on a ray if the accumulated transparency < � . This technique is know to b e v ery useful. But it has no e�ect in current Re- V olv er/C40 b ecause even if ER T applies intermediate results hav e to b e propagated to the end of rendering pip eline. If ReV olv er/C40 is con�gured with a feedback lo op from the tail of rendering pip eline to the top, say from the last PCU to the �rst PCU, and we apply cyclic data distribution, we could b ene�t from the ER T[25]. 2. Level of Detail If the view p oint mo v es very quickly , it is imp ossible to recognize a detail of each images. So it is b etter to generate less detailed image to k eep trac k of the view p oint mov emen t in real time, rather than to generate full detailed image but less frame rate. Since this tech- nique is easy to implemen t in ReV olv er/C40 , we hav e already examined in some cases and obtained very nice results. 3. Pseudo-Perspective Pro jection If the screen size S gets wider, parallel pro jection b e- come no more acceptable. How ev er, real-time render- ing using p ersp ective pro jection is fairly exp ensive to supp ort, in general. So, we hav e b een inv estigating a tec hnique which we call Pseudo-Persp e ctive Pr oje ction . Let’s consider that the screen S has b een divided into sub-screens s ij ( i; j : [0 : N � 1]) of equal size. F or a sub- screen s ij , calculate a ray R ij which go es through the cen ter of s ij . In Pseudo-Persp e ctive Pr oje ction , for the pixels inside s i;j , we cast rays parallel to R i;j . If N=1 it is equiv alen t to the parallel pro jection. As N gets bigger, generated image gets closer to the image using p ersp ective pro jection. Because of the increased ray coherency inside s ij in Pseudo-Persp e ctive Pr oje ction mo de, it can increase the regularity in memory access patterns. Though there exists trade o� b etw een render- ing time and image quality , we b elieve it is a feasible approac h to the real-time rendering using p ersp ective pro jection. 6. CONCLUSION W e hav e describ ed the architecture of ReV olv er/C40 a scalable parallel machine for volume rendering and its protot yp e implementation. The most imp ortant feature of ReV olv er/C40 is view-indep endent real time render- ing of translucent 3D ob ject using p ersp ective pro jec- tion. In order to realize this feature, we hav e prop osed a parallel volume memory architecture based on the principal axis oriented sampling metho d and parallel treble v olume memory . According the ev aluation of the prototype systems, ReV olv er/C40 with 32 parallel v olume memory is estimated to achiev e more than 10 frames p er second for 256 3 volume data on 256 2 screen. W e hav e also con�rmed the scalability of this system though we could not describ e its detail in this pap er. Currently , we are contin uing the work on the par- allel volume rendering for large-data visualization[22] and interactiv e visualization of real-time sim ulation data[23], [24], [26], [27]. As a part of these works, we ha v e b een developing a new graphics card for parallel v olume rendering[27]. In order to deal with the time- v arying volume data, we are also developing a new ren- dering algorithm based-on the work in [16] which do es not require any replication of v olume data. Ac kno wledgmen t Dev elopmen t of ReV olv er/C40 can not b e accomplished without contribution of the following students who graduated T omita Lab oratory; H. Ak ashi, T. Kitasuga, T. Kuro da, M. Susukita, Y. Tsushima, T. Ogino, X. Jin, A. Nak a y ama, Y. Kiwata, T. Honda, I. Kinak a, M.F ujiw ara, N. Y oshitani, D. Shigeta, F. Harase adn S. Y amauc hi. W e wish to express our appreciation for thier great work. And w e also thank to M. Ikumo, M. T ak a y ama, Y. Maruy ama, S. Nak ata, and the other mem b ers of T omita Lab oratory .

MORI et al.: REVOL VER/C40 : A SCALABLE P ARALLEL COMPUTER FOR VOLUME RENDERING 9 A part of this researc h was supp orted b y the Grant-in-Aid for Scienti�c Research (A)(1)#06508001, (B)(2)#10558045, (B)(2)#13480083 from Japan So- ciety for the Promotion of Science and also by the Grant-in-Aid for Scienti�c Research on Priority Areas (C)#13224050 from the Ministry of Education, Cul- ture, Sp orts, Science, and T ec hnology of Japan. References [1] Barthold Lich ten belt, Randy Crane, and Shaz Naqvi, \In- tro duction to V olume Rendering," Prentice-Hall, Inc. , 1998. [2] Hansp eter P�ster, et al., \Cub e-3: A Real-tme Architecture for High-resolution V olume Visualization," Pro c. of 1994 Symp. on V olume Visualization , pp. 75{82, 1994. [3] Hansp eter P�ster, et al., \The V olumePro Real-Time Ray- Casting System", SIGGRAPH 99 Conference Pro- ceedings , pp.251{260, 1999. [4] Shigeru Muraki, et al., \VG Cluster: Large Scale Visual Computing System for V olumetric Simulations," SC2000 Research Gems (Poster), Nov em ber 2000 [5] K.-L. Ma, et al., \Parallel V olume Rendering using Binary- Swap Image Comp osition," IEEE T r ans. on Computer Graphics and Applic ations , V ol.14, No.4, pp.59{68, 1994. [6] K.-L. Ma, et al., \A Scalable Parallel Cell-Pro jection V olume Rendering Algorithm for Three-Dimensional Un- structured Data," Pr o c. of Par al lel R endering Symp o- sium (PRS’97), pp.95{104, 1997. [7] C. Rezk-Salama, et al., \Interactiv e V olume Render- ing on Standard PC Graphics Hardware Using Multi- T extures and Multi-Stage Rasterization", Pr o c. of SIG- GRAPH/EUROGRAPHICS Gr aphics Hardwar e Work- shop 2000 , pp.109{118, 2000. [8] Marcelo Magallon, et al., \Parallel V olume Rendering Using PC Graphics Hardware," Pr o c. of Paci�c Gr aphics , 2001. [9] Laurent Moll, et al., \Sepia:scalab el 3D comp ositing using PCI Pammete," Pr o c. of the 7th IEEE Symp. on Field- Pro gr ammable Custom Computing Machines , April 1999. [10] G. Knittel and W.Strasser, \VIZARD { visualiza- tion accelerator for real-time display ," Pr o c. SIG- GRAPH/Euro gr aphics Workshop on Graphics Har dwar e , pp.139{146, 1997. [11] M. Meissner, et al., \VIZARD I I: A Recon�gurable Interac- tive V olume Rendering Systems," Pr o c. of Gr aphics Har d- ware , pp.137{146, Sept. 2002. [12] Ken Bro dlie and Jason W oo d, \Recent Adv ances in V olume Visualization," EUROGRAPHICS Computer Gr aphics F o- rum , V ol.20, No.2, pp.125{148, June 2001. [13] Hideya Ak ashi, \A Parallel Computer Architecture for V ol- ume Rendering," Master Thesis, Dep. of Computer Science, Kyoto Universit y , 1993(in Japanese). [14] Y uji Tsushima, et al. , \A Parallel Computer Architec- ture for V olume Rendering:ReV olv er," T rans. of IPS Japan, V ol.36, No.7, pp.1709-1718, 1995(in Japanese). [15] Y uji Tsushima, et al. , \The Parallel Computer for V ol- ume Rendering {ReV olv er/C40{," Pro c. of Joint Symp. on Parallel Pro cessing 1995, pp.11-18, 1995(in Japanese). [16] Jin Xidu, et al., \Sup er-high Sp eed V olume Rendering Ar- chitecture Based on Pixel Parallelism with the Restrained Visual Angle," Journal of IPSJ , V ol.38, No.9, pp.1668{ 1680, 1997. [17] Naoki Y oshitani et al, \Performance Ev aluation of Paral- lel V olume Rendering Machine ReV olv er/C40", IPSJ SIG Notes, 99-ARC-132, pp.79-84, 1999(in Japanese). [18] Naoki Y oshitani, \Implementation and Performance Ev alu- ation of Parallel V olume Rendering Machine ReV olv er/C40 ", Master Thesis, Dep of Computer Science, Kyoto Univer- sity , F eb. 1999 (in Japanese). [19] Masahiro F ujihara, et al., \Realtime Visualization Metho d for Hierarchical Grid V olume Data," IPSJ Sig. Note. , 98- ARC-128, pp. 7{12, Mar. 1998. [20] Marc Levo y , "E�cient ray tracing of volume data" ACM T rans. on Graphics, V ol.9, Issue 3, pp.245{261, July 1990. [21] Philipp e Lacroute and Marc Levo y , "F ast V olume Render- ing Using a Shear-W arp F actorization of the Viewing T rans- formation," Pro c. of SIGGRAPH’94, pp.451-458, July 1994. [22] Satoshi Y amauc hi, et al., \Active V olume Rendering with Simulation Steering," IEICE T e ch. R ep. , V ol.101, No.216, CPSY2001-35, pp.1{8, July 2001. [23] F umiy asu Harase, et al., \Real-Time V olume Visualization on ReV olv er/C40," IPSJ Sig. Note. , 2002-ARC-148, pp. 7{ 12, May 2002. [24] F umiy asu Harase et al, \A Hardware Assist for Scienti�c Visualization", Pro c. of the 30th Symp. on Visualization, pp.119{122, 2002.7(in Japanese). [25] Masatak a Ikumo, et. al, \The E�ects of Early Ray T er- mination in Parallel V olume Rendering with Cyclic Data Distribution," Pr o c. of F orum on Information T e chnolo gy , V ol.3, J-96, pp.233{234, Sep.2002(in Japanese). [26] Masatak a Ikumo, et. al, \Parallel V olume Rendering En- vironment for Interactiv e Real-Time Simulation," Pr o c. of IPSJ Kansai-br anch F orum , pp.121{124, Nov.2002(in Japanese). [27] Masatak a Ikumo, \Developmen t of a Graphics Card VisA for Real-Time Visualization of Time-v arying V olume DA T A," Master Thesis, Grad. School of Informatics, Kyoto Universit y , F eb. 2003. [28] T exas Instruments: TMS320C4x User’s Guide, 1993. [29] Shubhendu S. et al., \The Alpha 21364 Netw ork Architec- ture," IEEE Micro , pp. 26-35, January 2002 [30] Hideharu Amano, \A dynamically adaptive hardware us- ing a multi-con text recon�gurable pro cessor," IPSJ Sig. Note.(2002-ARC-150) , V ol.2002, No.112, pp.59{64, Nov. 2002. [31] Ken’ichi Itakura, et al., \Parallel visualization for parallel data stream," Pro c. of JSPP2001 , pp.189{196, June 2001.