Automated Wire Routing Using P arallel Pro cessing Hesham Mohamed Ab del Moneim Keshk Ky oto Univ ersit y , Japan 1996

Abstract Automated wire routing is one step of computer aided design (CAD) for either integrated circuit (IC) or printed circuit b oard (PCB). The main goal is to �nd a path connecting b et w een terminals of ev ery net w ork (net) and this path must not intersect with any other path. The main problems of automated wire routing are the long computation time and large memory size required. Even though sequential computers are getting faster and with larger memory , the chips that the designers are attempting to design are growing in a m uc h faster rate. Parallel computers can o�er a solution for this problem. Unless go o d and e�cient parallel algorithms for CAD applications are developed, the parallel computers will not b e able to deliver their computational p ow er to VLSI and PCB designers. This thesis in tro duces a parallel wire routing algorithm for message passing parallel computers. The whole routing area is divided among the PEs (Pro cessor Elements) to decrease the required memory for each PE. The e�ciency of parallelism dep ends on how to divide the whole routing area into partitions, and how to assign these partitions to the PEs. It is required to reduce the comm unication cost b etw een pro cessors b y decreasing num ber of messages and increasing the o v erlapping b et w een comm unication and computation. As short length nets tak e short time for routing, the comm unication o v erhead in routing short nets should b e m uc h w orse than long nets even if only one message is used p er net. T o ov ercome this problem, we introduce a new router whic h consists of t w o phases with tw o di�eren t metho ds of lay out partitioning and assigning to the pro cessors. The �rst phase is aimed to route all short nets using few messages, then i ii the rest of the nets will b e routed in the second phase. In the �rst phase, The routing area is divided into square partitions. One partition is assigned to each PE. Each pro cessor routes all the nets which lie inside its o wn partition without any communications with the other PEs. W e rotate the assigned area to eac h pro cessor to route all short nets which has a length shorter than a certain v alue. Only few messages are used during this phase. In the second phase, a slice based partitions assignmen t is in tro duced to route long nets. W e divide the whole routing area into lay ers, divide each lay er into slices, and assign one or more slice to each PE. Dividing the routing area in to lay ers increases the parallelism b etw een nets and decreases the num ber of vias used (higher routing quality). Dividing each lay er in to slices reduces the communication cost for routing long nets. The num ber of messages p er net in this phase is prop ortional with num b er of vias. With the increasing complexit y of the routing problems, large problems are decomp osed in to t w o pro cesses: global and detailed. In the global routing, the whole routing space is divided into partitions, and it is required to determine in which partitions each net will b e routed. The exact path for each net within the partitions is found in the detailed routing. As man y previous introduced routers separate completely global and detailed routing, the global router has to estimate the num ber of a v ailable tracks (capacity) inside eac h partition. The accuracy of this estimation has a great e�ect on the successful connection ratio. This thesis introduces a new co op erative relation b etw een global and detailed routers to improv e the successful connection ratio. The detailed router calculates the exact capacities of all partitions, and feeds these capacities back to the global router. This co op erativ e relation allo ws the global router to get the actual n um ber of av ailable tracks inside the partitions instead of estimating these capacities. F or detailed routing, the well known maze running algorithm has a serious disadv an tage that previous routed net paths may prev en t other nets from b eing routed later. A new detailed routing algorithm called max-capacity algorithm is also iii introduced to improv e the successful connection ratio. Max-capacity algorithm �nds the maxim um capacities for the slices on the global path, and routes eac h net within these slices b y a path which decreases each capacity by only one. Several programs are implemen ted on a message passing parallel computer and ev aluated using MCM b enchmarks. The results sho w that using tw o phase algorithm decreases the communication cost. Max-capacit y algorithm obtains higher successful connection ratio than maze running algorithm. The successful connection ratio has b een further impro v ed by using the co op erativ e relation b etw een global and detailed routers. A connection ratio of 100% has b een obtained using our algorithm.

iv CONTENTS Con ten ts Abstract i Ac kno wledgemen t x 1 Introduction 1 1.1 Parallel algorithms for CAD : : : : : : : : : : : : : : : : : : : : : : : : 1 1.2 Overview of VLSI CAD : : : : : : : : : : : : : : : : : : : : : : : : : : 1 1.3 Automated wire routing : : : : : : : : : : : : : : : : : : : : : : : : : : 2 1.4 Maze running algorithm : : : : : : : : : : : : : : : : : : : : : : : : : : 5 1.5 Parallel pro cessing : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 6 1.6 Global & Detailed routing. : : : : : : : : : : : : : : : : : : : : : : : : : 7 1.7 Outlines of this thesis : : : : : : : : : : : : : : : : : : : : : : : : : : : : 7 2 Parallel architectures and algorithms 10 2.1 Introduction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 10 2.2 Classi�cation of parallel computer architecture : : : : : : : : : : : : : : 11 2.3 Parallel algorithm basics : : : : : : : : : : : : : : : : : : : : : : : : : : 18 2.4 AP1000 parallel computer : : : : : : : : : : : : : : : : : : : : : : : : : 21 3 Sequential routing algorithms 26 3.1 Maze running algorithm : : : : : : : : : : : : : : : : : : : : : : : : : : 26 3.2 Line search algorithm : : : : : : : : : : : : : : : : : : : : : : : : : : : : 31 3.3 Mo di�cations of Maze running algorithm : : : : : : : : : : : : : : : : : 33 3.4 Global Routing : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 36 4 Parallel algorithms for short nets 42 4.1 Introduction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 42 4.2 Moving Boundaries Algorithm (MBA) : : : : : : : : : : : : : : : : : : 44 4.3 Rotating Areas Algorithm (RAA) : : : : : : : : : : : : : : : : : : : : : 48

CONTENTS v 4.4 Results : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 53 4.5 Summary : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 58 5 Amon: A parallel slice wire routing algorithm 61 5.1 Introduction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 62 5.2 Global routing : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 64 5.3 Detailed routing : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 69 5.4 Results : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 78 6 Mo di�cations of Amon 84 6.1 Introduction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 85 6.2 Co op eration b etw een global and detailed routing : : : : : : : : : : : : : 86 6.3 Max-capacity algorithm for detailed routing : : : : : : : : : : : : : : : 98 6.4 Amon2: a tw o phases algorithm : : : : : : : : : : : : : : : : : : : : : : 101 6.5 Results : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 108 7 Conclusion 114 Bibliograph y 116 List of Publications by the Author 121 vi LIST OF FIGURES List of Figures 1.1 Phases of VLSI design. : : : : : : : : : : : : : : : : : : : : : : : : : : : 3 1.2 Example of one la y er routing problem with four nets. : : : : : : : : : : 4 1.3 Di�erent kinds of vias and pins. : : : : : : : : : : : : : : : : : : : : : : 4 2.1 Logical memory organization. : : : : : : : : : : : : : : : : : : : : : : : 13 2.2 Physical memory organization. : : : : : : : : : : : : : : : : : : : : : : : 14 2.3 Static connection net w orks. : : : : : : : : : : : : : : : : : : : : : : : : 15 2.4 Dynamic connection net w orks. : : : : : : : : : : : : : : : : : : : : : : : 17 2.5 AP1000 architecture (system con�guration). : : : : : : : : : : : : : : : 23 2.6 Cell con�guration. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 23 3.1 Maze running algorithm. : : : : : : : : : : : : : : : : : : : : : : : : : : 27 3.2 Multi-pin net. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 29 3.3 W atanabe algorithm for multi-pin net. : : : : : : : : : : : : : : : : : : 30 3.4 four-lay ers grid. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 31 3.5 Restricted and unrestricted direction on tw o lay ers. : : : : : : : : : : : 31 3.6 Line search algorithm. : : : : : : : : : : : : : : : : : : : : : : : : : : : 32 3.7 Combining maze running algorithm with line search algorithm by using expansion distance. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 33 3.8 Decreasing the required memory . : : : : : : : : : : : : : : : : : : : : : 34 3.9 F ast maze. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 36 3.10 Using global routing decreases the propagation area. : : : : : : : : : : : 37 3.11 W a v e expansion on a weigh ted grid. : : : : : : : : : : : : : : : : : : : : 38 4.1 Nets parallelization and space parallelization. : : : : : : : : : : : : : : 44 4.2 Partitions in moving b oundaries algorithm (MBA). : : : : : : : : : : : 45 4.3 Partitions in hierarchically domain partitioning algorithm (HDP A). : : 45 4.4 Routing nets in hierarc hically domain partitioning algorithm (HDP A). : 48 4.5 Routing nets in mo ving b oundaries algorithm (MBA). : : : : : : : : : : 48

LIST OF FIGURES vii 4.6 The �rst phase of rotating areas algorithm (RAA). : : : : : : : : : : : 50 4.7 Some unrouted nets ma y b e routed in next steps. : : : : : : : : : : : : 50 4.8 Example of routing short nets at the �rst phase of rotating area algorithm. 51 4.9 The second phase of rotating area algorithm. : : : : : : : : : : : : : : : 52 4.10 Ra yleigh probabilit y function. : : : : : : : : : : : : : : : : : : : : : : : 54 4.11 Time against av erage Manhattan distance for 4000 nets. : : : : : : : : 56 4.12 Time against nets num ber for a v erage Manhattan distance equal 20. : : 57 4.13 Time against nets n um ber and av erage Manhattan distance with �xed total length. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 58 4.14 Sp eed up against n um ber of PEs for 8000 nets with av erage distance 20. 59 5.1 Allo cate the PEs to the global pro cess and detailed pro cess. : : : : : : 63 5.2 Algorithm for global-master. : : : : : : : : : : : : : : : : : : : : : : : : 66 5.3 Required memory for global-master PE. : : : : : : : : : : : : : : : : : 67 5.4 Global routing for a net : : : : : : : : : : : : : : : : : : : : : : : : : : 68 5.5 Con icting nets. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 69 5.6 Route more than one net simultaneously : : : : : : : : : : : : : : : : : 70 5.7 Unrestricted direction for detailed routing. : : : : : : : : : : : : : : : : 70 5.8 Divide the whole routing space into square partitions. : : : : : : : : : : 72 5.9 Virtual terminals. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 73 5.10 Sequen tial partitions routing. : : : : : : : : : : : : : : : : : : : : : : : 74 5.11 Detailed grid assignment : : : : : : : : : : : : : : : : : : : : : : : : : : 75 5.12 Detailed routing for a net. : : : : : : : : : : : : : : : : : : : : : : : : : 76 5.13 Time against num b er of PEs in logarithmic scale. : : : : : : : : : : : : 83 5.14 Scalabilit y . : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 83 6.1 Boundary capacity only is not enough. : : : : : : : : : : : : : : : : : : 88 6.2 Capacity dep ends on lo cations of net terminals. : : : : : : : : : : : : : 89 6.3 Up dating capacit y dep ends on detailed paths. : : : : : : : : : : : : : : 89 6.4 Overlapping b etw een partitions. : : : : : : : : : : : : : : : : : : : : : : 90 viii LIST OF FIGURES 6.5 Finding the actual capacit y of a partition. : : : : : : : : : : : : : : : : 92 6.6 Flow c hart of �nding the actual capacity . : : : : : : : : : : : : : : : : : 94 6.7 Alternating b et w een global and detailed routing. : : : : : : : : : : : : : 96 6.8 Previous routed nets may preven t other nets from b eing routed later in maze running algorithm. : : : : : : : : : : : : : : : : : : : : : : : : : : 100 6.9 Global routing for a net : : : : : : : : : : : : : : : : : : : : : : : : : : 101 6.10 Max-cap algorithm (�nd the maxim um slice capacit y). : : : : : : : : : 102 6.11 Max-cap algorithm (improv e the paths quality). : : : : : : : : : : : : : 103 6.12 Dividing the routing area among PEs in the �rst phase. : : : : : : : : : 106 6.13 The �rst phase program. : : : : : : : : : : : : : : : : : : : : : : : : : : 107 6.14 Num b er of PEs simultaneously working in routing data1. : : : : : : : : 111 6.15 Num b er of messages (communication cost) in routing data1. : : : : : : 111 6.16 E�ectiv eness of using tw o phases for di�erent net-lengths. : : : : : : : : 112 6.17 Time against num b er of PEs for MCC2-45. : : : : : : : : : : : : : : : : 113

LIST OF T ABLES ix List of T ables 4.1 Grid partitions in hierarc hically domain partitioning algorithm (HDP A) 47 4.2 Grid partitions b y moving b oundaries algorithm (MBA) : : : : : : : : 47 4.3 Routing ratio for CP A on 256 � 256 single lay er grid with av erage Manhattan distance 20 using 64 PEs. : : : : : : : : : : : : : : : : : : : 55 5.1 MCM b enc hmark : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 79 5.2 Comparison with some sequen tial algorithms on Sun SparcStation I I : : 80 5.3 Sp eedup of Amon (32 PEs) comparing with sequential algorithms : : : 80 5.4 Parallelization result : : : : : : : : : : : : : : : : : : : : : : : : : : : : 82 6.1 Order of c hec king adjacent p oints to the activ e p oint. : : : : : : : : : : 93 6.2 Two phases algorithm : : : : : : : : : : : : : : : : : : : : : : : : : : : 104 6.3 Di�erent programs to determine algorithms e�ectiveness : : : : : : : : 109 6.4 T est data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 109 6.5 Time and n um ber of unrouted nets : : : : : : : : : : : : : : : : : : : : 109

Ac kno wledgmen t \AL-HAMD-LEL-LAH"; Thanks to the Go d who guide d me to his way, and gave me the help to do this work. I would like to expr ess my sinc er e gr atitude and indebte dness to Pr ofessor Shinji T omita who ac c epte d me as a do ctor c andidate in his lab or atory in Kyoto University, and pr ovide d me the opp ortunity to c omp elete this r ese ar ch. I am r e aly gr ateful and thankful to him for his c ar eful guidanc e, enc our agement, valuable discutions and critcism. I de eply appr e ciate the inter esting c omments and useful discussions fr om Asso ciate Pr ofessors Hir oshi Nakashima and Shin-ichir o Mori of Kyoto University. Thanks ar e also due to al l the memb ers of Pr ofessor T omita’s lab or atory for their discussions and supp orts thr oughout this r ese ar ch. I gr ateful ly acknow le dge the Ministry of Educ ation of Jap an for awar ding me the scholarship. I r e al ly acknow le dge the Egyptian goverment for the additional �nancial supp ort. I would like to thank F ujitsu L ab or atories Ltd for o�ering me the chanc e to use their p ar al lel c omputer to implement my p ar al lel algorithms. L ast, but not the le ast, I am very gr ateful to my p ar ents and my wife for c aring and enc our aging me these many ye ars. I am for ever gr e atly indebte d to them for al l what they did for me. x

Chapter 1 In tro duction 1.1 P arallel algorithms for CAD The study of parallel algorithms for CAD applications is imp ortan t for tw o reasons: 1. In view of the increasing complexity of VLSI circuits, there is a gro wing need for sophisticated CAD to ols to automate the di�erent steps in the design of the VLSI or PCB systems. Parallel pro cessing o�ers an e�ective solution to handle the large complexit y of VLSI and PCB designs of the future. 2. CAD applications represent a rich class of imp ortant, non-n umerical, un- structured, applications that are generally di�cult to parallelize e�ectively . Researchers of parallel compilers are t ypically exp osed to parallel algorithms for structured numerical problems, such as matrix multiplication, and often fail to solve a large non-numerical, unstructured problems in parallel [1]. 1.2 Ov erview of VLSI CAD The VLSI design pro cess can b e viewed as a sequence of transformations on b ehavioral, structural, and ph ysical design represen tations. Behavioral represen tations describ e outputs of circuits as functions of their inputs. Structural representations describ e 1

2 INTRODUCTION the comp osition of circuits in terms of comp onents and interconnections among them. Physical represen tations are characterized b y information used in the manufacture and fabrication of ph ysical systems, suc h as geometric lay out or top ological constrain ts. A top-down design metho dology of electronic systems divides the design pro cess into phases. The phases are functional design, logic design, circuit design, and ph ysical design. Figure 1.1 sho ws an example of the represen tation used during each phases of VLSI design [1]. Automated la y out (ph ysical design) of wiring segmen ts for prin ted circuit b oards (PCBs) and integrated circuits (ICs) consists of t w o main functions: Plac ement : arranging the comp onents (cells or mo dules) on the plane, and R outing : connecting these comp onen ts with wiring. Although placement and routing are in timately related and interdependent, they hav e b een traditionally separately solved b ecause of their computational complexities. Hence placement algorithms use some crude measures to estimate the routing complexities of v arious placemen ts. The routing algorithm sub-sequentially tak es a given placement and p erforms the exact wiring of the net w orks ( nets ). Both placement and routing are NP complete; hence a large n um ber of heuristics exist for solving the problems, whic h v ary in their requirements and qualities of lay out pro duced. Unfortunately , routing algorithms that pro duce high quality lay outs often tak e long computation time. Recen tly , researc hes hav e therefore turned to parallel pro cessing to solve complex routing problems quic kly and with high quality [1]. 1.3 Automated wire routing Automated wire routing is to �nd a path connecting b et w een terminals of eac h netw ork and this path must not intersect with an y other path on the same lay er. The lo cations of these terminals ha v e b een determined during the preceding placement pro cess. Figure 1.2a sho ws an example of one lay er grid with four nets. The paths connected these net terminals could b e as shown in Figure 1.2b.

1.3. AUTOMA TED WIRE ROUTING 3 Figure 1.1: Phases of VLSI design.

4 INTRODUCTION Figure 1.2: Example of one lay er routing problem with four nets. Figure 1.3: Di�eren t kinds of vias and pins.

1.4. MAZE RUNNING ALGORITHM 5 F or a printed circuit b oard (PCB), the comp onen ts to b e routed are integrated circuit (IC) pack ages, and the electrical connections are made with a metal etching pro cess. Metal is uniformly dep osited on a carrier (t ypically �b erglass) surface and the unnecessary metal etched aw a y , lea ving wire lines. Connection b et w een la y ers are made by drilling holes through the �b erglass and plating them with metal. Recently , surface moun ted devices b ecome widely used and a v ariet y of via structures (Figure 1.3) b ecomes p ossible in addition to the traditional through hole vias [2]. In an integrated circuit, wire lines of p olysilicon are fabricated to carry electrical signals b et w een circuits. In addition, one or more lay ers of metal separated by insulating la y ers are dep osited and etc hed ab ov e the silicon to form wire lines. Holes are left in the oxide to make connection b et w een lay ers. In b oth cases, the routing problem is v ery similar. The router m ust determine the wire lines patterns to b e laid out and the p ositions of the vias to interconnect the lay ers [3]. In general there are many sets of p oin ts that must b e electrically connected. The routing problem is to connect all of the p oints in each set and ensure that the wiring paths of the di�erent sets do not intersect on any lay er. In addition to these requirements, there are often several asp ects to b e optimized. Long wire lengths cause propagation dela ys, so meandering paths should b e a v oided. Sometimes, there are critical signals whose delay must b e minimized at the exp ense of others. Av ailable routing space is often v ariable, in which case o v erall area should b e minimized. The particular feature to b e optimized dep ends on the la y out problem to b e solv ed [3]. 1.4 Maze running algorithm The most famous routing technique which is able to handle all the v aried requiremen ts for routing in a exible manner is the maze running algorithm whic h is �rstly prop osed by Lee [4]. Although Lee’s algorithm w as the �rst algorithm to solve the automated wire routing problem (1961), it is still used until now. Maze running algorithm is a

6 INTRODUCTION breadth �rst searc h algorithm, and it guaran tees to �nd the shortest path b etw een t w o p oints if one exists. It can easily b e mo di�ed to �nd a path which satis�es some other requirements. The basic problems of maze running algorithm are the long computation time and large memory size required. F or a grid plane with dimensions K � K , maze running algorithm requires O ( K 2 ) memory , and it also requires O ( K 2 ) running time in the w orst case. Some researc hes [5] [6] impro v e the sp eed b y using hardware implementation of maze running algorithm. 1.5 P arallel pro cessing Recently , several researches ha v e tried to ov ercome the long time and large memory space problems by using parallel pro cessing [7] [8] [9]. P arallelism could b e exploited in b oth nets and space (grid area). In the former, nets are assigned to the PEs (pro cessor elements), so that each PE will b e resp onsible for routing its own nets [10]. In the later, the whole routing area is divided among the PEs so that sev eral PEs are sharing in routing one net [11] [12] [13]. T o increase the parallelism, these t w o kinds of parallelism are exploited together [7] [14]. F or message passing computers, the whole routing area is usually divided among the PEs to decrease the required memory for each PE. The e�ciency of parallelism dep ends on how to divide the whole routing area into partitions, and how to assign these partitions to the PEs. It is required to reduce the communication cost b etw een pro cessors by decreasing num b er of messages and increasing the ov erlapping b etw een communication and computation. Di�eren t metho ds for partitioning the routing area hav e b een introduced, but there is a trade-o� b et w een pro cessor utilization and in ter pro cessor comm unication [12].

1.6. GLOBAL & DET AILED R OUTING. 7 1.6 Global & Detailed routing. With the increasing complexit y of the routing problems dealing with thousands of nets, the large problems should b e decomp osed in to tw o pro cesses[1]: global and detailed. In the global routing, the whole routing area is divided into partitions, and it is required to determine in whic h partitions each net will b e routed. The exact path for eac h net within the partitions is found in the detailed routing. As many routers [13] [15] separate completely global and detailed routing, the global router has to estimate the num b er of a v ailable tracks (capacity) inside eac h partition. It is very hard to get an accurate estimation of these tracks, though the accuracy of this estimation has a great e�ect on the successful routing ratio. 1.7 Outlines of this thesis This thesis introduces a parallel global and detailed wire router for message passing parallel computers. In Chapter 2, w e give an in tro duction to parallel computer architectures and algorithms. W e explain di�eren t classi�cations of parallel architectures on the basis of: 1: how the machine relates its instructions to the data b eing pro cessed, 2: ho w the memory are connected to the pro cessors, and 3: ho w the pro cessors are connected together. W e also describ e some fundamentals of parallel algorithms lik e the di�eren t kinds of parallelism and the load balancing problem. An introduction to AP1000 parallel computer is also included. In Chapter 3, w e giv e a bac kground of sequential routing algorithms for b oth detailed and global wire routing. W e explain di�eren t routing algorithms lik e maze running algorithm and line search algorithm. W e discus also sev eral mo di�cations of maze running algorithm which hav e b een prop osed to ov ercome the problems of the long execution time and large memory size needed by the original algorithm. In Chapter 4, w e introduce tw o new algorithms to parallelize maze running algorithm.

8 INTRODUCTION These algorithms hav e high degree of parallelism inside and obtain high sp eedup sp ecially if the Manhattan distances b etw een the terminals of the nets are short as compared with the whole routing area (lay out). They are suitable for routing small size routing areas. Each of them divides the routing area among the pro cessors by a new technique whic h is suitable for mesh netw ork computers. In the �rst algorithm, moving b oundaries are used in dividing the routing area. The second algorithm consists of tw o phases. In the �rst phase, we rotate the areas assigned to the pro cessors to route all short nets. In the second phase w e use the comp eting pro cessors algorithm [10] to route the remaining nets. W e implemented our tw o algorithms and t w o other algorithms which hav e b een in tro duced by T ak ahashi et al [10] [11] on the AP1000 parallel computer. The results and comparisons b etw een the four algorithms are also included. Chapter 5 in tro duces a new parallel wire routing algorithm called Amon whic h can b e used for large scale multi-la y er la y out. Amon consists of tw o pro cesses: global and detailed. Both of these pro cesses are done simultaneously in t w o stages pip eline. The PEs are divided into global PEs and detailed PEs. W e use maze running algorithm and its mo di�cations for b oth global and detailed routing. In the global routing, the nets are divided among the PEs to route them in parallel. In the detailed routing, to ov ercome the problem of the large memory size required b y maze running algorithm to represent the routing area, the whole routing area is divided among the detailed PEs. The multi-la y er grid is divided into la y ers, eac h la y er is further divided in to slices, and then one or more slices are assigned to eac h detailed PE. The detailed PEs route nets, which has a non ov erlapping global paths, in parallel within their o wn slices. Dividing grid into lay ers increases the parallelization b etw een nets and decreases the num b er of vias used (higher routing quality). Dividing each lay er in to slices decreases the communication cost b et w een PEs b y using few er messages. In Chapter 6, we introduce t w o new mo di�cations of Amon to improv e the successful routing ratio of Amon. By using these mo di�cations, the routing ratio b ecomes almost the same like the b est sequential routing algorithm. Unfortunately these

1.7. OUTLINES OF THIS THESIS 9 mo di�cations sligh tly decrease the parallelism and increase the computation time. The �rst mo di�cation introduces new co op erative relation b et w een global and detailed routers. This co op erative relation allows the global PEs to know the actual n um bers of av ailable tracks ( c ap acities ) inside the partitions instead of estimating these capacities. The second mo di�cation is a new algorithm for detailed routing called maxim um capacity algorithm ( max-c ap ). Max-cap algorithm �nds the maxim um capacities for the slices, whic h are on the global path of the net, and routes each net within these slices b y a path whic h decreases each capacity by only one. Using Max-cap algorithm for detailed routing obtains higher connection ratio than using maze running algorithm. In addition to improving the routing ratio, we try to impro v e the sp eed and to decrease the communication cost b y introducing tw o phases algorithm (Amon2). In the �rst phase, we use the rotating area algorithm introduced in Chapter 4 to route short nets using only few messages. In the second phase, w e use the slice based grid partition algorithm in tro duced in Chapter 5 to route the rest of the nets. An improv emen t in the sp eed is obtained by this merge without a�ecting the routing ratio. In Chapter 7, the conclusion for this thesis and suggestions to future w ork are stated.

Chapter 2 P arallel arc hitectures and algorithms In this chapter, w e give an introduction to parallel computer architectures and algorithms. W e explain di�eren t classi�cations of parallel architectures on the basis of: 1: how the machine relates its instructions to the data b eing pro cessed, 2: ho w the memory are connected to the pro cessors, and 3: how the pro cessors are connected together. W e also describ e some fundamentals of parallel algorithms lik e the di�eren t kinds of parallelism and the load balancing problem. An introduction to AP1000 parallel computer is also included. 2.1 In tro duction Parallel pro cessing is a fast growing technology that p ermeates many areas of computer science and engineering. It is natural that the concurrencies whic h ab ound in many application domains start to re ect in computer systems. W e live in a concurrent and complex univ erse, and as we master computer technology b etter, we tend to bring this concurrency to our computers. Sup ercomputers as well as smaller computers rely more and more on parallel pro cessing metho ds. P arallelism not only brings unprecedented sp eed and cost e�ectiv eness, but also raises a new set of complex and challenging 10

2.2. CLASSIFICA TION OF P ARALLEL COMPUTER ARCHITECTURE 11 problems to solv e. Most of these problems are softw are related [16]. A parallel computer is built by connecting several lo w cost pro cessors and memories together through an interconnection net w ork. The basic idea of a parallel computer is that a num ber of pro cessors work in co op eration on a single task. The motiv ation is that if one pro cessor tak es an amoun t of time T to do a task, then P pro cessors can do the same task in time T =P . On real problems, this p erfect sp eedup could not b e achiev ed b ecause of communication, synchronization and load un balance. Parallel computing is b ecoming an increasingly cost e�ective and a�ordable means for providing enormous computing p ow er and represents a challenge to costly conv en tional sup ercomputers. A parallel computer is termed a massively parallel pro cessor MPP if it has 1000 or more pro cessors. A large num b er of medium priced mo derately parallel (using 10 to 100 pro cessors) multiprocessors are also commercially av ailable to day . Numerous v endors of w orkstations are curren tly marketing multiprocessor based workstations. Although it is p ossible to build parallel mac hines whose p eak p erformance will b e thousands of MFLOPS (millions of oating p oint op erations p er second) and MIPS (millions of instructions p er second), it is extremely di�cult to harness the computational p ow er e�ectiv ely to obtain all those MFLOPS and MIPS to the user. It is required to design go o d and e�cient parallel algorithms that can e�ectively use the hardware resources to get the maximum p erformance [1]. 2.2 Classi�cation of parallel computer arc hitec- ture There is a large v ariet y of general purp ose parallel pro cessor arc hitectures whic h can b e c haracterized b y di�erent parameters.

12 P ARALLEL AR CHITECTURES AND ALGORITHMS 2.2.1 Flynn’s classi�cation There are a num b er of alternativ e wa ys in whic h parallel computers can b e classi�ed. Michael J. Flynn (1966) in tro duced a scheme for classifying the arc hitecture of a computer on the basis of ho w the machine relates its instructions to the data b eing pro cessed. Flynn’s classi�cations are describ ed b elo w with some explanations [17]: 1. SISD: single instruction stream, single data stream. SISD computers are con v en tional serial computers in which the instructions are executed one by one and a single instruction deals with at most one data op eration. 2. SIMD: single instruction stream, multiple data stream. In SIMD computers, a single instruction may initiate a large n um ber of op erations. These instructions are executed once at a time but are able to work on several data stream at once. A cen tral controller broadcasts the same instruction to all pro cessors. Each pro cessor then executes the instruction on its data. 3. MISD: multiple instruction stream, single data stream. The MISD class implies several instructions op erating simultaneously on a single data item. It is generally agreed that there is no computer that at the presen t can b e classi�ed as MISD. MISD is sometimes used to describ e pip eline pro cessors. 4. MIMD: multiple instruction stream, m ultiple data stream. MIMD computers are characterized b y the simultaneous execution of more than one instruction on several data stream. The individual pro cessors run under the control of their own programs, whic h allo ws great exibility in the tasks the pro cessors are doing at any given time. Note that synchronization of the individual pro cessors in SIMD systems is carried out by the controller, while in MIMD systems other mechanisms must b e used to ensure that the pro cessors are doing their tasks in a correct order with the correct data.

2.2. CLASSIFICA TION OF P ARALLEL COMPUTER ARCHITECTURE 13 Figure 2.1: Logical memory organization. 2.2.2 Shared memory v ersus priv ate memory Multipro cessor systems can b e further classi�ed in to shared memory multiprocessors and priv ate memory multicomputers as shown in Figure 2.1. In a shared memory (tigh tly coupled) system, all pro cessors share a common logical address space and they can access all memory lo cations. Eac h pro cessor is connected to the common memory via an interconnection netw ork. All communication b et w een individual pro cessors is through the common memory . A ma jor adv an tage of shared memory system is p otentially very rapid communication of data b etw een pro cessors. A serious disadv an tage is that di�erent pro cessors ma y wish to use the common memory simultaneously , in whic h case there will b e a dela y un til the memory is free. This dela y , called conten tion time, is increased as the num b er of pro cessors increases. In a priv ate memory (lo osely coupled) system, eac h pro cessor has its o wn lo cal memory , and eac h pro cessor can address only its own lo cal memory . The pro cessors communicate with each other via message passing system, in whic h data is transfered b etw een pro cessors. Any synchronization and data access of nonlo cal data hav e to b e p erformed using explicit message passing b etw een pro cessors. F or message passing systems, consider the problem of sending a data from the memory of one pro cessor ( P 1 ) to the memory of another pro cessor ( P 2 ). First, this data is loaded in to a bu�er memory or collected into contiguous lo cations in memory of P 1 . Then, a send command will b e executed on P 1 to transfer the data to a bu�er or memory of P 2 . P 2 will execute a receive command and the data will b e stored to

14 P ARALLEL AR CHITECTURES AND ALGORITHMS Figure 2.2: Ph ysical memory organization. their �nal lo cation in the memory of P 2 . Co-pro cessors ma y b e a v ailable to relieve the main pro cessors from muc h of this work. 2.2.3 Cen tralized memory v ersus distributed memory Even though shared memory multiprocessors pro vide a logical view of a uniform shared single address space, the pro cessors and memories are ph ysically implemen ted in one of t w o w a ys; cen tralized or distributed. The t w o organization are shown in Figure 2.2. In the cen tralized memory organization, the memory is cen tralized in a p o ol. The pro cessors are on one side of the interconnection netw ork, and the memory mo dule are on the other side. In the ph ysical distributed memory organization, the pro cessors and memories are physically lo cated together at one no de, and multiple no des are connected together b y interconnection netw ork. 2.2.4 In terconnection sc hemes The top ology of in terconnection net w ork can b e either static or dynamic. Static netw orks are formed of p oint to p oint direct connections whic h will not change during program execution. Dynamic netw orks are implemen ted with switched c hannels, which are dynamically con�gured to match the communication demand in user programs.

2.2. CLASSIFICA TION OF P ARALLEL COMPUTER ARCHITECTURE 15 Figure 2.3: Static connection net w orks. Static connection netw orks Static netw orks use direct links which are �xed once built. The most common interconnection schemes are shown in Figure 2.3 [18] [19]: F ul ly c onne cte d: Eac h pro cessor has a direct connection to ev ery other pro cessor. A completely connected system of p pro cessors requires p � 1 lines emanating from each pro cessor, which is impractical if p is large. The num ber of edges incident on a no de is called the no de de gr e e . line ar arr ay: This is a one dimensional netw ork in whic h N no des are connected by N � 1 links in a line. Eac h pro cessor is connected to tw o nearest neigh b ors (except the end pro cessors, which are connected to only one). An adv an tage of this connection pattern is its simplicit y , with at most t w o lines emanating from each pro cessor. A severe disadv an tage is that data may need to b e passed through sev eral pro cessors to reach its �nal destination. The maxim um num b er

16 P ARALLEL AR CHITECTURES AND ALGORITHMS of transmission that must b e made to communicate b et w een an y t w o pro cessors of the system is called the comm unication length or diameter of the system. The diameter for N no des linear arra y is N � 1 whic h is rather long for large N . Ring: A ring is obtained by connecting the tw o terminal no des of a linear array with one extra link. The comm unication length is N = 2 for a bidirectional ring. Adding more links increases the no de degree and decreases the net w ork diameter. Binary tr e e: A binary tree of 15 no des in four lev els is shown in Figure 2.3. In general, a K level binary tree should hav e N = 2 K � 1 no des. The maximum no de degree is 3 and the diameter is 2( K � 1). Star: One no de is connected to all the other no des. The star has a high no de degree ( N � 1) and a small constant diameter. Mesh: Each pro cessor is connected to only a few neigh b oring pro cessors. Most mesh-connected arrays used a tw o dimensional connection pattern, in which the pro cessors are laid out in a regular tw o dimensional grid and each pro cessor is connected to its north, south, east, and w est neigh b ors. The communication length for N pro cessors arranged in a square arra y is 2( p N � 1). This communication length can b e decreased by adding more connections, called lo cal links. Three dimensional array is an example where each pro cessor is connected to its six nearest neighbors. The addition of more lo cal links leads to faster av erage communication but at the exp ense of additional complexity . T orus: In torus netw ork, the edge pro cessors of a mesh connection are connected together in a tw o dimensional ring. A tw o dimensional torus with N no des has a no de degree of 4 and a diameter of 2( p N = 2). Hyp er cub e: Consider the connection pattern in three dimensions illustrated in Figure 2.3. Here, the pro cessors are vertices of a cub e in 3D space and the edges of the cub e are the lo cal links b et w een pro cessors. Eac h pro cessor is connected to its three nearest neighbors in the sense of nearest v ertices on the cub e.

2.2. CLASSIFICA TION OF P ARALLEL COMPUTER ARCHITECTURE 17 Figure 2.4: Dynamic connection netw orks. Now imagine the analogous connection sc heme using a cub e in k dimensions. Again, the pro cessors w ould b e visualized as the 2 k v ertices of this k dimensional cub e. Eac h pro cessor is connected to its k adjacent v ertices (Hamming distances equal 1), along the edges of the cub e. Such a connection pattern is called a hypercub e or binary k cub e connection. A k cub e can b e constructed by connected all corresp onding pro cessors of tw o ( k � 1) cub es. F or N pro cessors hypercub e, b oth the num ber of connections p er pro cessor and the comm unication length are equals to log 2 N . As the size of cub e is increased, the complexity and the num ber of lines emanating from eac h pro cessor also increase and a practical limit to the cub e size will even tually b e reached. Dynamic connection netw orks In dynamic connection netw orks, instead of using �xed connection, switches are used along the connecting paths to provide dynamic connectivit y .

18 P ARALLEL AR CHITECTURES AND ALGORITHMS Cr ossb ar switch: Each pro cessor can b e connected to eac h memory through switches that make the connection (Figure 2.4. This has the adv an tage of allowing any pro cessor access to an y memory with a small num b er of connection lines. But the n um ber of switc hes to connect p pro cessors to p memories is p 2 which b ecome impractical for large p . Multistage network: A rather general wa y of connecting pro cessors, or connecting pro cessors to memories, is by means of t w o wa ys switching net w ork. Figure 2.4 represents an example of switching netw ork (omega) implementation of a shared memory system, in whic h eac h pro cessor can access eac h memory . Alternativ ely , the memories could b e the pro cessors themselv es. In this case, the �gure w ould depict a message passing lo cal memory system. Using a t w o w a ys switc hes, we need p= 2 switches at eac h switching stage and log 2 p stages. This is v ery fav orable as compared with the p 2 switc hes needed for the crossbar switch. 2.3 P arallel algorithm basics Given a problem, a serial algorithm pro vides a precise step by step description of the computational steps that need to b e p erformed sequentially to solve it. A parallel algorithm provides a precise description of how the giv en problem is to b e decomp osed into smaller subproblems, how each of these subproblems is to b e solved, how these subproblems interact among each other, and how these subproblem solutions can b e merged bac k to solve the original problem. The purp ose of parallel algorithm design is to solve the giv en problem faster than the original sequential algorithm. The ratio of the execution times of the sequential algorithm and the parallel algorithm is referred to as sp eedup of the parallel algorithm. Let us denote: T = time for the b est serial algorithm. T p = time for a parallel algorithm using p pro cessors.

2.3. P ARALLEL ALGORITHM BASICS 19 Sp eedup S p = T =T p E�ciency or utilization E p = S p =p If the parallel algorithm for a problem has an e�ciency of 100%, then we observ e linear sp eedups, where S p = p . Ho w ev er in the real w orld, it is v ery hard to achiev e the e�ciency of 100% due to tw o main reasons: 1:cost of sync hronization, scheduling, or communication across parallel pro cessors; 2: sub optimal load balance among parallel pro cessors [1] [20]. 2.3.1 Data v ersus functional parallelism There are t w o common forms of exploiting parallelism in an application, using di�eren t forms of partitioning the problem [1]. Data parallelism inv olv es creating m ultiple, identical pro cesses and assigning a p ortion of the data to each pro cess. Data parallelism is appropriate for applications that p erform the same op eration rep eatedly on large collection of data. F unctional parallelism (also called task parallelism or control parallelism) inv olv es creating multiple pro cesses and ha ving them p erform di�erent op eration on a shared data set. 2.3.2 Grain size The other imp ortan t classi�cation of parallel computation is the grain size. The term grain refers to the num ber of instructions executed in a pro cessor b efore synchronizing or communicating with another pro cessor. Fine grain parallel pro cessing in v olv es synchronizing the pro cessors after every few instructions. Coarse grain parallel pro cessing inv olv es synchronizing the pro cessors after tens of thousands of instructions. More recently , the term medium grain parallel pro cessing has b een used to characterize a grain size somewhere in the middle, for example, several hundred instructions b etw een synchronizations [1].

20 P ARALLEL AR CHITECTURES AND ALGORITHMS 2.3.3 Data dep endence F or a giv en program, w e must analyze its data dep endence to determine whic h lo ops can b e parallelized. Consider the following lo op of a C program [1]: for ( i = 0 ; i � 99 ; i ++) a [ i ] = b [ i ] + c [ i ] ; Since each iteration of this lo op p erforms computations of di�eren t elements of a , b , and c , each iteration can b e executed in parallel. This is the basis of data parallelism. How ev er, not all lo ops can b e parallelized b ecause of data dep endence. F or example, consider the follo wing lo op: for ( i = 0 ; i � 99 ; i ++) a [ i ] = a [ i � 1] + b [ i ] ; This lo op can not b e executed in parallel since there is data dep endence b et w een di�erent iterations. The v alue of a [1] pro duced in the �rst iteration will b e used in the second iteration to calculate a [2]. 2.3.4 Load balancing and scheduling The k ey to e�cient parallel algorithm design is to devise a metho d to distribute the workload as uniformly as p ossible among v arious pro cessors. The problem of assigning sp eci�c tasks to pro cessors is called task sc heduling. The parallel tasks can b e scheduled among pro cesses using three types of algorithms:(1)presc heduling, (2)static scheduling, (3)dynamic scheduling [1]. In presc heduling, the task division is explicitly determined by the programmer b efore the program is compiled. Such a metho d cannot b e v aried for di�eren t sizes of data and num b er of pro cessors, hence this approach is go o d for function partitioning, that is assigning sp eci�c tasks to sp eci�c pro cessors. In static sc heduling, the tasks are scheduled by the pro cesses at run time, but are divided in some predetermined wa y . F or a lo op having N iterations using P pro cessors (the n um ber b eing determined at runtime), pro cessor 1 will b e assigned iterations

2.4. AP1000 P ARALLEL COMPUTER 21 from 1 to ( N =P ), pro cessor 2 from ( N =P + 1) to (2 N =P ), and so on. Such a scheme of assigning con tin uous blo cks of iterations is called static-blo c k ed scheduling. Often we ha v e a case where successiv e iterations of a lo op hav e to p erform monotonically increasing or decreasing w ork p er iteration. In that case, the previous static blo ck scheduling will ov erload the pro cessor p erforming the con tiguous blo c ks of most work. An alternativ e metho d of static scheduling for b etter load distribution is one where w e can assign iterations in a round-robin cyclic manner in a scheme called static interlea v ed sc heduling. In dynamic scheduling, each pro cess schedules its task at runtime b y chec king a centralized task queue from whic h the next a v ailable tasks are remov ed, and new tasks are entered. The adv an tage of dynamic scheduling is b etter load balancing, how ev er, there is an ov erhead for searching through cen tralized task queues in the presence of con ten tion. Static and prescheduled scheduled pro duces the least ov erhead, ho w ev er, it can pro duce load imbalance. Unfortunately , the t w o factors (synchronization/comm unication v ersus load balance) are opp osing forces. Consider a scheme that runs everything on one pro cessor ev en though P pro cessors are av ailable. Such a scheme will ha v e p o or load balance, whereas there will b e no comm unication/sync hronization cost. On the other hand, if a problem is decomp osed into the �nest grain of computations, such a scheme will ha v e the b est load balance, but it will also ha v e a high cost of communication/sync hronization [1]. 2.4 AP1000 parallel computer W e executed our programs on AP1000 computer which is a MIMD message passing parallel computer. The system consists of 64 to 1024 pro cessing elemen ts and three indep endent communication net w orks. Each pro cessor (cell) runs its o wn program out of its own memory and communicates with other cells by passing messages. Messages are sen t from the source cell to the destination cell through the communication netw ork.

22 P ARALLEL AR CHITECTURES AND ALGORITHMS Here, we will summarize some features of AP1000 [21]. 2.4.1 AP1000 arc hitecture Figure 2.5 shows the AP1000 system con�guration [21]. Three indep endent comm uni- cation netw orks are emplo y ed for the AP1000; the torus net w ork (T-net) for p oint to p oint comm unication b etw een cells, the Broadcast netw ork (B-net) for 1 to N communication as data distribution, and Sync hronization netw ork (S-net) for barrier synchronization. Figure 2.6 shows the cell hardw are con�guration [21]. Each cell has an integer unit (IU), a oating p oin t unit (FPU), a message con troller (MSC), a routing con troller R TC), a B-net in terface (BIF), and 16 Mbyte of dynamic memory . Roughly 10 Mbytes are a v ailable for the user and the rest are o ccupied by the cell op erating system. The IU and FPU are connected to a cache memory of 128 Kb yte. The DRAMC con trols the 16 Mb yte of memory . The MSC, R TC, BIF, and DRAMC are connected b y an internal bus called LBUS whic h is 32 bit. 2.4.2 Message con troller (MSC) The MSC consists of a cac he controller, a fast message handler, and four DMA controllers. Line sending and bu�er receiving is fast message handler which handles small messages e�cien tly . 2.4.2.1 Line sending After IU mak es a message b o dy , there is a high probability that the message is in the cache memory . This message is sent directly from the cache memory to the device. Line sending transmits the data in cache memory to the R TC or BIF in the same wa y as ushing cache memory . If the sp eci�ed data is not in cache memory , DMA is activ ated automatically and data is transferred from memory .

2.4. AP1000 P ARALLEL COMPUTER 23 Figure 2.5: AP1000 architecture (system con�guration). Figure 2.6: Cell con�guration.

24 P ARALLEL AR CHITECTURES AND ALGORITHMS 2.4.2.2 Bu�er receiving The MSC has a pair of p ointer registers; one holds the read address and the other holds the write address. Using these p ointers, a ring bu�er in main memory can b e created. The write and read p ointers are managed automatically according to message receiving and message reading out b y the IU. Bu�er receiving is used to serv e asynchronous requests for message receiving without interrupt pro cessing b y the IU. 2.4.3 Comm unication net w orks This section is a brief introduction to the three communication net w orks of the AP1000 system [21]. 2.4.3.1 T-net The T-net has a t w o dimensional torus top ology . It has a 16 bit data path and a few control signals. It has a data transfer rate of 25 Mbyte/s. Message routing is done by wormhole routing. In wormhole routing, the in termediate no de stores only a few bytes called a it. When a routing no de receives the message header, the no de selects the next channel of the next route. The no de then transfers all subsequen t its for that message header to the route selected b y the header it. The R TC handles routing and ow con trol of communications b etw een an y cells. It routes messages by �xed wa y; �rst routes a message along the X direction, then along the Y direction. The R TC can route each data item at 160 ns/w ord. In addition to p oint to p oint communication, the R TC has a broadcast function. A broadcast messages and p oint to p oint communication messages can b e transfered concurren tly . Under the con ten tion free condition, communication path length on the T-net has a negligible e�ect on communication time. Con ten tion free means that one source cell sends a message to a destination cell while all the other cells are idle. The p oint to p oint comm unication time on the T-net under the conten tion-free condition is given by a linear function 6.9 + 6.9 � N � s, where N is the message length. Under message

2.4. AP1000 P ARALLEL COMPUTER 25 conten tion (more than one message are sent on the same channel), communication time increases as the num b er of messages on a communication c hannel increases. In the worst case, it degrades to one sev en th of conten tion free communication time. 2.4.3.2 B-net The B-net connects all cells and the host computer and is used for broadcasting, data distribution, and data collection. It consists of hierarc hical common buses and a ring netw ork. Up to 8 cells share the lo w est level bus. F our buses are connected to the ring no de which is connected to the ring net w ork. Up to 32 cells forms a hierarchical common bus which connects with a ring no de. Since the host computer is also connected b y a host in terface which lo oks like one of the ring no des, the host computer and cells are equiv alen t. The B-net consists of a 32 bit data path and some con trol signals and it has a data transfer rate of 50 Mbyte/s. The proto col of the B-net is similar to that of simple common bus. Before the data transfer, a cell or host trying to transfer data m ust assert a request to the B-net controller. And the request m ust wait until the request is granted.After the B-net is granted to the request, it can start data transfer. 2.4.3.3 S-net All cells and the host are also connected by the S-net. The S-net has a tree top ology and is used for barrier sync hronization. The data of each cell go es up to the ro ot of the S-net along the tree top ology . At in termediate no des, data is merged by the logical AND op eration. The logical AND of the cells’ data is th us calculated at the ro ot no de. The result is then distributed to all cells from the ro ot of the S-net along the tree. The ov erhead for barrier synchronization is 1.6 � s to 5.2 � s.

Chapter 3 Sequen tial routing algorithms In this chapter, we giv e a background of sequen tial routing algorithms for b oth detailed and global wire routing. W e explain di�eren t routing algorithms lik e maze running algorithm and line search algorithm. W e discus also sev eral mo di�cations of maze running algorithm which hav e b een prop osed to ov ercome the problems of the long execution time and large memory size needed b y the original algorithm. 3.1 Maze running algorithm Although Lee’s algorithm [4] which is known as Maze running was the �rst algorithm to solv e the automated wire routing problem (1961), it is still used un til now b ecause it has a high degree of exibilit y . Maze running algorithm is a breadth �rst search algorithm, and it guaran tees to �nd the shortest path b et w een t w o p oin ts if one exists. It can easily b e mo di�ed to �nd a path which satis�es some other requiremen ts. Maze is a general purp ose routing algorithm that op erates on a grided mo del and routes a single net at a time. In a grided mo del, the entire routing surface is represented as a uniform rectangular array of cells. The size of each cell is equal to W + C , where W is the wire width, and C is the clearance whic h must b e main tained b et w een wires. It is assumed for standardization that these tw o v alues are �xed throughout all the nets. Each cell could b e used b y only one net. Connecting a net is done by �nding a 26

3.1. MAZE RUNNING ALGORITHM 27 Figure 3.1: Maze running algorithm. set of adjacen t cells b etw een the cells containing the terminals of this net [1]. Maze algorithm consists of three ma jor phases: wa v e propagation (wa v efron t expansion), bac k-trace, and lab el clearance. F or the single lay er grid, the routing area are represen ted as a grid as shown in Figure 3.1a. T o �nd a path b etw een tw o p oints ( A and B ), w e start from any p oint as a source (p oint A in this example) and search for the target (p oint B ). The black cells are obstacles whic h ma y b e some other netw orks whic h w ere already connected b efore. In the w a v e propagation phase we start b y en tering 1 in each empty cell adjacent to p oint A , after that, en ter 2 to each empty cell adjacent to the cells whic h were already

28 SEQUENTIAL ROUTING ALGORITHMS lab eled b y 1, and so on (Figure 3.1b) un til �nd p oint B or can not �nd an y empty cells adjacent to the cells which are already lab eled by m . In the bac k trace phase, if p oint B w as already lab eled by k , then from p oint B w e lo ok for a cell which is lab eled by k � 1, and from this cell lo ok for another cell whic h is lab eled b y k � 2, and so on until �nd p oint A (Figure 3.1c). Note that we do not change direction unless it is necessary . In the lab el clearance phase, all the cells except those used for the drawn path are cleared (Figure 3.1d). 3.1.1 m ulti-pin net A net is called m ulti-pin net if it has more than tw o terminals. The problem to connect these terminals with a minimum total wire length is kno wn in the graph theory as Steiner tree problem which is prov ed to b e NP-hard [23] [24]. Maze running algorithm can b e used to �nd sub-optimal solution [25]. As an example, to route the four terminal net shown in Figure 3.2a, one terminal is considered as a source (terminal A ) while the other three terminals are considered as targets. A wa v e is propagated starting from p oint A until reached to any target (target B in Figure 3.2a). Now, a path is dra wn b etw een A and B (Figure 3.2b). All the cells on the path A - B are mark ed as sources and another wa v e is propagated starting from all these cells together (Figure 3.2c) until reached to another target (target C in this example). A new path b etw een terminal C and path A - B is drawn (Figure 3.2d) and a new w a v e is propagated starting from all the cells on the path A - B - C until reac hed to target D (Figure 3.2e). The path A - B - C - D whic h connected all the four terminals could b e dra wn (Figure 3.2f ). The path A - B - C - D sho wn in Figure 3.2f is not of minimum length. This path could b e impro v ed (b ecome shorter) by using graph theory . Remo ving any segment from this path divide the path into tw o sub-trees (Figure 3.2g). The shortest path b et w een these sub-trees is found by applying maze running algorithm again with all the cells on one sub-tree as sources while all the cells on the other sub-tree as targets. If the shortest path is shorter than the length of deleted segmen t, then by inserting this path, a new

3.1. MAZE RUNNING ALGORITHM 29 Figure 3.2: Multi-pin net. shorter length interconnection is obtained (Figure 3.2h). This could b e rep eated until �nding a sub-optimal shortest path connecting all the p oints [22]. In some cases, the previous explained metho d do es not obtain the shortest path as shown by the example in Figure 3.3a. W atanab e et al. [26] in tro duce a double wa v e technique to �nd a path connected three terminals net. This tec hnique could b e iteratively applied to connect m ulti-terminal net which has more than three terminals. T o route a three terminal net using W atanabe double wa v e tec hnique [26], one terminal ( A ) is considered as a source, and the other terminals ( B ; C ) are considered as targets. A w a v e fron t with an ascending lab el is expanded from the source until it reaches any target ( B as in Figure 3.3b). Then a wa v e front with a decreasing lab el is also expanded from this target ( B ) to the source ( A ) (Figure 3.3c). The cells whic h hav e the same lab el during b oth ascending and decreasing wa v e expansion is selected, these cells form a restricted area (the shaded area shown in Figure 3.3d). Another double w a v e expansion is made b etw een this restricted area (as a source) and the other target ( C ) (Figures 3.3e,f ), and another restricted area is then obtained (Figure 3.3g). A branch p oint P is selected by taking the logical AND b etw een the tw o restricted

30 SEQUENTIAL ROUTING ALGORITHMS Figure 3.3: W atanab e algorithm for multi-pin net. areas. A path connected A; B and C and passed through P is found (Figure 3.3h). 3.1.2 m ulti-la y er F or a multi la y er routing area, eac h cell could b e considered as a unit cub e as sho wn in Figure 3.4. F or a m ulti-la y er grid it is recommended [22] to route most of horizontal runs on some la y ers and most of v ertical runs on the other la y ers. In case of t w o lay ers, routing following the horizon tal-v ertical rule strictly (restricted direction) can b e achiev ed b y blo cking vertical runs on one la y er and horizon tal runs on the other la y er at the w a v e propagation phase of the Lee algorithm (Figure 3.5a). A more exible wa y of considering this rule is to v ary the incremen tal weigh ts b y which the lab els are increased at eac h step of the w a v e propagation, so that the desired directions are given higher priority (less weigh t as shown in Figure 3.5b) [22].

3.2. LINE SEARCH ALGORITHM 31 Figure 3.4: four-la y ers grid. Figure 3.5: Restricted and unrestricted direction on tw o la y ers. 3.2 Line searc h algorithm Another class of detailed routers called line searc h was prop osed b y Mik ami and T abuc hi [27], and High to w er[28] indep endently . They aimed to reduce b oth the memory and computation time required by maze running algorithms. Line search algorithms represent the routing space and paths by a set of lines, unlik e maze running algorithms in which the routing space is represented in a form of a grid and a unit of memory space is allo cated for each grid p oin t. This will reduce b oth the memory space and computation time than maze if the routing area is not congested. How ev er,

32 SEQUENTIAL ROUTING ALGORITHMS Figure 3.6: Line searc h algorithm. for complicated routing problems, line search algorithm runs slo w er and needs more memory than maze running algorithm [22]. Let A and B b e a pair of terminals of a net. The line search algorithm starts by generating lines starting from A and B in b oth horizontal and vertical directions. These lines are extended until they hit obstructions or the external frame of the routing space. The algorithm chooses escap e p oints along the curren t lines and additional new p erp endicular lines are sent out from these escap e lines. This will b e rep eated un til a line originated from A intersects another line originated from B . The main di�erence b et w een the tw o original line search algorithms is how to choose the escap e p oints. In Mik ami and T abuc hi algorithm, all the lines p erp endicular to the preceding line are generated (Figure 3.6a). This guaran tees to �nd a path with minimum n um ber of b ends (or vias in case of tw o lay ers) if one exists. Highto w er’s algorithm tries to generate a single escap e p oin t for eac h line by considering only the line extendable b ey ond the obstacle which has blo c k ed preceding trial lines as shown in Figure 3.6b. Highto w er’s algorithm runs faster than Mik ami’s algorithm b ecause it needs a smaller stack of escap e p oint. On the other hand, Highto w er’s algorithm do es

3.3. MODIFICA TIONS OF MAZE R UNNING ALGORITHM 33 Figure 3.7: Com bining maze running algorithm with line search algorithm b y using expansion distance. not guarantee to �nd a path even if one exist, and there is no guaran tee for the paths found by this algorithm to b e the paths with minimum num ber of b ends. 3.3 Mo di�cations of Maze running algorithm Many researc hes [29] [30] mo di�ed the original maze to b e faster. Some other researches [6] improv e the sp eed by using hardware implemen tation. There are also researches which aimed to decrease the required memory [31]. The main idea to sp eed up maze running algorithm is to limit the propagation area. As maze running algorithm guarantees to �nd the shortest length path while line search guarantees to �nd the path with minim um num b er of b ends, some researchers [26] combined b oth these t w o algorithms together to compromise b etw een wire length and n um ber of b ends. W atanabe et al. [26] hav e combined maze running algorithm (minimum length) and

34 SEQUENTIAL ROUTING ALGORITHMS Figure 3.8: Decreasing the required memory . line search algorithm (minimum b ends) by introducing the concept of the expansion distance D ex . This algorithm di�ers from the original Lee algorithm in that the expansion distance is not limited to unity but can take any v alue D ex for each step. When D ex is set to unit y , it is equiv alen t to original Lee algorithm (Figure 3.7a). When D ex is set to in�nit y , it functions as the line search algorithm (Figure 3.7b). If D ex is greater than one and less than in�nity , it gives a sub-optimal path in terms of b oth the wire length and the num ber of b ends (Figure 3.7c). 3.3.1 Decreasing the required memory The amoun t of memory space needed b y maze running algorithm is a real problem. A unit of memory space is needed for eac h cell (grid p oint) to store the wa v e expansion lab el. If the grid dimensions is 4000 � 4000 and the exp ected wire length is up to 8000, then the required memory space is 16 million unit p er la y er and each unit m ust b e 13 bits. Soukup [31] uses tw o heaps and one stack instead of the grid map. Some other lab eling sc hemes rather than the ascending one sho wn in Figure 3.1 hav e b een introduced to decrease the num b er of bits needed for eac h cell. Some of these sc hemes are:

3.3. MODIFICA TIONS OF MAZE R UNNING ALGORITHM 35 1. The adjacen t free cells are lab eled b y Left, Right, Up, or Down, whic h indicate the direction of w a v e propagation as shown in Figure 3.8a. 2. The sequence: 1,2,3,1,2,3,... is exploited for lab eling as shown in Figure 3.8b. 3. Akers [32] introduces the sequence: 1,1,2,2,1,1,2,2,... for lab eling as shown in Figure 3.8c. Among these co ding schemes the last one prop osed by Akers is most economic. Since each cell will b e in one of just four states; "empt y", "o ccupied", or lab eled b y "1" or "2", tw o bits will su�ce to pro ceed the single lay er Lee algorithm. The �rst tw o co ding schemes need three bits for the same information, but are almost equally e�cient for some v ariation of Lee algorithm [22]. 3.3.2 Decreasing the computation time Maze running algorithm is time consuming. Many metho ds hav e b een prop osed to sp eed up maze running algorithms b y decreasing the propagation area as follows: 1. Two terminals propagations: Starting the propagation from the t w o terminals together will decrease the propagation area as sho wn in Figure 3.9a. 2. F raming: Making an arti�cial rectangular frame con taining the net terminals, and do not allo w an y propagation outside this frame as shown in Figure 3.9b. 3. Di�erent weigh t: mak e the weigh t of the cells in the direction tow ard the target less than the w eigh t of the cells in the direction aw a y from the target. This will accelerate the propagation to w ard the target. (Figure 3.9c). 4. Make the weigh t of the cells in the direction of the target equal zero as sho wn in Figure 3.9d. 5. Combine maze with line search [30]. A line segment starting from the source is initially extended tow ard the target, and the cells on the line segment are

36 SEQUENTIAL ROUTING ALGORITHMS Figure 3.9: F ast maze. searched �rst. When the line hits an obstacle, the Lee-type w a v e propagation is used to search around the obstacle. Once a cell approaching the target is found, another line segment starting from there is extended again to w ard the target. This algorithm guarantee �nding a path whenev er it exists, but the generated path is not alw a ys shortest. 3.4 Global Routing With the increasing complexit y of the routing problems dealing with thousands of nets, the large problems should b e decomp osed into tw o pro cesses: global and detailed. In

3.4. GLOBAL ROUTING 37 Figure 3.10: Using global routing decreases the propagation area. the global routing (it is also called lo ose routing), the whole routing area is divided into partitions, and it is required to determine in which partitions each net will b e routed. The exact path for eac h net within the partitions is found in the detailed routing[1]. Using global routing as a preliminary step decreases also the propagation area, and this will sp eed up the computation time. Figure 3.10 sho ws the e�ect of using global routing as a preliminary step on the propagation area. It could b e seen from comparing Figures 3.10a and 3.10c that using global routing signi�can tly decreased the propagation area. It should b e mentioned that 100% assignmen ts in global routing do not alw a ys guarantee 100% interconnection of all sp eci�ed nets. The �nal routing completion needs to b e addressed again at the detailed routing step [33]. Since global routing is also an NP complete problem, a v ariet y of heuristics ha v e b een prop osed to solv e the problem. Sp eci�cally , we ha v e global routers based on graph searc h metho ds [4] [30], hierarc hical decomp osition techniques [34] [35] [36], and iterative impro v emen t (for standard cells) [37] [38]. Here, only global routing based on the graph searc h will b e explained in detailed as we use this approac h in our router.

38 SEQUENTIAL ROUTING ALGORITHMS Figure 3.11: W a v e expansion on a weigh ted grid.

3.4. GLOBAL ROUTING 39 3.4.1 Graph searc h The most common approac h based on graph searc h for global routing is to route nets sequentially (one net at a time) using the Lee-Mo ore grid expansion algorithm and its mo di�cations. It is not p ossible to route all the nets with the shortest connection paths b ecause they comp ete with each other for paths to b e used. Di�eren t costs (weigh ts) are assigned to the cells or to the b oundaries of the cells [25] as sho wn in Figure 3.11. The weigh t dep ends on congestion due to nets previously routed. Hence the algorithm for routing should �nd the cheapest path and not the shortest one. The cheapest path running algorithm starts b y assigning each empt y cell adjacent to the source (S) a v alue equal to its weigh t (Step 1 in Figure 3.11). Eac h such cell is marked as a latest cell. At each step from here on, eac h latest cell C (with v alue V) is examined, and ev ery empty cell (with weigh t W) adjacent to C receives a v alue V+W and itself serv es as a latest cell for the next step. If a cell adjacen t to C already has a v alue greater than V+W, then the old v alue is replaced by V+W and serves as a new latest cell. Otherwise the v alue of the adjacent cell is left as it stands. Figure 3.11 shows this pro cedure where latest cells are indicated by b old num b ers inside circles. It should b e noted here that some old latest cells ma y b ecome new latest cells again if their v alues (total cost) are decreased as which happ en to cell 5e in Step 5 in Figure 3.11. Even if the target (T) is reached (step 5 in Figure 3.11), this do es not alwa ys mean that the desired path has b een found b ecause it is p ossible that the old latest cell will receive a smaller v alue later. This implies that an already generated path ma y b e ov erridden b y a new one with less total weigh t. This happ ens in b oth Steps 7 and 9 in Figure 3.11 as a smaller cost is assigned to the target. F or that reason, the wa v e propagation must b e contin ue until there is no latest cell with v alue less than the v alue of the target (Figure 3.11). Another wa y is to use a priority queue for the set of the latest cells. That is meant that to sort the latest cells according to their w eigh t, and expand the latest cell with the minim um w eigh t. Nair et al. hav e prop osed a global routing algorithm based on the preceding algorithm

40 SEQUENTIAL ROUTING ALGORITHMS that tries to alleviate the problems asso ciated with the ordering of nets in the graph search approac h. The e�ectiv eness of the algorithm dep ends on the accuracy of the cost estimates at the v arious b oundaries. Some sophistacted cost computation metho ds are used in this algorithm, which consist of four comp onents:(1) the demand measure which characterizes the requiremen t of all nets that are y et to b e wired, (2) the supply measure whic h estimates the remaining num ber of tracks left after a certain num ber of nets hav e b een routed, (3) the cost of tra v ersal which takes into account the physical complexity of the cell, and (4) the cost of placing vias on adjacen t in tersections [1]. F or multi terminal nets, the source cell, the destination cell with the least cost, and all the cells that are on the bac ktrace path b ecome additional source cells for the next forward propagation iteration. 3.4.2 Hierarc hical decomp osition Two schemes ha v e b een prop osed for hierarchical decomp osition technique: the top- down [34] and the b ottom-up [35]. In the top-do wn sc heme, the global routing problem is divided in to 2 � 2 subregions and the routing tasks are solved recursiv ely . As one pro ceeds do wn w ards, one obtains a b etter fo cus of all connections on each level of hierarch y . As one reaches the last step, one gets a clear view of the complete problem. In the b ottom-top approach, parts of connections completed at the previous lev el are merged in to larger c h unks, and this pro cess contin ues until all p ossible connections are made. In b oth cases, decisions on each level of hierarc h y are made indep endently , i.e., without the knowledge of ho w they ma y a�ect the succeeding stages. The lo cal decisions made at eac h step may result in inabilit y to �nd �nal solution, even if one exists. 3.4.3 Iterativ e impro v emen t The algorithm for global routing using iterative improv emen t [37] [38] considers a subset of p ossibilities for routing nets (L-shap ed and a few Z-shap ed lay outs) and

3.4. GLOBAL ROUTING 41 routes m ultiples wires simultaneously . The run time of this algorithm is quite low, but the routing qualit y is not as go o d [1].

Chapter 4 P arallel algorithms for short nets In this chapter, we introduce tw o new parallel algorithms based on maze running algorithm and suitable for routing small size lay out (routing area) problems. Eac h of them divides the routing area by a new tec hnique whic h is suitable for mesh net w ork computers. These algorithms hav e high degree of parallelism inside and obtain high sp eedup sp ecially for short nets. Short net is a net which has short Manhattan distance b etw een its terminals as compared with the dimensions of the whole routing area. In the �rst algorithm, moving b oundaries are used in dividing the routing area. The second algorithm is divided into tw o phases. In the �rst phase, w e rotate the areas assigned to the pro cessors to route all short nets. In the second phase we use the comp eting pro cessors algorithm [10] to route the remaining nets. W e implemented our tw o algorithms and tw o other algorithms whic h hav e b een in tro duced by T ak ahashi et al. [11] [10] on the AP1000 computer. The results and comparisons b etw een the four algorithms are also included. 4.1 In tro duction The basic problems of automated wire routing are the long computation time and large memory size required. Although Lee’s algorithm [4] which is kno wn as Maze running was the �rst algorithm to solve the automated wire routing problem (1961), it is still 42

4.1. INTRODUCTION 43 used until now b ecause it has a high degree of exibilit y . Many researches [29] [30] mo di�ed the original maze running to make it faster, but the impro v emen t in the sp eed was not satisfactory . There are also researches which aimed to decrease the required memory [31]. Some other researches [6] tried to improv e the sp eed by using hardware implementation of maze running algorithm. How ev er, hardware accelerators are not alwa ys cost e�ective b ecause these machines will so on b ecome obsolete according to the fast c hanging in technologies. Recently , sev eral researches ha v e tried to sp eed up the routing problem b y using general purp ose parallel computers. Parallel computers are used to ov ercome long computation time and large memory size required for automated wire routing. Parallelization could b e obtained in b oth nets and space (routing area). In the former, nets are divided among the PEs (Figure 4.1a) so that every PE will b e resp onsible for routing some nets [10]. In the later, the routing area is divided into partitions and one or more partitions are assigned to eac h PE. Sev eral PEs are sharing in �nding a path for a net so that eac h PE from these PEs �nds the part of this path within its assigned area(Figure 4.1b). T o increase the parallelization, some researc hes merge b oth of these tw o wa ys together [7] [14]. This chapter in tro duces t w o parallel algorithms based on maze running algorithm and suitable for routing small size routing area problems. Each of them divides the routing area by a new technique which is suitable for mesh net w ork computers. These algorithms ha v e high degree of parallelism inside and obtain high sp eedup sp ecially if the Manhattan distances b et w een the terminals of the nets are short in comparing with the whole routing area. W e will call these nets as short nets. In the �rst algorithm, moving b oundaries are used in dividing the routing space. The second algorithm is divided in to t w o phases. In the �rst phase, we rotate the areas assigned to the pro cessors to route all short nets. In the second phase w e use the comp eting pro cessors algorithm [10] to route the remaining nets. W e implemen ted our tw o algorithms and t w o other algorithms whic h hav e b een introduced by T ak ahashi et al [10] [11] on the AP1000 computer(message passing,

44 P ARALLEL ALGORITHMS FOR SHOR T NETS Figure 4.1: Nets parallelization and space parallelization. torus net w ork, MIMD parallel computer) [21]. The results and comparisons b etw een the four algorithms are also included in this chapter. 4.2 Mo ving Boundaries Algorithm (MBA) This algorithm could b e considered as a mo di�cation of the hierarchical domain partitioning algorithm HDP A introduced b y T ak ahashi et al [11]. In MBA algorithm, the host computer broadcasts a list of all net terminal lo cations and the dimensions of the routing area to all the PEs. The routing area is divided into equal partitions, and one partition is assigned to eac h PE. Number of partitions should equal to the num b er of PEs. As an example, if the grid dimensions is 256 � 256 and total num ber of PEs is 64 (consider it as 8 � 8 PEs), then the partition area assigned to each PE is 32 � 32 (Figure 4.2 step 1). Ev ery PE selects the nets whic h lie inside its assigned partition from the list of all nets, sorts them in an ascending order according to their Manhattan distances, and routes them one after the other within its assigned partition. There is no p ossibilit y of an y confusion b etw een di�eren t PEs.

4.2. MOVING BOUNDARIES ALGORITHM (MBA) 45 Figure 4.2: Partitions in mo ving b oundaries algorithm (MBA). Figure 4.3: P artitions in hierarchically domain partitioning algorithm (HDP A).

46 P ARALLEL ALGORITHMS FOR SHOR T NETS After �nishing this step, the n um ber of active PEs is decreased to 49 PEs (7 � 7) as sho wn in Figure 4.2 step 2. All the b oundaries b etw een the partitions will b e changed from the previous (�rst) step. Every PE calculates its new b oundaries, sends the leaving part of its bit map, whic h contains the nets already connected, to its left and up neighbor PEs, receiv es the taking part of the bit map from its righ t and do wn neighbor PEs, and adds the taking part of the bit map to the remainder part of its old bit map to obtain the new bitmap which is 36 � 36 or 37 � 37 in this example. Then every activ e PE selects again the unrouted nets whic h lie in its new area, sorts and routes them as in the �rst step. In the third step, the num ber of activ e PEs will b e decreased again to 36 PEs(6 � 6) as in Figure 4.2 step 3. The PEs will again calculate the new b oundaries, send and receiv e data, select, sort,and route the unrouted nets. And so on un til the last step where one PE will b e resp onsible for all the routing space. Of course we may delete some steps, so we can make the steps, for example, as 8 � 8 ! 7 � 7 ! 5 � 5 ! 3 � 3 ! 2 � 2 ! 1 � 1. W e can also jump some other steps. The ma jor di�erence b etw een the MBA and the HDP A is that the b oundaries are mov ed in MBA though they are �xed in HDP A (Figure 4.3). F or example, if we hav e 256 � 256 grid and 64 PEs, then the b oundaries for di�erent steps are as shown in T ables 4.1 and 4.2. W e can see that in the HDP A the b oundary 128 exists from the b eginning un til the last step. Then at the last step one PE will b e resp onsible for routing the long nets and also short nets whic h lie around this b oundary . In the MBA, short nets are routed by more than one PE in some previous steps. In other w ords, MBA has an adv an tage that no short nets will remain without routing until the end. So, the last steps, where only few PEs are active, will b e aimed to route long nets only . But in HDP A, short nets around the b oundaries will remain without routing until the end. An example to explain this feature is sho wn in Figures 4.4 and 4.5. In case of of HDP A (Figure 4.4), b oth short nets ( A , B ) and long nets ( C ) are connected in the last step (step4) using only one PE. In case of MBA (Figure 4.5), short nets ( A , B ) are connected in parallel in step2 using 2 PEs, and only one long net

4.2. MOVING BOUNDARIES ALGORITHM (MBA) 47 T able 4.1: Grid partitions in hierarchically domain partitioning algorithm (HDP A) PEs area x b oundaries y b oundaries step 1 32 64 � 32 64,128,192 32,64,96,128 160,192,224 step 2 16 64 � 64 64,128,192 64,128,192 step 3 8 128 � 64 128 64,128,192 step 4 4 128 � 128 128 128 step 5 2 256 � 128 128 step 6 1 256 � 256 T able 4.2: Grid partitions by moving b oundaries algorithm (MBA) PEs area x b oundaries y b oundaries step 1 64 32 � 32 32,64,96,128, 32,64,96,128 160,192,224 160,192,224 step 2 49 36 � 36 36,73,109 36,192,224 146,182,219 146,182,219 step 3 36 42 � 42 42,85,128 42,85,128 170,213 170,213 step 4 25 51 � 51 51,102,153, 51,102,153, 204 204 step 5 16 64 � 64 64,128,192 64,128,192 step 6 9 85 � 85 85,170 85,170 step 7 4 128 � 128 128 128 step 8 1 256 � 256

48 P ARALLEL ALGORITHMS FOR SHOR T NETS Figure 4.4: Routing nets in hierarc hically domain partitioning algorithm (HDP A). Figure 4.5: Routing nets in moving b oundaries algorithm (MBA). ( C ) will b e routed at the last step using one PE. MBA get go o d results if the av erage Manhattan distance of the nets is short compared with the whole routing space b ecause most of the nets will b e connected in the �rst steps where most of PEs are active, while small num ber of long nets will stay without routing until the end. On the other hand, the parallelization will b e decreased if the av erage Manhattan distance is long compared with the routing space. This is b ecause only few PEs will b e used to route a large num b er of long nets which require longer time for routing. 4.3 Rotating Areas Algorithm (RAA) This algorithm consists of tw o ma jor phases. The �rst phase is aimed to route short nets using only few messages by rotating the area assigned to eac h PE. The remaining nets will b e routed in the second phase using the comp eting pro cessing algorithm

4.3. ROT A TING AREAS ALGORITHM (RAA) 49 ( CP A ) whic h ha v e b een in tro duced by T ak ahashi et al [10]. 4.3.1 First phase W e de�ne X di� for a net as the maxim um distance b etw een its terminals in the X direction ( Y di� in Y direction). If the n um ber of PEs is N 2 , and the routing area is a single lay er grid with dimensions are L � L , then this phase guarantees to try to �nd a path for all nets whic h ha v e b oth X di� and Y di� less than S , where S = L= (2 N + 1). This phase may also deal with nets which ha v e X di� and/or Y di� greater than S but less than 2 S according to the lo cations of the net terminals within the partitions. In this phase, the host computer broadcasts the lo cations of all net terminals and the grid dimensions to the PEs as in the moving b oundaries algorithm. The grid is divided also b y the total num b er of PEs, but here, we do not divide all the grid. There is a part of the grid which is not assigned to an y PE as sho wn by the shaded area in Figure 4.6a. So, every PE is resp onsible for an area of d 2 = (( L � S ) = N ) 2 only (instead of ( L= N ) 2 in MBA). In the b eginning, all the nets are lab eled b y 0 which means that these nets ha v e not b een routed y et. Every PE selects the nets whic h lie in its assigned area, sorts them in an ascending order according to their Manhattan distances, and routes them one after the other within its assigned area. If all the terminals of an y net are lo cated in a PE area, then this PE tries to �nd a path for this net. The net will b e lab eled by 1 if the PE succeeds to �nd a path, and it will b e lab eled by 2 or 3 if the path could not b e found at all (like net B in Figure 4.7) or not found but may b e found later b ecause this net is near an y b oundary (like net A in Figure 4.7). After �nishing this step, the shaded area is changed, and half of the area assigned to every PE is changed (Figure 4.6b). Every PE sends the data of half of its previously assigned area and the net list to the left neighbor and receives another data from the right neighbor. Every PE selects again nets (lab eled by 0 or 3) which lie in its area, sorts and routes them.

50 P ARALLEL ALGORITHMS FOR SHOR T NETS Figure 4.6: The �rst phase of rotating areas algorithm (RAA). Figure 4.7: Some unrouted nets may b e routed in next steps.

4.3. ROT A TING AREAS ALGORITHM (RAA) 51 Figure 4.8: Example of routing short nets at the �rst phase of rotating area algorithm. The shaded area will b e c hanged again (Figures 4.6c and 4.6d). At the end of this phase, all the PEs send their data (the paths of nets) and the net list to the host computer. By this complete rotation, we ensure that all short nets can b e connected regardless of their lo cations. Figure 4.8 sho ws an example to explain this prop erty . In step 1, only net A is routed and all the other nets hav e not b een routed yet. In step 2, b oth nets D and H are routed while nets C , E , G and I are routed in step 3. Net B will b e routed in step 4. The communication cost of MBA and the �rst phase of RAA are v ery lo w as only

52 P ARALLEL ALGORITHMS FOR SHOR T NETS Figure 4.9: The second phase of rotating area algorithm. few messages ha v e b een used to route all nets. Moreov er, all these messages are sent to the neigh b or PEs in case of mesh or torus net w ork, parallel computer. 4.3.2 Second phase In the second phase of this algorithm, we use the comp eting pro cessors algorithm CP A [10]. In CP A, one pro cessor or the host computer is used as a master and all the other PEs are used as slav es for routing nets in a net parallelization manner (Figure 4.9). The master PE broadcasts the bit map of the whole grid to all the sla v es and assigns a net (which has a lab el 0 or 3) from the net list to every slav e. Ev ery slav e PE tries to �nd a path for its assigned net, and sends this path to the master PE. The master PE veri�es if eac h of these receiv ed paths intersects with any other previously accepted paths. If it in tersects then the master PE will send it again to the sender slav e PE with the latest accepted paths. But if it do es not intersect then the master PE lab els this net b y 1, adds its path to the list of accepted paths, sends the latest accepted paths and assigns another net to the sender slav e PE. These steps will b e rep eated for all nets lab eled b y 0 or 3. By using tw o phases in RAA, all short nets are routed in the �rst phase using few messages, while only long nets are routed in the second phase. This has t w o main adv an tages o v er CP A which uses only the second phase to route b oth short and long

4.4. RESUL TS 53 nets. These adv an tages are: 1. If w e use the second phase to route short nets which require short routing time, then many messages will arrive to the master PE at the same time. The master PE will not b e able to serv e all the routing PEs on time esp ecially if the n um ber of PEs is large. The routing PEs hav e to w ait for a long time for the master PE. But this hardly happ en for long nets which required longer time to b e routed. 2. It decreases total n um ber of messages from 2 � (numb er of nets + numb er of r er oute nets) to b e 2 � (numb er of long nets + numb er of r er oute nets) and of course the num b er of reroute nets will b e decreased also. The �rst phase can b e used alone under the restriction that the maxim um Manhattan distance is short as compared with the grid dimensions. F or example, if the maximum of X di� and Y di� is shorter than 500 in a grid dimension 10000 � 10000 and the num ber of PEs is 64, then ev ery PE will b e resp onsible for area of 1176 � 1176 only . By this, we can decrease the required memory for each PE from 10000 � 10000 to 1176 � 1176. On the other hand, ignoring the second phase may decrease the successful routing ratio as some nets (whic h are lab eled by 3) ma y b e routed during the second phase. All the algorithms introduced in this chapter (HDP A, MBA, RAA, and CP A) could b e used only for small size routing space problems. This is b ecause these algorithms do not divide the required memory among the PEs. In certain step in each of all these algorithms, one PE at least m ust hav e a copy of the whole routing grid in its lo cal memory . 4.4 Results Several exp erimen ts hav e b een done and man y results ha v e b een tak en to see the p erformance of the algorithms introduced in this chapter. Now, w e will discus some

54 P ARALLEL ALGORITHMS FOR SHOR T NETS Figure 4.10: Rayleigh probability function. of these results. These results were taken on a single lay er grid using test data (nets) as input to our program. The test data generator program output random x and y co ordinates for netw ork terminals. The Manhattan distances of the nets ob ey the Rayleigh probabilit y function shown in Figure 4.10. If there is a tw o terminals net with co ordinates ( X 1 ; Y 1 ) and ( X 2 ; Y 2 ), then Manhattan distanc e = abs( X 1 � X 2 ) + abs( Y 1 � Y 2 ) W e implemen t our new tw o algorithms (MBA and RAA) with that of tw o other algorithms (HDP A and CP A) introduced by T ak ahashi [10] [11] to compare their p erformances. F our programs hav e b een implemen ted on the AP1000 parallel computer using C language. Although b oth HDP A and CP A are originally used line searc h to route the nets, w e use maze running algorithm in all the four programs to b e able to get an accurate comparison b etw een the parallelism inside the four programs. W e obtained b etter successful routing ratio by using maze running algorithm than the routing ratio rep orted in [10] using line search as shown in T able 4.3.

4.4. RESUL TS 55 T able 4.3: Routing ratio for CP A on 256 � 256 single la y er grid with av erage Manhattan distance 20 using 64 PEs. Number of nets 100 200 400 1000 2000 3000 Using maze 100% 100% 98% 83% 64% 53% Using line search [10] 100% 100% 97% 81% 61% 51% The follo wing results for all the four programs are taken on a single la y er grid with dimensions 1000 � 1000 using maze running algorithm. 4.4.1 E�ect of c hanging a v erage Manhattan distance The av erage Manhattan distance of the nets has a big e�ect on b oth HDP A and MBA. F or short a v erage Manhattan distance, most of the nets will b e routed in the �rst steps using most of the PEs. F or long a v erage Manhattan distance, most of the nets will b e routed in the last steps using less n um ber of PEs. This av erage Manhattan distance has less e�ect on b oth CP A and RAA as shown in Figure 4.11. In this Figure, we measure the routing time for di�eren t av erage Manhattan distance for 4000 nets. As we can see MBA is faster than HDP A for almost all di�eren t Manhattan distances and also MBA is faster than CP A for short av erage Manhattan distance less than 70. 4.4.2 E�ect of c hanging nets n um b er In order to kno w the e�ect of changing the num ber of nets on the di�erent algorithms, we measure the time for di�eren t nets n um ber with a �xed a v erage Manhattan distance (for example = 20). Nets num b er has a big e�ect on CP A b ecause it increases the num b er of messages. If the av erage Manhattan distance is small as in this case, then the routing PEs will route nets in a short time whic h will mak e o v erhead at the master PE b ecause many messages will arrive at the same time. Increasing nets num b er do es

56 P ARALLEL ALGORITHMS FOR SHOR T NETS Figure 4.11: Time against a v erage Manhattan distance for 4000 nets. not increase the time so m uc h in HDP A, MBA and RAA b ecause most of these nets will b e routed at �rst step b y all the PEs and the comm unication cost is indep endent of nets n um ber for these three algorithms. Figure 4.12 sho ws time against nets num ber for av erage Manhattan distance equal 20. 4.4.3 E�ect of changing b oth the nets n um b er and a v erage Manhattan distance together In Figure 4.13 we c hange b oth the av erage Manhattan distance and num ber of nets so that w e keep the total nets lengths ( av erage Manhattan distance � nets num ber ) constant equal to 200,000. F or example, if the av erage Manhattan distance is 10 then the nets num b er will b e 200,000/10 =20,000. As could b e seen CP A tak es a very long

4.4. RESUL TS 57 Figure 4.12: Time against nets num ber for av erage Manhattan distance equal 20. time for routing large num ber of short nets and it tak es shorter time for less num ber of nets with longer Manhattan distances. This c hanging of b oth Manhattan distance and num ber of nets has a less e�ect on RAA which gives the b est result among all the four algorithms. 4.4.4 Sp eedup Figure 4.14 sho ws the sp eedup of the di�eren t algorithms when routing 8000 nets with av erage distance 20. The sp eedup is calculated by dividing the routing time using only one PE by the the routing time using di�eren t num ber of PEs. RAA has the b est sp eedup among the four algorithms. MBA gives b etter sp eedup than b oth HDP A and CP A. Increasing the a v erage Manhattan distance of the nets improv es the sp eedup for CP A.

58 P ARALLEL ALGORITHMS FOR SHOR T NETS Figure 4.13: Time against nets num ber and av erage Manhattan distance with �xed total length. 4.5 Summary In this c hapter, tw o parallel routing algorithms for dividing a grid has b een introduced. Both of these algorithms are fo cused to decrease the routing time esp ecially for short nets. In the �rst algorithm (MBA), the whole grid area is �rstly divided to N partitions and eac h of these partitions is assigned to a pro cessor to route the nets in parallel. After that the whole grid is re-divided to M partitions suc h that each new b oundary is di�erent from the previous b oundaries of the N partitions. The second algorithm (RAA) consists of 2 phases. In the �rst phase, we exploit the parallelism in the space by assigning a partition to each pro cessor then w e mov e every partition to route all the nets shorter than a certain Manhattan distance. In the second phase, we exploit the

4.5. SUMMAR Y 59 Figure 4.14: Sp eed up against n um ber of PEs for 8000 nets with av erage distance 20. parallelism in the n um ber of nets using the comp eting pro cessors algorithm (CP A). Our new t w o algorithms (MBA,RAA) together with t w o other algorithms (HDP A,CP A) [10] [11] are implemen ted on the AP1000 computer (MIMD message passing parallel computer). The results prov ed that our new algorithms are faster than the other algorithms. The mo ving b oundaries algorithm (MBA), which is v ery easy to b e implemented, gives a go o d result sp ecially when routing large num ber of nets with short a v erage distance. The rotating areas algorithm (RAA) gives the b est results among the four algorithms for di�eren t av erage net distances and di�eren t nets num b ers. Although these algorithms are implemented for a single la y er grid, they can b e easily extended to b e used in multi-la y ers grid. But all the four algorithms (HDP A, MBA, RAA, and CP A) could b e used only for small size routing space problems. That is

60 P ARALLEL ALGORITHMS FOR SHOR T NETS b ecause these algorithms do not divide the required memory among the PEs. In some steps in these algorithms, one PE at least m ust hav e a cop y of the whole routing grid in its lo cal memory . Other algorithms which can b e used for a large size m ulti-la y er grid will b e explained in the next tw o c hapters.

Chapter 5 Amon: A parallel slice wire routing algorithm This chapter introduces a new parallel wire routing algorithm called Amon which can b e used for large scale multi-la y er la y out. Amon consists of tw o pro cesses: global and detailed. Both of these pro cesses are done sim ultaneously in t w o stages pip eline. The PEs are divided into global PEs and detailed PEs. W e use maze running algorithms and its mo di�cations for b oth global and detailed routing. In the global routing, the nets are divided among the PEs to route them in parallel. In the detailed routing, to ov ercome the problem of the large memory size required, the whole routing area is divided among the detailed PEs. W e divide the multi-la y er grid in to la y ers, divide each lay er into slices, and assign one or more slice to each detailed PE. The detailed PEs route nets, which has a non ov erlapping global paths, in parallel within their own slices. Dividing grid into lay ers increases the parallelization b etw een nets and decreases the num b er of vias used (higher routing qualit y). Dividing each lay er into slices decreases the communication cost b et w een PEs b y using few er messages. 61

62 AMON: A P ARALLEL SLICE WIRE R OUTING ALGORITHM 5.1 In tro duction In this chapter, a new parallel wire routing algorithm, whic h can b e used for large scale multi-la y er grid, is in tro duced. This router consists of tw o steps: Global and Detailed. In the global routing, we use maze running algorithm with di�erent costs. The nets are divided among the PEs to route them in parallel (nets parallelization). Parallel maze global routing using nets parallelization has a high degree of parallelism. On the other hand using large n um ber of PEs for global routing may decrease the routing qualit y . One of tw o metho ds can b e used to allo cate jobs to the PEs. The �rst metho d is to use all the PEs at �rst in the global routing un til they �nish this step, and then use all of them again for detailed routing. The adv an tage of this metho d is that it allo ws the PEs to make an ov erall optimization for global paths after �nishing the global pro cess and b efore starting detailed pro cess. The detailed pro cess alwa ys needs longer computation time than global pro cess. In the second metho d, the PEs are divided in to global PEs and detailed PEs. Both the global and detailed pro cesses are done simultaneously in t w o stages pip eline. This metho d has three main adv an tages: 1. It limits the bad e�ect of using large num b er of PEs on the routing quality of the parallel maze global pro cess (whic h uses nets parallelization) as only few of these PEs will b e assigned to the global pro cess and all the other PEs will b e assigned to the detailed pro cess. 2. It allo ws an interaction b et w een global and detailed routing pro cesses as will b e shown in the next c hapter. 3. It simpli�es the program for the PEs as each PE is resp onsible for either global or detailed pro cess. F or these adv an tages, we prefer to use the second metho d. Both global and detailed are done in some kinds of master-sla v es manner. One PE is used as a master and the other PEs are used as slav es for routing the nets. Figure 5.1 shows an example

5.1. INTRODUCTION 63 Figure 5.1: Allo cate the PEs to the global pro cess and detailed pro cess. of allo cating 16 PEs to the global and detailed pro cesses. In this example, 5 PEs are allo cated to the global pro cess (1 PE as global-master and 4 PEs as global-slav es), and 11 PEs are allo cated to the detailed pro cess ( 1 PE as detailed-master and 10 PEs as detailed-slav es). In the detailed routing, the mo di�ed maze running algorithm with di�erent costs is used to �nd the path for each net. T o ov ercome the problem of the large memory size required for using maze running algorithm for detailed routing, the whole routing area is divided among the detailed PEs. The e�ciency of parallelism dep ends on how to divide the whole routing space into partitions, and ho w to assign these partitions to the PEs. W e divide the multi-la y er grid into la y ers, divide each lay er into slices, and assign one or more slice to each detailed PE. The detailed-master PE chooses the nets which hav e a non ov erlapping global paths, the detailed-slav es PEs route these nets in parallel within their own slices. Dividing grid in to lay ers increases the parallelization b etw een nets and decreases the num b er of vias used (higher routing qualit y). Dividing

64 AMON: A P ARALLEL SLICE WIRE R OUTING ALGORITHM each la y er into slices decreases the communication cost b etw een PEs b y using fewer messages [39]. Maze running algorithm has a serious disadv an tage that previous routed net paths may prev en t the other nets from b eing routed later. A new metho d for detailed routing to ov ercome this disadv an tage will b e introduced in the next chapter. 5.2 Global routing In the global routing, the whole grid is divided in to partitions, and it is required to determine in whic h partitions each net will b e routed. This is done without knowing the exact path within eac h partition. W e de�ne glob al p ath for a net as the partitions in which this net will b e routed inside. Global routing is used to decrease the required time for detailed routing, to improv e the parallelization b etw een nets, and to obtain b etter routing quality (shorter wire length and few er vias). W e use maze running algorithm with di�eren t costs to �nd the global path for each net. The required memory to run maze algorithm for global routing is not so large b ecause it is prop ortional with num b er of partitions instead of num b er of grid p oin ts as in the case of detailed routing. Nets parallelization could b e used for global routing. In case of detailed routing, it is b etter to use space parallelization to reduce the required memory . Every global PE has a copy of the cost of all the partitions in its own (lo cal) memory . The cost mainly dep ends on the partition capacity (n um ber of av ailable tracks inside this partition). The global routing is done in a master-slav es manner using the comp eting pro cessing algorithm (CP A)[10]. One global PE is used as a master ( glob al-master ) and the other global PEs are used as slav es ( glob al-slaves ). A t the b eginning all the nets are lab eled by 0, which mean that no trails to route these nets is done yet. The global-master sends the capacities of all the partitions to the global-slav es, and assigns a net whic h has a lab el 0 to eac h global-slav e.

5.2. GLOBAL ROUTING 65 Global-slav es use maze running algorithm (and its mo di�cations) with di�erent costs to �nd the least cost global path for the nets. The cost of eac h partition dep ends mainly on the n um ber of av ailable trac ks (capacit y) inside this partition. The global-master estimates these capacities at the b eginning and up date the capacities (b y subtracting 1) of the partition lo cated on global paths. More accurate wa y to calculate partition capacities will b e introduced in the next c hapter. Our global routing has a restricted X and Y direction (only X direction is allo w ed for o dd lay ers and Y direction for even lay ers). Each global-slav e, after �nding the least cost path of its net, sends this path to the global-master which v eri�es whether this path exceeds the capacit y of any partition. If it exceeds then the master PE sends this net back to the sender global-sla v e with the latest accepted paths to reroute this net again after up dating partition costs. Otherwise, the global-master lab els this net by 1, sends its path to the detailed-master, adds this path to the latest accepted path list, up dates the partition capacities, and sends another net with the latest accepted paths to the sender global-slav e. T o decrease the communication cost b etw een global-master and detailed-master, the global-master sends the paths of the completed nets in groups instead of one by one. The global-master stores the accepted paths in a list, and sends this list to the detailed- master after completing certain num b er of nets. The algorithm for global-master is shown in Figure 5.2. The global-master uses an array of p oin ters whic h indicates the address of the last data (global paths) which was sent to every global-sla v e. The global-master uses this array to detect the latest accepted paths which must b e sen t to every PE. Figure 5.3 shows an example of this array in case that the num b er of global-slav es is equal to four. Although comp eting pro cessors algorithm (CP A) was originally in tro duced for detailed routing [10], CP A may su�er from large num ber of rerouted nets when it is used to p erform detailed routing [14]. In the detailed routing, if more than one PE use the same grid p oin t to route di�erent nets at the same time, then all of these nets except the �rst received one hav e to b e rerouted again. This is b ecause each grid p oint

66 AMON: A P ARALLEL SLICE WIRE R OUTING ALGORITHM Sort the nets in ascending order according to their Manhattan distance. Lab el all the nets by 0. F or each global-slav es do Send the capacities of all the partitions. Cho ose a net which has a lab el 0 Send the net iden ti�cation to the global-slav e. end for lo op: W ait until any message is received from any global-slav e. If the global-slav e �nd a path for its net. then If this path exceeds any of the partitions capacities. then Send the latest accepted paths to the sender global-slav e. Send the same net identi�cation to this sender global-sla v e. Up date the p ointer related to this sender global-slav e. Goto lo op. else lab el this net by 1. Add this net path to the list of latest accepted paths. Up date the p ointer of the last accepted path. Decrease the capacities of the partitions used by this path. Send this path to the detailed-master PE. end if else lab el this net by 2. end if If there is any other nets lab el b y 0 then Send the latest accepted paths to this sender global-slav e. Up date the p ointer related to this sender global-slav e. Cho ose one net lab el b y 0, lab el this net by 1. Send this new net identi�cation to the sender global-sla v e. else Send a message to this sender global-slav e to end its job end if If all the global-slav es end their jobs then end else goto lo op Figure 5.2: Algorithm for global-master.

5.2. GLOBAL ROUTING 67 Figure 5.3: Required memory for global-master PE. in the detailed routing can b e o ccupied by only one net. This is not the case for global routing where the routing is done on the base of the partitions instead of grid p oin ts. More than one PE could use the same partition at the same time for routing di�eren t nets under the condition that these net paths do not exceed the partition capacity . CP A do es not guarantee to �nd the least cost path for a net even when using maze running algorithm b ecause the partition costs may b e c hanged by other PEs during calculating this path. This side e�ect could b e decreased if the global-master tries to assign nets from di�eren t places to global-slav es at the same time. The global router has to detect in whic h lay ers and in which partitions within these lay ers each net will b e routed. W e assume that the n um ber of lay ers is already kno wn b efore routing. An example of tw o la y ers grid is shown in Figure 5.4a. Each lay er is divided into 36 partitions. The shaded area in Figure 5.4b indicates the output of the global router for the tw o terminals net (S and D). Two la y ers are assigned to

68 AMON: A P ARALLEL SLICE WIRE R OUTING ALGORITHM Figure 5.4: Global routing for a net the partitions which con tain net terminals (A8,B8,A30,B30) or path b ends (A12,B12). Only one la y er is assigned to the other partitions (A9,A10,A11,B18,B24). W e assign tw o lay ers to the partitions whic h contain net terminals to b e able to route nets like the example shown in Figure 5.5. In this example, it is required to route b oth nets A and B (Figure 5.5a). If there is only one la y er av ailable for all partitions and w e start by routing net A, then net B can not b e routed (Figure 5.5b). And if we start by net B, then net A can not b e routed (Figure 5.5c). But if there are t w o lay ers av ailable at the partitions which contain net terminals, b oth nets A and B can b e routed (Figure 5.5d). W e assign only one lay er for the other partitions to increase parallelism among nets during detailed routing. In the detailed routing, nets can b e routed simultaneously if their global paths hav e no common partitions. Figure 5.6 sho ws an example of 7 nets in which their detailed routing can b e done simultaneously .

5.3. DET AILED ROUTING 69 Figure 5.5: Con icting nets. 5.3 Detailed routing Although global routing has a restricted X and Y direction, detailed routing allows b oth X and Y directions on all lay ers. Without this p olicy some nets can not b e connected. As the global router assigns only one lay er at the middle part of the path, so tw o directions must b e av ailable on all lay ers during detailed routing to b e able to route nets like which sho wn in Figure 5.7. In any la y er, the direction for the global routing will b e the main (or preferred) routing direction for the detailed routing. In the detailed routing, the weigh ted maze running algorithm with its mo di�cations

70 AMON: A P ARALLEL SLICE WIRE R OUTING ALGORITHM Figure 5.6: Route more than one net sim ultaneously is used to �nd the path for each net. The weigh t (cost) of eac h grid p oint is mainly dep end on the direction. F or each lay er, The cost of propagation in the main (prefered) direction is less than the other direction. i.e. the cost of X direction on o dd lay ers is less than the cost of Y direction on the same lay er, and vice-versa for ev en lay ers. The cost of vias is muc h higher. In the detailed routing we implement b oth net parallelizm and space parallelizm Figure 5.7: Unrestricted direction for detailed routing.

5.3. DET AILED ROUTING 71 together. The whole routing area is divided among the detailed-slav es. The detailed- master choose the nets in which their global paths has no intersections and sends these nets to the detailed-sla v es. The detailed-sla v es route their assigned nets within their allo cated area. 5.3.1 Con v en tional previous w orks on parallel routing The e�ciency of parallelism dep ends on ho w to divide the routing space in to partitions, and how these partitions are assigned to the PEs. In most cases, the routing space is divided into partitions with equal areas, and ev ery PE will b e resp onsible for one partition. F or example, if we ha v e 2 lay ers grid with dimensions 1000 � 1000 and there are 16 PEs, then eac h partition will b e 2 � 250 � 250 as shown in Figure 5.8. T o route a net sho wn in Figure 5.9a, global routing detects �rstly in whic h partitions this net will pass (Figure 5.9b). F or parallel detailed routing, some researches [15] [40] lo cates virtual terminals on the b oundaries of the partitions as shown in Figure 5.9c. Then eac h PE can route the part of the path lo cated inside its partition indep enden tly of the other PEs (Figure 5.9d). This w a y is very fast and all PEs which share routing one net can work simultaneously without any dep endence or communication b etw een them. But, the main disadv an tage of this metho d is as follows: As it is very di�cult to �nd the ideal virtual terminals(Figure 5.9e), sometimes undesired paths (long with man y vias and b ends) will b e obtained due to the wrong c ho osing of virtual terminals (Figure 5.9f ). Some other researches route the net in a sequential manner (one partition after the other). The PE, which is resp onsible for the partition which con tains the source, starts propagation until it reac hes the b oundaries of its partition(Figure 5.10a). Then, this PE sends the costs of these b oundaries to its neigh b orho o ds which contin ue propagation until also reach the b oundaries of the next partitions(Figure 5.10b). These steps are rep eated (Figures 5.10c and 5.10d) until the propagation reaches to the destination

72 AMON: A P ARALLEL SLICE WIRE R OUTING ALGORITHM Figure 5.8: Divide the whole routing space in to square partitions. p oint (Figure 5.10e). This metho d can obtain a go o d net path but it uses many messages p er net and the parallelizm is p o or. The num b er of messages is prop ortional with net length. T o impro v e the parallelism, the propagation can start from all net terminals sim ultaneously . Also, more than one nets can b e routed in the same time (Figure 5.10f ) if these net paths do not share in any partition (global paths has no intersection). 5.3.2 Slice partitioning This section explains ho w to divide the routing space in to partitions and ho w to assign these partitions to the detailed PEs. Detailed PEs are assigned to the lay ers (dividing the m ulti-la y er grid in to la y ers). If we take the example of having 2 lay ers grid with dimensions 1000 � 1000 and 8 PEs for detailed routing, then 4 PEs are assigned to each

5.3. DET AILED ROUTING 73 Figure 5.9: Virtual terminals. lay er. Each la y er is divided in to slices instead of square areas (see Figure 5.11). Each slice length is equal to the grid dimension (1000 in this example), and each slice width is equal to grid dimension divided b y ( K � C ), where K is the num ber of detailed PEs assigned to this la y er (4 in this example) and C is the num ber of slices for one detailed PE (2 in this example). As the nets are not uniformly distributed, some parts from the grid are more condensed by nets than the others. Better load balance could b e obtained by assigning more than one slice (from di�eren t areas) to each PE. Odd (even) la y ers are divided into slices in X ( Y ) direction. Eac h slice is divided by virtual b oundaries into partitions. The virtual b oundaries are used to divide the memory of eac h PE into di�eren t parts. Virtual b oundaries for o dd lay ers are at the same p ositions as actual b oundaries for even lay ers and vise versa. By using virtual

74 AMON: A P ARALLEL SLICE WIRE R OUTING ALGORITHM Figure 5.10: Sequential partitions routing. b oundaries, we can hav e propagation for more than one net in the same slice at the same time if their global paths do not ov erlap in any partition. Increasing K � C decreases the slice width. This decreases the propagation area for detailed routing, and thus sp eeds up the detailed routing pro cessing. On the other hand, this makes the global routing more di�cult (n um ber of partitions b ecomes larger), and the successful connection ratio ma y b e decreased (if slices b ecome to o narrow).

5.3. DET AILED ROUTING 75 Figure 5.11: Detailed grid assignment 5.3.3 Algorithm of detailed routing This section explains ho w the detailed routing is done in parallel and how each detailed PE communicates with the others to route the nets. This is done in a master-slav e manner. W e exploit parallelism in b oth nets and space. The master PE chec ks if there is a net which has all the partitions on its global path marked free, sends this net identi�cation to the detailed PEs, marks the partitions on its global path as busy , and then deletes this net from the group. The detailed PEs, which hav e the partitions lo cated on this global path, work co op eratively together to �nd the detailed path for this net. Eac h PE �nds the part of the detailed path whic h lies within its slice and sends a message to the master PE to free the partitions used for routing this net. These steps will b e rep eated for all nets. Figure 5.12 sho ws an example of the detailed routing for one net. If the global path of this net is as sho wn in Figure 5.12a, the detailed routing is done as in the follo wing steps. 1. If all the partitions on the global path for this net are marked free, then the

76 AMON: A P ARALLEL SLICE WIRE R OUTING ALGORITHM Figure 5.12: Detailed routing for a net.

5.3. DET AILED ROUTING 77 master marks these partitions as busy , sends this net to P E 7 . 2. P E 7 sends the bit map of partition B7 to P E 2 . This bit map informs P E 2 of o ccupied grid p oints (by an y other nets or obstacles). P E 7 now can not use B7 but it can use any other partitions within its slice to route other nets. 3. P E 2 �nds a detailed path (using maze running algorithm) b etw een the source and the end of the global path within its slice (virtual b oundary b et w een A10 and A11). This detailed path consists of t w o parts: settled (A7, A8, A9) and temp orary (A10) (Figure 5.12b). 4. P E 2 sends bit map of B7 bac k to P E 7 , so P E 7 can now use this partition again in routing other nets. P E 2 sends message to the master PE to free partitions (B7, A7, A8, A9), sends the bit map of partition A10 to P E 10 . No w, P E 2 can not use partition A10 only for routing other nets. 5. P E 10 �nds a detailed path b etw een the receiv ed temp orary detailed path in A10 and the end of net global path within its slice (Figure 5.12c). 6. P E 10 sends bit map of A10 back to P E 2 , sends message to the master to free partitions (A10, B10, B16, B22), sends bit map of partition B28 to P E 5 , sends message to P E 12 to send bit map of B30 to P E 5 . 7. P E 5 �nds a detailed path b etw een the destination and the receiv ed temp orary detailed path (Figure 5.12d), sends bit map of B28 bac k to P E 10 and B30 back to P E 12 , sends a message to the master to free partitions (B28, A28, A29, A30, B30). As the master c hec ks whether all partitions on the global path of any net are free b efore sending this net to the detailed PEs, dead lo cks are nev er happ en. This also guarantees that only one net can b e routed in any partition in the same time. The partitions which contain temp orary paths could not b e used to route other nets un til this temp orary path will b e freed or settled. This is b ecause the part of this temp orary

78 AMON: A P ARALLEL SLICE WIRE R OUTING ALGORITHM path (which will b e freed later) may preven t another net to b e routed, so this net will b e mark ed as it could not b e routed though it may b e routed after this part b e freed. Although this may decrease the parallelizm but it decreases the num b er of failed routed nets. The main adv an tages of this technique are: 1. Decrease of the communication cost since the num ber of messages p er net is prop ortional with n um ber of vias instead of net length. 2. Improv e resulting routing paths by using less n um ber of vias. 3. Improv e parallelism by allowing large n um ber of nets to b e routed sim ultaneously . 4. obtain go o d paths for the nets (no virtual terminals). 5.4 Results Amon has b een implemented on AP1000 parallel computer and tested using 3 industrial MCM (multi-c hip mo dule) b enc hmarks 1 sho wn in T able 5.1. MCC1-75 (75 micron grid) consists of 6 chips, 765 I/O pins and con tains 799 signal nets, tw o p ow er and one ground net. There are 2496 pins total, 2043 of which are signal pins. There are numerous 3 to 7 pin nets. The p ow er and ground nets are not routed on the x and y lay ers, but are tied directly to the p ow er and ground planes. There are tw o chip fo otprints: 550 � 550 mils with 448 pins, and 330 � 330 mils with 272 pins MCC2-75 (75 micron grid) and MCC2-45 (45 micron grid) are a mo dels of the next generation sup ercomputer on a 6 x 6 inch substrate with 37 Honeywell VHSIC gate arrays and 18 high densit y connectors. The c hips are 1.5 x 1.5 cm. The net list contains 7118 signal nets and 14659 pins. 1 These data are av ailable via anonymous ftp from mcnc.org

5.4. RESUL TS 79 T able 5.1: MCM b enchmark chips nets pins grid size no. no. no. MCC1-75 6 802 2495 599 � 599 MCC2-75 37 7118 14659 2032 � 2032 MCC2-45 37 7118 14659 3386 � 3386 T able 5.2 sho ws a comparison b et w een the results of Amon and some sequential algorithms [41] [42] run on Sun SparcStation I I. As rep orted in [42], sequential 3D maze failed to pro duce a routing solution for MCC2-75 and MCC2-45 b ecause of its high memory requirement. Sequential slice router [41] also failed to pro duce a routing solution for MCC2-45. The routing ratios are rep orted as 100% for these sequential algorithms. Both 3D maze and Slice use one more lay er than our router. Amon obtained connection ratio of 97.5%, 98%, and 99% for MCC1-75, MCC2-75, MCC2-45 resp ectiv ely . The successful routing ratio of V4R only is b etter than Amon. Amon obtains 100% connection ratio for all these three b enchmarks when using one more la y er (the same lay er num b er as sequential 3D maze or sequential slice). Amon uses fewer vias and shorter wire length than all the other three sequential algorithms. This is mean that Amon could obtain b etter routing quality . T able 5.3 shows the sp eedup obtained by Amon using 32 PEs when comparing with di�erent sequen tial algorithms running on Sun SparcStation I I. Amon runs 272 times faster than sequential maze for MCC1-75. F or MCC2-75, Amon obtains 154 and 21 times sp eedup comparing with sequential slice and V4R resp ectiv ely . The num b ers of slices p er lay er are 30, 80 and 120 for MCC1-75, MCC2-75 and MCC2-45 resp ectively . T able 5.4 shows total routing time (global + detail) using di�erent n um ber of PEs. In our program, w e use at least one PE for each lay er plus master and global PEs. Also, as w e use maze algorithm, the total required memory for the whole routing space

80 AMON: A P ARALLEL SLICE WIRE R OUTING ALGORITHM T able 5.2: Comparison with some sequential algorithms on Sun SparcStation I I Program MCC1-75 MCC2-75 MCC2-45 Num b er of seq. 3D maze 5 - - lay ers used seq. slice 5 7 - seq. V4R 4 6 4 Amon 4 6 4 Unrouted nets Amon 20 (2.5%) 142 (2%) 70 (1%) Time (sec) seq. 3D maze 3540 - - seq. slice 720 29700 - seq. V4R 180 3960 5820 Amon (32 PEs) 13 193 324 T otal wire lo w er b ound 343767 5362181 8935372 length seq. 3D maze 397221 - - seq. slice 402258 5902818 - seq. V4R 394272 5559479 9130705 Amon (32 PEs) 382479 5498146 9051632 Num b er of seq. 3D maze 8794 - - vias seq. slice 6386 47864 - seq. V4R 6993 36438 36473 Amon (32 PEs) 2825 22823 19554 T able 5.3: Sp eedup of Amon (32 PEs) comparing with sequential algorithms Program MCC1-75 MCC2-75 MCC2-45 seq. 3D maze 272 - - seq. slice 55 154 - seq. V4R 14 21 18

5.4. RESUL TS 81 for MCC2-75 or MCC2-45 is muc h more than the a v ailable memory p er one PE. F or these t w o reasons, we could not calculate the sp eed up comparing with one PE, and we hav e to compare it with some minim um n um ber m of PEs whic h is 6, 10, and 6 for MCC1-75, MCC2-75, and MCC2-45 resp ectiv ely . W e de�ne parallelizability for n pro cessors as parallelizabilit y = m � T m =T n where T m : time using the minim um num ber ( m ) of PEs. T n : time using n PEs. Figure 5.13 shows the time against num b er of pro cessors for MCC1-75, MCC2-75, and MCC3-45 in a logarithmic scale. Figure 5.14 shows the parallelizability for di�eren t num b er of PEs. As could b e seen from these tw o �gures, Amon has a go o d scalability as the time is not saturated yet ev en though we use up to 300 PEs for b oth MCC2-75 and MCC2-45.

82 AMON: A P ARALLEL SLICE WIRE R OUTING ALGORITHM T able 5.4: P arallelization result no. of PES time time paralleliz- global detail total (sec) � PEs ability M S M S MCC1-75 0 1 1 4 6 62 372 6 1 2 1 8 12 32 384 11.63 1 2 1 12 15 25 375 14.88 1 2 1 20 24 16 384 23.25 1 3 1 24 29 14 406 26.57 1 4 1 40 46 11 506 33.82 1 6 1 60 68 9 612 41.33 1 13 1 120 135 7 945 53.14 MCC2-75 1 2 1 6 10 592 5920 10 1 5 1 12 19 316 6004 18.73 1 11 1 24 37 172 6364 34.42 1 14 1 30 46 150 6900 39.47 1 23 1 48 73 95 6935 62.32 1 28 1 60 90 85 7650 69.65 1 48 1 120 170 56 9520 105.7 1 78 1 240 320 40 12800 148 MCC2-45 0 1 1 4 6 1645 9870 6 1 2 1 8 12 830 9960 11.89 1 3 1 12 17 628 10676 15.72 1 4 1 16 22 474 10428 20.82 1 5 1 20 27 383 10341 25.77 1 7 1 24 33 324 10692 30.46 1 9 1 32 43 250 10750 39.48 1 11 1 40 53 210 11130 47 1 13 1 48 63 179 11277 55.14 1 17 1 60 79 145 11455 68.07 1 22 1 80 104 123 12792 80.24 1 33 1 120 155 95 14725 103.9 1 43 1 160 205 82 16810 120.4 1 58 1 240 300 67 20100 147.3 M:master , S:sla v e

5.4. RESUL TS 83 Figure 5.13: Time against n um ber of PEs in logarithmic scale. Figure 5.14: Scalabilit y .

Chapter 6 Mo di�cations of Amon In this chapter, we in tro duce t w o new mo di�cations of Amon to improv e the successful routing ratio to b e as the b est sequential algorithm. The �rst mo di�cation introduces new co op erative relation b etw een global and detailed routers. This co op erative relation allows the global PEs to get the actual num b er of a v ailable tracks ( c ap acity ) inside the partitions instead of estimating these capacities. The second mo di�cation is a new algorithm for detailed routing called maximum capacity algorithm ( max-c ap ). Max- cap algorithm �nds the maximum capacities for the slices, whic h are on the global path of the net, and routes eac h net within these slices b y a path whic h decreases eac h capacity by only one. The results show that using max-cap algorithm in the detailed routing obtains higher connection ratio than using maze running algorithm. In addition to improving the routing ratio, w e try to impro v e the sp eed and to decrease the communication cost b y introducing tw o phases algorithm (Amon2). In the �rst phase, we use the rotating area algorithm introduced in Chapter 4 to route short nets using only few messages. In the second phase, w e use the slice based grid partition algorithm in tro duced in Chapter 5 to route the rest of the nets. An impro v emen t in the sp eed is obtained by this merge without a�ecting the routing ratio. 84

6.1. INTRODUCTION 85 6.1 In tro duction In the previous chapter a parallel slice maze router, called Amon, has b een in tro duced. Amon has high degree of parallelism and go o d sp eed up comparing with the fastest sequential algorithm. On the other hand, Successful routing ratio for Amon is less than that for V4R (a sequen tial routing algorithm) [42]. In this c hapter, we introduce tw o new tec hniques to impro v e the successful routing ratio of Amon. By using these techniques, the routing ratio b ecomes almost the same like the b est sequential routing algorithm. Unfortunately these t w o techniques slightly decrease the parallelism and increase the computation time. The �rst tec hnique introduces a new co op erativ e relation b etw een global and detailed routers. This co op erativ e relation allows the global PEs to get the actual num ber of av ailable trac ks ( c ap acity ) inside the partitions instead of estimating these capacities. In many routers [13] [15], global routers hav e to estimate the capacity inside eac h partition b ecause these routers separate completely global from detailed routing pro cesses(lik e what we ha v e done in the previous c hapter). Although it is v ery hard to get complete accurate estimations, the accuracy of these estimations hav e great e�ects on the routing ratio. In this chapter, instead of estimating the capacities, the detailed router calculates the exact capacities of all partitions, and feeds these capacities bac k to the global router. The results show that to feed-bac k the capacity impro v es the successful routing ratio at the exp ense of longer computation time and less parallelization. The second technique is a new algorithm for detailed routing called maximum capacity algorithm ( max-c ap ). Maze running algorithm has a serious disadv an tage esp ecially for detailed routing that previous routed net paths may prev en t other nets from b eing routed later. Max-cap algorithm tries to ov ercome this disadv an tage. Max- cap algorithm �nds the maxim um capacities for the slices, whic h are on the global path of the net, and routes eac h net within these slices by a path whic h decreases eac h capacity by only one. Both max-cap and maze running algorithms are implemented on a parallel computer using MCM (Multiple Chip Mo dule) b enchmarks. The results

86 MODIFICA TIONS OF AMON show that using max-cap algorithm in the detailed routing obtains higher connection ratio than using maze running algorithm. On the other hand, max-cap algorithm is slightly slow er than maze running algorithm. In addition to improving the routing ratio, w e try to impro v e the sp eed and to decrease the comm unication cost. F or this purp ose, we combine b oth Amon and the rotating area algorithm into a tw o phases algorithm. In the �rst phase, we use the �rst phase of the rotating area algorithm introduced in Chapter 4 to route short nets using only few messages. In the second phase, w e use the slice based grid partition algorithm introduced in Chapter 5 to route the rest of the nets. An improv emen t in the sp eed is obtained by this merge without a�ecting the routing ratio. 6.2 Co op eration b et w een global and detailed routing In the previous chapter, the ow of data w as in one direction only from global PEs to detailed PEs without any feedback of data from detailed PEs to global PEs. The nets are divided into groups. The global PEs �nd the global paths for the nets within each group, then send these paths to the detailed PEs. The detailed PEs �nd the detailed path for each net within the partitions lo cated on the global path for this net. The global PEs hav e no information ab out these detailed paths and there is no wa y for the global PEs to kno w the exact partition capacities. The global PEs has to estimate these partition capacities. One metho d for this estimation is to initialize the b oundary capacit y as equal to the length of the b oundary b etw een t w o partitions, and decrease this capacity by one when a global path of any net crosses this b oundary . This metho d is simple, but in many cases it could not give the accurate capacit y . In this section, we will in tro duce a more accurate metho d to calculate the partition capacity .

6.2. COOPERA TION BETWEEN GLOBAL AND DET AILED ROUTING 87 6.2.1 Asp ects to b e considered while calculating a partition capacit y W e de�ne the partition capacity as the maxim um num b er of net paths that could b e drawn b etw een the left edge (left b oundary) and the righ t edge if the main routing direction of this partition is in X direction, or b etw een b ottom and top edges if the main routing direction is in Y direction. W e will consider only the case in which the main routing direction is the X direction b ecause the other case will b e almost the same. T o get the accurate capacity of a partition, the lo cations of all obstacles and the paths of the previous routed nets within this partition m ust b e known. Moreov er, the obstacles in the adjacen t partitions m ust also b e known b ecause the obstacles in one partition a�ects the capacities of the adjacent partitions. The following examples are given to illustrate the di�erent asp ects which m ust b e considered while calculating the partition capacity . Considering the b oundary capacit y only is not enough. The capacity within the partition itself m ust b e considered. Figure 6.1a shows an example of a partition whic h contains 8 terminals for 8 di�eren t nets. Although 4 nets hav e to cross eac h of the b oundaries in the X direction in all cases sho wn in Figure 6.1b,c and d, only 4 nets from 8 could b e routed in Figure 6.1b, all the 8 nets could b e routed in Figures 6.1c and 6.1d. There is also a space which can b e used to route another 2 nets in Figure 6.1d as indicated b y the dashed lines. Considering only the num b er of obstacles inside the partition is not enough to get the partition capacity , lo cations of these obstacles m ust also b e considered. F or example, the capacities for the partitions shown in Figure 6.2 are di�erent, though eac h of these partitions has 6 obstacles. F or example, the pins of the ICs decrease the capacit y in one routing direction more than the other direction. Routing a net ma y or may not decrease the capacit y of the partitions whic h con tain the terminals of this net. This is dep ends on how the detailed path of this net is drawn.

88 MODIFICA TIONS OF AMON Figure 6.1: Boundary capacity only is not enough. F or example, the capacity of the partition shown in Figure 6.3a will b e decreased by 1 if net A is connected as sho wn in Figure 6.3b, but it will not b e decreased if net A is connected as sho wn in Figure 6.3c. F or this reason, up dating the partition capacity for global routing m ust dep ends on ho w the detailed paths are drawn. The obstacles in one partition may a�ect the adjacent partitions. W e will call this e�ect as mutual e�ect b et w een adjacent partitions. This mutual e�ect must b e considered while calculating the o v erall cost for a path. In some cases, although all capacities of some adjacen t partitions are greater than zero, no detailed path could b e dra wn b etw een these partitions. In Figure 6.4a, there is no path b etw een T1 and T2 though each of the partitions has a capacit y equal to 3. Neglecting the mutual e�ect b et w een adjacen t partition will lead the global router to c ho ose a path which could not b e dra wn by the detailed router. W e ov ercome this problem b y making ov erlapping b et w een partitions while calculating the capacities as shown in Figure 6.4b. In this Figure, the o v erlapping step is equal to half of the partition length. By using this o v erlapping, the capacity of the second partition from the left b ecomes zero (see Figure 6.4b) which mean that there is no path b etw een net terminals T1 and T2.

6.2. COOPERA TION BETWEEN GLOBAL AND DET AILED ROUTING 89 Figure 6.2: Capacit y dep ends on lo cations of net terminals. Figure 6.3: Up dating capacity dep ends on detailed paths.

90 MODIFICA TIONS OF AMON Figure 6.4: Overlapping b et w een partitions.

6.2. COOPERA TION BETWEEN GLOBAL AND DET AILED ROUTING 91 6.2.2 Finding the actual partition capacity Now, w e will in tro duce a simple algorithm to �nd the actual capacit y for any partition. At the b eginning all the grid p oin ts are lab eled as either free or o ccupied. Occupied means that these p oints are representing obstacles, net terminals, or paths of the previous routed nets. Only free p oints could b e used for routing new nets. T o �nd the actual capacit y of a partition, we draw net paths one after the other from b ottom to top un til there is no more net paths to b e drawn. Each path is drawn through free p oints starting from the left edge and ending at the righ t edge. T o get the partition capacity of the example shown in Figure 6.5a, the algorithm chec ks the lab el of the p oints lo cated on the left edge, starting from b ottom to up. If any p oin t from these p oints is free, then this p oint will b e considered as it is visited from left and marked by L ( ) as sho wn in Figure 6.5b. The lo cation (address) of this p oint will b e stored in a p ointer. W e will call the grid p oin t which has its address stored in this p oin ter as the activ e p oint. The algorithm chec ks the adjacen t neigh b ors grid p oin ts to this activ e p oint in a certain order. This order, as shown in Figure 6.5c and T able 6.1, dep ends on the direction in which the presently active p oint has b een visited b efore. F or example, if the active p oint is marked by L ( ) which mean that it has b een visited from left, then the algorithm chec ks the adjacen t neighbors p oin ts in this order: 1:do wn, 2:righ t, 3:up. If any p oin t of these adjacent p oints is free, then the algorithm stops to chec k the other p oints, stores the address of this p oin t in the p ointer (this p oint will b e the activ e p oint instead of the previous p oint), lab els this p oin t by the direction of which it has b een visited from. In the example sho wn in Figure 6.5d the new active p oint is the righ t adjacent p oin t to the previous active p oin t which means that it has b een visited from left. Until arriving at the right edge as shown in Figure 6.5e, the algorithm contin ues to do the following steps: 1: chec ks the adjacent p oin ts to the activ e p oin t in the order dep ending on the direction in which the presently active p oint is visited as sho wn in Figure 6.5c, 2:considers the �rst free p oint from these adjacent p oints as the new active

92 MODIFICA TIONS OF AMON Figure 6.5: Finding the actual capacity of a partition.

6.2. COOPERA TION BETWEEN GLOBAL AND DET AILED ROUTING 93 T able 6.1: Order of chec king adjacen t p oints to the active p oin t. active p oint Order to chec k the adjacent p oints direction c hec k �rst chec k second c hec k third Left Do wn Right Up Down Righ t Up Left Right Up Left Do wn Up Left Down Righ t p oint, and 3: lab els this new activ e p oin t by the direction in whic h it has b een visited from. Arriving at the right edge means that one net path could b e dra wn as shown in Figure 6.5f. If all the adjacent p oints to any of the activ e p oin ts are not free, then the algorithm return back to the previous active p oint using the direction stored in the presently active p oint. T o �nd another net path, the algorithm searc hes again for the �rst free p oint on the left edge from b ottom (Figure 6.5g), chec ks the adjacen t p oints un til it arriv es at the right edge (Figure 6.5h). Then the second path could b e drawn as shown in Figure 6.5i. These steps will b e rep eated until no more paths could b e drawn as sho wn in Figures 6.5j, 6.5k and 6.5i. Three bits in the memory b e needed to store the status of eac h grid p oint. The grid p oint may take one of 6 cases ( 000:fr e e , 111:o c cupie d , 010:L eft , 011:Right , 100:Up , 101:Down ). The ow c hart to get the partition capacity is shown in Figure 6.6. 6.2.3 F eedbac k the actual capacit y to the global PEs In Amon, the PEs are divided in to global PEs which p erform global routing and detailed PEs which p erform detailed routing. The whole routing area is divided among the detailed PEs to decrease the required memory . The actual capacity of a partition dep ends on the detailed paths of previously routed nets and lo cations of obstacles and

94 MODIFICA TIONS OF AMON Figure 6.6: Flow c hart of �nding the actual capacit y .

6.2. COOPERA TION BETWEEN GLOBAL AND DET AILED ROUTING 95 net terminals inside this partition. Each detailed PE is the only PE whic h knows the detailed data of its assigned partitions. F rom this, w e can see that w e hav e the following situation: although the actual capacity will b e used by global PEs, the required data to calculate these actual capacities is o wned b y detailed PEs. There are tw o solutions to deal with this situation. The �rst one is to send all the data of the partitions from detailed PEs to global PEs. Then, global PEs will use these data in calculating the actual capacities. W e do not use this solution b ecause the amount of data required to represen t all the partitions is to o large. This solution will cause a h uge amount of comm unication and extra memory will b e required for global PEs. The second solution is to calculate the actual capacities using detailed PEs. Eac h partition capacit y is represented by only one in teger n um ber. Eac h detailed PE calculates the actual capacities of all of its assigned partitions, and then, sends a message whic h consists of few integer n um bers to the global-master PE. W e use the second solution b ecause it causes less communication cost than the �rst one, and it do es not need extra memory for global PEs. If the detailed PEs calculate the actual capacities after routing eac h net and feed them back to the global PEs, the global PEs will alw a ys hav e the accurate capacities. On the other hand, b oth the computation time and the communication cost will b e dramatically increased. T o compromise b etw een getting accurate capacit y and computation time, man y nets are collected together to form one group, and the actual capacities will b e calculated only after routing all the nets within each group. When the global PEs route one group, the global paths of this group will b e sen t to the detailed PEs. The detailed PEs �nd the detailed paths for this group, and then calculate the actual capacities of all partitions and send these capacities bac k to the global PEs to up date their capacities by actual data. The global PEs then start to route another group and so on until all the groups will b e routed as shown in Figure 6.7a. This means that only at the b eginning of routing eac h group, the global router will up date its capacities by the accurate (actual) v alues. Within the same group, after

96 MODIFICA TIONS OF AMON Figure 6.7: Alternating b etw een global and detailed routing. �nding the global path of a net, the global router will subtract one from the capacities of the partitions lo cated on this global net path. Figure 6.7b sho ws the case of the previous chapter in whic h there is no feedback from detailed PEs to global PEs. When the detailed-master PE receiv es global paths for any group, it will add these paths to the other nets paths which still unrouted from previous received groups. There is no need for the detailed-master PE to separate nets from di�erent groups. Dividing nets in to groups in this case do es not decrease the parallelization among nets in the detailed routing b ecause detailed-master PE do es not separate nets from di�eren t groups. Comparing Figures 6.7a and 6.7b shows that feedback increases the idle time for b oth global and detailed PEs. In fact the idle time for detailed PEs is muc h imp ortant than for global PEs for tw o reasons: 1: Number of detailed PEs is larger than the

6.2. COOPERA TION BETWEEN GLOBAL AND DET AILED ROUTING 97 num b er of global PEs. 2: The required time for detailed routing is usually longer than for global routing. This mean that the global PEs will �nish global routing for all nets, then they ha v e to wait until the detailed PEs �nish detailed routing. In Figure 6.7a, detailed PEs are w aiting until receiving the global paths of any group from the global PEs. T o decrease this idle time, each group is divided into several sub- groups. The global PEs send the global paths of each sub-group to the detailed PEs to start detailed routing earlier as shown in Figure 6.7c. Increasing num b er of sub-groups decreases the idle time but it increases the num ber of messages. Un-equal sub-groups strategy could also b e used in whic h the �rst sub-group will b e small, then the second sub-group will b e larger than the �rst, the third is larger than the second, and so on. The idle time could b e further decreased if global PEs start routing for group num ber m after receiving the actual capacit y of group num b er m � 2 (b efore receiving the actual capacity of group num b er m � 1) as shown in Figure 6.7d. Global PEs subtract one from the capacities (actual capacities of group m � 2) of the partitions which lo cated on the global paths of group n um ber m � 1. By this earlier starting, there is no idle time for detailed PEs (except at the b eginning during the global routing of the �rst sub-group). It is b etter not to increase this earlier starting for global PEs b y more than one group. This is b ecause the earlier starting for global routing may hav e some bad e�ect on the accuracy of the capacities used for global routing. In case of using feed-back, dividing nets into groups decreases the parallelization among nets. The detailed-master PE has to separate b etw een nets from di�erent groups. At the ends of eac h group, some detailed PEs will b e idle as there is no enough jobs for all PEs. Moreov er, if most of the nets within any group are concentrated in some partitions only , then the detailed PEs which are resp onsible ab out these partitions will b e hea vily loaded while the other detailed PEs will b e idle. This problem is known as load balance problem. Now, we will discuss three metho ds to ov ercome this problem: 1. Static load balance: The �rst solution is to consider the lo cations of nets while dividing them into groups. Eac h group m ust ha v e nets which are distributed on the whole routing area. The global-master chooses the nets in each group

98 MODIFICA TIONS OF AMON dep ending only on the lo cations of net terminals b ecause this c ho osing is done b efore �nding the global paths. Lo cations of net terminals only could not giv e an accurate equal distribution b ecause t w o nets with di�erent terminals lo cations may and may not share the same global partitions. The main adv an tage of this metho d is that it do es not increase the computation time of the whole routing pro cess. This is b ecause it do es not increase comm unication cost and the extra computation required by global-master is not so big. 2. Dynamic load balance: When the detailed-master received the global path of one group, it calculate the num ber of nets in each slice and re-assigns the slices to the detailed PEs. This solution can b e easily done in case of shared memory computer. But if the computer is message passing, as in our case, this solution will increase the comm unication cost as the whole data of the slices must b e transfered b et w een di�eren t PEs. Also extra memory space may b e required as some detailed PEs ma y ha v e more slices than the other detailed PEs. 3. If one detailed-slav e is idle, then this idle detailed-sla v e will take some slices from another detailed sla v e which has a high load. This solution increases b oth the computation time and communication cost, but it could obtain b etter load balance. W e use only the �rst metho d (static load balance) whic h pro vides some improv emen ts in load balance without any extra communication cost or computation ov erhead. The other tw o metho ds will b e considered in the future work. 6.3 Max-capacit y algorithm for detailed routing Although maze running algorithm has serious disadv an tage sp ecially for detailed routing that previous routed net paths ma y preven t the other nets from b eing routed later, it still gives higher connection ratio than man y other algorithms. Rip-up

6.3. MAX-CAP A CITY ALGORITHM FOR DET AILED ROUTING 99 and reroute hav e b een in tro duced to o v ercome this disadv an tage, but it needs long computation time. It is also di�cult to decide whic h nets ha v e to b e rerouted. This disadv an tage b ecomes more sev ere in our detailed router as w e assign only one lay er for some partitions. Figure 6.8a shows an example of 3 nets (A, B, and C). As there is only one la y er av ailable in the middle partitions, the shortest path for net A in this example will preven t the other nets from b eing routed later as shown in Figure 6.8b. Only one more net (B or C) can b e routed if net A is routed as shown in Figure 6.8c. All the three nets can b e routed if w e c ho ose the optimal paths shown in Figure 6.8d. Now, we will introduce a new algorithm, called max-c ap , for detailed routing whic h can obtain these optimal paths. Max-cap �nds the maxim um capacities for the slices, which are on the global path, and routes each net within these slices by a path whic h decreases each capacity by only one. The max-cap algorithm routes each net under the condition that this net path will not decrease an y partition capacity b y more than one. T o route a net using this algorithm, the global path for this net is divided into slices. Each slice consists of the partitions lo cated on the global path within the same lay er. F or example, the global path for the net sho wn in Figure 6.9 consists of tw o slices. The �rst slice contains the partitions A8, A9, A10, A11 and A12, and the second slice contains the partitions B12, B18, B24 and B30. F or eac h slice, we �nd the maxim um num b er of paths (capacity) which can b e routed b etw een the t w o edges of the slice as explained b efore. Then connect the net b y the nearest path from these paths. Figure 6.10 sho ws an example to explain ho w to get the slice capacity . In this example, 3 paths could b e drawn (Figure 6.10f ). These paths hav e a lot of unnecessary b ends and long length. T o impro v e the qualit y of these paths, delete the last dra wn path (�rst one from the top), �nd the shortest path which connects the left edge to the righ t edge and draw it (Figure 6.11a,b). Then, delete the next path, �nd the shortest one (Figure 6.11c,d), and so on. These op erations will b e rep eated for all paths (Figure 6.11). Note that w e can also stop these steps when arriving at any

100 MODIFICA TIONS OF AMON Figure 6.8: Previous routed nets may preven t other nets from b eing routed later in maze running algorithm.

6.4. AMON2: A TWO PHASES ALGORITHM 101 Figure 6.9: Global routing for a net terminal of net A which we wan t to route. A t the end, w e choose the nearest path from these paths to connect net A (Figure 6.11g). This path for net A do es not blo ck ed the other nets (B, C). 6.4 Amon2: a t w o phases algorithm As short nets tak e short time for routing, the ratio b etw een comm unication and computation for a message passing computer b ecomes worst even if only one message is used p er net. T o o v ercome this problem, we introduce a new router which consists of tw o phases with t w o di�erent grid assignment. Each phase consists of co op erativ e global and detailed routers. In b oth phases, we use the max-cap algorithm for detailed routing. The �rst phase is aimed to route all short nets using few messages, then the rest of the nets will b e routed in the second phase. In the �rst phase, we use the idea of rotating the assignment area for every PE as in the rotating area algorithm introduced in Chapter 4. W e mo di�ed the grid division of this algorithm to improv e the load balance. In the second phase, we use a slice based grid assignment introduced in Chapter 5. T able 6.2 shows the main features of the tw o

102 MODIFICA TIONS OF AMON Figure 6.10: Max-cap algorithm (�nd the maxim um slice capacity).

6.4. AMON2: A TWO PHASES ALGORITHM 103 Figure 6.11: Max-cap algorithm (impro v e the paths qualit y).

104 MODIFICA TIONS OF AMON T able 6.2: Two phases algorithm First phase Second phase Ob jective nets Short nets Long nets PEs pro cessing F or each partition, b oth global and detailed routing executed on the same PE. PEs are divided into global PEs and detailed PEs. Global algorithm Maze running algorithm with di�erent costs. Maze running algorithm with di�erent costs. Detailed algorithm Max-capacity algorithm. Max-capacity algorithm. Co op eration Co op erative global and detailed routing within the same PE. Co op erative global and detailed routing b e- tw een global PEs and detailed PEs. Parallel algorithm Rotating area algorithm. Global: Comp eting pro cessors algorithm. Detailed: Slice based grid assignment. Parallelism Global: Net parallelism. Detailed: Net parallelism. Global: Net parallelism. Detailed: Net and space parallelism. phases. 6.4.1 First phase (for short nets) As short nets take short time for routing, then the comm unication o v erhead should b e minimized. In this phase, we rotate the area assignment to each PE to route all short nets using only few messages as w e hav e done in the �rst phase of the rotating area algorithm introduced in Chapter 4. W e extent the rotating area algorithm for multi-la y er grid instead of single lay er, divide the routing pro cess in to global and detailed routing pro cesses to improv e the sp eed, use max-cap instead of maze running algorithm for detailed routing to impro v e the successful routing ratio, and mo dify the grid assignment to improv e load balance as will b e explained in this section. In this phase, global routing is used to decrease the computation time required for detailed routing.

6.4. AMON2: A TWO PHASES ALGORITHM 105 The routing pro cess is divided in to global and detailed pro cesses with co op erative relation b et w een them. Every PE executes b oth global and detailed routing pro cesses on all the nets within its assigned area. Every PE selects the nets whic h lie in its assigned area, sorts them in an ascending order according to their lengths, divides them into groups, and routes all the groups (b oth global and detailed) one after the other. The real capacities will b e calculated only after �nishing routing one group. Within the same group, the capacities are up dated b y subtracting one from the partitions on the global path. W e do not calculate the real capacity after routing each net to limit the computation time required for this calculation. As b oth global and detailed routing are done on the same PE, co op eration b et w een global and detailed do es not need an y comm unication cost. Moreov er, dividing nets into groups do es not decrease the parallelization in this phase. In this phase, the grid is divided among all PEs as shown in Figure 6.12a. There is a part of the routing area which is not assigned to any PE as indicated by the shaded areas in Figure 6.12. Consider that the width of this part is equal to S , the num b er of PEs is N 2 , and the grid dimensions are L � L � M , where M is the num ber of lay ers. Every PE is resp onsible for an area of d 2 � M , where d = ( L � S ) = N . If w e choose S = L= (2 N + 1) as in Chapter 4, then d will b e equal to 2 S , and all PEs will get equal areas during all the four steps as originally introduced in Chapter 4. The problem of load unbalance ma y happ en ev en if the nets are equally distributed. F or example, in the case of equally distributed grid, PEs in the last column in Figure 6.12b (PE8, PE16, PE24, ... ,PE64) ha v e m uc h load than the other PEs since there is a part of their assigned grid area which has not b een visited b efore. So the other PEs ha v e to wait for these 8 PEs till �nish their w ork. This will b e o ccured again for the PEs in the last ro w in Figure 6.12c and for PE57 in Figure 6.12d. This drawbac k could b e ov ercome by decreasing the v alue of S . Then d , which is equal to ( L � S ) = N , will b e larger than 2 S . In the �rst step, the assigned area to all PEs will b e equal to d 2 � M . In the second step, the area assigned to the PEs in the last column will b e (0 : 5 d + S ) � d � M which is smaller than the area assigned to the

106 MODIFICA TIONS OF AMON Figure 6.12: Dividing the routing area among PEs in the �rst phase. other PEs (which still equal to d 2 � M ). This di�erence in areas impro v es load balance b ecause it decreases the load for the PEs in the last column to b e equal to the load of the other PEs. In the third step, the area assigned to the PEs in the last row will also b e smaller than the area assigned to the other PEs. This phase ma y again su�er from the load unbalance in case of unequal distributed grid (short nets are concentrated in the areas assigned to few PEs). T o ov ercome this problem, the host will stop this phase and start the second phase if the num ber of active PEs b ecomes less than certain ratio from the total num b er of PEs ( 50% for example). Unequally grid partition strategy [40] may also b e used to impro v e the load balance,

6.4. AMON2: A TWO PHASES ALGORITHM 107 F or all PEs in parallel Mark all nets by 0 F or all the four directions Select the nets lo cated in its assigned area. Sort these nets in ascending order according to net length Divide these nets in to groups. F or all groups Calculate the actual capacity of the partition in the assigned area F or all nets inside this group and marked b y 0 Find global path Decrease capacities on the global path by one Find detailed path If detailed routing is succeeded for this net then mark this net by 1 end for all nets End for all groups Send data to y our neighbor in this direction Receiv e data from your neighbor in the opp osite direction End for all directions Send paths to the host. End for all PEs. Figure 6.13: The �rst phase program.

108 MODIFICA TIONS OF AMON but the memory size required by each PE will b e di�erent and comm unication cost and computation ov erhead will b e increased, so that we do not adopt this approach. 6.4.2 Second phase (for long nets) W e use the slice based grid assignment introduced in Chapter 5. PEs are divided into global PEs and detailed PEs. Max-cap algorithm is used for detailed routing. The co op eration (feedback the actual capacity) b et w een global and detailed routing pro cesses is also used. 6.5 Results Five programs sho wn in T able 6.3 ha v e b een implemen ted on AP1000 (MIMD, distributed memory parallel computer with torus netw ork [21]) using C language to examine the e�ectiveness of the algorithms describ ed in this Chapter. These programs hav e b een tested using 3 industrial MCM (multi-c hip mo dule) b enc hmarks 1 sho wn in T able 5.1 and 2 test data shown in T able 6.4. In generating the test data1 and data2, we write a program to generate nets with random X and Y terminals lo cations. The Manhattan distances of the nets ob ey the Ra yleigh probabilit y functions. Data2 has many sets of nets, eac h set has a di�erent a v erage Manhattan distance. F or all these sets, the total length of the nets within the same set( av erage net distance � nets num b er) is constant and equals to 2,000,000. 6.5.1 Successful routing ratio Maze v ersus max-cap Using max-cap algorithm gets higher successful routing ratio than the w ell known maze running algorithm. The n um bers of unrouted nets for MCC1-75, MCC2-75, MCC2-45, and data1 b ecome 3, 35, 7, and 8 resp ectiv ely when using max-cap algorithm, these 1 These data are av ailable via anonymous ftp from mcnc.org

6.5. RESUL TS 109 T able 6.3: Di�erent programs to determine algorithms e�ectiveness Detailed routing Capacity Num b er of phases Maze max-cap Without With One Two feedback feedback phase phases prog1 prog2 prog3 prog4 prog5 Maze : using maze running algorithm for detailed routing. max-cap : using max-cap algorithm for detailed routing. Without F.B : Detailed router do es not send the exact capacity to Global router. With F.B : Detailed router sends the exact capacity to the global router. One phase : Using only the second phase for b oth short and long nets. Two phases : Using �rst phase to route short nets then use the second phase for long nets. T able 6.4: T est data chips nets pins grid Lay ers Low er b ound no. no. no. size of wire length data1 32000 64000 3024 � 3024 4 9,600,000 data2 v ariable v ariable 1000 � 1000 4 2,000,000 T able 6.5: Time and n um ber of unrouted nets Number of PEs Lay ers prog1 prog2 prog3 prog4 prog5 G D T time unr. time unr. time unr. time unr. time unr. (sec) nets (sec) nets (sec) nets (sec) nets (sec) nets MCC1-75 14+1 48+1 64 4 9 20 10 3 10.5 3 13.3 0 13.8 0 MCC2-75 14+1 48+1 64 6 105 142 127 35 131 34 173 9 176 8 MCC2-45 10+1 52+1 64 4 179 70 246 7 251 7 316 0 322 0 data1 10+1 52+1 64 4 193 52 228 8 212 8 321 0 250 0 G: Global D: Detailed T: T otal unr. nets: unrouted nets

110 MODIFICA TIONS OF AMON num b ers are 20, 142, 70, and 52 resp ectively when using maze running algorithm. This improv emen t is done at the exp ense of execution time as sho wn in T able 6.5 (compare prog1 and prog2). Co op eration b etw een global and detailed routing Much more improv emen t in the successful routing ratio is obtained b y using actual capacity in the global routing. The num b ers of unrouted nets when using the actual capacity (prog4, prog5) b ecome 0, 9, 0 and 0 for MCC1-75, MCC2-75, MCC2-45 and data1 resp ectiv ely On the other hand, the computation time is increased b y the time required for calculating the actual capacities. Moreov er, dividing nets in to groups decreases the parallelism among nets as only few PEs are sim ultaneously working at the end of each group as sho wn in Figure 6.14 (prog4). 6.5.2 Using one phase algorithm v ersus t w o phases algo- rithm One phase algorithm In prog2 and prog4, w e use only the second phase to route b oth short and long nets. Short nets are �rstly routed as the nets are already sorted in ascending order according to their length. Figure 6.14 shows that the num ber of PEs which are simultaneously working for routing short nets is fewer than for long nets (few num ber of PEs are working at the starting of b oth prog2 and prog4). The communication cost for routing short nets is higher than for routing long nets as could b e seen from Figure 6.15. Tw o phases algorithm Using tw o phases algorithm (prog3 and prog5) increases the n um ber of PEs sim ulta- neously w orking in routing short nets (Figure 6.14), and decreases the communication cost as only few messages are used in the �rst phase to route all short nets (Figure 6.15).

6.5. RESUL TS 111 Figure 6.14: Num b er of PEs sim ultaneously working in routing data1. Figure 6.15: Num b er of messages (communication cost) in routing data1.

112 MODIFICA TIONS OF AMON Figure 6.16: E�ectiv eness of using tw o phases for di�erent net-lengths. Dividing nets in to groups do es not a�ect the parallelism in the �rst phase. Using t w o phases decreases the execution time without a�ecting the successful routing ratio. The execution time required to route data1 using only one phase (prog4) is 321 seconds whic h will b e decreased to 250 seconds when using tw o phases (prog5). As there is only few short nets in these MCM b enc hmarks, so using the �rst phase to route short nets do es not improv e the sp eed (T able 6.5). Another exp eriment has b een done using data2 to measure the e�ect of using t w o phases on di�erent net lengths. Figure 6.16 shows time against net length for b oth prog4 and prog5 using 64 PEs. Using tw o phases obtains b etter p erformance for shorter av erage Manhattan distance. 6.5.3 Scalabilit y Figure 6.17 sho ws the time against the num b er of pro cessors for routing MCC2-45 using prog5 in a logarithmic scale. There is a high degree of parallelism inside the program since increasing n um ber of PEs from 16 to 256 for MCC2-45 sp eeds up the program

6.5. RESUL TS 113 Figure 6.17: Time against num ber of PEs for MCC2-45. by 10 times. W e ha v e also a go o d scalability since the sp eed up is not saturated yet even though we use up to 256 PEs

Chapter 7 Conclusion A new parallel wire routing algorithm has b een introduced. This router consists of tw o phases with tw o di�erent grid assignmen ts to decrease the communication cost. The whole routing area is divided among the PEs to decrease the required memory for each PE. The �rst phase rotates the assignmen t area of every PE to route all short nets using only few messages. The second phase divides the grid into slices to increase the parallelism among nets and to decrease the n um ber of messages. A co op erative relation b et w een global and detailed routings is introduced to improv e the successful routing ratio. The nets are divided in to groups. After �nding the detailed paths for one group, the actual partitions capacities are calculated b y the detailed router to b e used for the global routing of the next group. A new algorithm for detailed routing called max-cap algorithm is also introduced to improv e the successful routing ratio. In this algorithm, the maxim um capacities for the slices are obtained, and eac h net is routed b y a path whic h decreases this capacity only by one. Max-cap algorithm obtains higher routing ratio than the w ell known maze running algorithm. Several programs are implemen ted on the AP1000 parallel computer and ev aluated using MCM b enchmarks. The results show that our router has a high degree of parallelism and low communication cost. Using the max-cap algorithm and the actual capacity (co op erative global and detailed) impro v es the successful routing ratio at the 114

115 exp ense of execution time as dividing nets into groups decreases the parallelism among nets. Using tw o phases decreases the comm unication cost and improv es parallelism without a�ecting the successful routing ratio. In the future w ork, w e will c hec k the follo wing p oints: � E�ect of using dynamic load balance on the sp eed of the Amon. This will increase the communication cost but it will improv e the load balance. � In Max-cap algorithm, to route each net, we �nd the maxim um n um ber of paths which can b e used to route this net and then choose one path for this net. This is meant that w e ha v e to recalculate maximum num ber of paths for eac h net. The sp eed of the program could b e improv ed if we collect more than one net which will b e routed within the same slice in a group, �nd the maximum num b er of paths in this slice, then c ho ose paths for all nets in this group. That is mean t to calculate maximum num b er of paths only once p er group. � Moving (c hanging) the b oundaries b etw een slices may also improv e the successful routing ratio. If a b oundary b et w een tw o slices is remo v ed (tw o slices b ecome one slice), a new path may b e found. W e will try to mov e the b oundaries b et w een slice by the same idea of the rotating area algorithm.

Bibliograph y [1] P . Banerjee, \P arallel Algorithms for VLSI Computer Aided Design", PTR Prentice Hall 1994. [2] R. V enk atesw aran and P . Mazumder, \Copro cessor Design for Multila y er Surface Mounted PCB Routing", IEEE T rans. on VLSI, V ol. 1, No. 1 March 1993, pp 31-45, 1993. [3] M.J.Lorenzetti and D.S.Baeder, \Ph ysical Design Automation of VLSI Systems", Edited b y B.T.Preas and M.J.Lorenzetti. [4] C. Y. Lee, \An algorithm for path connections and its applications", IRE T rans. on Electronic Computers, vol. EC-10, pp 346-365, 1961. [5] K.Suzuki, Y.Matsunaga, M. T ac hibana, and T. Oh tsuki, \A Hardware Maze Router with Application to In teractiv e Rip-Up and Reroute", IEEE T rans. on CAD, v ol. CAD-5, pp 466-476, 1986. [6] K. Suzuki, T. Ohtsuki, and M.Sato, \A Gridless Router : Softw are and Hardw are Implementation", VLSI 87, pp 153-163, 1987. [7] T. Y amauc hi, A. Ishizuk a, T. Nak ata, N. Nishiguchi, and N. Koik e, \PR OTON : A parallel router on an MIMD parallel machine", ICCAD, pp 340-343, 1991. [8] H. Date, Y. Matsumoto, K. Kimura, K. T aki, H. Kato, and M. Hoshi, \LSI-CAD Programs on Parallel Interface Machine", Pro c. In ternational Conference on �fth generation computer system 1992, pp 237-247, 1992. 116

BIBLIOGRAPHY 117 [9] H. Date and K. T aki, \A P arallel Lo ok ahead Line Search Router with Automatic Ripup and Reroute", Pro c The Europ ean Conference on Design Automation, pp 117-121, 1993. [10] Y. T ak ahashi, \Parallel automated wire routing with a num b er of comp eting pro cessors", International Conference on Sup ercomputing, ACM v ol.18, Number 3, pp 310-317, 1990. [11] Y. T ak ahashi, \Parallel maze running and line searc h algorithms for LSI CAD on binary tree multiprocessors", W ord conference on information/comm. Seoul 89, pp 128-136, 1989. [12] Y .W on and S. Sahni, \Maze routing on a hypercub e multiprocessor computer", Pro c. Int. Conf. Parallel Pro cessing, pp 630-637, 1987. [13] O.A.Olukotun and T.N.Mudge, \A preliminary inv estigation into parallel routing on a h yp ercub e computer", Pro c. Design Automation Conf.78, pp 814-820, 1987. [14] H. Keshk, S. Mori, H. Nak ashima and S. T omita, \A new tec hnique to improv e parallel automated single lay er wire routing", Pro c. P erformance ev aluation of parallel systems 1993, PEPS’93, pp 134-141, 1993. [15] Shimamoto, Hane, Shirak a w a, Tsukiy ama, Shino da, Y ui and Nishiguchi, \A distributed routing system for m ultila y er SOG", Pro c. of EURO-D A C 92, pp 298- 303, 1992. [16] D.I.Moldov an, \Parallel Pro cessing F rom Applications to Systems", Morgan Kaufmann Publishers, 1993. [17] G.Langholz, J.F rancioni, and A.Kandel, \Elements of Computer Organization", Publisher: Prentice-Hall Inc., 1989. [18] J.M.Ortega, \In tro duction to Parallel and V ector Solution of Linear Systems", Publisher: Plenum Press, Newyork, 1988.

118 BIBLIOGRAPHY [19] Kai Hw ang, \Adv anced Computer arc hitecture with parallel programing", Pub- lisher: McGraw-Hill, Inc., Preliminary edition 1993. [20] S.A.Wiliams, \Programming Mo dels for Parallel systems", Publisher: John Wiley & Sons Ltd, 1990. [21] H.Ishihata, T.Horie, S.Inano, T.Shimizu, S.Kato, and M.Ikesak a , \Third generation message passing computer AP1000", In ternational symp osium on sup ercomputing, pp 46-55, 1991. [22] T.Ohtsuki, \Maze running and line search algorithms", La y out design and veri�cation 1986, North-Holland , pp 99-131 , 1986. [23] M. Hanan, \On Steiner’s problem with rectilinear distance", SIAM Journal of Applied Mathematics, 14, pp 255-265, Marc h 1966. [24] F. Hw ang, \An O(nlogn) algorithm for sub optimal rectilinear Steiner trees", IEEE T rans. on Circuits and Systems, CAS-26, pp 75-77, 1978. [25] S.B.Akers, \Routing", Design Automation of Digital systems: Theory and T ec hniques, vol. 1, pages 283-333, Pren tice Hall, Editor: M.A.Breuer, 1972. [26] T.W atanab e, H.Kitazaw a, and Y.Sugiyama, \A parallel adaptable routing algo- rithm and its implementation on a tw o dimensional array pro cessor", IEEE T rans. on Computer aided design, V ol. CAD-6, No. 2, pp 241-250, 1987. [27] K.Mik ami and K.T abuc hi, \A computer program for optimal routing of printed circuit connections", IFIPS Pro c., v ol. H47, pp 1475-1478, 1968. [28] D.W.Highto w er, \A solution to line routing problem on a continous plane", Pro c. 6th Design Automation W orkshop, pp 1-24, 1969. [29] J. H. Ho el, \Some V ariations of Lee’s algorithm", IEEE T rans. on computer v ol. C-25, pp 19-24, 1976.

BIBLIOGRAPHY 119 [30] J. Soukup, \F ast maze router", Pro c. Design Automation Conf. 78, pp 100-102, 1978. [31] J. Soukup, \Maze router without a grid map", ICCAD 92, pp 382-385, 1992. [32] S.B.Akers, \A mo di�cation of Lee’s path connection algorithms", IEEE trans. on Electronic Computers (short notes), vol. EC-16, pp 97-98, 1967. [33] E. S. Kuh and M. Marek-Sadowsk a, \Global Routing", Lay out design and veri�cation 1986, North-Holland , pp 169-198, 1986. [34] M. Burstein and R. Pela vin, \Hierarchical wire routing", IEEE T rans. on Computer Aided Design, CAD-2, pp 223-337, 1983. [35] M. Marek-Sadowsk a, \Global router for gate arra y", IEEE pro c. In t. Conf. on Computer Design 84, pp 332-337, 1984. [36] R.J.Brouw er and P .Barerjee, \PHIGURE: A Parallel Hierarchical Global router", Pro c.27th Design Automation Conf., pp 360-364, June 1990. [37] J.Rose, \Lo cusroute: A P arallel global router for standard cells", Pro c. Design Automation Conf. 88, pp 189-195, 1988. [38] J.Rose, \Parallel global routing for standard cells", IEEE T rans. Computer-aided Design, pp 1085-1095, Oct. 1990. [39] H. Keshk, S. Mori, H. Nak ashima and S. T omita, \A P arallel Slice Maze Router", International Symp osium on Fifth Generation Computer Systems 1994, FGCS94 LSI-CAD, W6 pp 67-73, 1994 [40] M. Go da, N. T o y ama and T. W atanabe, \A parallel detailed router TRED", Pro c. of T ransputer/Occam Japan 1994. [41] Kei-Y ong Kho o and J. Cong, \A fast multila y er general area router for MCM designs", IEEE trans. on Circuits and Systems, V ol. 39, No. 11 Nov 1992, pp 841-851. 1992.

120 BIBLIOGRAPHY [42] Kei-Y ong Kho o and J. Cong, \An e�cient multila y er MCM router based on four via routing", D A 30, pp 590-595, 1993. [43] H. Keshk, S. Mori, H. Nak ashima and S. T omita, \Amon : A parallel slice algorithm for wire routing", Pro c. In ternational Conference on Sup ercomputing 1995, ICS’95, pp 200-208, 1995.

List of Publications b y the Author Ma jor publications [1] H. Keshk, S. Mori, H. Nak ashima and S. T omita, "A new technique to impro v e parallel automated single lay er wire routing", Pro c. P erformance ev aluation of parallel systems 1993, PEPS’93, pp 134-141, 1993. [2] H. Keshk, S. Mori, H. Nak ashima and S. T omita, "A Parallel Slice Maze Router", Pro c. International Symp osium on Fifth Generation Computer Systems 1994, FGCS94 LSI-CAD, W6 pp 67-73, 1994 [3] H. Keshk, S. Mori, H. Nak ashima and S. T omita, "Amon : A parallel slice algorithm for wire routing", Pro c. In ternational Conference on Sup ercomputing 1995, ICS’95, pp 200-208, 1995. [4] H. Keshk, S. Mori, H. Nak ashima and S. T omita, "A tw o phases, co op erativ e de- tailed/global parallel wire routing algorithm", Submitted to T rans. of Information Pro cessing So ciety of Japan. [5] H. Keshk, S. Mori, H. Nak ashima and S. T omita, "Amon2: A parallel wire routing algorithm on a torus netw ork parallel computer", Accepted in International Conference on Sup ercomputing 1996. 121

122 Oral Presen tations Oral Presen tations [1] H. Keshk, S. Mori, H. Nak ashima and S. T omita, "A new technique to impro v e parallel automated single lay er wire routing", Pro ceeding of the Second P arallel Computing W orkshop 1993, Kaw azaki, Japan, PCW93, pp P1R1- P1R8. [2] H. Keshk, S. Mori, H. Nak ashima and S. T omita, "A Parallel Automated Wire Router", T ec hnical rep ort of IEICE, SWOPP 94, CPSY94-43, pp 17-24, 1994. [3] H. Keshk, S. Mori, H. Nak ashima and S. T omita, "A Parallel Router on AP1000", Pro ceeding of the Third P arallel Computing W orkshop 1994, Ka w azaki, Japan, PCW94, pp P2Q1- P2Q8.