
An FPGA-based syntactic parser for real-lifealmost unrestricted context-free grammarsCristian Ciressan1, Eduardo Sanchez2, Martin Rajman1, and Jean-C�edricChappelier11 Computer Science Dept., LIA, CH-1015 Lausanne, Switzerland2 Computer Science Dept., LSL, CH-1015 Lausanne, SwitzerlandSwiss Federal Institute of TechnologyAbstract. This paper presents an FPGA-based implementation of asyntactic parser that can process languages generated by almost unre-stricted real-life context-free grammars (CFGs). More precisely, we studythe advantages o�ered by a hardware implementation of a parallel ver-sion of an item-based tabular parsing algorithm adapted for word latticeparsing. A description of the parsing algorithm and of the associatedhardware design is provided. A method called tiling, that allows a bet-ter processor and I/O bandwidth exploitation is introduced. Finally, anevaluation of the design performance on real-life data is given and themeasured 244 speed-up factor makes our design a promising solution forNatural Language Processing applications, for which parsing speed is animportant issue.1 IntroductionE�cient parsing is an important element in most NLP applications, especiallyfor those with strong real-time and/or data-size constraints. Typical examples ofsuch applications include advanced Information Retrieval [7, 8], Text Mining [5,6], and the design of vocal interfaces. In such cases parsing can either enhanceperformance by integrating more syntactic knowledge about the language orallow a better integration of syntactic processing with speech recognition.As far as context-free languages are concerned, VLSI implementations, basedon 2D-array of processors have been proposed, both for the CYK [2] and theEarley [3] parsing algorithms. Although these designs meet the usual VLSI re-quirements (constant-time processor operations, regular communication geome-try, uniform data movement), the hardware resources they require do not allowthem to accommodate unrestricted real-life context-free grammars used in large-scale NLP applications1. In previous contributions [11, 12], we have proposed twoFPGA-based implementations of the CYK algorithm [4] that can process real-lifeCFG. We choose the FPGA technology because it provides hardware designerswith 
exible and rapid system prototyping tools and also because, in the nearfuture, it is expected to �nd FPGA components in general-purpose processors.1 for instance, the CFG extracted from the SUSANNE corpus [1] used in our experi-ments contains 1,912 non-terminals and 66,123 grammar rules.



The main advantages of our previous designs were: (1) their ability to parseword lattices, which makes them better adapted for integration within speech-recognition systems, (2) their scalability, and (3) a 30 speed-up factor [12] whencompared against a software implementation of the CYK algorithm. On the otherhand, the weak points of the these designs were: (1) the fact they require CFGswritten in Chomsky Normal Form (CNF), (2) a low average processor load and(3) a low average I/O bandwidth exploitation. These di�erent drawbacks areaddressed in this paper, and a new implementation is proposed. The new designis based on a general item-based chart parsing algorithm (an enhanced versionof the CYK algorithm [10, 13]) that allows the processing of almost unrestrictedCFGs. A better load of the processors and exploitation of the I/O bandwidth isobtained with a method called tiling. Among other improvements on the previousdesigns, we mention a simpler initialization procedure, and a faster processorimplementation.2 The general item-based chart parsing algorithm forword lattice parsingThe implemented parsing algorithm is designed to process non partially lexi-calized CFGs, a subclass of CFGs (henceforth denoted as nplCFG) in whichterminal symbols, i.e. words, only occur in rules of the form X ! w1w2:::wn,(called lexical rules). For our design, the restriction to nplCFGs is very usefulas it allows to restrict the processing of lexical rules to the initialization steponly, which takes place outside the FPGA chip in the on-board general-purposeprocessor. In addition, to further increase the e�ciency of the hardware imple-mentation, we restrict to nplCFGs without chain rules (though this is not arestriction of the general item-based chart parsing algorithm, it strongly simpli-�es the FPGA design).As the implemented algorithm is a tabular item-based parsing algorithm, thesyntactic trees associated with an input sequence w1 : : : wn are represented inthe form of sets of elements called items stored in a table (henceforth called thechart). More precisely, if wij = wiwi+1 : : : wi+j�1 denotes the subsequence ofw1 : : : wn, of length j and starting with wi, the cell at row j and column i in thechart, contains the following two sets of items:{ a set N1i;j of all non-terminals X that can derive wij , de�ned as:N1i;j = fX 2 N : X )? wijg2{ a set N2i;j de�ned as:N2i;j = f�� : 9� 2 N+; 9(Z ! ��) 2 R, s.t. (� )? wij)g3 which is the setof all sequences of non-terminals that can derive wij .2 Where N is the set of non-terminals of the grammar and � )? � indicates thatthe sequence � can be obtained from the sequence � by applying a �nite number ofrewriting rules.3 Where R is the set of the rewriting rules contained in the grammar and N+ standsfor the set of all non-empty, �nite, sequences of elements from N .



The implemented parsing algorithm is then de�ned as follows:1: for j = 1 to n do2: for i = 1 to n� j + 1 do3: N1i;j = fX : X 2 N; (X ! wij) 2 Rg4: N2i;j = fX� : X 2 N; 9� 2 N+; 9(Z ! X�) 2 R, s.t. X ! wijg5: for j = 2 to n do6: for i = 1 to n� j + 1 do7: for k = 1 to j � 1 do8: N1i;j = N1i;j SfX : X2N; 9(��2N2i;k); 9(Y 2N1i+k;j�k) s.t. (X ! �Y )2Rg9: N2i;j = N2i;j Sf�X� : 9(��2N2i;k); 9(X2N1i+k;j�k); 9(�2N+) s.t.9(Z ! �X�)2R)gSfX� : X 2 N1i;j ; 9� 2 N+ s.t. (Z ! X�) 2 RgThe lines 1-4 correspond to the initialization step and the lines 5-9 correspondto the subsequent �lling-up of the chart. When processing word lattices theinitialization step is adapted in the same way as discussed in [11, 12].3 The FPGA DesignOur new design is similar as interface to the external world with our previousdesigns [11, 12]. Basically, around the FPGA we have a memory that storesthe chart and several memories storing identical copies of the CFG for processorlookup. Around each grammar memory we can cluster several processors in orderto ensure optimal grammar memory utilisation. Indeed the utilisation of thegrammar memories depends on the grammar characteristics and for this reasonthe possibility to con�gure the number of processors is an important featureof our design. The number of processors can be adjusted by "pro�ling" thegrammar.The main di�erences with the previous designs are (1) we can deal withnplCFG (see section 2) not only CNF CFGs and (2) a more e�cient task distri-bution on the processors.As in the previous designs, the low average processor load and I/O bandwidthexploitation were a direct consequence of the data-dependencies imposed by theCYK algorithm, we solved this problem by splitting big chunks of data to beprocessed in smaller parts, called tiles. In the new design, the tiles are distributedover the processors leading to a much more e�cient load distribution. Thus,almost all processors are kept busy almost all the time and I/O bandwidthexploitation is also improved due to the continuous reading and writing of theprocessing results.4 Design PerformanceThe performance measurements presented in this section were based on a gram-mar extracted from the SUSANNE corpus. The FPGA used for synthesis is a



Xilinx Virtex 2000efg1156 that allowed us to connect 16 grammar memories(databus of 16 bits) for grammar lookup. A number of 16 processors were usedfor this benchmark (one processor per grammar memory).In order to determine the maximal clock frequency at which the system works,the design was synthesized (with LeonardoSpectrum v2000.1a2) and Placed&Routed(with Design Manager (Xilinx Alliance) Series 2.1i) in the FPGA. The resultingsystem uses about 60% of the FPGA and was benchmarked (with ModelSimSE-EE 5.4c) at a clock frequency of 60 MHz.The software used for comparison is a C implementation of the same parsingalgorithm run on a SUN station (ultra-sparc 60) with 1 processor at 360 MHz.For comparison, 2,022 sentences were parsed and validated (the hardware output
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Fig. 1. Hardware speedup. Average over at least 100 sentences for each sentence length.was compared against the software output to detect mismatches). The sentenceshad a length ranging from 3 to 15 words and were all taken from the SUSANNEcorpus. The average speedup factor was of 244 and �gure 1 shows its evolutionas a function of the sentence length.As the produced parse forest was dynamically made available at the outputof the hardware, it was also important to determine the data-rate at which anexternal interface should collect the data in order not to create a bottleneck inthe system at this point. The tests showed that the required transmission ratewas less than 132 Mbyte/s, which can be achieved with a PCI interface.5 ConclusionsA design implementing an enhanced version of the CYK algorithm for the parsingof word lattices with almost unrestricted CFG has been presented.The main conclusions of this work are: (1) in the CYK framework, data-dependencies are the main reason for low processor load; (2) task distribution,as implemented through the tiling mechanism in our design, strongly contributes
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