Detecting Sequential StructureCraig G. Nevill-Manning and Ian H. WittenUniversity of Waikato, Hamilton, New Zealand. {cgn, ihw}@waikato.ac.nzAbstract. Programming by demonstration requires detection and analysis of sequential patternsin auser�s input, and the synthesis of an appropriate structural model that can be used forprediction. This paper describes SEQUITUR, ascheme for inducing astructural description of asequence from asingle example. SEQUITUR integrates several different inference techniques:identification of lexical subsequences or vocabulary elements, hierarchical structuring of suchsubsequences, identification of elements that have equivalent usage patterns, inference ofprogramming constructs such as looping and branching, generalisation by unifying grammarrules, and the detection of procedural substructure., Although SEQUITUR operates with abstractsequences, a number of concrete illustrations are provided.Key Words. PBD, sequence learning, grammatical inferenceImperative programming involves the specification ofa sequential series of elementary activities.Consequently, one might imagine programming-by-demonstration (PBD) to proceed by demonstrating asequence of actions to an agent and having it pick upthe sequence, predict its continuation, and execute thecorresponding sequence of actions automatically. Itseems that a core part of PBD is concerned with theinference of structural descriptions of sequences fromexamples, that is, the inference of intentional sequencedescriptions from extensional ones.However, a survey of actual PBD systems�say theones documented in Cypher et al. (1993)�reveals aremarkable void in the area of sequence inference.Some that do attempt to infer sequential structure, likeTELS (Witten and Mo, 1993), embody rather trivialmodels of sequence structure that break down inrealistic situations. The inference and prediction ofsequences is a key concern of text compression, butcurrent compression algorithms, whether macro-basedor statistically-based, attempt to capture only simplerepetitive lexical properties of sequences (Bell et al.,1990). Work on grammatical inference is concernedwith abstracting more complex structure fromsequences, but tends to be preoccupied with theproblem of finding a grammar that covers severalindependent examples from a single source (Angluinand Smith, 1983, Berwick and Pilato, 1987), and themethods used do not transfer to the detection ofstructure in a single, undifferentiated, behavioursequence. Finally, the small amount of machinelearning research on the sequence inference problemhas produced systems (like SPARC/E, Dietterich andMichalski, 1986) that do not prove useful in practice,or ones (like TDAG, Laird and Saul, 1994) that arenaive compared with contemporary compressionmodels.SEQUITUR is a scheme for inducing a structuraldescription for a sequence from a single example. Thesequences are abstract ones, and in the context of PBDare intended to represent series of concrete actions.Lacking a source of actual PBD sequences to serve astest material, a number of other kinds of examplesequences have been used: a large sample of ordinaryEnglish, program text, strings created from L-systemgrammars, and sequences of actions generated by asorting program.The first step is lexical: combining neighbouringindividual terminal symbols to produce higher-levelsymbols. Unlike traditional lexical analysis, however,this is done in a recursive manner, leading to apotentially highly-structured, compact, description ofthe sequence in terms of a hierarchical decompositioninto �rules.� This yields a sort of recursively-structured vocabulary for the sequence. The next stepis to generalise the token sequence so generated. Thiscan be done in several different ways. One is toidentify symbols that are equivalent in their usagepatterns�ones that tend to be preceded and/or followedby the same strings. Another is to locateprogramming constructs such as loops and branches inthe token sequence. A third is to generalise thehierarchical decomposition rules by seeking patternsthat allow different rules to be unified. And finally, ifthe sequence is sufficiently noise-free, it may bepossible to detect procedural structure in it, and evenlocate recursive procedures.1 Hierarchically structured vocabularyThe simplest kind of sequential structure is therepetition of a string of symbols. In natural language,these strings include roots, affixes, words and phrases.In programming by demonstration, they represent sub-tasks within the overall task. Sequitur�s first step is toidentify these phrases and restate the sequence in terms of this new vocabulary.Finding phrases. SEQUITUR’s operation is bestexplained using an example. The sequence abcdbccontains the repeated sequence bc. Figure˚1a showshow bc is replaced by a non-terminal symbol A, and anew rule for A is added to the grammar. When repeatedsequences contain smaller repeated sequences, the rulesform a hierarchy. If the sequence abcdbc is repeated,say in the sequence abcdbceabcdbc, a new rule is addedto the grammar, and is expressed in terms of theexisting rule A (Figure˚1b). This hierarchy describesthe original sequence more compactly.Figure˚2 shows the hierarchies from severalsequences. Each bar represents a rule, and a characterrepresents a terminal symbol. For example, Figure˚2arepresents the second sequence from Figure˚1(abcdbceabcdbc). The top line is rule S, consisting ofa black bar for each instance of B. The next lineshows how rule B consists of two instances of rule A(dark grey bars), and the bottom line shows theoriginal sequence.A similar hierarchy can be built for longer sequences.Far from the Madding Crowd1 by Thomas Hardyconsists of 768771 characters of English text. Thegrammar formed from this sequence has 26477 rules,the first one being 131416 symbols long. Figure˚2bshows a short excerpt from the book, and illustrates

1 file book1 of the Calgary compression corpus, available fromftp.cpsc.ucalgary.ca in directory pub/projects/text.compressionhow it is represented hierarchically (tildes representspaces). The top row of black bars shows that thephrase what may be called a small silver clock isdivided into words and phrases: what, may be, called, asmall, s, ilver, clock. The word called is furtherdivided into the root call and the suffix ed, and thephrase may be is divided into two words. Althoughthe method frequently identifies words, it fails to keepsilver as one word, and a small is divided into a˚s andmall.Figure˚2c shows the hierarchy for a portion of a 1487line (39611 character) C program.2 The for statementfor ( code = 255; code >=0; code— — ) is divided intofor˚( and the initial assignment, the loop variable,comparison operator, 0 and the decrement operation,and finally the closing parenthesis. On the secondrow, the leftmost rule is split into for˚( followed bythe loop variable code, then the assignment. On thethird row, the reserved word for is separated from theopening parenthesis. The hierarchy fails to keep theloop variable as one rule, but instead associates thefirst character c with the preceding semicolon.Greedy phrase formation. The grammarsdescribed so far have two important properties: nodigram appears more than once, and every rule is usedat least twice. The algorithm consists of rearrangingthe grammar to ensure that these invariants aremaintained as each new symbol is addedto rule S. Ifthe digram uniqueness constraint is violated, a newrule is formed (as in Figure˚1a). If a rule is only usedonce, it is superfluous and can be expanded andremoved from the grammar. An implementation inC++ on a Sun SparcStation 10 processes sequences ata megabyte per minute.Because constraints are re-satisfied after each symbolis seen, the algorithm never waits for more symbols

2 file progc from the Calgary compression corpus.SequenceGrammar

(a)abcdbcS ‹ aAdAA ‹ bc

(b)abcdbceabcdbcS ‹ BeBA ‹ bcB ‹ aAdA

Figure 1: Two simple sequencesand the phrases extracted from them(a)a

(b)Figure 2: Hierarchies for: (a) the sequence abcdbceabcdb(b) a phrase from Far from the Madding Crowd by Thomas Hardy(c) excerpt from a C program

complete based seen and extends later ifnecessary. processing suitablefor interactive PBDHowever, italso means that phrases are formed greedily�a isalways extended if doing so will reduce the overall sizeof the grammar.These greedy decisions make presentation order sequence, and localdecisions are run.sequence bcdbcdbcefacef, whichwhenprocessed left-to-right yields grammar infour and seven inSprocessedgrammar onlygreedy processing forssmallpreceding ratherword, and for thevariable codeprecedingsemicolon.phrasessequence NP-hardfinding requirescomplete sequence PBD,predictions must be made are available; itpresentation order thesequence.Nevertheless, theperformance of the basic algorithm. If predecessorsnon-terminal have theheaded non-terminal can extended. ForCareBcexpandingBinstances Care preceded ccanprepended Cyielding theC˚fi ˚Bused once and isexpanded to produce the rule A fi˚bcd.grammarextended forward successorsshare Extending wayretrospectively corrects bad decisions made greedy phrase formation, so we refer to it as �generouseffective well-structured sequences. Consider grammar inevaluated recursivelysequence Figure˚4bproduced. grammar formed sequencethesequence, capture regularity ofthe source grammar.generousbutresembles grammar. Thebcdbcdbcefacef(b)S ‹ AABCacCA ‹ BdB ‹ bcC ‹ efS ‹ BBbAaAA ‹ cefB ‹ bcd

Figure 3: (a) A sequence , (b) processed left to right, (c) processed right to left‹‹(b)f[+f]f[-f]f[+f[+f]f[-f]f]f[+f]f[-f]f[-f[+f]f[-f]f]f[+f]f[-f

]f[+f[+f]f[-f]f[+f[+f]f[-f]f]f[+f]f[-f]f[-f[+f]f[-f]f]f[+f] f[-f]f]f[+f]f[-f]f[+f[+f]f[-f]f]f[+f]f[-f]f[-f[+f]f[-f]f]f[

+f]f[-f]f[-f[+f]f[-f]f[+f[+f]f[-f]f]f[+f]f[-f]f[-f[+f]f[-f] f]f[+f]f[-f]f]f[+f]f[-f]f[+f[+f]f[-f]f]f[+f]f[-f]f[-f[+f]f[-

-f]f]f[+f]f[-f]f

‹‹‹‹‹‹‹‹‹‹‹‹‹‹‹(d)‹

‹(a) a recursive grammar,(b) part of the sequence produced by (a),(c) the grammar induced from (b),(d) the grammar induced with generous parsing,(e) 4d with rules and expanded

source grammar could be compressed by making a ruleS]SACand Erepresent. If and Gare expanded and removed, isnon-recursive thegrammar example anand discussed further recursion.hierarchies for sequences ofand when generous processing isapplied entire sequence. wordsilverdivided correctlyinto a and small. The word calleddivided differentlydue appearance walledlater sequence,edentire grammarcontains 20% more complete words grammargenerous thecomplete for identified repeatingand variable codeappears singlehierarchies are plausibledescriptions sequence structure thehierarchies without generous processing.knowledge.describeddoes take advantage domain-specificknowledge enhance performance. kindsof knowledge can be used fairly Forbrackets are correctlynested, and can used constructcorrect grammar extra overhead ofgenerous processing.When new digram formed, grammar issearched for identical If search issuccessful, a new rule is formed. Otherwise, no furtherprocessing occurs, because digram uniquenessviolated. Background knowledge canbe used to influence success digram search,and therefore whether a particular rule is formed. In thebracket matching example, sequence representeddigram incorrectly nested search returnsand formed for digram. Thisforces greedy for furthersymbols before forming rules, and avoids retrospectivemodifications grammar, greaterefficiency. Background knowledge from domainscan be added in a similar forbidding toatSEQUITUR�s performance data compressiontechnique. Occam�s razor suggests that simple theoriesshould preferred over Informalised minimumdescription (MDL) preferstheories theand theSEQUITUR�s can viewed assequence repetitions,deleting infrequent and extending rulesretrospectively.MDLlanguageand arefairly compared, thelanguage should efficient TreatingSEQUITURscheme thetechniquesas efficiency benchmarks.Representing the grammar textually does not yield anyfor sequences, because non-terminals need to be expressed numberswhen Instead thegrammar can be encoded model andcoder, encodes frequent symbolscodes and longFar Madding Crowdgrammar wayitsUNIX OMPRESScompresses sophisticatedtechniques perform even forexample GZIP (40.1%).grammar representation, we encode theoryexcept separately the(rule possibleencoding theory(rules) and (sequence) simultaneously,and have decoder build adaptively. Thismethod operates is(a)

(b)(a) hierarchy generous processing thesequence in Figure 2b. (b) Figure 2c processed as in 5a.

used, are encoded. second isused, sufficient encode firstoccurrence. juncture decoder newand each occurs can bereferenced appropriate non-terminal symbol.This scheme compresses Far from the Madding Crowdoutperforming otherdictionary schemes�at expense ofcompressionperformance across Calgaryincludes dataexample demonstrates finding efficientrepresentation straightforward Therepresentation structure atprobability-based encoding indicates itcaptures adaptive schemebetter theories found anyother dictionary compression scheme. The implicationtwo-fold: finding efficient representation for thepurpose MDLdifficult, and adaptivemodel sequence isa useful approach in finding efficient representations.hierarchical decomposition produced thealgorithm described so far has three description of the structure of the sequence:describes vocabulary sequence, butcapture non-linear ascan produceone sentence�the original sequence.predictive canpredict the completion matched cannot predict sequence thegeneralising grammar tomake descriptive, productive, and morepredictive. discussion torepresent sequence network creating a state for each unique symbol in the first ruleand between whosesymbols are adjacent in sequence Thisnetwork can traversed reproduce originalsequence, but can produce sequences.network general, because forgotten when ismade, and considerable extra information is required toreproduce sequence. structure ofthe sequence is likely to be a compromise between thegrammar and compromisestructure and extrainformation required to recreate the sequence thestructure.generalisation capture everyconceivable structure present anarbitrary sequence, instead recognise certainstructures are produced theparticular source grammar-basedsequences, we look for subsequences occur theand infer are equivalent. Fordemonstration,where the source is (presumably) a program, the likelystructures are branches, procedure andrecursion. These five structures are discussed in turn.If occurgrammar can generalisedand simplified by is,if the set of the predecessors of similarpredecessors thesymbols are deemed equivalent.(a)‹…DE…DF…HE…HF‹‹‹‹

(b)‹…D’…D’…H’…H’D’‹H’‹‹‹ nodes Eand Fare preceded DHgrammarshows how and are generalised to form a new ruleGreducing grammarreproduce sequence, itis necessary extra select thecorrect right hand side for G. case, hasD’H’used, four bits(a)S ‹ ABDEACDFGCHEHFI (b)