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Abstract:

In this report the development of the theory, specification and design of a Java software program, SCFGrC, is discussed. SCFGrC compiles Stochastic Context Free Grammar (SCFG) descriptions described in an XML file format. It can run SCFG algorithms (E.g. Inside, CYK / Traceback) using the described grammar, or it can compile code optimised to that grammar for each of the standard algorithms. The design of the program uses object orientated principles, design patterns and abstraction, to allow significant flexibility in use and extension of the program by future developers. Java aspects are used where appropriate. The theory and Z based specifications extend the textbook [5] descriptions of SCFG algorithms (Chomsky normal form grammars) to arbitrary grammars.

A number of example grammars are tested using the program and the outputs compared to [8] for correctness. The examples highlight the flexibility that the xml format provides and uses java code embedded in the xml file to read from a variety of input file formats. The examples highlight a problem with probability value representation that can cause all CYK / Traceback algorithms to generate suboptimal parses. Several example grammars for an HMM coded as an SCFG were experimented with, proving that HMMs can be compactly and quickly, represented and analyzed as SCFGs. 
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Introduction

Context Free Grammars (CFGs) are members of Chomsky’s hierarchy of transformational grammars [44]. They are widely used as models of natural language syntax. In their probabilistic version (Stochastic Context Free Grammars – SCFG), which defines a language as a probability distribution over strings, they have been used in a variety of applications. In speech recognition, probabilistic context-free grammars play a central role in integrating low-level word models with higher-level language models.[45]
CFGs describe a "language" (a set of symbol strings) that are generated by "production rules", such as S ( SS and S ( a, that replace "nonterminals" (capital letters) with a string of other nonterminals and "terminals" (lower-case letters). The generalisation of SCFGs consists of assigning probabilities to each of these production rules. In this way, every "parse" of the SCFG carries a probability, so that it makes sense to talk about the most likely parse of a string, its total likelihood, etc. 

It turns out that this framework is useful to describe the biological molecule RNA, secondary structure. A secondary structure can be represented as a "parse" of the RNA sequence using an appropriate SCFG.

RNA molecules have recently moved into the spotlight of biological research. Several new roles for these, previously under appreciated, genetic elements have recently been proposed or discovered: 

For example as recently as March 2005 [1] it was suggested that RNA can carry ‘backup’ copies of ancestral plant genomes, lost from the DNA, in a non-Medelian method of inheritance. RNA has previously been assumed to be only an intermediary molecule, transcribing the DNA sequence in the cell nucleus and carrying that information to the protein factories in the cell body, not actually carrying genomic information. In this study, unexpressed characteristics were passed down through generations of the mustard seed plant Arabidopsis thaliana and later re-expressed. These characteristics could not have been carried by the genome in the DNA. The researchers have proposed that the ‘backup’ genome is carried on RNA molecules by forming a double stranded structure (it usually has just a single strand). 

In another mechanism also reported in March 2005 [2], Reenan has shown that a different protein form, than that specified by the gene of some hexapods (fruit flies, mosquitoes), can be expressed by cellular recoding of the RNA. However this recoding is dependant on a three dimensional knot (known as a ‘pseudo-knot’) and not the RNA sequence change itself. This recoding has only been found in neural proteins so far and, Reenan hypothesizes, may allow organisms a way of experimenting with new protein designs without affecting a crucial gene. 

Finally a study, published in May 2005, by Glazov et al [3] showed that long regions of DNA sequences that are ultra-conserved between three, distantly related mosquito species, transcribe to RNA that forms a highly stable stem-loop RNA structure. If this stem loop is broken, important characteristics of the development of the insects is disturbed.

RNA is a close relative of DNA. Indeed some have proposed that it is the ancestral precursor to DNA [4]. But unlike its more widely known cousin, it has the ability to "fold back" onto itself, creating complicated structures like "hairpins", bulges and other loops. These are known as the ‘secondary structure’ of RNA molecules, the primary structure being the base sequences along the molecule chain. The secondary structure turns out to be important for its ability to catalyse biochemical reactions. The secondary structure has a strong relationship to the full three dimensional structure of the RNA molecule, known as the tertiary structure. 

In all of the above examples, it is the three dimensional structure that the RNA takes after transcription that is important, rather than underlying sequence, transcribed from the DNA. The study and prediction of this secondary/tertiary structure is becoming increasingly important in these new roles for RNA.

RNA is a polymer of four different nucleotide subunits, abbreviated A,C,G,U. In DNA thymine (T) replaces uracil (U). G-C and A-U form hydrogen bonded base pairs and are termed complementary, although other base pairs are also observed with lower frequency. A small hypothetical example (taken from [5]) is shown below. Prediction of the secondary structure (as a 2 dimensional representation of the tertiary structure) shown in the diagram, is the process of predicting the most likely 2D structure from the sequence of nucleotides, taking into account the affinity that G-C and A-U have for forming, lower energy, base pairs. 
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Figure.1 Hypothetical RNA sequence showing secondary structure. Taken from [5]

The secondary structure of RNAs can be predicted using, computationally intensive, energy minimisation programs [6,7] or ,with little loss of accuracy (as shown in [8] ), using  probabilistic modelling. Probabilistic modelling can also be used for comparative analysis of RNA homologues, to detect evolutionary trends and to aid the prediction of unknown RNA secondary structure from known RNA homologues [9]. Energy minimisation, is also used to predict the secondary structure from the physical and chemical forces inside the molecule, but it is more difficult to model evolutionary trends using these approaches. 

The aforementioned rise of RNA's fame has also led to an upsurge in the interest in SCFGs. However, they have not yet found the broad application that Hidden Markov Models (HMMs) have, which is partly due to their inherent complexity. However, SCFGs can in fact be considered a generalisation of HMMs. Indeed, an SCFG with production rules of the special type S ( tU corresponds directly to an HMM. 

The algorithms for HMMs have direct counterparts for SCFGs, but the SCFG recursions are more involved. This is related to the fact that in SCFGs, nonterminals may represent any substring (or infix), while in HMMs, states always represent an entire prefix (or suffix).  As is stated in [5] in Section 10.2: 

 “(There are) many possible secondary structures (that) can be drawn for a (RNA) sequence. The number increases exponentially with sequence length. An RNA only 200 bases long has over 1050 possible base-pair structures. We must distinguish the biologically correct structure from all incorrect structures.” 

This fact leads to very computationally intensive algorithms for both HMMs and more so for SCFGs. The investigation of these algorithms and parameters lead Lunter to implement a compiler for HMM algorithms [10]. This software program allows tradeoffs between the HMM structure, algorithms and parameters to be investigated in an efficient manner.

The considerations that led Lunter to implement his compiler (called HMMoC) weigh even more heavily for SCFGs and thus, it makes sense to extend HMMoC to SCFGs. 

The aim of this work is to develop a compiler that parses an XML description of a general SCFG and runs an algorithm (for example a structure prediction algorithm) using that grammar, on a sequence(s) (for example an RNA sequence). It should also produce code for the various algorithms, optimised to the input grammar. It was expected that this would be a task of some complexity, and that the resulting compiler would be under development for some time. Therefore, extensibility, and code re-usability would be important design criteria. The existing HMMoC compiler is written in Java, and its SCFG counterpart has been written in the same language. The project software is referred to as ‘SCFGrC’ in this report (Stochastic Context Free GRammar Compiler).

Figure 2: Input/Output Diagram for SCFGrC

Although written in the context of RNA analysis, the program should not exclude its use in other arenas. For example SCFGs can be applied to DNA sequence and protein structures. Other application areas in bioinformatics, have been suggested in the literature including comparing phylogenetic trees [11]. However as HMM’s are generalised by SCFGs, the HMMoC program should be superseded by this project. 

Overview

This report covers the project application area in more detail in the Background section. Here a summary is given of the existing software tools used for RNA secondary structure prediction, and database searching, including current SCFG programs. It demonstrates why this project is needed and what its benefits are. It also provides some more background on SCFGs and HMMs.

In the Theory section, the theory required to implement a compiler / executer of SCFG algorithms  for arbitrary grammars is developed, using Z notation to aid clarity as appropriate. Algorithms are also developed to perform grammar manipulations, needed to massage arbitrary grammars into analyzable forms.

Further sections cover an introduction to the XML (eXtensible Markup Language) standard, DTD (Document Type Definition) and the specific XML format used by SCFGrC.

There are three sections on the program design: Object Orientated program structure, Design Patterns, and Java aspects usage. This is followed by the testing and results. 

In the Results section, various SCFG examples are taken which demonstrate how this project can be used to quickly implement and experiment with SCFG and HMM examples, from the target RNA structure application but also in unrelated fields.

Finally a section outlining possible future extensions to the program, proceeds the Summary and Conclusions. 

Background
In this section we review the current techniques and available software implementations for RNA and to a lesser extent DNA analysis. These can be divided into five areas:

1. Primary sequence tools.

2. Hidden Markov Models (HMMs)

3. Thermodynamic folding methods for secondary structure prediction

4. Secondary structure prediction by stochastic context free grammars.

5. SCFG Covariance models for secondary structure homologue and database searches.

Only the software and algorithms in the fourth group are discussed in detail for in this report, although, as discussed in the introduction, SCFGs are generalisations of HMMs, so these are discussed in sufficient detail to make the transformation to SCFGs clear. The others are reviewed for background and to indicate the differences between SCFGs and other approaches.

1. Primary sequence tools.
Much bioinformatics knowledge has been gained now that the human genome and other species have been sequenced, by searching for sequence homology between newly sequenced genes and proteins and the ever growing sequence databases. For  example in DNA, searches for similar genes in different species (as already noted in [3] for example) can lead to insights into the evolution of species and their regulatory mechanisms. To carry out this kind of primary sequence search and alignment, there are two frequently used tools that may be used for both DNA and RNA: CLUSTAL (and its variants CLUSTALW with its GUI, CLUSTALX) [14], and BLAST® (Basic Local Alignment Search Tool) [15]. 

The process of finding homologues needs to allow for both introns (mutations/differences that insert into the sequence) and extrons (mutations/differences that delete from the sequence.)

BLAST is a sequence comparison tool for database comparisons of new DNA, RNA, protein sequence to the existing databases. BLAST uses a method based on well defined mutation scores rather than much slower dynamic programming algorithms. The fundamental unit of the BLAST algorithm output is the High-scoring Segment Pair (HSP). An HSP consists of two sequence fragments of arbitrary but equal length, whose alignment is locally maximal and for which the alignment score meets or exceeds a threshold or cut off score. 

There is also the FASTA (pronounced FAST-Aye) software, which performs a similar function to BLAST using the Pearson and Lipman algorithm. It first finds locally similar regions between two sequences based on identities but not gaps, and then rescores these regions using a measure of similarity between residues.

CLUSTAL is a multiple alignment program for DNA or proteins only. It can produce phylogenetic trees based on sequence alignments. 

2. Hidden Markov Models (HMM)

Hidden Markov Models (Abbreviated HMMs) are a well known technique in bioinformatics sequence analysis. HMMs have found their widest application in speech recognition, however. Rabiner [16] gives an introduction to their application in speech recognition. Speech recognition analysis attempts to find, from a sequence of symbols (vowel sounds say) from an alphabet, what the sequence represents. HMMs can be used to answer similar questions about the internal structure of a biological sequence, given a known family structure(symbol alphabet and grammar) , or they can be used to match a new sequence to known family structure. It will be shown in subsequent sections that these are questions that can be asked with SCFGs as well but that SCFGs can model long range sequence structure much better than HMMs.

A simple example of the application of HMMs to DNA structure is found in [5] which is summarized here. Another example, not from the bioinformatics area, the ‘Occasionally dishonest Casino’, will be converted to an SCFG in the Theory section later. The DNA structure example, taken from [5], is “CpG islands”. In the human DNA sequence, the dinucleotide sequence C,G has a relatively high chance of mutating to T,G. As a result the sequence C,G is rarer in the sequence than would be expected. However around ‘start’ regions of genes the biological process that promotes the rate of this mutation (methylation) is suppressed. As a result it is possible to identify candidate ‘start’ regions by comparing the rate of “CpG” (written to distinguish the pair from a CG pair formed across the double strand of the DNA helix) dinucleotides in different regions of the sequence. Regions with elevated levels of CpG are known as “CpG Islands” and are typically a few hundred to a few thousand bases long. With HMMs it is possible to determine if a short sequence of DNA comes from a CpG island or not and also, given a longer sequence, find the locations of any CpG islands.

An HMM can be viewed as a set of states each of which ‘emits’ a sequence alphabet symbol, with arrows between the states, indicating the possible state transitions. Figure 3 shows an HMM for the CpG island problem.
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Figure 3: An HMM for CpG islands. Transitions within each set of + and – states are not shown for clarity.

In this figure, each state ‘emits’ one of the symbols of the DNA alphabet (A,C,T,G), but the group of ‘-‘ states are designed to emit the symbols away from a CpG island and the ‘+’ states emit the symbols when on the island. The states are ‘designed’ by the selection of the transition and emission probabilities of each state. Within each set of states, the transition probabilities are close to the transition probabilities observed from known CpG and non-CpG island structures, but a small probability is assigned to the transition to the other group of states. The model is set so that there is more chance of switching to the ‘-‘ states than from ‘-‘ to ‘+’, so a path through the model is most likely to spend more time in the ‘-‘ non-CpG states than the island states. The important point to note is that in an HMM, there is no way to tell which state the HMM model is in when it emits one of the alphabet symbols A,C,G,U , from just the symbol itself.

In a path π through the model, the ith state in the path is called πi where the probability that πi = state l when πi-1 is state k is;

akl = P(πi = l | πi-1 = k )

i.e. The probability of the current state of the model is only dependant on the previous state. Note that this is different from SCFGs, as will shortly be shown, and is  important when considering long range modeling.

In this model each state can emit one possible symbol, but in general for HMMs this may not the case. So the probability that symbol b is emitted when in state k is defined as;

ek(b) = P(xi = b | πi = k )

Where ek(A) ek(U)  …etc in the CpG example are all 0 or 1. Now we may write down that the joint probability of an observed sequence x with a state sequence π is;

P(x, π) = a0πi    i=1ΠL   ( e πi (xi)   a πi  πi+1 )
Where a0πi is the probability of starting in state 0. So for a x = (C+,G-,C-,G+(
P(x, π) = a0,C+ x 1 x aC+,G- x 1 x aG-,C- x 1 x aC+,G+ x 1 x aC-,0

However this assumes that the sequence of states – the path π – is known. To find the sequence of states, π, the Viterbi algorithm is used. This is described In the Theory section where it will be shown that this is analogous to the CYK algorithm for SCFGs.

3. Thermodynamic methods.

Several successful tools exist that attempt to predict RNA secondary structure based on atomic/molecular level attractive forces and nearest neighbour thermodynamic energy. mfold/RNAstructure[17] , the Vienna RNA package [18], and PKNOTS [19] are the major software packages in this area.

The Mfold program (and its windows version RNAStructure) uses nearest neighbour energy rules where free energies are assigned to loops rather than to base pairs. (otherwise known as loop dependant energy rules)

The Vienna RNA package provides three algorithms for secondary structure prediction: the minimum free energy algorithm of (Zuker & Stiegler 1981) which yields a single optimal structure, the partition function algorithm of (McCaskill 1990) which calculates base pair probabilities in the thermodynamic ensemble, and the suboptimal folding algorithm of (Wuchty et.al 1999) which generates all suboptimal structures within a given energy range of the optimal energy. The package also has the ability to find a consensus structure from multiple input sequences. There is a Windows version implementing these algorithms called Rnadraw.

PKNOTS differs from the above software in attempting to predict pseudoknots which Mfold and the Vienna RNA package (and SCFGs ) exclude. It still calculates a minimum energy structure using standard RNA folding thermodynamic parameters but augmented by a few parameters describing the thermodynamic stability of pseudoknots.

4. Secondary structure prediction by stochastic context free grammars

The use of SCFG’s for biological sequence analysis is relatively recent (compared to HMMs). The first papers of note being Eddy & Durbin [20] and Sakakibara et al [24] both in 1994. This is the area of SCFGrC’s application, where recent research into the grammars [8] and improvements to the algorithms [21],[26] are current. 
Research progress, in using SCFGs for biological sequence analysis, appears to be relatively slow (less than 10 papers in the last 10 years) and it is likely that is partly due to the difficulty of  coding a new program for each new grammar. This is particularly clear in the C program (conus 1.0) created by Dowell in [8] to compare 9 different grammars. Although each grammar is run from the same main program, each grammar has its own dedicated set of algorithm C functions. This demonstrates the difficulty of writing such programs by hand. An example of these functions is given for grammar G4 from [8] in Appendix 13. There is one set of these functions for each grammar. The program from this work, SCFGrC, compiles the equivalent of these functions directly from the grammar description as well as the other new features discussed elsewhere in this report.
As mentioned in the introduction, context free grammars are members of Chomsky’s hierarchy of transformational grammars [31][32]. These were developed to in an attempt to understand the structure of natural language. For example to recognize that the sentence “colourless green ideas sleep furiously” is grammatically correct English, even if it is nonsensical. They are of particular importance for computer programming languages because these can be precisely specified by transformational grammars. As a result, programming language compilers can be written which turn the programming language into executable machine code. These grammars are discussed as part of the MSc course Compilers module, which was not taken by the writer. There follows a brief definition of a transformational grammar.

A transformational grammar consists of a number of symbols and a number of re-writing rules (or productions) of form (( ( , where (, (  are both strings of symbols. There are two kinds of symbol; nonterminal symbols which are abstract, and terminal symbols that actually appear in an observed string. In an English sentence the words might be terminal symbols whereas in an RNA sequence they might be the nucleotide letters {a,c,g,u} . If there is an alphabet of terminals {a,b} an example of a transformational grammar might be:

S ( a S
S ( b S
S ( ε
Where  ε is a special blank symbol, that ‘emits’ no symbols and is used to end the string. From this grammar we can ‘generate’ any sting containing a’s and b’s, by successively replacing nonterminal symbols until the string consists entirely of terminal symbols, in what is termed a ‘derivation’. (The nonterminal symbol S, is taken by convention to mean the start production.) A derivation of the string “abb” would be:
S ( aS ( abS ( abbS (abb

For convenience multiple productions using the same left hand side nonterminal symbol can be grouped together using the ‘|’ symbol, which is taken to mean ‘or’. So the above grammar can be rewritten as

S ( aS  |  bS  |  ε
For this work (and the published papers referring to RNA sequence analysis using SCFGs) another convenience is made that, ‘terminal’ symbols are taken to stand for all of the terminal ‘alphabet’ symbols. So the above grammar can be simplified to :

S ( tS  |  ε
Where t is taken to stand for any of the alphabet symbols {a,b} (or for RNA {a,c,g,u} ).
For biological sequences these grammars are most often used to decide if a sequence ‘matches’ (could be generated by) the grammar in some sense. If there is a match then the sequence can be said to be a member of what ever family of sequences the grammar is modeling. The operation of ‘parsing’ a sequence means finding a valid derivation and this derivation is then called a ‘parse’ of the sequence. A parse can be thought of as an alignment of the sequence to the grammar i.e. assigning grammar non-terminals to sequence alphabet symbol positions.

For computer programming languages there must be only one possible parse of the programming code given the grammar, and the grammar is said to be ‘unambiguous’. For biological sequences, there may be several possible parses of the same sequence in which case the grammar is said to be ‘ambiguous’. 

A stochastic grammar is a grammar in which probabilities are assigned to each production. So for example the grammar used by Knudsen Hein for RNA  [27] is written as :
S ( LS  (86.9%) | L (13.1%)
F ( dFd (78.8%) | LS (21.2%)
L ( s (89.5%) | dFd (10.5%)
        Grammar BJK
Where S,L,F are nonterminals and s,d are terminal symbols standing for all of the {a,c,g,u} alphabet symbols. (Hence this grammar is an abbreviation for 39 separate productions.)  A stochastic grammar can be used to score the ambiguous parses of a sequence against a grammar model to, for example, find the most probable parse, or determine ‘how close’ a sequence is to the grammar model family, in some sense.  Note that the sum of probabilities for each nonterminal in the BJK stochastic grammar sum to 1. The less likely rules have lower probabilities. Thus once in the pair state (F) it is more likely that pairs will keep stacking (dFd) than start to form a bifurcation (pair of stems).
Chomsky’s hierarchy describes four restrictions on a grammar’s re-writing rules. 

Regular grammars : Only W ( aW or W ( a are allowed.
Context-free grammars : W ( (  where ( can be any string.
Context sensitive grammars : (1W(2 ( (1 ( (2  Transformations W depend on the (1 (2 context
Unrestricted grammars : (1W(2 ( γ
HMMs are regular grammars, the lowest in the hierarchy. The CpG island example might be written as
 
P ( dN | dP | ε
N ( dP | dN | ε
Grammar CpG
In general any HMM state which makes N transitions to new states, that each emit one of M symbols, can also be modeled by a set of NxM stochastic regular productions.

Grammar CpG is a left to right derivation. A right to left derivation is also possible using  P ( Nd productions, and still be a regular grammar. However it is the presence of both P ( Nd and P ( dN that makes it a non-regular grammar. 

Regular grammars are very efficient and used extensively for primary sequence matching ( see primary sequence tools above) however they cannot describe palindrome languages (e.g. strings of the form aa, bb, baab, abba, abaaba ) or copy languages (E.g. strings of the form aa, abab,aabaab that consist of two identical halves). In a palindrome language the interactions are nested, whereas in a copy language the lines of interactions cross , as in figure 4 below:
Regular language:

a b a a a b

Palindrome language:
a a b b a a


Copy language:

a a b a a b
Figure 4: Lines indicating correlated positions in palindrome and copy languages
For RNA secondary structure, the primary sequence may not matter as long as the base pairs are maintained at certain positions in the long range sequence. For RNA C-G and A-U pairs are thermodynamically more likely to pair up in a stem, but the pair order may swap around (C-G to G-C) or change completely (C-G replaced by A-U) without affecting the secondary structure. This can be seen in Figure 5 (from [5]) where seq1 and seq 2 can fold into the same RNA secondary structure despite having different primary sequence. Seq3 however, which shares the first half of seq1 and the second half of seq2 cannot fold into a similar structure.
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Figure 5: Different sequences creating the same stem loop secondary structure.[5]
So CFG’s can model all the features of RNA seen in Figure 1, in the introduction. However RNA’s also can form ‘pseudo-knots’ where loops in different stems link back to one , stacking coaxially to form a contiguous three dimensional double helix like DNA. (The stems themselves usually also stack in a double helix mimicking DNA) . This is shown in Figure 6 from an artificially selected RNA inhibitor of the HIV reverse transcriptase. 
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Figure 6:  Base pairs between loops can stack to form pseudo knots in an artificially selected RNA inhibitor of the HIV reverse transcriptase.[5]

This type of interaction creates the cross interaction lines, seen in the copy language of figure 4, and require a context sensitive grammar to model them. Parsing a context sensitive grammar is known to be an NP hard problem, but fortunately the total number of pseudo knotted base pairs is typically small compared to the number of base pairs in nested secondary structure. For example an authoritative secondary structure models of E.coli SSU rRNA shows 447 base pairs only 8 of which are non-nested pseudoknot interactions [34]. Use of context free grammars, not modeling pseudoknots, can thus give most of the biologically useful information while still being tractable.
Algorithms for context free grammars are often written in terms of a ‘Chomsky normal form’ (CNF) that requires all CFG production rules to be written in the form Wv ( WyWz or Wv ( a  . Any CFG can be re-written in CNF by adding additional nonterminals. For example S ( aSa can be rewritten as 
S ( W1W2 ,  W1 ( a ,  W2 ( S W1 in normal form. It will be seen later in the theory section that the algorithms require one ‘plane’ of memory of size O(L2) where L is the sequence length being parsed, per nonterminal in a grammar, so normal form is not preferred for memory efficient algorithms. Thus although discussed in the theory section, SCFGrC handles arbitrary CFGs directly, rather than converting them to normal form. The only restriction to the arbitrary CFG being (currently) that CFG grammars have a maximum of  two nonterminal symbols per production rule (termed a ‘2NT’ grammar in this report) for computational efficiency. Algorithms are described in the theory section to convert arbitrary grammars > 2NT to 2NT grammars, although they are not currently implemented, as all current RNA grammars only a maximum of two nonterminals per production (for bifurcation). The program architecture of SCFGrC allows this reduction step to be easily added later.
A parse tree of an RNA sequence can be closely matched to the underlying secondary structure as seen in figure 8, if the grammar is chosen to mirror the features of the secondary structure (loops, bifurcations, stems etc). The parse tree more importantly demonstrates that each sub-sequence of the sequence being parsed has its own sub-tree parse. Any sub-tree derives a contiguous segment of the sequence. This allows algorithms to build up optimal (most likely) parse trees by recursively building on increasingly larger sub-sequence parses. Figure 7 shows a simple example [5] of this for a four nonterminal grammar that describes stems of three base pairs and loops containing the 4 base sequence gcaa or gaaa (grammar G1).
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Figure 7: Parse of sequence caggaaacugggugcaacc using grammar G1 [5]
S ( t W1 t'
W1 ( t W2 t'
W2 ( t W3  t'
W3 ( gaaa | gcaa
RNA Grammar G1
Where the terminal symbol pair t, t' represents the 4 base pair combinations a-u, c-g, g-c, u-a
Early software in the use of SCFGs for RNA analysis is the Pfold program by Knudsen and Hein [27] which uses evolutionary/multiple alignment data for secondary structure prediction. It assumes all sequence alignments are correct and that all sequences share a common structure. It uses the inside-outside for column probability estimation and CYK for structure prediction. It uses maximum likelihood methods for phylogenic tree estimation. The program obtains its secondary structure prediction accuracy ([8]) because the grammar and parameters are trained by a given alignment of evolutionary related sequences.

The algorithms used in [27] are the basic algorithms described in [5] which are memory and time intensive. Work has been done by Eddy [21] to improve the memory efficiency of the CYK algorithm for optimal alignment in CM’s which should be able to be applied to the equivalent algorithm used in [27],[8]. This provides an example of the type of algorithm experimentation that SCFGoC should allow for.

There is also a collection of software modules called DART[28] which implement 2-sequence SCFGs using the standard algorithms and a grammar that covers emissions from both sequences simultaneously, as the stemloc program. Holmes, Rubin in [26] improve the time efficiency of these algorithms by constraining the set of base pairings that the recursions are allowed to consider using what they call ‘fold envelopes’. This is another example of algorithm experimentation that we would like SCFGrC to be able to implement.

The DART software is a collection of C++ software class modules which implement different algorithms and data type arrays. In this respect it is almost identical to how the extensibility of this project would be implemented. In May 2005 the DART project started work on an SCFG compiler interface to these modules called ‘Telegraph’ which, in description, will provide the exact functionality of SCFGrC but without using an XML input file format. This was discussed with Lunter and Lyngsoe early in the project and we decided to continue with this project, rather than investigate possible collaboration on Telegraph. Our reasons were that the level of development support for Telegraph was low (1 part time undergrad student) and its published aims and application not well stated or specified. Specifically SCFGrC uses a standard input format (xml) for SCFGs and we believe this will be much more flexible than the final Telegraph software.
A good overview of the current standing of RNA algorithms can be found in [29]. Although the basic algorithms for SCFGs are well described in [5],[20],[24] these are computationally intensive in memory and time. As they are based on CFGs they can not predict pseudo knots. Attempts have been made [30] to circumvent the pseudo-knot problem using dual SCFG parses of a sequence. Any SCFGrC implementation should provide sufficient extensibility to allow these sorts of grammar experiments.

As mentioned above, [21],[26], improvements have been made to the memory and time complexity of the basic SCFG algorithms and these modifications should be allowed in the framework of the SCFGrC program.
5. Covariance models for secondary structure homologue and database searches.

A co-variance model is an SCFG grammar that has been trained/ created to match a specific known family secondary structure (from several known training sequences sharing common secondary – consensus - structure). It is the SCFG equivalent of a profile HMM, used for sequence homologue searches. The SCFG algorithms are used to compare unknown RNA sequences to the model to search for structural homologues or for database searches. 
The grammar is usually designed from 7 production rule types. The W non-terminal represents any of the 7 rules:
P ( aWb (emit a pair)
L ( aW (emit left 5' side)
R ( Wb (emit right 3' side)
D ( W (Delete)
S ( W (Start)
B ( WW (Bifurcation)
E ( ε (End)

The non-terminals of the model are connected in a tree which mirrors the secondary structure being represented. Figure 8 shows this and an example parse below.
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Figure 8: A graphical tree representation of an ungapped (no Delete states) RNA SCFG CM model (left) and its parse (right) of a concensus structure (middle) [5].
There are several software packages designed to create and use SCFG co-variance models , as proposed by Eddy, Durbin in 1994 [20] and implemented in the COVE software package described in that paper. More recently (2003) this software has been enhanced by the authors in the INFERNAL software [21] used to search the rFAM database [22] for RNA secondary structure alignment homologues. The tRNAscan-SE [23] software provides wrapper scripts for COVE and tRNAscan, for tRNA detection in genome sequences.

Similar SCFG models to [20] proposed by Sakakibara et al in 1994 [24] are implemented in software by the tRNAcad software by Brown in 1999 [25] which provides similar covariance model functionality to COVE, for phylogenetic tree analysis.

Although covariance models (CM’s) use SCFGs, the grammar models are targeted to match an input sequence secondary structure, rather than predict its structure, such that input structures that are poor matches to the model produce low probability parses and good matches produce high probability parses. So an unknown input sequence can rapidly be compared to the model during a database search. The grammar production units are well described in the literature [20],[24] and the above software is capable of generating a CM grammar and its parameters from a known consensus structure multiple alignment. CM’s will not be targeted specifically by this project, whose application area is where the grammars provide high probability parses to indicate  a good structure prediction, as opposed to a good match to an existing structure. However as the matching algorithms (i.e. Inside algorithm) are identical for CM’s and normal SCFGs, SCFGrC can be used to investigate CM grammars.  

Comment on Current Software for SCFGs

As mentioned above the code used for [8], is a C program (Conus) that has custom algorithms  for each grammar discussed in that paper, hard coded into the program. Adding a new grammar requires that a new custom algorithm for it be written, then all the support code to recognize it must be modified.
The probability models used are restricted to the types of production found in the grammars of in [8]. So for example the probability for F ( dFd is represented as a transitional probability for F ( F times the probability of a cross-product pair (one of 16 for RNA) d,d expanded to the alphabet symbols at the relevant sequence location. Conus only has models for singles (F ( dF or 
F ( Fd ), pairs (as just described), and stacks of two pairs (e.g. a production like F ( agFcu ) and the production probability must be represented as transition times an emission probability. It also uses a fixed / hardcoded probability representation (double natural log arithmetic numbers). 
Although the authors had good reasons [8] for their choice of this program architecture (mostly to use existing software functions taken from the HMMer program), it makes experimentation with the grammars and algorithms difficult to do and tedious to code (Conus grammar algorithms have large amounts of repeated code between different grammars.) 
Conus input sequence format is fixed (Stockholm format) and all sequences must be in one file and must be analyzed at the same time by the same grammar. Although several output ‘formats’ (E.g. parenthesis notation, traceback parse, probability dumps) are available, the program has to be recompiled to access several of them (specifically the parse tree traceback and human readable probability models) as they are not all available as command line options. The output number formats are also fixed, and cannot be changed without recompiling the code. So for example the human readable probability model dump has (which has to be recompiled to view) prints probabilities to four decimal places, whereas at least six decimal places are required to use these values elsewhere. 
Eddy had to create a custom framework to test a more memory efficient SCFG algorithm for covariant models [21] in the Cove covariant model software. It would be much easier if there were a framework in which such experiments can be done, instead of creating custom code for each new thought. This is where SCFGrC can help, by not just compiling the standard algorithms to new grammars, but also by allowing new algorithms or new memory management techniques or I/O formats etc to be tried without having to recompile the software or understand the complexity of the existing software before adding to it. 
Theory

In this section we first discuss and formally define (using Z notation) the dynamic programming algorithms for SCFGs ,with reference to the Viterbi HMM algorithm. Then grammar optimizations (collapsing >3NT grammars to 2NT grammars, ε elimination, non-terminal algorithm evaluation order, collapsing identical productions and removing replacement productions) are discussed in the context of these algorithms. It is necessary to understand the algorithms before the reasons for the optimizations can be discussed.
The discussion of the SCFG algorithms is usually done with respect to Chomsky normal form grammars. However, as noted earlier this is very inefficient for memory usage. The discussion for SCFGs is thus in terms of a general SCFG but restricted to ‘2NT’ grammars (ones containing a maximum of two non-terminals per production). The reason for this restriction will be made clear in the algorithm discussion. The author found no previous formal record in the literature capturing the SCFG algorithms in terms of a general CFG.

There are three primary dynamic programming algorithms for SCFGs : 
Inside : Calculates the score / probability of a sequence matches to an scfg model.
Inside-Outside : Used with expectation maximization to train the parameters of a new SCFG.
CYK: Calculates the optimal alignment of a sequence to an SCFG (predicts secondary structure )
Each are counterparts of the equivalent HMM algorithm. In this section the hidden Markov model, Viterbi algorithm is explained and formally defined with reference to the “Occasionally Dishonest Casino” example. This algorithm attempts to find the hidden (HMM) state sequence from a sequence of terminal symbols. The SCFG equivalent of the Viterbi algorithm is the CYK (Cocke-Younger-Kasami) algorithm. It is a best path variant of the SCFG Inside algorithm. The explanation of the Viterbi algorithm  is used as background for the discussion of the CYK and Inside algorithms.
HMMs

In the Background section, applications of HMMs were discussed. One of the application areas of this project is to implement HMMs as SCFGs. In the following section the theory behind the  HMM algorithm to extract underlying state sequence from a sequence of symbols ( nucleotides or other) is discussed – the Viterbi Algorithm. Later in the SCFG section it will be seen how this algorithm is very similar to the SCFG equivalent. 

The Viterbi algorithm is illustrated with the second example from [5], the “Occasionally dishonest Casino”. Figure 9 shows an HMM for this example. It describes the probabilities of throwing 1 to 6 from a die given a fair die (all ‘emission’ probabilities are 1/6) and a loaded die (throwing a 6 has a probability of ½ and throwing 1 to 5, 1/10), which the Casino occasionally switches to with a probability of 0.05 and switches back from, with a probability of 0.1 . In the Casino a gambler only observes the sequence of die roll outcomes, but does not know which die (loaded or fair) was rolled. For this model the sequence of die used is hidden, just as the sequence of non-CpG and CpG island states is hidden in DNA alphabet symbol sequences, in the example given in the Background section.
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Figure 9: An HMM for the Occasionally Dishonest Casino. (From [5])

The Viterbi algorithm chooses the path through the model with the highest probability, by recursion. If the probability of the most probable path ending in state k (fair or loaded) with observation i  (thrown die outcome), vk(i), is known, then the probability of the most probable path, after observation i+1 ending in state l is;

vl(i+1) = el(xi+1) maxk( vk(i) akl )

To simplify the notation below, subscripts indicate one or more of the same function, value etc. E.g. vk  :  ℕ ↛ ℝ    means that there are more than one function v labelled v0 v1 v2 … and akl  : ℝ means several real values a labeled  a00 a01 a02.. a10 a11 a12.. a20 a21 a22.. … 

Informally the Viterbi algorithm is defined as (from [5]):

Initialisation (i=0) :
v0(0) = 1.0
vj(0)´ = 0.0
Recursion (i=1..L) :
vl(i) = el(x(i)) . maxk ( vk(i-1) . akl  )    
 ptri(l) =  argmaxk (   vk(i-1). akl  )

Termination :
P(x, π) = maxk ( vk(L) . ak0  )    
πL =  argmaxk (   vk(L). ak0  )
Traceback (i= L..1) :
πi-1 =  ptri( πi )

however more formally the Viterbi algorithm can be defined, using Z notation as in Appendix 1.
This more formal Viterbi description clarifies the precise meaning of max, argmax and the state indices l and k. The type and content of ptri and vk functions are also explicitly defined. 
Expressing the algorithm in this way, using the Z constructs taught in the ‘Introduction to Specification’ MSc module, helps in the translation to accurate program code. It clarifies the exact requirements and helps focus the programmer’s thoughts on the data structures needed for implementation. For example it is clear from the above description that, provided HMM states are numbered, the variables   vk  and ptri can have simple one dimensional array data structures implementation (or two dimensional if the subscript of each variable is used as a second array index). However the emission probability values ek  may only be stored in a simple array if the data representation of the ALPHABETSYMBOL type members are mapped to integer values. 

This Z notation will thus be used throughout this report to clarify program operations, as appropriate to aid clarity of thought. It was not the intent of the project  to create a complete formal specification.

Note that neither the informal nor formal definition implies anything about the representation of probability values (except that they are not integers). This observation is true for SCFG algorithms and drives part of the object orientated design for this project. The value of this observation and design choice is discussed in the results section for the ‘occasionally dishonest casino’ example
The HMM for the occasionally dishonest casino was tested by the authors of [5] using 300 simulated die rolls using the probabilities of ‘emission’ (die throw outcome) and die swapping specified above. Their results are shown in Figure xxx, showing that an HMM model is capable of extracting hidden information (which die is being used) from just the sequence of symbols, given an existing known stochastic model. In the results section it is shown that the SCFG version of the Viterbi algorithm (the CYK) algorithm gives the same results for the occasionally dishonest casino as the HMM model, demonstrating that the two models are equivalent.
SCFG Terminology

Throughout this report we define:
                                        G := = (  ∑a , N, P, S   )
to be a grammar generating strings of alphabet symbols from the alphabet ∑a  (which may have a set of alias subsets T – see the terminal symbol shorthand, introduced in the background section), using a set of non-terminals N, a set of abstract productions P, and a start non-terminal S.

[NONTERMINALS]
[PRODUCTIONS]
[ALPHABETSYMBOLS]

G
N : ℙNONTERMINALS
T : ℙ ℙALPHABETSYMBOLS
P:  ℙPRODUCTIONS
∑a : ℙALPHABETSYMBOLS
S : NONTERMINALS

S ( N
( t : ℙ ℙALPHABETSYMBOLS  | t ( T (   t ( ∑a
( p | p ( P  (   #  p  \ ∑a  ( 2   
Note that the members of P are allowed to duplicate their productions, but the duplicates are individually distinguishable (the definition of a set). P is strictly a function mapping NONTERMINALS on the left hand side to one or more production terms ( ‘prodterms’ ) composed of a series of non-terminals N  and terminals from the alphabet ∑a..
P : NONTERMINALS ↛ ℙ seq (  ℙ T   X  NONTERMINALS  X  ℙ T   )
dom( P ) = N (   ( n ( ran( P ) (  n.2 ( N
However for now we just define  P as an abstract set of such productions. Later in the program design sections of this report, it is shown that this definition (of a prodterm) is mapped to the concept of a prodterm ‘template’ composed of 0,1,2 non-terminal symbols separated by arbitrary numbers of terminal symbols.
Grammars and prodterms in this report are categorized by the number of non-terminals in their productions. All published RNA grammars are ‘1NT’ or ‘2NT’ meaning that all prodterms in the grammar have a maximum of one or two non-terminals, respectively. Prodterms are also referred to as 0NT, 1NT or 2NT in this report. The definition G above, limits the grammar to 2NT or less for computational efficiency (see below).
Let Pr  be a function assigning a probability to each production such that the probabilities of the possible productions for each nonterminal sum to 1

StochasticGrammar
G
Pr  : PRODUCTIONS ↛ ℝ
dom( Pr ) =  P   
ran(Pr ) ( { x : ℝ | x ( 0.0   (   x ( 1.0 }
( x : PRODUCTIONS  | x ( P (   ( ∑  x ( Pr ) = 1.0
∑ means  the arithmetic sum of the elements in a set, as opposed to ∑a the set of alphabet symbols.
We also define a sequence to be a function x mapping position integer to an alphabet symbol.
[ALPHABETSYMBOL]
x : ℕ ↛ ALPHABETSYMBOL
# x = L    (   dom x=0.. L-1  (  ran x ( ∑a
Strictly this is close to the definition of a mathematical sequence but the index runs from 0..L-1, instead of from 1.. L , where the sequence x has length L. An implementation may choose a sequence data structure instead of function (and SCFGrC does so). A function is chosen to simplify the readability of the notation. 

Algorithms 
A good non-technical overview of the algorithms discussed below can be found in [29]. It uses the Nussinov algorithm as a simplistic illustration of how the CYK and traceback algorithms work. The reader is referred to that paper for an introduction.

Inside Algorithm and 2NT vs 2NT+ Grammars

The first algorithm discussed is the Inside algorithm, which is used to score a new sequence against an SCFG. It uses the property of the parse tree, mentioned in section 4 of the Background section and illustrated in Figure 7, that a parse of a sequence is composed of smaller parses of sub-sequences each rooted at a non-terminal. The inside algorithm calculates the probability ((v,i,j) of a parse sub-tree rooted at nonterminal Wv ( N for subsequence x(i)..x(j) for all i, j, v . The calculation requires an L x L x M  , where M  = #N , dynamic programming matrix (but actually only fills half of it). The algorithm starts with subsequences of length 1 ( i = j ), then length 2, recursively working outwards to length L. The probability ((0,0,L)  of the parse tree of length L rooted at the start nonterminal S (v=0), is the final result of this recursion. 
In this report , and in the program code for SCFGrC, the sequence index i above, is replaced by d, the ‘distance’ between i and j (i.e. the length of the string between i and j, i = j – d +1 ). This makes the recursive loops easier to understand in the code. So for the inside algorithm the outer loop is d = 1..L and the inner loop is j=0.. L-1.
For CNF grammars, where each non-terminal only has one production and that production is of the form Wv ( Wx Wy or Wv ( t , the inside algorithm is relatively simple to comprehend. Productions of the form Wv ( t have non-zero probability only when d = 1 ( i = j ). So these productions only need to be evaluated during the initialization of the matrix and not during the recursion. Hence informally:
Initialisation:      for   j = 0..L-1 , v = 0..M-1, d=1
                              ((v,j,d) = ev( x(j) ) 
Where ev is the probability of emitting the alphabet symbol  x(j) from production v . ev = 0  for productions of the form Wv ( Wx Wy and non-zero for symbol emitting productions  Wv ( t.

The recursive iteration step thus only involves the remaining  Wv ( Wx Wy productions. The probability of each of these productions ((v,j,d) is the sum of all possible sub-trees rooted at Wv  having a total length d to the left of position j, as in the illustration in figure 10 where the sum is over k= i…j-1
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Figure 10: Inside algorithm iteration for  Wv ( Wx Wy productions

Hence informally the iteration step is

Iteration:   for d = 2 .. L ,   j = d-1 .. L-1,   v = 0.. M-1  ( i= j –d +1 ) ( dist(i,j) = j –i +1 )
               ((v,j,d) = ∑y=0 M-1 ∑z=0 M-1 ∑k=i j-1  tv(y,z)  ((y,k,dist(i,k)) ((z,j,dist(k+1,j))
Where tv(y,z)  is the probability of transition from nonterminal Wv to prodterm  WyWz . It is the equivalent of the probability avx for state to state transitions in HMMs.  In a real grammar, productions for Wv  ( Wx Wy will not include the full Cartesian-product of all Wx and Wy so many of the summed terms in the description above have zero probability. In the definition for general 2NT grammars, below, it is thus more appropriate to iterate over the set of productions Wv ◁ P  .

The final result after this iteration will be found at the start production value (v =0) where  d=L and 
 j=L-1 (i=0, j=L-1)
Termination: Pr( x | θ ) = ((0,L-1,L) 
where  θ = StochasticGrammar model
It can be seen from the above treatment of productions, of the type involving two non-terminals 
Wv ( Wx Wy  (called a ‘2NT’ production in this report), that calculating the probability for a sub-tree rooted at Wv of production type (3NT) involving three non-terminals, Wv ( Wx Wy Wz , would require an additional inner iteration loop. The inner loop would require d2 iterations instead of d iterations for the 2NT production. This additional step is calculation intensive and for the design of SCFGrC a 2NT or less restriction was placed on the acceptable input grammars (seen in the definition for G above). Essentially the program specification enforces a tradeoff of time for memory, as 2NT+ prodterms can be easily rewritten as 2NT terms by introducing more non-terminals and, each non-terminal has its own LxL programming matrix. Although not implemented at this time, an algorithm for automatically rewriting 2NT+ grammars to 2NT grammars is outlined elsewhere in this section. This can easily be added as a <grammaroptimser/> tag in the input xml file (see later sections on xml input format) without recompiling any part of the existing program.
Chomsky normal form grammars will have larger numbers of non-terminals – and hence require more memory to evaluate that direct evaluation of the non-CNF grammar terms, the dynamic programming matrix being LxLxM. From the CNF discussion above, terms of the type Wv ( Wx Wy or Wv ( t can now be handled (examples of 2NT and 0NT terms respectively). To handle arbitrary 2NT grammars requires definitions of the algorithm that will cover arbitrary prodterms 0NT, 1NT, 2NT. 
Productions for 0NT Terms
From the above discussion of productions Wv ( t , productions of the form  Wv ( t1,t2,t2 … t l where tx ( T, only have non-zero probability when d= l in the algorithm. In an arbitrary grammar algorithm, productions for 0NT terms contribute to their non-terminal probability calculation during the iteration loop only when d= l, and are not (normally) evaluated during the initialization of the matrix. Evaluation of these contributions during initialization can save equally tests during iteration however. A 0NT prodterm may only be evaluated during initialization if it is the only production for a non-terminal (a ‘dead-end’ production), as it is for a CNF grammar. [ The value of l is called the ‘size’ of the prodterm in the rest of this report. ] In all the published RNA grammars, the productions for 0NT prodterms are never ‘dead-end’ productions. For example, grammar G6 of [8], the Knudsen-Hein grammar, has a production for a terminal symbol but there is another production for the same non-terminal in the grammar.
The probability of a 0NT production may be abstracted to a single number indexed from an l x #∑a matrix ev(t1,t2,t2 … ,tn) where ev : ℙALPHABETSYMBOL ↛ ℝ. If one of t l is a strict subset of  ∑a , the matrix size is the same but there is zero probability for values not indexed by that terminal alphabet subset. 

The inside probability of a 0NT production v is generally, if av(Ø ) = 0.0:

a = {  s ( ∑a |  ( (n :ℕ  |  l=d ( n ( i  ( n ( j  (  s=x(n) )  }
(( v0NT, j, d ) = av( a )
Productions for 1NT Terms
These are productions of the form :
Wv ( t1,t2,t3 … tl,Wy (a left emitting production) or 
Wv ( Wy ,t1,t2,t3 … tr (a right emitting production) or 
Wv ( t1,t2,… tl,Wy ,tb1,tb2,tb3 … tbr. (a pair emitting production)
where tx ( T , tbx ( T and Wy ( N. These terms have non-zero probability only for d ( l+r. In an arbitrary grammar algorithm, productions for 1NT terms contribute to their non-terminal probability calculation during the iteration loop only when d( l+r. 1NT prodterms have zero probability when d < l+r. It is not possible to evaluate them during the initialization of the matrix, as they recursively rely on the probability of (for example a left emitting 1NT) ((y, j, d - (l) ). 
The transition and emission probability of a 1NT production may be abstracted to a single number indexed from an (l+r) x #∑a matrix avy(t1,..,tl,tb1,..,tbr) where avy : ℙALPHABETSYMBOL ↛ ℝ. If one of tn is a strict subset of  ∑a , the matrix size is the same but there is zero probability for values not indexed by that terminal alphabet subset. Where separate probabilities for transition and emission are provided as a model (the standard treatment for HMM models), the abstracted value is the product of the two. This multiplication can be done in an xml <code/> block, so no manual manipulation of existing model values is required to use SCFGrC . Examples of this are shown in the sample xml files provided in Appendices 6,7, 8.
The inside probability of a 1NT production v is:
(( v1NT, j, d ) = avy( x(i),..,x(i+ l -1),  x(j- r +1),..,x(j) ) . (( y, j - r, d - (l+r) )  (pair emitting)
                   avy( x(i),..,x(i+ l -1) ) . (( y, j, d - (l) )  (left emitting)
                   avy( x(j- r +1),..,x(j) ) . (( y, j- r, d - (r) )  (right emitting)

Or generally if l and/or r may be 0 and ev(Ø ) = 0.0 
t = {  s ( ∑a |  (n :ℕ  |  d ( l+r  (  (( n ( i  ( n < i+ l ) (  ( n ( j - r +1 ( n ( j )) (  s=x(n)   }
(( v1NT, j, d ) = avy( t ) . (( y, j - r, d - (l+r) )  
Productions for 2NT Terms
These are productions of the form :

Wv ( tl1,tl2,… tll,Wy ,tm1,tm2,tm3 … tmm, Wz ,tr1,tr2,tr3 … trr 
where tl x ( T , tmx ( T , trx ( T and Wy ( N , Wz ( N. These terms are handled in a similar way to the CNF terms Wv ( Wx Wy , by iteration over all possible sub-trees rooted at Wv ,but in the arbitrary case taking the offset effects of the terminal symbol indices into account. 2NT terms only have non-zero probability for d ( l+m+r. It is not possible to evaluate them during the initialization of the matrix, as they recursively rely on the probability of  Wy  and Wz 
The transition probability of a 2NT production may be abstracted to a single number indexed from an (l+m+r) x #∑a matrix avyz(tl1,..,tll,tm1,..,tmr,tr1,..,trr) where avyz : ℙALPHABETSYMBOL ↛ ℝ. If one of tn is a strict subset of  ∑a , the matrix size is the same but there is zero probability for values not indexed by that terminal alphabet subset.
The inside probability of a 2NT production v is:

t = {s ( ∑a |(n :ℕ | d ( l+m+r ( (( n ( i  ( n < i+ l ) ( ( n > k  ( n ( k+m ) ( ( n ( j - r +1 ( n ( j )) (  s=x(n)}
(( v2NT, j, d ) = ∑k=i+l j-r-m-1  avyz( t )  ((y,k,dist( i+l , k)) ((z, j-r , dist(k+m+1, j-r))
This is illustrated in the diagram of figure 11. 
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Figure  11. Arbitrary 2NT production iteration. Example shows l=2, m =3, r =2
It is now possible to formally define the Inside algorithm for arbitrary 2NT grammars. First we define the programming matrix ( and three functions (0NT , (1NT , (2NT  to handle the calculations of production terms. The functions tvxx map a sequence of alphabet symbols to the PRODUCTION for that nonterminal production combination v ( y (1NT) or v ( y,z (2NT). There the combined function Pr( tvx ) map to the probability models in SCFGrC
Inside
StochasticGrammar
( :  NONTERMINALS x ℕ x ℕ ↛ ℝ
(0NT :  P x ℕ x ℕ ↛ ℝ
(1NT :  P x ℕ x ℕ ↛ ℝ
(2NT :  P x ℕ x ℕ ↛ ℝ
tvx  :  seq ∑a ↛ PRODUCTIONS
( a : NONTERMINALS x ℕ x ℕ  | a ( dom(() ( a.1 ( N  (  a.2 < L (  a.3 ( L
ran(tvx ) = P
( X : P x ℕ x ℕ | X ( dom((0NT) ( 
           (0NT(X) =  y : ℝ (  y = Pr( tv( t ) ) ( #( ran(X.1) 1).2= 0 ( d= l
          t = squash( {  n :ℕ  |  d= l ( n ( i  ( n ( j  (  n ↦ x(n) } )  (
           v= dom(X.1)  ( j=X.2 ( d=X.3 (  l = #((P(v) 1).1) +  #((P(v) 1).3)  
              (  y =0.0
( X : P x ℕ x ℕ | X ( dom((1NT) ( 
           (1NT(X) =  y : ℝ (  y = Pr(tvy( t )) . (( y, j - r, d - (l+r) )  ( # ran (X.1)=1 ( #( ran (X.1) 1).2= 1
          t = squash( {  n :ℕ  |  d ( l+r  (  (( n ( i  ( n < i+ l ) (  ( n ( j - r +1 ( n ( j )) (  n ↦ x(n)    } )
              v= dom (X.1)  ( j=X.2 ( d=X.3 (  l = #((P(v) 1).1)  (  r = #((P(v) 1).3)  ( d (  l+r
              (  y =0.0
( X : P x ℕ x ℕ | X ( dom((2NT) ( 
           (2NT(X) =  y : ℝ ( y = ∑k=i+l j-r-m-1  Pr(tvyz( t ))  ((y,k,dist( i+l , k)) ((z, j-r , dist(k+m+1, j-r)) (
                                             ( # ran (X.1)=2 ( #(ran (X.1) 1).2= 1 ( # (ran (X.1) 2).2= 1 ( d (  l+m+r
          t = squash( {  n :ℕ  |  d ( l+m+r ( 
                                               (( n ( i  ( n < i+ l ) ( ( n > k  ( n ( k+m ) ( ( n ( j - r +1 ( n ( j )) (  n ↦ x(n) } 
              j=X.2    (   d=X.3   (    l = #((P(v) 1).1)    (    r = #((P(v) 2).3)   (    m = #((P(v) 1).3)+  #((P(v) 2).1) 
          v= dom (X.1)  (  y = (P(v) 1).2  (  z = (P(v) 2).2  
             (  y =0.0
        Init
Inside´ 
( d : ℕ |  d ( L (  
               ( j : ℕ | ( d>0 ( j=d-1  ( d=0 ( j=d)   (  j < L ( 
                              ( v : NONTERMINALS |  v ( N  (   (´(v,j,d) = 0.0
Recursion
( Inside

( d : ℕ |  d ( 1..L  (  
               ( j : ℕ | j=d-1  (  j < L ( 
                              ( v : NONTERMINALS |  v ( N (
                                         (´(v,j,d) =  ∑p=P(v)   (0NT( p, j,d ) + (1NT( p, j,d ) + (2NT( p, j,d )  
Note that, as in the Viterbi definition, this Z definition does not strictly specify the order of iteration of d (although it is implied), but the order must be 1..L for the inside algorithm to work correctly. It also does not specify the order of iteration of j or v. The order of j is usually d-1..L but the order has no effect provided d is iterated in the correct order. The order of v is very important however and is discussed below in the ‘Evaluation Order Optimisation’ section. For the SCFGrC program the nonterminals are held in an ordered sequence (list) which is optimized by the OptimiseGrammarEvalOrder xml grammar optimizer tag to be correct for that grammar. The initial order is given by the order of productions coded in the xml file, such that the first one found is assumed to be the start production and the last one found is the first production to be evaluated. Results bubble up from the last to start production.
Termination
(  Inside
Px, StochasticGrammar ! : ℝ

 Px, StochasticGrammar !  = ((S, L-1, L )

The probability score that the sequence x belongs to the family of sequences modeled by StochasticGrammar,  Px, StochasticGrammar  is held in the matrix for the start nonterminal S, at the index for 
j=L-1 and d=L, after the Recursion operation. 
Before discussing the remaining algorithms, the handling of the empty string symbol ε is considered. ε Occurs in many grammars to indicate the end of the string derivation. An example has already been seen in the CpG grammar. As it represents a string of length zero, it must be evaluated in the recursion when d=0 (usually the initialization of the matrix). However any derivation sequence from a nonterminal that can lead to ε without emitting a symbol also needs to be evaluated for d=0. For example in the G2 grammar [8] below,  S may derive ε directly and P may derive ε through P ( S ( ε .
S ( dPd' | dS | Sd | SS | ε
P( dPd' | S 
Grammar G2 

These derivations for ε  when d=0 are handled by custom SCFG programs initialization by identifying the derivations by eye and hard coding the relevant probabilities into the matrix initialization. For example an inside algorithm initialization for G2 needs to code 
( d : ℕ |  d ( L (  
               ( j : ℕ | ( d>0 ( j=d-1  ( d=0 ( j=d)   (  j < L ( 
                              (´(S,j,d) = tSε 



    (´(P,j,d) = tPS  . tSε
In an arbitrary grammar these derivations for ε may be arbitrarily long. To avoid the complexity of analyzing these paths, then compiling custom initialization code for different grammars, it was decided for SCFGrC to remove the derivation paths for ε from the grammar and keep a fixed initialization routine. The algorithm for removing derivations for ε from the grammar was discussed with Lyngsoe and Lunter and the formal definition documented by Lyngsoe. His definition is included in appendix 2, as the formal documentation of the algorithms are not the work of the author. However the author has implemented the ε  elimination algorithms as a <grammaroptimser class= “OptimiseGrammarEElimination”/> tag in the input xml file. Additional algorithms were discussed to clean up the results of the ε  elimination algorithm and are also included in that appendix. They are currently not implemented in SCFGrC but may be added in future without recompiling the existing SCFGrC code by use of the <grammaroptimser/> xml tag. These are algorithms to collapse identical productions and remove replacement productions. There are published references to such algorithms (e.g. [35]) but not in an explicit formal form, as that documented here.
The SCFGrC inside algorithm assumes that initialization for any grammar sets all matrix values for all nonterminal matrix planes, for d=0, to 0.0 or tvε if the productions for the nonterminal v contain a direct production for ε. It assumes that the  ε  elimination algorithm has been run or is not required so that there are no indirect derivations for ε  in the grammar.
Inside - Outside

The (inside-)outside algorithm is not discussed in depth in this report. It may be used in conjunction with the results from the Inside algorithm to re-estimate the probability parameters of an SCFG by expectation maximization, during SCFG training. The process of SCFG model building and training is outside the scope of this report, but can easily be added as a separate project. SCFGrC’s object orientated design and ability to analyse multiple sequences, using multiple algorithms in a single run allow the model building process to naturally fit into the program architecture. 

The outside algorithm calculates a probability ((v,j,d)  of a complete parse tree rooted at the start nonterminal S for the sequence x , excluding all parse subtrees for the subsequence x(i).. x(j) (where i=j-d+1) rooted at nonterminal v for all v,j,d . The outside algorithm requires the results from a previous inside algorithm ( (v,j,d) .  For SCFGrC the results of one algorithm are passed to another using the same matrix attribute of  both <algorithmdefine /> tags, and specifying the attribute  outputTable=”yes” in the first one to save the matrix after the algorithm is complete.
The outside algorithm starts from the largest excluded subsequence x(0).. x(L-1) (j=L-1, d=L) and recursively works its way inwards. (for d = L..1,  for j = L-1..d-1) . Informally for CNF grammars the outside algorithm may be written in the (v, j, d) notation for sequence x, using  a CNF grammar with nonterminals numbered 0..M-1 (based on [5]):


  Initialization:  for   v = 1..M-1, d=L, j=L-1
                   
    ( (v, j, d) = 0.0 ;



    ( (0, j, d) = 1.0


 Recursion:   for d = L..1,   j = L-1..d-1,   v = 0.. M-1  ( i= j –d +1 ) ( dist(i,j) = j –i +1 )
                      ( (v,j,d) = ∑y,z ∑k=1 i-1  tv(z,v) . ((z,i-1,dist(k,i-1)) .( (z,j,dist(k,j))
                               + ∑y,z ∑k=j+1 L-1  tv(v,z) . ((z,k,dist(j+1,k)) .( (y,k,dist(i,k))


Termination:     Pr( x | θ ) = ∑v=0 M-1  ( (v,i,1) . ev(x(i))   for any i.
                               where  θ = StochasticGrammar model
The recursion step is illustrated in Figure 12. 
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Figure 12. The Outside algorithm for CNF grammar Wy ( WvWz [5]
This algorithm for CNF grammars can be expanded to that for arbitrary grammar using the approach outlined for the inside algorithm. This is left for a follow on project that adds SCFG stochastic model building and training modules to SCFGrC. It is also possible to use the CYK algorithm, which is implemented by SCFGrC, to approximate the inside-outside training. See next section.
CYK Alignment and Traceback Algorithms
The CYK ( Cocke-Youger-Kasmai)
 algorithm is used to find an optimal parse tree (alignment) for a sequence to a SCFG model. For RNA this algorithm may allow the secondary structure to be predicted from the resultant parse tree. The CYK algorithm is a variation of the Inside algorithm where only the maximum prodterm probability for a nonterminal is calculated, γ(v,j,d), and held in the matrix, instead of the sum. 
The textbook approach (e.g. [5]) to extracting the parse tree from the CYK algorithm is to hold both the max probability for each nonterminal γ(v,j,d) as well as a tuple τ(v,j,d) = ( y ,z, k ), indicating the transition(s) that created that maximum probability, for the nonterminal v for a production Wv ( Wy Wz, in a separate dynamic programming matrix. Both tables are built during the CYK recursion and requires two three dimensional programming matrices. This more than doubles the memory requirements of the CYK algorithm (as the tuple y ,z, k  is three values for each τ(v,j,d) plus the original one value for  γ(v,j,d)) . In this work, the traceback algorithm works backwards, using the γ(v,j,d)  table only to (re)calculate for the current production v on the traceback stack, which prodterm generated the maximum value stored γ(v,j,d), then (re)create the τ(v,j,d)  that matches that prodterm. The complete τ(v,j,d)  table is thus not required.

The informal definition of the text book CYK/ traceback CNF grammar algorithm is as below, using the v,j,d notation and assumes productions numbered 0..M-1. This will then be extended to more formal Z notation for the arbitrary 2NT grammars, using the recalculation traceback algorithm.
Initialisation:      for   j = 0..L-1 , v = 0..M-1, d=1
                               γ(v,j,d) = ev( x(j) ) ;


     τ(v,j,d)  = ( 0,0,0 )
Recursion:   for d = 2 .. L ,   j = d-1 .. L-1,   v = 0.. M-1  ( i= j –d +1 ) ( dist(i,j) = j –i +1 )
                γ(v,j,d) =  maxy,z maxk=i..j-1 { tv(y,z) . γ(y,k,dist(i,k)) . γ(z,j,dist(k+1,j)) };
               τ(v,j,d) =  argmax(y,z,k), k=i..j-1 { tv(y,z) . γ(y,k,dist(i,k)) . γ(z,j,dist(k+1,j)) };
Termination: Pr( x, π | θ ) = γ(0,L-1,L) 
where  θ = StochasticGrammar model and π is the most probable parse tree.
The traceback algorithm then follows from the values stored in the matrix τ(v,j,d) using a push-down stack of tuples v,j,d.
Initialisation:

Push (0,L-1,L) on the stack


Recursion:  ( i= j –d +1 ) ( dist(i,j) = j –i +1 )


Pop (v,j,d) 


(y,z,k) = τ(v,j,d).


If τ(v,j,d) = (0,0,0)
                 

attach x(i) as the child emission of v;


else



Attach y,z to parse tree as children of v.


Push(z ,j, dist(k+1, j) )


Push(y, k, dist( i, k ) )
The resulting optimal parse tree (for CNF grammars) has little structural similarity to the RNA secondary structure, as discussed in the background section (E.g. of the form of figure 8). For this arbitrary CF grammars are required.

Using the framework from the Inside algorithm, the CYK algorithm can be expressed as :

 CYK
StochasticGrammar
γ :  NONTERMINALS x ℕ x ℕ ↛ ℝ
γ 0NT :  P x ℕ x ℕ ↛ ℝ
γ 1NT :  P x ℕ x ℕ ↛ ℝ
γ 2NT :  P x ℕ x ℕ ↛ ℝ
tvx  :  seq ∑a ↛ PRODUCTIONS
( a : NONTERMINALS x ℕ x ℕ  | a ( dom(γ) ( a.1 ( N  (  a.2 < L (  a.3 ( L
ran(tvx ) = P
( X : P x ℕ x ℕ | X ( dom(γ 0NT) ( 
           (0NT(X) =  y : ℝ (  y = Pr( tv( t )) ( #( ran(X.1) 1).2= 0 ( d= l
          t = squash( {  n :ℕ  |  d= l ( n ( i  ( n ( j  (  n ↦ x(n) } )  (
           v= dom(X.1)  ( j=X.2 ( d=X.3 (  l = #((P(v) 1).1) +  #((P(v) 1).3)  
              (  y =0.0
( X : P x ℕ x ℕ | X ( dom((1NT) ( 
           (1NT(X) =  y : ℝ (  y = Pr( tvy( t ))  γ ( y, j - r, d - (l+r) )  ( # ran (X.1)=1 ( #( ran (X.1) 1).2= 1
          t = squash( {  n :ℕ  |  d ( l+r  (  (( n ( i  ( n < i+ l ) (  ( n ( j - r +1 ( n ( j )) (  n ↦ x(n)    } )
              v= dom (X.1)  ( j=X.2 ( d=X.3 (  l = #((P(v) 1).1)  (  r = #((P(v) 1).3)  ( d (  l+r
              (  y =0.0
( X : P x ℕ x ℕ | X ( dom((2NT) ( 
           (2NT(X) =y : ℝ ( y = ∑k=i+l j-r-m-1 Pr(tvyz( t )) γ (y,k,dist( i+l , k)) γ (z, j-r , dist(k+m+1, j-r)) (
                                             ( # ran (X.1)=2 ( #(ran (X.1) 1).2= 1 ( # (ran (X.1) 2).2= 1 ( d (  l+m+r
          t = squash( {  n :ℕ  |  d ( l+m+r ( 
                                               (( n ( i  ( n < i+ l ) ( ( n > k  ( n ( k+m ) ( ( n ( j - r +1 ( n ( j )) (  n ↦ x(n) } 
              j=X.2    (   d=X.3   (    l = #((P(v) 1).1)    (    r = #((P(v) 2).3)   (    m = #((P(v) 1).3)+  #((P(v) 2).1) 
          v= dom (X.1)  (  y = (P(v) 1).2  (  z = (P(v) 2).2  
             (  y =0.0
        Init
CYK ´ 
( d : ℕ |  d ( L (  
               ( j : ℕ | ( d>0 ( j=d-1  ( d=0 ( j=d)   (  j < L ( 
                              ( v : NONTERMINALS |  v ( N  (   γ´(v,j,d) = 0.0
Recursion
( CYK

( d : ℕ |  d ( 1..L  (  
               ( j : ℕ | j=d-1  (  j < L ( 
                              ( v : NONTERMINALS |  v ( N (
                                         γ ´(v,j,d) =  max p(P(v) {  γ 0NT( p, j,d ) ,  γ 1NT( p, j,d ) , γ 2NT( p, j,d )  }
As discussed for the Inside algorithm, the order of d and j is important in an implementation. Also the initialisation needs to account for direct productions for ε (assumes that indirect derivations for ε are removed from the grammar).
The traceback algorithm, given the calculated matrix γ then proceeds (informal notation) using a push-down stack of tuples v,j,d  where v ( N
Initialisation:

Push (S,L-1,L) on the stack


Recursion:  While stack not empty      /*  ( i= j –d +1 ) ( dist(i,j) = j –i +1 ) */


Pop (v,j,d)


( p ( P(v) (  max {  γ 0NT( p, j,d ) ,  γ 1NT( p, j,d ) , γ 2NT( p, j,d )  } = γ (v,j,d)


If p emits alphabet symbols (p : 0NT(  p : 1NT((l>0 ( r>0) (  p : 2NT( (l>0 ( m>0( r>0) )
                 

attach sub-sequences of x  defined by i,j,l,m,r as the child emissions of v( p;


If  p : 1NT            /* v ( y */



Attach y to parse tree as child of v. 



Push(y, j-r, d-l-r )


elseif  p : 2NT      /* v ( yz */



Attach y,z  to parse tree as children of v.



Push(z , j-r, dist(k+1+m, j-r) )



Push(y, k, dist( i+l, k ) )

The order in which the equality test  p ( P(v) is compared to γ (v,j,d) is important. It must be the same order as the max p(P(v) test was carried out during the Recursion operation. This is in case two members of P(v)  have the same γ value, the equality test must select the same p as created γ (v,j,d) in the matrix. At first glance, given the large number of multiplications in the algorithm for γ (v,j,d) , this seems unlikely. However during testing of this algorithm an instance of a grammar, sequence combination where this is a problem, was found. This problem and its implications are discussed in the results section. The problem in the implementation comes from the representation of the probability values in the matrices (, (, γ . 
In the above discussions, all calculations have been presented as algebra of probability values in normal space (0.0 = zero probability, 1.0=certainty), however repeated multiplications of these very small numbers through the recursion stages of the algorithms, results in exceedingly small values. On a computer/programming implementation of these algorithms, these values may easily underflow the numerical range of the floating point arithmetic. For example assuming the product of three values from Pr and two γ values in the CYK algorithm for a CNF grammar result in a value of 0.001, then running the recursion on a sequence of 100000 nucleotides would result in the value of Pr( x, π | θ ) of the order of 10-100000000 . The range of an eight byte (64 bit) ‘double’ precision floating point number is only ± 10-308 to ± 10+308 with 15-16 significant digits, so representing this number will easily result in an underflow, or worse, condition in the program. For this reason the log of the probability may be used or the ‘bfloat’ representation. Both are discussed below. SCFGrC was designed to be independent of probability representation. This is the reason why all the above algorithms are given in ‘abstracted’ normal probability space rather than in implementation specific language (E.g. a log probability representation sums matrix values rather than multiplying them. SCFGrC algorithms are always phrased in terms of ‘mult(probability p1, probability p2)’ sum(), etc methods rather than primitive sum and product operators, so that probability representations are abstracted.
Log and ‘BFloat’ Probabilities number representation.

As discussed above numbers of the order of 10-100000000 may easily be generated in recursive SCFG algorithms, which may easily cause arithmetic underflow conditions. One way to avoid this is to use the log of the probabilities. Usually the natural log is used, but if for example the base 10 log is used the number 10-100000000 is just -100000000 and the underflow problem is essentially solved. Provided that the log of  the transition and emission probabilities is done before running the recursion, this can be very efficient. 
For the CYK algorithm most of the recursive calculations are products, which become simple sum operators in log space. These may be more efficient to calculate than product in some arithmetic units. However where the log of a sum of terms is required the very inefficient log( exp(p~) + exp(q~) ) operation must be calculated for p~ and q~ log probabilities. This can be mitigated somewhat by calculating 




p~ + log(1 + exp(q~ - p~))

instead, where p~ is the larger of p~ and q~. It is possible to interpolate from a small lookup table the function log(1 + exp(q~ - p~)). As exp(q~ - p~) rapidly approaches zero for large (q~ - p~), the table may be quite small.

Another method of representing probability values which has both efficient sum and product operations, is the ‘bfloat’ method used in HMMoC by Lunter and also by Ian Holmes in other work. In this format a probability is represented by a 4 byte float (called a primitive ‘float’ in C and Java languages) value f  and a 4 byte integer (called a primitive ‘int’ in C and Java) exponent value e. A normal space probability p is ;



p =    f * exp(e) * loge(BFloatRange)

where BFloatRange is a large constant, equal to 2104  in SCFGrC. Using this representation sum and product operations on probabilities are both  primitive sum / difference operations on f and e.
Bfloat representation has limited numbers of significant decimal digits (6 or 7 for a 4 byte float value), which may become a problem in the CYK max test when probability values are very close. This was directly observed in one of the test grammars (G4) on a 40 nucleotide test sequence, where two probability values for prodterms in the start production differed only the 7th digit, but the Bfloat representation rounded them both to 6 digits. This roundup then corrupts the subsequent traceback parse – see results and testing section.
Evaluation Order Optimisation
As noted in the Inside algorithm discussion, the order of evaluation of productions is often important for all algorithms. It is not always so, but can be seen for example in the Knudsen Hein grammar (Grammar BJK from the Background section above). Here the production  S ( L, requires that production L ( s | dFd  must have been evaluated first. This is because during the Recursion operation the evaluation of the 1NT term L in S will lookup (( L, j, d )  from the matrix, but this value is filled by the evaluation of the productions for L (i.e. s | dFd ). For the 2NT grammars, this ordering problem only occurs for 1NT prodterms which do not contain terminal symbols (called ‘lone’ nonterminals in this report). Any prodterm including terminal symbols, by the ordering definition of d , only looks up values of ( for d less than the current iteration step d . 2NT Prodterms with no terminal symbols iterate k over the range i  to j -1, so the ( value lookup for both nonterminals, again uses values of d less than the current iteration step d.
The <grammaroptimser class= “OptimiseGrammarEvalOrder”/> xml tag included within a <grammar…> tag block enables an algorithm to sort the evaluation order of the xml input productions, to resolve any ordering problems. The algorithm also checks for possible cyclical and/or self referring loops in the grammar and stops the program if it finds such a feature in the input grammar. A grammar such as S ( L | LS  , L ( S | aSa, would fail the cyclic check. A grammar with a production S ( L | S would fail the self-referring loop check.
The program assumes as a starting point, that the evaluation order is the reverse order of the productions found in the xml file. So the last is evaluated first and the first one found is assumed to be the start production, and evaluated last. The algorithm searches every production for lone nonterminals, then checks that the nonterminal referring to the lone nonterminal is evaluated after the lone nonterminal itself is evaluated. If it is evaluated before, then it is moved to be evaluated one after the lone nonterminal. If the algorithm has not found an ordering that satisfies this check after passing through the nonterminals #N times, there must be a cyclic loop in the grammar.
evalorder defines the order in which the members of N are evaluated during algorithm recursion. 

GrammarOptimiseEvalOrder
(  G
evalorder !: seq NONTERMINALS
( n | n ( N  (    ( t  | t ( ran( P(n) ) (  #t = 1 ( #((t 1).1)= 0 ( #((t 1).3)= 0 (
                                     ( x,y  | x ( dom( evalorder! ( n) ( y( dom( evalorder! ( (t 1).2 ) ( x > y
ran( evalorder!) = N   ( #evalorder! = #N
2NT+ Grammar Optimisation
As noted previously it is possible to rewrite any CFG prodterm to Chomsky normal form. Thus it will always be possible to rewrite a 2NT+ prodterm (a production referring to three or more non-terminals) to a 2NT prodterm. For example Wv ( Wx Wy Wz can be rewritten as Wv ( Wx Wa , Wa ( Wy Wz. However the probability of the new and old productions must be calculated correctly for the resultant SCFG to perform the same stochastic function. For productions that emit no terminal symbols this is easy to accomplish ( Pr(Wv ( Wx Wa ) = Pr(Wv ( Wx Wy Wz ), Pr(Wa ( Wy Wz ) = 1.0  ) but for terminal symbol emitting productions, the terminal symbol short hand notation adopted in background section, has to be expanded. 
For example a production Wv ( t1 Wx t2 Wy t3 Wz t4  , where tx ( T  and Pr( Wv ( t1 Wx t2 Wy t3 Wz t4 ) is a matrix, 4x4 say for RNA where  ∑a = {a,c,g,u},  has to be broken up into (16) new productions, one for each combination of t1 x t2 and a modified Wv  :

Wv ( a Wx a Aaa  | a Wx c Aac | a Wx g Aag| … | u Wx u  Auu     Pr (t1 Wx t2 Att)=1.0
Aaa( Wy t3 Wz t4    Pr (Aaa( Wy t3 Wz t4 ) = Pr (Wv ( a Wx a Wy t3 Wz t4)
Aac( Wy t3 Wz t4   Pr (Aac( Wy t3 Wz t4 ) = Pr (Wv ( a Wx c Wy t3 Wz t4)
Aag( Wy t3 Wz t4   Pr (Aag( Wy t3 Wz t4 ) = Pr (Wv ( a Wx g Wy t3 Wz t4)
…
Auu( Wy t3 Wz t4   Pr (Auu( Wy t3 Wz t4 ) = Pr (Wv ( u Wx u Wy t3 Wz t4)
So for an arbitrary prodterm t ( ran(P)  with > 2 nonterminals, for each member of the Cartesian product of the terminal symbols contained either side of the first nonterminal in t , replace t by n new prodterms (n = size of the cross-product) containing all the expanded terminals and nonterminals of the first nonterminal part of t . Then add n new nonterminals and productions one for each Cartesian product :
TwoNTPlusToTwoNT
( StochasticGrammar
( n | n ( N  (    ( t  | t ( ran( P(n) ) (  #t > 2    (
                             P = P \ { n ↦ t }
                           ( x, y : ALPAHBETSYMBOL | (x,y) ( (head t).1 x (head t).3  (  
                                  N = N ( { Axy }
                                  P = P ( { Axy ↦ tail t }
                                  P = P ( { n ↦ ( x, (head t).2, y, Axy (  }
                                  Pr( Axy ↦ tail t ) = Pr(n ↦ t ,x ,y)
                                  Pr(n ↦ ( x, (head t).2, y, Axy (  ) = 1.0
The terms  (head t).1 and (head t).3  are strictly sets of alphabets not single alphabets x, y, so the pair (x,y) may be a triple or larger tuple, depending on the number of TERMINALSYMBOLS in each term. Note the definition is recursive and needs to be applied until ( n | n ( N  (  ( t  | t ( ran( P(n) ) (  #t ( 2
XML

XML (Extensible markup Language) is a standard file format adopted by the World Wide Web consortium (W3C) for data exchange on the web. It is similar to html but is designed to describe content rather than presentation. Html is a fixed format with predefined tags. XML allows new tags to be defined at will with arbitrary levels of nesting. XML unlike HTML does not provide standard instructions for how to display the file in a browser, and is simply a syntax for transmitting data. Its use for SCFGrC is to provide a standard input format familiar to all users, that is portable between applications. One of the attractions of using XML is that there are parsers and API’s as well as syntax driven editors, freely available to include in programming projects. This report will only give a very brief overview of XML. The reader is referred to extensive references on the internet for further details.  
An XML file consists of a number of user defined elements which are pieces of text bounded by matching tags. E.g. <author> William Tell </author>. The <author> tag is called the start tag and the </author> is called the end tag. The tags must be balanced (i.e. opened and closed in reverse order) These elements may contain other elements nested to arbitrary depth. For example;
<author>

William Tell

<dob>


<year> 1066 </year>


<month> july </month>


<date>4 </date> 

</dob>
</author>
The text data between the tags is referred to as PCDATA (parsed character data). An xml element with no content may be abbreviated. <author></author> :== <author/>. XML files may also include comments which are any text surrounded by <!—    --> at any point in the file, provided that the start and end indicators don’t cross a depth level.
XML tags may have attributes associated with them, which are again user defined. They may carry properties relating to the textual content or that content itself. For example a possible user definition for <author> may be <author name=” William Tell”  dob=”4-july-1066” />. Note that the attributes are surrounded by quotation marks and must be a string (although the string could represent values as well as textual strings).

The tag attributes may include special attributes types which can uniquely identify a tag. This is usually named id (and is so in SCFGrC) but can be called anything. Also tag attributes may refer to other tag id attributes, using an idref type of attribute. This is usually named idref, but again may be anything. The attribute type is defined in an optional DTD file (Document Type Definition), see below.

Some textual content in a tag could be interpreted as markup, for example use of the ‘<’ and ‘>’ characters. To avoid this interpretation, content (for example programming code snippets) may be surrounded by the tags <![CDATA[ and ]]>.   

DTD (Document Type Definition)
A ‘well formed’ XML document is one in which the tags are nested correctly and attributes are unique for a tag but this is a very weak constraint. It only ensures that the document can be parsed into a labeled tree. Some tighter constraints for the document’s grammar may be specified in a DTD file (or in the <!DOCTYPE section of the XML file.) For SCFGrC a DTD file was written and is included as Appendix 3. It specifies the document’s grammar using a context free grammar, for example the specification of the scfg tag is:
<!ELEMENT scfg (description?,grammar,probability+)>

<!ATTLIST scfg 


id ID #REQUIRED


alphabet IDREF #REQUIRED


classname (TwoNTGrammar) "TwoNTGrammar"

>
This means that an <scfg ></scfg> element must contain a description element (‘?’ means zero or more times) followed by one grammar element, followed by one or more (‘+’) probability elements. The <scfg> tag has three attributes. Attribute id is of type ID meaning that the string value must be unique for all element tags in the document. It is a required attribute. Attribute alphabet is of type IDREF, meaning that its string value must be the id attribute of some other tag element. It is also required. The classname attribute is of enumerated list type with a default value (if it is not found in the element) of TwoNTGrammar. For this attribute definition there is only one member of the enumerated list (as SCFGrC currently only supports one grammar type (See 2NT vs 2NT+ grammars discussion).
The <!ELEMENT  definition may use the grammar ‘|’ character to specify that one or more tag elements are optional. For example <!ELEMENT prodterm (#PCDATA | code)*>  means that a prodterm element may contain PCDATA or a <code> element. (The ‘*’ means that any number of PCDATA strings and code tags are allowed in any order as content of a prodterm element.). So the DTD can be used to specify a context free grammar. It is interesting, but not useful, to observe that it is possible to define the RNA CFG’s in terms of the DTD CFG constructs.
The JDOM XML parser, used for SCFGrC, reads this DTD file and checks that an input XML file meets these constraints during parsing, and will throw well worded exception error messages if it does not. This reduces the input file error checking somewhat. However the DTD format is still a very loose specification. For example, as attributes are only considered as strings, if an attribute is designed to hold a value but actually holds a name (or is specified but empty i.e. “”) the DTD check will not catch the error. The JDOM parser provides methods to convert attribute values that are expected to be values (Attribute.getDoubleValue())or booleans (Attribute.getBooleanValue()) and will again throw suitably worded error messages. 

However JDOM does not check that other possible errors such as an idref attribute that points to the wrong kind of element. For example if the alphabet attribute of the scfg element (see above) specifies the value of a <code> tag element, neither the DTD nor the JDOM parser can determine this is an error and these must be caught by the SCFGrC code. There are proposals for improved versions of the DTD file, such as DCD (Document Content Description) [36], but these were not researched for this project. A 13page specification for the types and content of attributes and elements was written [43] . All error checking in SCFGrC that is not part of a DTD check, is driven by this document. The document is discussed in more detail later in this section.

HMMoC did not use a DTD or run any DTD checks, relying on the HMMoC for file format checking. A DTD file was written (using the ‘XMLBuddy’ Eclipse plug-in as a starting point (see below)) for HMMoC as a test for the SCFGrC file format, which highlighted a few (minor) errors in the HMMoC example xml files. This demonstrated that the DTD checks were of use, as the HMMoC examples run successfully with the HMMoC program even though they had errors. 

XML Embedded Interpreted Java Code.

HMMoC is designed to work at a lower level of abstraction than SCFGrC, and as well as describing the HMM in similar terms to the description of an SCFG, it’s <code> tags and attributes emphasise the inclusion and compilation of support code (IO, sequence definition, output formatting etc) around the HMM description. SCFGrC abstracts from the low level to a number of tasks that all SCFG algorithm program must perform. For example, reading in sequences and probability values from external files and also defining the format of output results. For HMMoC all such support code is compiled into a standalone C code program,  then compiled using a C compiler, then run, before the code can do simple tasks, such as reading and doing simple input calculations. SCFGrC has integrated these simpler tasks during the reading and parse of the XML file, so that output code can contain the optimized essence of the XML description, without any ‘baggage’. This is accomplished by integrating the well know ‘beanshell’ java language interpreter [37] into the SCFGrC program. Java (1.4.2) Code that is included in a <code> element between  <![CDATA[ and ]]> is executed / interpreted by beanshell ‘on-the-fly’ during XML parsing. There are many examples of this feature in the example XML files in the Appendices. In the examples, interpreted java statements are used to parse a variety of sequence and probability value data files. Calculations are performed on the raw data before the final algorithms and SCFGs are created. For example, to multiply transition and emission values together to create a single probability value for each CFG production.
Further details of the inline code features can be seen in the XML file format [43] and in the example XML files.
SAX, DOM and JDOM. 

There are two types of API used to read XML files. SAX (Simple API for XML) and DOM (Document Object Model). The SAX API is a low level event-style mechanism for parsing XML documents. It doesn’t maintain the whole document in memory but allows actions at the beginning and end of parsing tags. This means that there is not help from the API to maintain the context of a tag. 
DOM parses the whole document into an object model held in memory, composed of Element and Attribute programming objects (Java Classes for example). Both APIs are provided in the core Java classes. The DOM API is considered to be cumbersome to use, as the API was not developed originally for Java. A native Java alternative to DOM is called JDOM [38]. Its object model maps well to Java. For example requests for the contents of a tag, is returned as a Java List.

For the SCFGrC XML file format, the context of tags is very important. The largest example of this is the context of <code> tags in SCFGrC xml file format. There are 11 combinations of attribute values, parent, and contents of a <code> tag that determine what kind of object it should be mapped to inside SCFGrC. Each of these contexts is handled in a potentially different way. Use of a SAX parser to determine context would be difficult for these tags.

Another example of the importance of tag context for SCFGrC XML file format, is the use of idref type attributes. If a tag refers to another XML element, a DOM model allows the API to step forwards or backwards to find that tag and operate on it. A SAX model would not know if the tag had already been parsed , or was later in the file (unless specific note was made during parsing).
	Option
	‘type’ attribute
	Encloses
Element
	Parent Element
	Maps To Object
	Destination Object

	1
	(idref attrib)
	---
	---
	RefCode
	

	2
	statement
	---
	scfgml
	CodeCode
	ProbabilityModel

	3
	inline
	---
	scfgml
	CodeCode
	ProbabilityModel

	4
	inline
	identifier(1)
	sequence
	CodeCode
	Seq

	5
	inline
	identifier(1)
	prodterm
	CodeCode
	ValueCode

	6
	inline
	pcdata
	prodterm
	AnonClassCode
	ProbabilityModel

	7
	terminalexpand
	pcdata
	prodterm
	CodeCode
	ProbabilityModel

	8
	Statement + idref
	pcdata
	code
	RefCode
	

	9
	Inline +idref
	pcdata
	code
	RefCode
	

	10
	expression
	pcdata
	(prodterm)
	CodeCode
	ProbabilityModel

	11
	parameter
	pcdata
	(prodterm)
	CodeCode
	ProbabilityModel


Figure 13. Context semantics of <code> tags in SCFGrC xml file format.
So although the simple SAX API as used in the Object Orientated Programming II (OOPII) MSc course to program a GUI, seems attractive for its simplicity, SCFGrC needs to parse the XML document using a DOM parser. As already noted above, the JDOM DOM parser is known to be well integrated with the core Java classes. It was used in the HMMoC program, and has been used again for SCFGrC. 

Although a SAX parser is not used for SCFGrC, the technique of mapping XML constructs to Java objects as in the OOPII lectures and Calculator practical, has been used. In the lectures and practical,  a factory pattern is used to turn the XML GUI descriptive elements into either AWT or SWING GUI objects. The factory pattern is not relevant for SCFGrC as the objects being mapped to (E.g. Grammar , ProbabilityModel, Probability interface objects ) do not have families of available classes to map to. However although there are not families of objects, there are many possible representations of the objects described by the XML file. The representation requested by the XML file is indicated by the “class” attributes of many of the tags (for example the algorithmdefine tag can choose an existing algorithm class representation through the class attribute – or compile one of that name if it does not exist.) Likewise the structure tag selects its representation from its class attribute. New structure representations can be written (conforming to the Structure interface specification) and added at will, selecting the new ones by changing the value of the class attribute. The following representations are selectable in this way from the XML file:
	SCFGrC Object
	SCFGrC Interface
	XML tag
	XML Attribute

	Probability values
	Probability
	probability
	datatype

	Probability models
	ProbabilityModel
	probability
	probabilitymodel

	Grammar
	Grammar
	scfg
	classname
(only ‘TwoNTGrammar’ available now)

	Algorithm
	Algorithm
	algorithmdefine
	class

	Structure
	Structure
	structure
	class

	Structure management
	StructureFactory
	structurefactory
	class

	Output format
	Report
	algorithm
	reportClass


Figure 14:
During the definition of the XML file format for SCFGoC, the question of backwards compatibility with the HMMoC file format was discussed with Lunter, as one intent of the project was to allow HMMs to be coded and run from SCFGrC. However the descriptions of HMMs and SCFGs are largely different. New tags for the grammar and probabilities of SCFGs have been added and all the HMM specific tags removed for SCFGrC. As a result the SCFGrC XML parser has been completely rewritten from the HMMoC parser. The Occasionally Dishonest Casino example in the results and testing section shows how an HMM can be coded using SCFG. The description appears to be more compact than the HMMoC equivalent.
XML Document Specification

This 13 page document, (included on the attached CD and also from the project web site [43]) and the DTD file was written partly based on the XML documents used by HMMoC. It was written before coding of SCFGrC started, so although most of the tag elements map directly to programming objects in the SCFGrC code, the object names do not always directly reflect the tag names. As the target audience are not necessarily programmers, it was thought better to have tag and attribute names that were meaningful to xml file writers than to future code writers.
The basic structure of the XML input file is :

<scfgml>
<author></author>
<sequence></sequence>
<alphabet></alphabet>
<code></code>
<code></code>
<scfg>

<grammar>


<description />


<production />


<production />


…


<grammaroptimiser />


<grammaroptimiser />


…

</grammar>

<probability>


<prodterm>



<code>




<terminalexpand />




<identifier />



</code>


</prodterm>

</probability>
<probability>


<prodterm>



<code>




<terminalexpand />




<identifier />



</code>


</prodterm>

</probability>

….
</scfg>
<algorithmdefine>

<structure>


<structurefactory />

</structure>
</algorithmdefine>
….
<codeExecution>

<algorithm />

<algorithm />
</codeExecution>
<codeGeneration>
</scfgml>
Figure 15: Structure of the SCFGrC XML input file
The sequence tags define sequences to be analyzed. The sequences can be read in from any external file format, hardcoded into the xml file, or generated by some <code> elements. <alphabet> tags define alphabets of terminal symbols. These may be automatically generated by <code> tags but are usually hardcoded values. Currently alphabet symbols must be any or all of the 26 lower case ascii characters.

<code> tags above the scfg tag element are global code definitions that can be called several times elsewhere in the xml file, by using the idref <code> tag attribute. 
Context free grammars are coded in the <scfg> tag element. This comprises a <grammar > tag element and several <probability> tags. A <grammar> consists of a number of <production> tags, one for each nonterminal in the grammar. The notation format is discussed below. The grammar tag element is followed by several <probability> tags, one for each nonterminal. Each <probability> tag holds one <prodterm> tag for each prodterm in the production for that nonterminal. The <prodterm> tag maps to a ProbabilityModel element in the final program and defines the probabilities and their representation for that prodterm. There can be an arbitrary number of <scfg>’s in the xml file (but only one top level <scfgml> tag).
The scfg definitions are followed by one or more <algorithmdefine> tags which define the grammar, code, type, and datatypes and matrices to be used for an algorithm. These definitions are called by the subsequent <algorithm> tags and programmed with sequences and matrices, as part of the single <codeExecution> tag. 

All the algorithms in the <codeExecution> block are run by the program in Java, (after creating and compiling any customized algorithms for the <algorithmdefine>’s if their class attribute does not exist.). The <codeGeneration> block defines which <codeExecution> block(s) will have stand alone custom programs (Java or C++ programs that don’t require the XML file in order to run) written out. The <codeGeneration> block is not implemented in the current version of SCFGrC, as this would be part of a follow on project. The current version of SCFGrC either ‘interprets’ XML grammar specifications and runs the algorithm in java, or creates a Java Algorithm class, customized to the xml grammar, then runs that in place of the interpreter algorithm classes.
Grammar notation in the XML file

Context free grammars are coded in the XML file in the grammar tag element of the top level scfg tag
Context free grammars have been traditionally represented in the computer science literature using Backus-Naur Form, or BNF. In Backus-Naur Form, certain characters, called metacharacters, are used to punctuate productions and all other printable characters are taken to represent themselves literally. Named tokens are denoted by enclosing the name within angle brackets < > . The left side of a production is distinguished from the right side by the characters ::= . If several productions have the same left side, the vertical bar | is used to separate them. The elements of a grammar rule are simply juxtaposed to indicate that one follows another. Blanks are ignored. Thus, in BNF, a production for a date, might be:

  <date> ::= <day> <name of month>,  <year>

However for the XML production tag a notation was chosen that was closer to the notation often used in the bio-informatics literature. E.g. “S -> aSa’ | LS “ in the literature is  translated to the production tag attributes lhs=”S” and grammar=”t,S,tb | L,S”. Each symbol is separated by ‘,’ in a production instead of the BNF ‘<>’ meta-characters and productions sharing the same left hand side, are grouped together using the ‘|’ symbol. A symbol name may not use spaces.

Alphabet symbols must be single character lower case letters (giving a maximum of 26 alphabet symbols). Terminal symbols in the grammar attribute can be up to 6 characters in length, as long as they start with a lower case letter. Non-terminal symbols must start with an uppercase character but can be up to 6 characters long. Non-terminal symbols that are automatically generated by the program during grammar optimisations, are preceded by the underscore ‘_’ character, to distinguish them from user enter productions. E.g. “_S0” is program generated. The non-Terminal symbol “E_”  is reserved and has the special meaning of ε, the empty string.

Note that productions like “aSa’” have ambiguous meaning in the RNA and DNA context because ‘a’ could be interpreted as the nucleotide ‘a’ or as a terminal symbol representing a terminal expansion to all the alphabet symbols ( e.g. {a,c,g,u} for RNA ). For this reason the program does not accept alphabet symbol characters in the grammar attribute. 

Terminal symbol Alphabet expansions

Terminal symbols are assumed to expand any production term using them, to a (potential) cross-product of productions. This expansion is described by the <terminalexpand/> tag. Usually terminal symbols expand to the complete alphabet of the grammar, so “t,S” , where ‘t’ is a terminal symbol for RNA {a,c,g,u}, expands to a,S c,S g,S  u,S and “t,S,tb” expands to the full 4x4 cross-product of productions. However the <terminalexpand/> tag can expand a terminal symbol to a subset of the alphabet. In which case undefined members of the cross-product are assumed to have zero probability. The <terminalexpand/> tag options are described in detail in [43]. A user is recommended to read the <terminalexpand/> section before coding a new xml file, to be sure of the correct interpretation. 
Note that although alphabet symbols form a set of symbols with no order, terminal expansions are done with respect to the order the alphabet symbols were added to the alphabet. So an <alphabet> definition “acgu”, will have an “t,S,tb” cross-product { {a,a} , {a,c} , {a,g} , {a,u} , {c,a} , {c,c}….{u,u} }. This is important when defining probability arrays in <probability/> and <prodterm/> tags.

Requirements

The requirements for the SCFGrC program are fairly simple although implementation of these requirements is complex.

1) The program should read the definition of an arbitrary SCFG and its terminal symbol alphabet from an XML file.

2) The program should be able to read sequences for analysis from the single XML input file, or from other files defined by the xml.
3) The program should be able to (a) execute the standard SCFG algorithms on the described sequences by ‘interpreting’ the grammar of the SCFG and/or (b) create customized code for the an algorithm to the described grammar and run that in place of the SCFG interpreter.
4) The program design should allow experiments and extensions in grammars, algorithms, matrix structures, data types to be easily accommodated.

5) Although written with RNA analysis in mind, the program should be able to apply SCFG techniques in any arena. For example [11], but also specifically HMMs coded as SCFGs.

6) The program should be capable of producing standalone C++ (and Java) programs to execute the described SCFG on arbitrary sequences, without reading the xml file.

7) The program should be able to be run by non-developers. So errors should be trapped and error messages should be meaningful.
It was decided in discussions with the project supervisors, Lunter and Lyngsoe, that this set of requirements was hard to meet in one project. As a result, the emphasis on program flexibility and extension, requirement (4), is particularly important. 
Early in the project there was a debate about the requirement for C++ output from the program. There are studies that show that Java can often be as fast as C++ code. It was decided that the C++ output code could be optional for this project. It would require large bodies of java class code to be ported to C++ equivalent, with no improvement in the ability to experiment with grammars, and algorithms (requirement 4). Experiments in grammars and algorithms have to be compared directly to experimental controls. There would be little point comparing the performance of a new grammar running in C++ against a previous solution running in Java.  

Object Orientated Program Structure

In order to meet requirement 4 (Requirements section) the Objected Orientated practices taught in the OOPII MSc course module were applied to the design of the SCFGrC program. This takes two parts. Firstly abstraction decisions were made about how the program represents algorithms, datatypes, matrices etc. and secondly some of the design patterns taught in that course (and more in [39] ) were applied.

In order to allow experiments in algorithms and memory structures, any algorithm has been abstracted to three methods : init() , fill(), termination() defined by the Algorithm java interface. These map directly to the operations formally described by the initialization, recursion and termination schemas in the Theory section. 

After termination, results are output using an abstracted report defined by the ‘Report’ java interface. This interface defines one report method per algorithm (eg  insideReport(Algorithm a), cykReport(Algorithm a) ). The format and location (screen, file, GUI etc) of a report is defined by these methods. There is a separate method for each algorithm type so that the algorithm determines which type of report it uses, using the “visitor pattern”. The Algorithm interface defines a reportString() method that calls the relevant Report method. E.g. for the Inside algorithm interpreter class:

    /**

     * Generates a report string based on the passed report class

     * @return A string representing the result of the algorithm

     */

    public String reportString() {

        return rep.insideReport(this);

    }

Where the rep object is the Report, registered with the Algorithm during configuration of the algorithm from the XML <algorithm> tag, using its reportClass attribute. This attribute holds the class name of the Report. Using the Visitor pattern, allows new output formats to be easily added to the program, using the XML, without recompiling the SCFGrC program. For example one of the identified follow on projects, is one that interfaces SCFGrC to the SStructView java applet [40] to display graphic images of predicted secondary structure. This can easily be added by creating a new Report object and calling it from the xml file. Currently SCFGrC only has one Report object (DefaultReport). Also using an abstracted report, registered with the algorithm during configuration, and the visitor pattern, means that different reports can be registered with the same algorithm used for different sequences (for example).
During the execution of the algorithm, operations that store or retrieve data from the matrix do so through an abstracted matrix, called a ‘Structure’ and defined by the ‘Structure’ java interface. This allows different matrix representations (Maps, arrays, Lists etc) to be used on the same algorithm code. The Structure is registered with an algorithm during algorithm construction from the xml <algorithmdefine> and enclosed <structure> tag. This allows several algorithms to share a single Structure object (for example to pass the results of an inside algorithm to an outside algorithm). The <algorithmdefine> ‘matrix’ attribute defines the xml id of the structure tag being used for this algorithm. 

Data is sent and retrieved from a Structure using the autoGet(Coord c) and autoPut(Coord c, Cell ce) methods of the Structure interface. A Coord object is an abstraction of matrix co-ordinates. There is currently only one concrete implementation of the Coord interface the ThreeDCoord, which passes arrays of 3 integers to access a three dimensional array. Using the Coord abstraction allows future algorithm and structure writers to use more or fewer than three dimensions that the current SCFG algorithms require. 
A Cell interface object is an abstraction of the location in an array. It holds the data value stored and associates it with setValue(Probability p), getValue() methods as well as an accept(Algorithm a, StructureIteration it) visitor pattern method. By abstracting the data location stored in the matrix to a Cell object, it is possible to store different datatypes at different locations in the Structure. By providing the Cell object with an accept method it is possible to have these different datatypes perform different functions when accessed. For example the Algorithm interface (currently) defines three methods that Cells may call in their accept methods: BFloatProbabilityVisit, DoubleProbabilityVisit and LogeProbability visit, one for each of the currently available datatypes. 

A Structure has methods to provide iteration over itself using a Java iterator if required. The Structure interface provides an Iterator iterator(String type); method. This reduces the Algorithm.fill() method (for the inside algorithm) to
    /**

     * Runs the iteration

     */

    public void fill() {

        /* matrix.iterator() codes for i=1 to l-1, j=j+1 to L, v=1 to M */

        Iterator it = matrix.iterator("inside");

        while (it.hasNext()) {

            DefStructIter n = (DefStructIter)it.next();

            n.getCell().accept(this,n);

        }

    }

The full implementation of these features produces a complex call stack : 
Algorithm.fill()

Structure.iterator.next()


Structiterator.getCell()



Cell.accept(this)




Algorithm.LogeProbabilityVisit(Cell, Coord)



Cell.setValue(Probability)
The currently available algorithm interpreter classes (InsideDefAlgorithm, CYKDefAlgorithm, CYKTraceDefAlgorithm) all use this full call stack to demonstrate the flexibility available, but as this introduces an overhead in every recursion step, any experimental implementation may wish to remove some of these steps. For example the optimized code produced by the program has a simpler call stack, for improved speed performance:
Algorithm.fill()

Structure.autoGet(Coord)

Cell.setValue(Probability)
This call stack removes the use of the Structure iterator and the Cell visitor pattern because it is known that the user is not experimenting with these features. The extra design features are provided to allow flexibility when running comparative experiments.
Accessing the Structure by passing Cell objects does not mean that the Structure must store those objects directly. The Structure can wrap and unwrap them in its implementation, and this may be preferable for optimal memory size.
A Structure is programmed with a ‘Structure Factory’ by the <structurefactory> xml tag enclosed by the <structure> xml tag. The class attribute defines the name of a class to configure the Structure with. If the class attribute value does not exist as a java class the <structurefactory> tag will be ignored. The intent of the Structure factory object is to manage the Structure. Calls to the Structure are made through autoGet and autoPut Structure methods. These call the Structure factory e.g.

    /**

     * Puts the Cell p at Coord c using the StructureFactory if its set

     * @param c The Coord location of the Cell

     * @param p The Cell to put

     */

    public void autoPut(Coord c, Cell p) {

        if (sF != null)

            sF.put(c,p,this);

        else

            manPut(c,p);

    }
The structure factory can be used to manage which objects are stored and returned from the Structure. For example this allows the structure to return different datatypes for different locations in the array, or (at an internal level) to box and unbox data values and just store the data values only in an array. The structure factory can also be used to set bounds on the matrix, say returning constant values for Coord’s outside certain limits. 
It would also be possible to implement the “flyweight pattern” for values in the Structure using the Structurefactory. This might work if many Probability values in the Structure have identical values, by forcing all Cells in the matrix to share the same Probability object. It is unlikely that sufficient locations would share the same real number probability values, to make significant gains in Inside, CYK algorithms (given that a matrix would have to store a reference (the flyweight) to the concrete object, which requires memory itself). However algorithms that store small integer values, similar to the simplistic Nussinov algorithm, might be able to make use of this. It is unforeseen approaches like this that SCFGrC is designed to allow experiments with.
Only the StructureFactory should use the Structure manPut() and manGet()  methods. Use of  autoGet and autoPut in algorithm code ensures that a structure factory if used will always be called.
As mentioned in the Theory section, all algebra is carried out in terms of the abstract Probability data type, defined by the Probability java interface. Abstract algebraic operations are always assumed to be in normal space. The Probability interface provides four algebraic operations (multacc(Probability p), sumacc(Probability p), diffacc(Probability p), divacc(Probability p) ) and three equality tests (less(Probability p), lessequal(Probability p), equal(Probability p) ). When a representation (Eg The LogeProbability concrete implementation) stores the Probability value in another space, the interface definition assumes that the operation is in normal space. So if a value is stored as a log probability (The LogeProbability), multacc(Probabilty p1) adds p1 to the current value (if p1 is another LogeProbability, or converts it to a log probability before adding it). This abstraction allows datatypes to be switched without changing the algorithm code. This ability was used in the G4 grammar example (see results section), to switch from Bfloat to Loge probability representations , when a parse error was introduced by the BFloat representation rounding.
Algorithms are programmed with abstract Sequence objects and Grammar objects during construction. The Sequence interface describes a sequence to be analyzed. It abstracts the details of how the alphabetsymbols are stored. In custom programs , sequences are traditionally held as arrays with direct indexing. The Sequence abstraction provides a number of methods to construct the sequence ( append(AlphabetSymbol), append(List), append(String) ) and two methods to retrieve from the sequence (getSymAt(int) and getSymFrom(int from, int to) ). By abstracting the sequence it is possible to store the sequences in different ways depending on the alphabetsymbols. There is currently only one concrete implementation of the Sequence interface, the Seq class, which stores alphabetsymbols in a java List.
Grammar objects store all the information for an SCFG model. An SCFG abstraction is a direct map from the StochasticGrammar  schema. There are abstract NonTerminalSymbol, TerminalSymbol, AlphabetSymbol, and ESymbol classes for the symbols found in a grammar. The TerminalSymbol represents a symbol that will be expanded to members of the Alphabet during terminal expands of ProdTerm ‘s. The special ESymbol object represents ε in the grammar, as it is neither a Terminal, nonTerminal nor AlphabetSymbol. 

A Production object holds a NonTerminalSymbol and a list of all the ProdTerm objects associated with that nonterminal. Each ProdTerm object has an abstract ProbabilityModel object associated with it. This maps directly to the function Pr( tvy( t ))  in the schema, which returns the probability of a production of the nonterminal v to prodterm containing nonterminal(s) y  index by the alphabetsymbol sequence t. The benefits of this abstraction are discussed in the theory section. Only one concrete implementation of the Grammar interface has been written, TwoNTGrammar, that represents a 2NT grammar. The XML file has a placeholder for different Grammar representations as the classname attribute of the <scfg> xml tag.
The java interfaces for the objects involved in the algorithms are given in the appendix 11.
As mentioned in the XML sections above, the java class names don’t map directly to the xml tag names, because the xml is designed for use by non-programmers. The mapping is below in Figure 16. Many of the functions to map information in a tag element to the java object are held in Abstract classes from which concrete implementations of the Algorithm, Grammar, GrammarOptimiser, Report, Sequence, Structure, StructureFactory are extended. Specifically the functions to create an instance of this object given the string name of the class, are held in the relevant Abstract class. These functions all have the same code except for the type information and would have been ideal candidates for Java 5 generic methods. Java 1.4.2 was however used specifically because java aspects would be used to provide logging, profiling and GUI addons (see following section) and at the start of this a fully qualified aspectJ release that supported all of the java5 features, was not available.
	XML Tag
	SCFGrC Interface/Class

	sequence
	Sequence / Seq

	scfg
	Grammar / TwoNTGrammar

	production
	- / Production

	prodterm
	ProdTerm & ProbabilityModel

	
	

	structure
	Structure / DefListStructure

	alphabet
	- / Alphabet

	algorithmdefine
	Algorithm / InsideDefAlgorithm

	codeExecution
	- / CodeExec


Figure 16 : Map of xml elements to SCFGrC program code Class names.
Other methods stored in the abstract classes are methods and members to access common xml derived attributes (like the id of the object).

The class and interface map for SCFGrC can be summarized in the diagram of Figure 17. The diagram uses some UML features which are part of the MSc Requirements module. This module was not taken by the author.
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XML scfgml File   SCFGr C.dtd  

Seq  

String getS ymAt ( int)   String getSymFrom ( int,int )   int length()  

S equence   Alphabet  

void   add Terminal()   void  delTerminal ()   int  size ()   boolean isMember ( Alpha  s )   boolean  subSet ( Alphabet  a )  

TwoNT Grammar  

Prob getTrans(int y, int k)   void addTe rm(Str lhs, Str rhs, Prob)   int noProductions()  

Grammar  

DefaultReport  

Str insideReport(Algorithm a)   Str cykReport(Algorithm a)   Str outsideReport(Algorithm a)   Str insideoutsideReport(Algorithm a)  

Report  

InsideDefAlgorithm  

v oid init()   void fill ()   void te rmination()   void BFloat CellVisit(Cell c)   void  Loge CellVisit(Cell c )   String reportString()  

Algorithm  

CYK DefAlgorithm  

Void init()   void iteration()   void termination()   void BFloat CellVisit(Cell c)   void  Loge CellVisit(Cell c )   String reportString()  

Def List Structure  

Iterator iterator( String s )   Cell  autoGet (Coord co)   Cell  auto Put (Coord co ,  Cell  c )  

Structure  

DefStructureFactory  

Cell makeCell(double d)   Cell makeCell(bfloat f)   double makeCell(double d)   bfloat makeCell(bfloat f)  

StructureFactory  


Figure 17: Class diagram for the SCFGrC program.

After all the objects have been constructed from the xml, the <algorithm> definitions in the <codeExecution> block are added to a queue of operations to execute, using a variation of the “command pattern”. The algorithm to be executed (together with the sequence and report objects to configure the algorithm with) are wrapped up in an AlgorithmCommand class object which implements the java Runnable interface and added to the operations list. Any <code> in the <codeExecution> tag is similarly wrapped up in a CodeCodeCommand class object and added to the queue. When the main program is ready it calls each Command object from the queue and executes them one at a time by calling op.run() on each one. An AlgorithmCommand.run() method calls init(); fill(), termination(); then prints the string returned by the reportString() method. A CodeCodeCommand run() method runs the execute() method of the CodeCode object, which usually executes any code taken from the xml file, using the beanshell interpreter, if there is any.
The AlgorithmCommand.run() method implements the “template method pattern” for algorithms. It holds a sequence of Algorithm interface operations, that concrete Algorithm classes (Eg CYKDefAlgorithm) provide concrete behaviour for. In this respect the Algorithm.execute() method (which is called by AlgorithmCommand.run() ) is also a Template method.
    public void run() {

        a.setSeq(seq);

        a.setReport(rep);

        a.execute();

        a.setSeq(null);

        a.setReport(null);

        if(!a.iskeepTable()) a.getStructure().clear();

    }
AlgorithmCommand.run()   is a template method design pattern
    public void execute() {

        init();

        fill();

        termination();

        System.out.println("INFO "+reportString());

    }
Algorithm.execute() method called by AlgorithmCommand.run()

Another design pattern in use is a  modified “singleton pattern” for instances of the ESymbol. This ensures that there is only one ESymbol object per grammar. There may be several grammars (<scfg> tags) defined so a call to the static ESymbol.getESymbol method takes a grammar object as a parameter. ESymbol maintains a static Map of grammar to ESymbols and either creates the singleton for the grammar if it doesn’t exist, or returns the ESymbol for that grammar. The singleton pattern is characterized by having a private constructor that only the getESymbol method can use. 

At the start of this section the possible benefits of creating C++ output was discussed. The known benefit of a dedicated C++ output might be memory usage. A small test was done to compare matrix memory usage between java and C++. The author did not have access to a memory profiler for java, so a java two dimensional array of 1E6 objects of different datatypes was created, and the program paused after the array was created. Memory usage was recorded (using linux ‘vmstat’ command) before starting and during the program pause, the difference being a measure of the memory used for the array (as the memory usage of the large array should swamp the memory used for the rest of the program). For C++ Lunter provided a short test program that directly reports the C++ memory usage, using the C++ ‘sizeof’ keyword. The results are in the table of Figure 18.
	Object
	Java
	C++
	Comment

	Primitive
double
	~8 bytes
	8 bytes
	

	Double object
	
	8 bytes
	C++ inline method

	BFloat Object
(float + int)
	~21 bytes
	8 bytes
	C++ inline method

	BFloat Object 
(float + int) 
	~21 bytes
	12 bytes
	C++ ‘virtual’ method 


Figure 18: Comparison of object memory usage between Java and C++
From Figure 18 and other tests carried out, it can be concluded that storage of Objects in an array in Java is inefficient compared to C++ (presumably the overhead of storing type information), but having stored an object, adding more methods to the object class has no impact on memory usage (in line with Java documentation). A C++ object only requires memory sufficient to hold the data members of the object, unless virtual methods are used in the class definition. This is in agreement with C++ documentation. For a Java algorithm to be as memory efficient as its C++ equivalent, it must store arrays of primitive values. SCFGrC also implemented a test matrix structure as a Map structure (where the key is an array of integers ) as this only uses memory for the values stored and SCFG matrices are diagonal, using half of an array. However as memory is required to store the key as well as the data, this does not have any advantage in Java. A C++ pointer based implementation could take advantage of the half filled matrix.
Java Aspects

There are two aspects of the SCFGrC program that, if implemented with a traditional approach leads to scattered code fragments in the program. These are logging and profiling. For SCFGrC these have been implemented using java aspects [41]. Java aspects and aspect orientated programming were taught in the Aspect Orientated Design MSc course module attended by the author. A short description of how to compile and run SCFGrC using the aspectJ compiler is included in Appendix 12.
Logging

One traditional approach to logging is to use the java built in logging API (java.util.logging package). This logger allows messages of a variety of levels to be directed to the console or to a file, and the level of messages recorded to be filtered at run time to a certain level or above. An example of the use of the simple global logger object might be
import java.util.logging.*;

public class LogTest {

public static void main(String argv[]) {


Logger.global.info(“Starting program…”);


Logger.global.warning(“A problem has occurred, it may not be serious”);


Logger.global.severe(“A serious problem has occurred. Exiting…”);


}
}

The import statement and the relevant logger have to called for each class where logging is required, and a properties file has to be created (it defines log levels, and output locations of the code) and selected using a system property at runtime 
(java –Djava.util.logging.config.file=logfile.properties). The output from the logger can be overly complex if the messages are of the form “Starting program…”. The info message from the above code snippet would be printed out as 
Aug 1, 2005 3:35:36 PM LogTest main
INFO: Starting program…
And so for simple programs, the logging functionality is often left to System.out.println() statements.
For SCFGrC java aspects have been used to implement logging. However as the program has to be extendible by others, it is not clear that they will always be familiar with java aspects. As a result a design decision was made to include System.out.println() logging statements in the code but to intercept them (create an aspect ‘around advice’) with java aspect code to create a reasonable logger. If future programmers are unfamiliar with Java aspects and how to compile them into the code, the println() statements will be work as expected, printing messages to the console. With the aspects enabled, the messages are directed to log files using the same filtering mechanism as the java logging API, but without the timing information. For example the first line of the above code is reported as 
INFO: Starting program… 
in a simple readable text log file (and also in a java.util.Logging API log file with the timing information). 

The code to implement this is in the file AppLog.aj and is included in Appendix 4. Below in Figure 19 are the three pieces of aspect ‘advice’ code from Appendix4 which intercept the calls  to all println() and print() methods.

    
/** Intercept all calls to .println() methods and write the String

    
 * argument to the relevant log files */

    
void around(String text) : 

    
    ( call(void *.println(..)) )

    



&& args(text) 

    



&& !within(AppLog) {

    
    writeLog(text,true);

    
}

    
/** Intercept all calls to .print() methods and write the String

    
 * argument to the relevant log files */

       
void around(String text) : 

    
    ( call(void *.print(..)) )

    



&& args(text) 

    



&& !within(AppLog){

    
    writeLog(text,false);  

    
}

       
/** Close the simple log file after the main program completes */

       
after() : execution(* main(..)) {

       
    if(txtLog!= null) txtLog.close();

       
}


Figure 19: Java aspect ‘advice’ used to intercept calls to all println() and print() methods.

The first two pieces of advice intercept all println(String ) and all print(String ) methods respectively. The String argument to those calls is intercepted (as the String text variable) and processed by the writeLog method. This method looks for one of the strings CONFIG, SEVERE, WARNING, INFO, FINE, FINER, FINEST as the prefix to the String text and uses this to determine, based on the current logging level, which messages to log, in the same way that the inbuilt java logger uses these levels. The last piece of advice is used to detect the end of the program (the end of the main method) and close the log file before the program exits.
Profiling

The second use of java aspects is for very simple profiling – recording the run times of various parts of the program, specifically, the xml file processing time, the run times of each algorithm, and the total program run time. In a traditional implementation of such a function the code location of the start and end of the modules to be timed has to be found in the code and lines added before and after to record system time. Both points have to be in the same part of the code hierarchy for the time difference to be determined and a message printed. 

Using java aspects this can all be accomplished in one file for all modules to be profiled. In Figure 20 the code snippets from AppTiming.aj  (Appendix 5), to intercept the start and end of algorithm runs is included.

    private long astartTime;

    private long aendTime;

    private long arunTime;

    // Get time at start of any Algorithm or Code with an execute method.
    before(): execution(void algorithms.*.execute(..)) {

        //System.out.println("Starting Algorithm...");

        astartTime = System.currentTimeMillis();

    }

    // Get time after end of algorithm or code execute methods.
    after():  execution(void algorithms.*.execute(..)) {

        aendTime = System.currentTimeMillis();

        arunTime = aendTime - astartTime;

        System.out.println("INFO Algorithm took "+((float)arunTime)/1000.0+" Sec");

    }

Figure 20 : Java aspects code excepts from AppTiming.aj to profile run times of algorithms

The start and end of the code to be timed is detected in the before() and after() advice and local (to the AppTiming.aj aspect) variables store the system time values at those points. A log message (which itself is intercepted by the AppLogging aspect advice) is generated.
Again, if a future programmer is unfamiliar with java aspects, removing the AppTiming.aj file or just using a standard java compiler, will not affect the functionality of the program, only the timing information is lost.

Testing and Results

Testing of SCFGrC was carried out at the class module level using “Junit” tests, to ensure that individual methods of a class perform the expected function. At the top level three grammars from [8], G3, G4, G6 were coded into xml files and tested using short random (4 and 9 nucleotides) sequences and checked with hand/spreadsheet calculations for Inside and CYK algorithms. A longer 40 nucleotide sequence – the made up example in Figure 1 -  was also run against each grammar using the CYK/Traceback algorithm, and the parse compared to the parse that the code used for [8] gave, for the same sequence. Results are discussed in the relevant sections below.

The probability model data for all grammars was taken from the data used for [8]. The sample xml files for these three grammars in the appendix 6,7,8 demonstrates how the xml prodterm blocks use interpreted java code to read directly from the statistical values dumped from the programs of [8]. This demonstrates the ability to read arbitrary input formats.
The longer (262 nucleotide) real RNA sequence for A.ambivalens  was also analyzed against all grammars to check functionality on longer sequences. The sequence is read from a ‘Stockholm’ format input file by code in the xml file. This demonstrates the ability to read arbitrary sequence formats.
The G3 xml file tests aggressive use of the <code> idref features of the xml, by merging a few reusable pieces of code for each prodterm block.

G3 and G4 are tests of grammaroptimiser algorithms for ε productions and evaluation order. G6 also tests evaluation order. G4 detected issues with the use of BFloat datatypes in CYK/Traceback algorithms discussed below and mentioned in the theory section of this report.

Finally several possible grammars for the Occasionally Dishonest Casino (OCD) HMM example were coded and tested, with some interesting results. The results demonstrate the ease with which grammars and stochastic values can experimented with, using SCFGrC.
Knudsen / Hein grammar, G6.

The Knudsen / Hein grammar[27]  (G6 in [8]) was implemented in SCFGrC XML file found in Appendix 6. 

S ( LS  | L 
F ( dFd | LS 
L ( s | dFd 
Knudsen Hein Grammar G6

The probability data extracted from the training set used in [8] for this grammar, is summarized from the output from [8] below, to 4 significant digits. Values accurate to 6 digits is actually input to the xml model, or read directly from the data files from [8].
Transition Matrix:

Nonterminal dpS:
TSL: 0.1178 TSB: 0.8822 

Nonterminal dpL:
TLF: 0.1045 TLA: 0.8955 

Nonterminal dpF:
TFF: 0.7641 TFB: 0.2359 

Pairs Matrix:

     A      C      G      U 

A 0.0021 0.0028 0.0023 0.1666 

C 0.0025 0.0008 0.2489 0.0018 

G 0.0023 0.2666 0.0018 0.0624 

U 0.1712 0.0013 0.0629 0.0039 

Singles Matrix:

A 0.3881  C 0.1554  G 0.2153  U 0.2412

The probability of a bifurcation, S ( LS is the transition dpS ( TSB i.e. (0.8822). 
The probability of S ( L is the transition dpS ( TSL i.e. (0.1178).
The probability of a pair, F ( dFd  is the transition dpF ( TFF  x Value from Pairs matrix
The probability of L ( s is the transition dpL ( TLA  x Value from Singles Matrix
This grammar requires the OptimiseGrammarEvalOrder grammaroptimiser to be run, to ensure that S is evaluated after L, because of the S ( L production dependence. The <production> tags in the xml file were deliberately misordered:

INFO Grammar: scfg1. Description: Transitions Grammar is B.K.'s Pfold grammar (BJK)


Alphabet: a,c,g,u

L(0) -> t,F,tb | t 

S(1) -> L,S | L 


F(2) -> t,F,tb | L,S

After the optimizer the output grammar is correctly:
FINEST Creating OptimiseGrammarEvalOrder

INFO Optimising Grammar scfg1 with orderopt2

INFO Algorithm took 0.0 Sec

INFO Optimised Grammar...

Grammar: scfg1. Description: Transitions Grammar is B.K.'s Pfold grammar (BJK)


Alphabet: a,c,g,u


S(0) -> L,S | L 


L(1) -> t,F,tb | t 


F(2) -> t,F,tb | L,S
The nucleotide sequence ACGU was run through the both the Inside and CYK algorithms and compared to a hand calculation for the same. The program matrix matched the hand calculated values. The final matrix is shown below where the horizontal axis is d and the vertical axis is j
INFO S

                     0            1            2            3            4

   0    a     1.0e-Inf  4.094889E-2            -            -            -

   1    g     1.0e-Inf  2.270972E-2  6.963131E-3            -            -

   2    c     1.0e-Inf  1.639542E-2  2.787951E-3  8.548265E-4            -

   3    u     1.0e-Inf  2.544791E-2  3.124104E-3  5.312366E-4  1.628849E-4

L

                     0            1            2            3            4

   0    a     1.0e-Inf  3.475635E-1            -            -            -

   1    g     1.0e-Inf  1.927541E-1     1.0e-Inf            -            -

   2    c     1.0e-Inf  1.391601E-1     1.0e-Inf     1.0e-Inf            -

   3    u     1.0e-Inf  2.159953E-1     1.0e-Inf     1.0e-Inf  1.298589E-5

F

                     0            1            2            3            4

   0    a     1.0e-Inf     1.0e-Inf            -            -            -

   1    g     1.0e-Inf     1.0e-Inf  1.862251E-3            -            -

   2    c     1.0e-Inf     1.0e-Inf  7.456221E-4  2.286186E-4            -

   3    u     1.0e-Inf     1.0e-Inf  8.355246E-4  1.420763E-4  9.492347E-5

Next the test sequence from Fig.1 and [8] Fig2 was analyzed with the CYK/Traceback algorithms
FINE Sequence : ConusFig2TestSeq length=40 

acggaaccaacauggauucaugcuucggcccuggucgcgc

SCFGrC produces the following debug traceback tree. This program report output has been formatted to look identical to the output from [8] so that they can be directly compared.:

INFO Tracing CYKTraceDefAlgorithm traceback ... 

INFO CompleteINFO CYK Trace Algorithm: traceback, on Sequence: ConusFig2TestSeq


 Using Grammar scfg1

Address      dp emitl emitr     type       nxtl       nxtr  i j

0022976342    S    -1    -1      L,S  0016607409 0014962806 - -

0016607409    L     0    -1        t        null       null a -

0014962806    S    -1    -1      L,S  0018983808 0025326212 - -

0018983808    L     1    -1        t        null       null c -

0025326212    S    -1    -1      L,S  0019690856 0030411188 - -

0019690856    L     2    -1        t        null       null g -

0030411188    S    -1    -1      L,S  0019731881 0015277917 - -

0019731881    L     3    -1        t        null       null g -

0015277917    S    -1    -1      L,S  0017447716 0011587215 - -

0017447716    L     4    -1        t        null       null a -

0011587215    S    -1    -1      L,S  0029959477 0011124894 - -

0029959477    L     5    -1        t        null       null a -

0011124894    S    -1    -1      L,S  0010807107 0004909906 - -

0010807107    L     6    -1        t        null       null c -

0004909906    S    -1    -1      L,S  0010446619 0019543955 - -

0010446619    L     7    -1        t        null       null c -

0019543955    S    -1    -1      L,S  0010933534 0015842168 - -

0010933534    L     8    -1        t        null       null a -

0015842168    S    -1    -1      L,S  0004916061 0013238549 - -

0004916061    L     9    -1        t        null       null a -

0013238549    S    -1    -1      L,S  0000860069 0026780757 - -

0000860069    L    10    21   t,F,tb  0005041714       null c g

0005041714    F    11    20   t,F,tb  0011155366       null a u

0011155366    F    12    19   t,F,tb  0019627754       null u a

0019627754    F    13    18   t,F,tb  0010040639       null g c

0010040639    F    14    17   t,F,tb  0007791465       null g u

0007791465    F    -1    -1      L,S  0021764429 0017901443 - -

0021764429    L    15    -1        t        null       null a -

0017901443    S    -1    -1        L  0020531348       null - -

0020531348    L    16    -1        t        null       null u -

0026780757    S    -1    -1      L,S  0030146205 0028899428 - -

0030146205    L    22    -1        t        null       null c -

0028899428    S    -1    -1      L,S  0012285785 0026779524 - -

0012285785    L    23    -1        t        null       null u -

0026779524    S    -1    -1      L,S  0017876004 0029173348 - -

0017876004    L    24    -1        t        null       null u -

0029173348    S    -1    -1      L,S  0019106770 0011582167 - -

0019106770    L    25    36   t,F,tb  0012227392       null c g

0012227392    F    26    35   t,F,tb  0018450577       null g c

0018450577    F    27    34   t,F,tb  0022355327       null g u

0022355327    F    28    33   t,F,tb  0017007273       null c g

0017007273    F    29    32   t,F,tb  0024585668       null c g

0024585668    F    -1    -1      L,S  0022048196 0022438818 - -

0022048196    L    30    -1        t        null       null c -

0022438818    S    -1    -1        L  0010969598       null - -

0010969598    L    31    -1        t        null       null u -

0011582167    S    -1    -1      L,S  0017984263 0003199106 - -

0017984263    L    37    -1        t        null       null c -

0003199106    S    -1    -1      L,S  0013185532 0015778003 - -

0013185532    L    38    -1        t        null       null g -

0015778003    S    -1    -1        L  0000229902       null - -

0000229902    L    39    -1        t        null       null c –

The equivalent output from the code used for [8] on this sequence is as below, where the mapping between the numbered nonterminals (“dp”) and productions (“type”) of [8] is:
	[8]
“dp”

	SCFGrC
“dp”
	[8]
“type”
	SCFGrC
“type”

	
	
	0
	dFd

	0
	S
	1
	L

	1
	L
	2
	s

	9
	F
	3
	L,S

	
	
	4
	dFd

	
	
	5
	L,S


Load file using B.K.'s Pfold grammar (BJK) grammar 

Sequence TestSeq (file: data/TestSeq.stk) :

(  address   ) dp  emitl emitr type    nxtl        nxtr      i  j

(   0x80ac5f0)  0    -1    -1    3   0x80ac640   0x80ac620   z  z 

(   0x80ac640)  1     0    -1    2           0           0   A  z 

(   0x80ac620)  0    -1    -1    3   0x80ac690   0x80ac670   z  z 

(   0x80ac690)  1     1    -1    2           0           0   C  z 

(   0x80ac670)  0    -1    -1    3   0x80ac6d0   0x80ac6b0   z  z 

(   0x80ac6d0)  1     2    -1    2           0           0   G  z 

(   0x80ac6b0)  0    -1    -1    3   0x80ac710   0x80ac6f0   z  z 

(   0x80ac710)  1     3    -1    2           0           0   G  z 

(   0x80ac6f0)  0    -1    -1    3   0x80ac750   0x80ac730   z  z 

(   0x80ac750)  1     4    -1    2           0           0   A  z 

(   0x80ac730)  0    -1    -1    3   0x80ac790   0x80ac770   z  z 

(   0x80ac790)  1     5    -1    2           0           0   A  z 

(   0x80ac770)  0    -1    -1    3   0x80ac7d0   0x80ac7b0   z  z 

(   0x80ac7d0)  1     6    -1    2           0           0   C  z 

(   0x80ac7b0)  0    -1    -1    3   0x80ac810   0x80ac7f0   z  z 

(   0x80ac810)  1     7    -1    2           0           0   C  z 

(   0x80ac7f0)  0    -1    -1    3   0x80ac850   0x80ac830   z  z 

(   0x80ac850)  1     8    -1    2           0           0   A  z 

(   0x80ac830)  0    -1    -1    3   0x80ac890   0x80ac870   z  z 

(   0x80ac890)  1     9    -1    2           0           0   A  z 

(   0x80ac870)  0    -1    -1    3   0x80ac8d0   0x80ac8b0   z  z 

(   0x80ac8d0)  1    10    21    0   0x80ac8f0           0   C  G 

(   0x80ac8f0)  9    11    20    4   0x80ac910           0   A  U 

(   0x80ac910)  9    12    19    4   0x80ac930           0   U  A 

(   0x80ac930)  9    13    18    4   0x80ac950           0   G  C 

(   0x80ac950)  9    14    17    4   0x80ac970           0   G  U 

(   0x80ac970)  9    -1    -1    5   0x80ac9b0   0x80ac990   z  z 

(   0x80ac9b0)  1    15    -1    2           0           0   A  z 

(   0x80ac990)  0    -1    -1    1   0x80ac9e0           0   z  z 

(   0x80ac9e0)  1    16    -1    2           0           0   U  z 

(   0x80ac8b0)  0    -1    -1    3   0x80aca20   0x80aca00   z  z 

(   0x80aca20)  1    22    -1    2           0           0   C  z 

(   0x80aca00)  0    -1    -1    3   0x80aca60   0x80aca40   z  z 

(   0x80aca60)  1    23    -1    2           0           0   U  z 

(   0x80aca40)  0    -1    -1    3   0x80acaa0   0x80aca80   z  z 

(   0x80acaa0)  1    24    -1    2           0           0   U  z 

(   0x80aca80)  0    -1    -1    3   0x80acae0   0x80acac0   z  z 

(   0x80acae0)  1    25    36    0   0x80acb00           0   C  G 

(   0x80acb00)  9    26    35    4   0x80acb20           0   G  C 

(   0x80acb20)  9    27    34    4   0x80acb40           0   G  U 

(   0x80acb40)  9    28    33    4   0x80acb60           0   C  G 

(   0x80acb60)  9    29    32    4   0x80acb80           0   C  G 

(   0x80acb80)  9    -1    -1    5   0x80acbc0   0x80acba0   z  z 

(   0x80acbc0)  1    30    -1    2           0           0   C  z 

(   0x80acba0)  0    -1    -1    1   0x80acbe0           0   z  z 

(   0x80acbe0)  1    31    -1    2           0           0   U  z 

(   0x80acac0)  0    -1    -1    3   0x80acc20   0x80acc00   z  z 

(   0x80acc20)  1    37    -1    2           0           0   C  z 

(   0x80acc00)  0    -1    -1    3   0x80acc60   0x80acc40   z  z 

(   0x80acc60)  1    38    -1    2           0           0   G  z 

(   0x80acc40)  0    -1    -1    1   0x80acc80           0   z  z 

(   0x80acc80)  1    39    -1    2           0           0   C  z

‘z’ in the i and j columns means null emission (same as ‘-‘ in the SCFGrC output).

As can be seen, the parse for both sequences are identical. However it is not the parse shown in the figure 1 and figure 2 from [8]. This is likely due to the training probability data being based on long sequences. This ‘toy’ made up example, is very short.
The much longer (262 nucleotide) real RNA sequence for A.ambivalens,  shown below, was also run through the CYK/ Traceback algorithms of both [8] and SCFGrC for this grammar. The parse was the same for both.
FINE Sequence : A.ambivalens length=262 

gaggaaagucccgccuccagaucaagggaagucccgcgagggacaaggguaguacccuuggcaacugcacagaaaacuua

ccccuaaauauucaaugaggauuugauucgacucuuaccuuggcgacaagguaagauagaugaagagaauauuuaggggu

ugaaacgcaguccuucccggagcaaguaggggggucaaugagaaugaucugaagaccucccuugacgcauagucgaaucc

cccaaauacagaagcgggcuua
The above results are identical using the algorithm interpreter class (E.g. CYKDefAlgorithm in Appendix 9 ) or the customized compiled algorithm grammar (E.g. G6CYKAlgorithm seen in Appendix 10). The compiled algorithm was 14% faster than the interpreted one on the short Fig2[8] test sequence. This percentage improves with longer sequences.
The results from the Knudsen Hein G6 grammar, give confidence that the interpreted and compiled algorithms are performing correctly.
G4 Grammar and rewriting results
G4 grammar (known as the Revised Unambiguous Nussinov grammar in [8]) was implemented in SCFGrC XML file found in Appendix 8. 

S (  tS  | T | ε
T (  Tt | tSt | TtSt 
Grammar G4

The probability data extracted from the training set used in [8] for this grammar, is summarized from the output from [8] below, to 4 significant digits. Values accurate to 6 digits are actually input to the xml model, or read directly from the data files from [8].
Transition Matrix:

Nonterminal dpS:
TSS: 0.5167 TST: 0.4427 TSE: 0.0406 

Nonterminal dpL/T:
TTT: 0.4739 TTS: 0.4827 TTB: 0.0433 

Pairs Matrix:

     A      C      G      U 

A 0.0021 0.0028 0.0023 0.1661 

C 0.0025 0.0017 0.2482 0.0018 

G 0.0023 0.2666 0.0018 0.0622 

U 0.1707 0.0025 0.0627 0.0039 

Singles Matrix:

A 0.3881  C 0.1554  G 0.2153  U 0.2412

The probability of a bifurcation, T ( TtSt  is the transition dpT ( TTB i.e. (0.0433). 
The probability of S ( T is the transition dpS ( TST i.e. (0.4427).
The probability of a pair, T ( tSt  is the transition dpT ( TTS  x Pairs matrix
The probability of S ( ε is the transition dpS ( TSE 
The probability of a rightside emission, T ( Tt  is the transition dpT ( TTT  x Singles matrix

This grammar requires the OptimiseGrammarEliminateEProductions followed by OptimiseGrammarEvalOrder grammaroptimisers to be run, to eliminate S (  ε and ensure that S is evaluated after T, because of the S ( T production dependence. 
INFO Grammar: scfg1. Description: Conus G4 Revised Unambiguous Nussinov (RUN). Demos productions for E_ handling.


Alphabet: a,c,g,u


S(0) -> t,S | T | E_ 


T(1) -> T,t | t,S,tb | T,t,S,tp
is optimsed to push ε to a new start production _S0,

INFO Optimising Grammar scfg1 with removeE


Alphabet: a,c,g,u


S(0) -> t,S | T | t 


T(1) -> T,t | t,S,tb | T,t,S,tp | t,tb | T,t,tp 


_S0(2) -> S | E_ 
then the evaluation order is optimized.
FINEST Creating OptimiseGrammarEvalOrder

INFO Optimising Grammar scfg1 with orderopt2

FINEST Moved ProdIndex 2 to 0


Alphabet: a,c,g,u


_S0(0) -> S | E_ 


S(1) -> t,S | T | t 


T(2) -> T,t | t,S,tb | T,t,S,tp | t,tb | T,t,tp

The probability value calculations for the ε elimination algorithm were also checked by hand and found to be correct. 

When the test sequence from Fig.1 and [8] Fig2 was analyzed with the CYK/Traceback algorithms and compared to the traceback from [8], there was a significant difference. The small ACGU test sequence was checked and proven to be correct. A substantial effort to find the cause of the different parse between the programs was undertaken. This included a hand/spreadsheet calculation of a nine nucleotide sequence (the smallest sub-sequence of the full, length 40, test that still exhibited the problem). It was discovered that, by co-incidence the probability of  two of the prodterms for S,  S (  tS  | T  had very close probability values for γ(S,L-1,L) This is the location of the first real parse choice during the traceback algorithm after the traceback start location at γ(_S0,L-1,L) . If traceback starts incorrectly here it will be wrong for a large part of the sequence (as observed). 
The probability for S (  tS  was 1.36552251E-08 and the probability for S (  T  1.36552261E-08, both in normal space. The two values only differ in the 8th significant digit, with the (correct) production S (  T  being slightly more optimal. However the BFloat probability representation, being used for the first version of the grammar xml file, rounds to 7 significant digits and both values become 1.365523E-08. The CYK picks the maximum value to store in γ and the traceback picks the first prodterm it finds that has that probability, which is S (  tS not S (  T.
The matrix for the 9 nucleotide test sequence is shown below with the problem value highlighted. The correct traceback from there is shown solid line, the incorrect is shown dashed.
INFO _S0

                     0            1            2            3            4            5            6            7            8            9

   0    c     1.0e-Inf   3.26239E-3            -            -            -            -            -            -            -            -

   1    c     1.0e-Inf   3.26239E-3  2.619604E-4            -            -            -            -            -            -            -

   2    a     1.0e-Inf  8.148083E-3  6.542673E-4  5.253575E-5            -            -            -            -            -            -

   3    a     1.0e-Inf  8.148083E-3  1.634085E-3  1.312123E-4  1.053596E-5            -            -            -            -            -

   4    c     1.0e-Inf   3.26239E-3  6.542672E-4  1.312123E-4  1.053596E-5  8.460071E-7            -            -            -            -

   5    a     1.0e-Inf  8.148083E-3  6.542673E-4  1.312123E-4  2.631442E-5  2.112971E-6  1.696654E-7            -            -            -

   6    u     1.0e-Inf  5.063671E-3  1.442336E-3  1.158154E-4   2.32266E-5  4.658058E-6  3.740285E-7   3.00334E-8            -            -

   7    g     1.0e-Inf  4.518819E-3  5.631891E-4  1.471457E-4  7.649037E-5  1.534003E-5  3.076418E-6  2.470274E-7  1.983558E-8            -

   8    g     1.0e-Inf  4.518819E-3    5.0259E-4  6.263876E-5  1.501165E-5  7.803472E-6  1.564974E-6  3.138531E-7  1.631495E-7  1.310043E-8

S

                     0            1            2            3            4            5            6            7            8            9

   0    c     1.0e-Inf  3.400551E-3            -            -            -            -            -            -            -            -

   1    c     1.0e-Inf  3.400551E-3  2.730543E-4            -            -            -            -            -            -            -

   2    a     1.0e-Inf  8.493152E-3  6.819753E-4  5.476063E-5            -            -            -            -            -            -

   3    a     1.0e-Inf  8.493152E-3  1.703288E-3  1.367691E-4  1.098216E-5            -            -            -            -            -

   4    c     1.0e-Inf  3.400551E-3  6.819752E-4  1.367691E-4  1.098216E-5  8.818352E-7            -            -            -            -

   5    a     1.0e-Inf  8.493152E-3  6.819753E-4  1.367691E-4  2.742882E-5  2.202454E-6  1.768507E-7            -            -            -

   6    u     1.0e-Inf  5.278115E-3  1.503419E-3  1.207201E-4  2.421024E-5  4.855325E-6  3.898685E-7   3.13053E-8            -            -

   7    g     1.0e-Inf   4.71019E-3    5.8704E-4  1.533773E-4  7.972972E-5  1.598967E-5  3.206703E-6  2.574889E-7  2.067561E-8            -

   8    g     1.0e-Inf   4.71019E-3  5.238745E-4  6.529148E-5  1.564739E-5  8.133946E-6   1.63125E-6  3.271447E-7  1.700588E-7  1.365523E-8

T

                     0            1            2            3            4            5            6            7            8            9

   0    c     1.0e-Inf     1.0e-Inf            -            -            -            -            -            -            -            -

   1    c     1.0e-Inf     1.0e-Inf  3.326427E-5            -            -            -            -            -            -            -

   2    a     1.0e-Inf     1.0e-Inf  4.815081E-5  6.119126E-6            -            -            -            -            -            -

   3    a     1.0e-Inf     1.0e-Inf  4.097232E-5   9.65657E-6  1.125644E-6            -            -            -            -            -

   4    c     1.0e-Inf     1.0e-Inf  5.450554E-5    1.0931E-5  1.337878E-6  1.074277E-7            -            -            -            -

   5    a     1.0e-Inf     1.0e-Inf  4.815081E-5  1.002656E-5  2.010812E-6  2.461093E-7  1.976186E-8            -            -            -

   6    u     1.0e-Inf     1.0e-Inf  3.258251E-3  7.080174E-6  5.246909E-5  1.052259E-5  2.813517E-8  2.259172E-9            -            -

   7    g     1.0e-Inf     1.0e-Inf  1.229523E-3  3.324034E-4  1.727925E-4  5.352844E-6  1.073504E-6  5.580372E-7  4.480876E-8            -

   8    g     1.0e-Inf     1.0e-Inf  3.530406E-5  1.367494E-4  3.391146E-5  1.762811E-5  5.460918E-7  1.095178E-7  3.685561E-7  2.959398E-8

The SCFGrC xml file was changed to use the log probability datatype instead of bfloat as these use a double value (with more significant digits). Note that the log values of the two problem numbers differ in the 9th significant digit, so it is the lack of significant digits that is the cause of the problem, not the BFloat representation. The rerun algorithm produced the same parse as the program in [8] for the test sequence Fig2 in [8] i.e..

INFO CompleteINFO CYK Trace Algorithm: traceback, on Sequence: ConusFig2TestSeq


 Using Grammar scfg1

Address      dp emitl emitr     type       nxtl       nxtr  i j

0011124894  _S0    -1    -1        S  0029959477       null - -

0029959477    S     0    -1      t,S  0010807107       null a -

0010807107    S    -1    -1        T  0004909906       null - -

0004909906    T    -1    39      T,t  0010446619       null - c

0010446619    T     1    38   t,S,tb  0019543955       null c g

0019543955    S    -1    -1        T  0010933534       null - -

0010933534    T     2    37   t,S,tb  0015842168       null g c

0015842168    S    -1    -1        T  0004916061       null - -

0004916061    T    -1    36      T,t  0013238549       null - g

0013238549    T     3    35   t,S,tb  0000860069       null g c

0000860069    S     4    -1      t,S  0026780757       null a -

0026780757    S    -1    -1        T  0005041714       null - -

0005041714    T     5    34   t,S,tb  0011155366       null a u

0011155366    S     6    -1      t,S  0019627754       null c -

0019627754    S    -1    -1        T  0010040639       null - -

0010040639    T     7    33   t,S,tb  0007791465       null c g

0007791465    S     8    -1      t,S  0021764429       null a -

0021764429    S     9    -1      t,S  0017901443       null a -

0017901443    S    -1    -1        T  0020531348       null - -

0020531348    T    10    32   t,S,tb  0030146205       null c g

0030146205    S    -1    -1        T  0028899428       null - -

0028899428    T    11    31   t,S,tb  0012285785       null a u

0012285785    S    12    -1      t,S  0026779524       null u -

0026779524    S    -1    -1        T  0017876004       null - -

0017876004    T    13    30   t,S,tb  0029173348       null g c

0029173348    S    -1    -1        T  0019106770       null - -

0019106770    T    14    29   t,S,tb  0011582167       null g c

0011582167    S    15    -1      t,S  0012227392       null a -

0012227392    S    16    -1      t,S  0018450577       null u -

0018450577    S    17    -1      t,S  0022355327       null u -

0022355327    S    18    -1      t,S  0017007273       null c -

0017007273    S    19    -1      t,S  0024585668       null a -

0024585668    S    20    -1      t,S  0022048196       null u -

0022048196    S    -1    -1        T  0022438818       null - -

0022438818    T    21    28   t,S,tb  0010969598       null g c

0010969598    S    -1    -1        T  0017984263       null - -

0017984263    T    22    27   t,S,tb  0003199106       null c g

0003199106    S    23    -1      t,S  0013185532       null u -

0013185532    S    24    -1      t,S  0015778003       null u -

0015778003    S    -1    -1        T  0000229902       null - -

0000229902    T    25    26     t,tb        null       null c g
The implications of this rounding error are at the heart of the accuracy problem for all such stochastic parse tree algorithms. Even though the problem was removed for this example, by switching to a log probabilities, it can occur for any Probability representation. The program in [8] actually uses integer counts for CYK and traceback, rather than log probabilities, but even these can feasibly have identical counts for prodterms. If the stochastic values in the model do not generate enough selectivity between prodterms, parse ‘errors’ (compared to the known good sequence) like this are likely for any number representation.  Note that the SCFGrC parse is ‘correct’. to the accuracy of the numeric model.  The work in [8] showed that the optimal match to the actual structure for these RNA was within a few percent of the predicted optimal parse probability from the CYK. It seems (reasonably) that better probability models/ data that give more selective results and avoid these potential numerical problems.
The longer (262 nucleotide) real RNA sequence for A.ambivalens  was also run through the CYK/ Traceback algorithms using the log probability version of this grammar and produced identical parse to the program in [8].

The results from the G4 grammar demonstrate the flexibility that the object orientated abstractions give for experiments in SCFGs, using SCFGrC. Here the datatype was changed from (essentially) normal space to log space, by a few simple changes in the xml. The algorithm code doesn’t change (as would be required in a no-abstracted program) because the number representation is abstracted away. This grammar also gives good confidence that the ε elimination and evaluation order grammar rewriting algorithms are correct.
G3 Grammar
G3 grammar (known as the Unambiguous Nussinov grammar in [8]) was implemented in SCFGrC XML file found in Appendix 7. 

S (  tSt  | tL | Rt | LS
L (  tSt | tL
R (  Rt | ε
Grammar G3

The XML file was coded to maximise the reuse of embedded <code> tags, to test this feature. The xml file is much smaller and easier to read than the xml files for the other grammars tested and should be taken as ‘good practice’ for writing SCFGrC xml files. There is one <code id=”transitions”> that holds all the transition probabilities and singles matrix from [8] for this grammar (See probability summary below), and <code id=”readpairs”> that reads the pairs matrix from the file dumped from [8]. A <code id=”pairscale”> contains a function that scales a value in the pairs matrix by one of the transitions passed as a parameter. The code for the probability of a prodterm is now reduced to, for example from  S (  tSt  prodterm:
<prodterm id="prodterm1" term="t,S,tb" probabilitymodel="MapProbabilityModel">



<code id="S_aSaProb" type="terminalexpand">


     
<terminalexpand id="sub1" alphabet="nucleotides"/> 


     
<identifier type="result" value="pairs"/>



<code id="ioimport1" type="statement" where="includes" idref="importio"/>



<code id="transimport1" type="statement" where="main" idref="transitions"/>



<code id="importscale1" type="statement" where="main" idref="pairscale"/>



<code id="importreadparis1" type="statement" where="main" idref="readpairs"/>



<!--identifier tag tells interpreter what variable holds the final result -->



<![CDATA[




pairscale(tss);



]]>



</code>

</prodterm>

    

Only the call to the “pairscale(tss);” function in the CDATA tag differs between S ( tSt  and L( tSt 

The probability data extracted from the training set used in [8] for this grammar, is summarized from the output from [8] below, to 4 significant digits. Values accurate to 6 digits are actually input to the xml model, or read directly from the data files from [8].
Transition Matrix:

Nonterminal dpS:
TSS: 0.6356 TSL: 0.0210 TSR: 0.1714 TSB: 0.1720 

Nonterminal dpL/T:
TLS: 0.2153 TLL: 0.7847 

Nonterminal dpR:
TRR: 0.8096 TRE: 0.1904 

Pairs Matrix:

     A      C      G      U 

A 0.0021 0.0028 0.0023 0.1661 

C 0.0025 0.0017 0.2482 0.0018 

G 0.0023 0.2666 0.0018 0.0622 

U 0.1707 0.0025 0.0627 0.0039 

Singles Matrix:

A 0.3881  C 0.1554  G 0.2153  U 0.2412
Probabilities for each prodterm are calculated as for G6 and G4 grammars.

This grammar requires the OptimiseGrammarEliminateEProductions followed by OptimiseGrammarEvalOrder grammaroptimisers to be run, to eliminate R (  ε and ensure that S is evaluated after _S0, because of the _S0 ( S production dependence. 

Grammar: scfg1. Description: Conus G3 Unambiguous Nussinov (RUN).

Alphabet: a,c,g,u


S(0) -> t,S,tb | t,L | R,t | L,S 


L(1) -> t,S,tb | t,L 


R(2) -> R,t | E_ 

INFO Optimising Grammar scfg1 with removeE

FINEST Added Production _S0 to Grammar. scfg1

FINEST Added autogenerated NonTerminal Symol _S0

INFO Algorithm took 0.015 Sec

INFO Optimised Grammar...

Grammar: scfg1. Description: Conus G3 Revised Unambiguous Nussinov (RUN).

Alphabet: a,c,g,u


S(0) -> t,S,tb | t,L | R,t | L,S | t 


L(1) -> t,S,tb | t,L 


R(2) -> R,t | t 


_S0(3) -> S 

INFO Optimising Grammar scfg1 with orderopt2

FINEST Moved ProdIndex 3 to 0

Grammar: scfg1. Description: Conus G3 Revised Unambiguous Nussinov (RUN). 


Alphabet: a,c,g,u


_S0(0) -> S 


S(1) -> t,S,tb | t,L | R,t | L,S | t 


L(2) -> t,S,tb | t,L 


R(3) -> R,t | t
Both the short test sequence (Fig 2 from [8], parse tree result below) and the longer A.ambivalens  sequence test produced the same parse results to the program in [8], giving good confidence again that the ε elimination and evaluation order grammar rewriting algorithms are correct, even using the Bfloat probability datatype that caused the problem for G4. The G3 xml file tests the <code> reuse in the xml file and this worked correctly.

INFO CompleteINFO CYK Trace Algorithm: traceback, on Sequence: ConusFig2TestSeq


 Using Grammar scfg1

Address      dp emitl emitr     type       nxtl       nxtr  i j

0021764429  _S0    -1    -1        S  0007791465       null - -

0007791465    S     0    39   t,S,tb  0017901443       null a c

0017901443    S     1    38   t,S,tb  0020531348       null c g

0020531348    S     2    37   t,S,tb  0030146205       null g c

0030146205    S    -1    -1      L,S  0028899428 0012285785 - -

0028899428    L     3    -1      t,L  0026779524       null g -

0026779524    L     4    24   t,S,tb  0017876004       null a u

0017876004    S     5    23   t,S,tb  0029173348       null a u

0029173348    S    -1    22      R,t  0019106770       null - c

0019106770    R    -1    21      R,t  0011582167       null - g

0011582167    R    -1    20      R,t  0012227392       null - u

0012227392    R    -1    19      R,t  0018450577       null - a

0018450577    R    -1    18      R,t  0022355327       null - c

0022355327    R    -1    17      R,t  0017007273       null - u

0017007273    R    -1    16      R,t  0024585668       null - u

0024585668    R    -1    15      R,t  0022048196       null - a

0022048196    R    -1    14      R,t  0022438818       null - g

0022438818    R    -1    13      R,t  0010969598       null - g

0010969598    R    -1    12      R,t  0017984263       null - u

0017984263    R    -1    11      R,t  0003199106       null - a

0003199106    R    -1    10      R,t  0013185532       null - c

0013185532    R    -1     9      R,t  0015778003       null - a

0015778003    R    -1     8      R,t  0000229902       null - a

0000229902    R    -1     7      R,t  0005210326       null - c

0005210326    R     6    -1        t        null       null c -

0012285785    S    25    36   t,S,tb  0026440236       null c g

0026440236    S    26    35   t,S,tb  0019712349       null g c

0019712349    S    27    34   t,S,tb  0022543186       null g u

0022543186    S    28    33   t,S,tb  0020243707       null c g

0020243707    S    29    32   t,S,tb  0027602911       null c g

0027602911    S    -1    31      R,t  0032113234       null - u

0032113234    R    30    -1        t        null       null c –

Occasionally Dishonest casino

The Occasionally Dishonest Casino (ODC) example given in the HMM part of the Theory section, has two states and six possible emissions from each state. As noted in that section, HMMs are generalised by SCFGs with productions of the form W1 ( aW2 so each of the states in the ODC can be replaced by 12 (2 transitions * 6 emissions) productions of this form. If the fair die is labelled as state F and the loaded die as state L we have a (too) simplistic SCFG for the ODC, which can never terminate:

F ( dF | dL
L ( dL | dF

Grammar OCD--
Where the transition probabilities are :
aFF =0.95  aFL =0.05  aLL =0.9  aLF =0.1
and the emission probabilities are:
eF(1) = eF(2)  = eF(3)  = eF(4)  = eF(5)  = eF(6) = 1/6
eF(1) = eF(2)  = eF(3)  = eF(4)  = eF(5) = 1/10   eL(6) = 0.5
which are combined into four probability models, one for each of the production terms:


	Term
	1
	2
	3
	4
	5
	6

	F ( dF
	0.95/6=
0.158333
	0.95/6=
0.158333
	0.95/6=
0.158333
	0.95/6=
0.158333
	0.95/6=
0.158333
	0.95/6=
0.158333

	F ( dL
	0.05/6=
0.008333
	0.05/6=
0.008333
	0.05/6=
0.008333
	0.05/6=
0.008333
	0.05/6=
0.008333
	0.05/6=
0.008333

	L ( dL
	0.9*0.1=
0.09
	0.9*0.1=
0.09
	0.9*0.1=
0.09
	0.9*0.1=
0.09
	0.9*0.1=
0.09
	0.9*0.5=
0.45

	L ( dF
	0.1*0.1=
0.01
	0.1*0.1=
0.01
	0.1*0.1=
0.01
	0.1*0.1=
0.01
	0.1*0.1=
0.01
	0.1*0.5=
0.05


In an HMM we initialise the recursive algorithms by assigning v0(0) = 1.0, where v0   is the state the HMM is in at the start (i.e. F or L indicating using the loaded or fair die for the first dice throw). However the SCFG above is missing this start state/production. SCFGrC programming initialises the dynamic programming matrix to 0.0 for all productions, assuming that such start conditions have been eliminated from the grammar by rewriting. Also the CYK/Viterbi recursion assumes that all symbol sequence lengths can be emitted, but OCD--  cannot emit a sequence of length 1 (which requires F or L to be able to emit a sequence of length 0, which is not possible).
We resolve both of these problems by adding a production F ( ε with a small probability (say aFε =0.01), which biases the model to end in state F  with the fair die, providing a seed for the algorithm, and scaling the other productions for F by 1 - aFε . 

F ( dF | dL | ε
L ( dL | dF

Grammar OCDFE
Running the ε elimination algorithm from the Grammar Rewriting section, produces the following grammar (this step is done by the program by adding a <grammaroptimiser/> xml tag with the classname “GrammarOptEElimination” in the xml <scfg/> <grammar/> tag block, followed by a “GrammarOptEvalOrder” <grammaroptimiser/> xml tag):

_S0 ( F | ε
F ( dF | dL | d
L ( dL | dF | d

Grammar OCDFE´

With this grammar, the effect of initialising in state F is simulated by starting in state _S0 which can transition to F without emitting a symbol d or emit a string of zero length. F and L can now emit strings of length 1. In the recursion however this new length 1 string only affects the first recursion outer loop when d=1 because 
# d =1 and for all subsequent outer loops; 

P(F ( d ) = P(L ( d ) = 0.0  for d>1

Hence grammar OCD— can produce the same CYK parse as OCDFE´  as :

For d=1, grammar OCD—
P(F( dF | dL) = vF(1,j) = argmax( aFF * eF(xj) *vF(0, j),  aFL * eF(xj) * vL(0, j) ) =  aFF * eF(xj)
P(L( dL | dF) = vL(1,j) = argmax ( aLL * eL(xj) *vL(0, j),  aLF * eL(xj) * vF(0, j) ) =  aLF * eL(xj)
For d > 1, j=d-1..L-1 , grammar OCD—
P(F( dF | dL) = vF(d, j) = argmax ( aFF * eF(xj-1) * vF(d-1, j),  aFL * eF(xj-1) * vL(d-1, j) ) 
P(L( dL | dF) = vL(d, j) =  argmax ( aLL * eL(xj-1) * vL(d-1, j),  aLF * eL(xj-1) * vF(d-1, j) ) 


For d=1, grammar OCDFE´  
P(F( dF | dL |d ) = argmax ( aFF*eF(xj)*vF(0, j), aFL*eF(xj)*vL(0, j), aFd*eF(xj)) = aFd * eF(xj)
P(L( dL | dF| d) = argmax ( aLL*eL(xj)*vL(0, j),  aLF*eL(xj)*vF(0, j),  aLd*eF(xj)) = aLd*eL(xj)
For d > 1, j=d-1..L-1 , grammar OCDFE´  
P(F( dF | dL| d) = argmax ( aFF * eF(xj-1) * vF(d-1, j),  aFL * eF(xj-1) * vL(d-1, j), 0.0 ) 
P(L( dL | dF| d) =  argmax( aLL * eL(xj-1) * vL(d-1, j),  aLF * eL(xj-1) * vF(d-1, j), 0.0 )
So both grammars produce the same argmax result for each iteration loop, and hence the same CYK parse.
The OCDFE  grammar was coded as an XML file using aFε = 0.001 and optimised as described above using the ε elimination algorithm and evalorder optimisation. The sequence of die rolls has to be translated from 1..6 to a..f because SCFGrC, currently only supports the lower case letters a..f as alphabet symbols. It is not believed to be difficult to add the digits as alphabet symbol candidates but this has not been tested, as the program was designed primarily for bio-informatics applications. However this translation is relatively trivial and is done on the fly in the in-line java code of the xml file. 

The CYK parse for the random die throws from [5 Figure 3.5] was compared to the HMM Viterbi result from [5 Figure 3.5] and found to be the same, see figure 6 below (“CYK OCDFE” line compared to “Viterbi” line), except that grammar OCDFE appears to be more sensitive than the HMM, identifying part of the run of L throws between rolls 128 to 140 (circled on the figure) that the Viterbi HMM model does not find. 
Grammar OCDFE is biased to end in state F but the grammar should be able to choose which state to start (end) in. Grammar OCD+ was thus coded in a new xml file where both F and L can both emit zero and length 1 symbol strings, to see the effect of allowing the grammar to start and end in either state. Again probabilities for productions for ε  were scaled by 1 - aFε = 1 – aLε
F ( dF | dL | ε
L ( dL | dF | ε
Grammar OCD+

This grammar is automatically optimised by the GrammarOptEElimination  optimizer to 

_S0 ( F | ε
F ( dF | dL | d | d
L ( dL | dF | d | d

Grammar OCD+´

The grammar optimiser algorithms 3,4 could be used to eliminate the identical productions F ( d and L ( d  when this optimiser has been coded. The purpose of this example is to demonstrate the ease of experiments in HMMs, in grammars and probability values, using the software, so for now the over head of calculating duplicates is ignored. 
The CYK parse of this grammar is shown in figure 6 on the “CYK OCD+” lines. It is identical to the Viterbi HMM parse of the die rolls string and misses the run of L throws between rolls 128 to 140 that grammar OCD finds. To investigate why this result is different from the OCD result two further experiments were carried out. 
Firstly aFε and aLε was reduced to 0.001 for grammar OCD+ . This requires just the two numbers to be changed in the xml file for these two parameters. This demonstrates the ease of probability value changes using this software, as the calculations of the 1 - aFε scale is done during xml compilation rather than having fixed values hard coded into the scfg probability model, as previous custom programs often require. The result of the new parse is shown in figure 6 (“CYK OCD+ E=0.001” line) and is identical to the parse using aFε = aLε =0.01, demonstrating that this value is probably not the cause of the discrepancy in parse between OCD+ and OCDFE  .
Secondly a third grammar was coded in xml file where the model is biased to end in state L. This is grammar OCDLE:

F ( dF | dL 
L ( dL | dF | ε
Grammar OCDLE
Using a value of aLε =0.001, the resulting parse is shown in figure 6 as line “CYK OCDLE”. It is identical to OCD+ and to the HMM Viterbi algorithm.

          Rolls  315116246446644245311321631164152133625144543631656626566666

            Die  FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFLLLLLLLLLLLLLLL

        Viterbi  FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFLLLLLLLLLLLL

CYK ODC+ E=0.01  FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFLLLLLLLLLLLL

CYK ODC+ E=0.001 FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFLLLLLLLLLLLL

CYK ODCLE        FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFLLLLLLLLLLLL

CYK ODCFE        FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFLLLLLLLLLLLL

          Rolls  651166453132651245636664631636663162326455236266666625151631

            Die  LLLLLLFFFFFFFFFFFFLLLLLLLLLLLLLLLLFFFLLLLLLLLLLLLLLFFFFFFFFF

        Viterbi  LLLLLLFFFFFFFFFFFFLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLFFFFFFFF

CYK ODC+ E=0.01  LLLLLLFFFFFFFFFFFFLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLFFFFFFFF

CYK ODC+ E=0.001 LLLLLLFFFFFFFFFFFFLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLFFFFFFFF

CYK ODCLE        LLLLLLFFFFFFFFFFFFLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLFFFFFFFF

CYK ODCFE        LLLLLLFFFFFFFFFFFFLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLFFFFFFFF

          Rolls  222555441666566563564324364131513465146353411126414626253356

            Die  FFFFFFFFLLLLLLLLLLLLLFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFLL

        Viterbi  FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFL

CYK ODC+ E=0.01  FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFL

CYK ODC+ E=0.001 FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFL

CYK ODCLE        FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFL

CYK ODCFE        FFFFFFFFFLLLLLLLLFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFL

          Rolls  366163666466232534413661661163252562462255265252266435353336

            Die  LLLLLLLLFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF

        Viterbi  LLLLLLLLLLLLFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF

CYK ODC+ E=0.01  LLLLLLLLLLLLFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF

CYK ODC+ E=0.001 LLLLLLLLLLLLFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF

CYK ODCLE        LLLLLLLLLLLLFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF

CYK ODCFE        LLLLLLLLLLLLFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF

          Rolls  233121625364414432335163243633665562466662632666612355245242

            Die  FFFFFFFFFFFFFFFFFFFFFFFFFFFLLLLLLLLLLLLLLLLLLLLLLFFFFFFFFFFF

        Viterbi  FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFLLLLLLLLLLLLLLLLLLLFFFFFFFFFFF

CYK ODC+ E=0.01  FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFLLLLLLLLLLLLLLLLLLLFFFFFFFFFFF

CYK ODC+ E=0.001 FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFLLLLLLLLLLLLLLLLLLLFFFFFFFFFFF

CYK ODCLE        FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFLLLLLLLLLLLLLLLLLLLFFFFFFFFFFF

CYK ODCFE        FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFLLLLLLLLLLLLLLLLLLLFFFFFFFFFFF

Figure 6: Occasionally Dishonest Casino Results. The top row is the sequence of 300 die rolls. The next line is the die used to generate the rolls. The Viterbi line is the result of an HMM implementation of the model. This data is taken from [5]. The next four lines show the performance of the SCFG implementation of this model created and analyzed in this project. The highlighted region is predicted by grammar ODCFE but not by the other grammars or the original HMM.
In conclusion it is not immediately clear why grammar OCDFE should be able to predict the run of L states between rolls 128 to 140 when the HMM Viterbi model and the ‘balanced’ grammar OCD+ do not. The most likely explanation, however, is that the OCDFE model has slightly lower probability of remaining in the F state, due to the reducing contribution from F (  ε to F, this may just tip the model into the L state.
However the occasionally dishonest casino example does demonstrate that it is quite simple to code an HMM into an SCFG, using this software, and get the same or better results as the HMM model. The SCFG for the HMM is quite compact (one left hand side production per state). This example also demonstrates the ease with which grammars and probability models can be experimented with and how optimizations can easily be accomplished. Finally the example demonstrates that this software can be used for general SCFG problems, not just bio-informatics problems. The only slight problem is the design choice to force all alphabet symbols to be one of the 26 lower case alphabet letters and not the digits as well. This forced a mapping of digits to alphabet characters. Adding the digits as alphabet symbols should be simple in the software. Only the AlphabetSymbol.isSymbol(character) method should need to be updated, but this has not been tested.
Application of MSc Course material

In this project techniques learnt in the following three MSc courses have been applied and documented in this report:

Introduction to Specification (Z specifications in the Theory section of this report)
Object Orientated Programming II (abstractions and design patterns in Design section of this report)
Object Orientated Design (Java aspect orientated design in Java Aspects section of this report)
HMMs and CFGs would have been covered in the Computer Linguistics and Compilers courses that the author did not take. The use of the UML diagrams to describe the software and the class relationships (in the Design section of this report), would have been covered in the Requirements course. The author feels that material in Software Specification and Design and Formal Program Design may also have aided in the specification of the SCFG algorithms.
Possible Future Enhancements / MSc Projects

One of the major aims of this project was to build a piece of software that could be expanded and enhanced over a period of time. The abstractions, object orientated design, and java code embedded in the xml should make follow on projects easy to integrate. Several examples of the flexibility of the software have already been given throughout this report.

There are many possible follow on projects some of which have been mentioned in this report:

1. Implementation of grammar rewriting algorithms 3,4,5 (as <grammaroptimiser> tags) from appendix 2.
2. Implementation of the >2NT to 2NT grammar rewriting algorithm, from the Theory section (as <grammaroptimiser> tags).
3. C++ conversion of ‘support’ classes(Eg Symbol classes, Report classes etc), to enable a full standalone C++ program with customised grammar output.
4. Construction of Inside-Outside and expectation maximisation algorithms, to add an SCFG model creation capability to SCFGrC.

5. AspectJ based graphic monitor of algorithm matrix accesses, for a teaching tool or other.
This would provide a (possibly 3D) representation of the 3D matrices being built and traced back in real or slowed down time.

6. Web or Java GUI to enter grammars and return an xml file (and/or actually run the program and return results). This would be a similar but easier project to the MSc project to provide a graphical entry tool for HMMoC.

7. Add Integer score probability representation / datatype, for CYK / traceback. See problems with number formats in G4.

8. Arbitrary probability models via anonymous classes defined by beanshell java script code in the xml file. This might be useful if there is a grammar or application where the current ProbabilityModel, which returns a Probability in response to an array of AlphabetSymbols, is not appropriate.
Summary & Conclusion

A program SCFGrC has been written in Java that compiles SCFG descriptions described in XML files and either runs the SCFG directly on a sequence(s) using Inside, CYK/ Traceback, or compiles a customised algorithm for that grammar and runs that on the sequence(s) instead.
Formal specifications, in Z, were written for the Inside and CYK traceback algorithms, which map directly to data structures and algorithms in the Java code. These specifications document the algorithms for arbitrary context free grammars. Text book examples [5] only document Chomsky normal form grammars. This theory for arbitrary grammars allows customised (Java) code to be written out for any SCFG for the Inside and CYK / Traceback algorithms. The program compiles the customised code and uses it for analysis, or uses a built in ‘interpretter’ algorithm class, if requested,  the later being slower.
The program is designed using object orientated principles, design patterns and abstraction, to be very flexible and allow for future enhancements to be added easily. The complete range of design features, that make up the flexibility, is implemented in the ‘interpretter’ algorithm classes. Using all the features can make the algorithm slow, so future developers need to choose which features to use carefully. The customised algorithm coding does not use the full range of the features for this reason.
Several grammar examples were taken from the RNA sequence analysis application which demonstrated the ease with which grammars can be described and experimented with, using the xml format. 

A problem with using the Bfloat probability datatype for CYK / Traceback algorithms was discovered using the G4 grammar from [8]. This was due to a rounding error caused by the smaller number of significant digits (7) in the Bfloat representation than in a log probability representation (13-14). The problem is not an inherent problem with the Bfloat representation and can occur for any probability representation where the stochastic model does not provide sufficient selectivity between grammar terms.
The well known Occasionally Dishonest Casino hidden markov model example [5] was also coded as an SCFG using several possible grammars. It correctly predicted the same or better results than the HMM model did. It is not understood fully why one of the SCFGs for this example gave a more accurate result than the HMM and the other SCFGs tried. The example demonstrated that HMMs can be compactly coded as SCFGs using SCFGrC and the ease with which grammars and probability models can be experimented with.
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Appendix 1
Z Notation Definition of the HMM Viterbi Algorithm
L, N : ℕ
[ALPHABETSYMBOL]
max : ℙℝ → ℝ
argmax : ℙ (ℕ↛ ℝ)  ↛ ℕ
L ==  NumberOfObservations
V ==  NumberOfStates  
( X : ℙℝ        (     max (X) =  y  | y ( X  (   ( x ( X (   y ( x    
( X : ℕ↛ ℝ  (     argmax(X) =  y : ℕ  (   y = X  ( max (ran(X))  
  
Viterbi
vk  : ℕ ↛ ℝ,  x : ℕ1 ↛ ALPHABETSYMBOL
akl  : ℝ  
ek :  ALPHABETSYMBOL ↛ ℝ
States : ℙℕ
π : ℕ ↛ ℕ  ,  ptri :  ℕ ↛ ℕ  

States = { k : ℕ  | k < V  }
( i, k : ℕ | i ( 1 .. L  ( k ( States  ( vk(i) ( 1.0 ( vk(i) ( 0.0 
( i, k : ℕ  | i ( 1 .. L  ( k ( States  ( ek(x(i)) ( 1.0 ( ek(x(i)) ( 0.0 
( k,l : ℕ  | k ( States  (  l ( States     (  akl ( 1.0  (  akl ( 0.0
( k : ℕ  |  k ( States  ( #squash vk = L  
( i : ℕ  |  i ( L  ( #squash ptri = V
#squash x = L    

Init
Viterbi´ 

v0(0)´ = 1.0
( j : ℕ1 |  j ( 1 .. V ( vj(0)´ = 0.0
π = Ø  ( ptr = Ø
Recursion
( Viterbi

( i, l : ℕ  | i ( 1 .. L -1   (   l ( States  (       
        vl(i)´ =    l  ↦    el(x(i)) . max ( { x: ℝ |     ( k : ℕ |  k ( States  (  x = vk(i-1) . akl  } )    (
        ptri (l)´ =  i ↦ argmax ({ x: ℕ ↛ ℝ |   ( k : ℕ |  k ( States  (  x =  k ↦ ( vk(i-1). akl  ) } )
The Z language is state based, so the meaning of, “( i : ℕ |  i (1..L”  does not define an order of execution. For the algorithm to work, however, i =1 must be evaluated before i =2 to be meaningful

All transitions between states k and l are possible in this general definition. Although this is not required for all HMMs, it is so for the occasionally dishonest casino. 

Termination
( Viterbi
Px,π! : ℝ

Px,π!   = max ( { x: ℝ |     ( k : ℕ |  k ( States  (  x =  vk(L) . ak0  } )        
π(L)´ =  argmax ({ x: ℕ ↛ ℝ |   ( k : ℕ |  k ( States  (  x = k ↦ ( vk(L). ak0  ) } )


Traceback
( Viterbi

( i : ℕ |  i ( L..1  (  π(i-1)´ =  ptri( π(i)  )
The Z meaning of, “( i : ℕ |  i ( L..1”  does not define an order of execution. For the algorithm to work however, i =L must be evaluated before i =L-1 , to be meaningful.
Appendix 2
The material in this appendix is largely the work of Rune Lyngsoe. It resulted from discussions between the author , Rune and Gerton Lunter about how to handle productions for ε in the SCFGrC program. The original concept of the SCFGrC program was that it would handle grammars not involving ε but it became clear during the discussion that the manual grammar re-writing (and probability recalculation) required a substantial user effort that was relatively easily automated. As a result the following algorithms were verbally debated and the results documented here by Rune.  The material is included here for reference, as it is not published elsewhere. It is largely identical to Lyngsoe’s original but with the grammar definitions replaced by that from the Theory section of this report.

Elimination of ε productions

When eliminating  ε productions, new productions will be introduced. These should be added to P, even if P already contains that production. E.g. even if V (xy ( P, the operation P = P ∪ V ( xy should add an extra element to P. This can be seen as just considering P as a multiset. However, the function Pr is assumed to be able to distinguish between the different copies of identical productions in P. 

The presence of ε productions complicates parsing, as elements in the recursions of the CYK and inside(-outside) algorithms end up being self referencing. E.g. if U ( ε and V ( VU, then we can generate a string s from V either by V (* s or by V( VU ( V (* s. So the probability of generating s from V depends on the probability of generating s from V. The way to eliminate ε productions is to ‘push’ them up through the grammar. I.e. in the example just mentioned, we would eliminate U ( ε  by adding V ( (VU ( V), or V ( V, to the productions of V.
Algorithm 1:  Eliminate U ( ε  from P


/*  Remove U ( ε from P */

/* Push U ( ε to all productions where U occurs once*/
for every V ( xUy ( P, U does not occur in xy do
P=P ∪ {V( xy}

Pr(V (xy) =  Pr(U ( t) . Pr(V ( xUy)
Pr(V ( xUy) = (1 - Pr(U( e)) . Pr (V ( xUy)
/* Push U ( ε to all productions where U occurs twice*/
for every V ( xUyUz ( P, U does not occur in xyz do
P =P ∪ { V (xUyz, V (xyUz, V  ( xyz}
Pr (V ( xUyz) = Pr(V(xyUz) = Pr(U( ε) . (1- Pr(U( ε)). Pr(V ( xUyUz)

Pr (V (xyz) = Pr (U( ε)2 . Pr(V (xUyUz)

Pr (V ( xUyUz) = (1- Pr (U( ε)) 2 .Pr (V (xUyUz)
 /* Renormalise production probabilities  for productions for U */ 
for every U ( x ( P do
Pr(U (x) = Pr (U (x) / (1 - Pr(U ( ε))
The probabilities of the new productions should reflect that they replace derivation sequences. So


Pr´(V(V) = Pr(V(VU(V) = Pr(V(VU) . Pr(U( ε).
(1)
To keep the production probabilities summing to 1, we will also need to adjust some other probabilities. For U, we have removed the U( ε production so all other produc​tion probabilities should be divided by 1 -Pr(U( ε). This will maintain the ratios between the probabilities of the remaining probabilities. This means that we overes​timate the probability of a derivation by 1/ (1 - Pr(U( ε)) for every time a U pro​duction is used. So we need to rescale productions introducing a U by 1 - Pr(U( ε) (and in general productions introducing k U’s by (1 - Pr(U( ε))k ). In particular,

Pr´(V(VU) = (1 - Pr(U( ε)) .  Pr(V (VU).
(2) 
Note that




Pr´(V(V) + Pr´(V(VU)


= Pr(U( ε). Pr(V (VU) + (1 - Pr(U( ε)) . Pr(V (VU) 



= Pr(V (VU) ,

so after this adjustment the probabilities of the productions for V also sum to 1. The elimination of an ε production is formalised in algorithm 1.

To eliminate all ε productions, we need to push all ε productions up through the grammar until all have been eliminated. Pushing one ε production may introduce new ε productions, e.g. if U( ε and V ( UU. If there is a cycle along which ε productions can be pushed, e.g. if U ( VV in this example, no finite number of pushes can elim​inate all ε production. Essentially we would need an infinite number of productions replacing derivation sequences. Any series of pushes longer than the number of vari​ables in the grammar must necessarily include ε productions with the same variable on the left hand side of the production at least twice. Hence, if we can continue pushing for too long there must be a cycle along which ε productions can be pushed.

Algorithm 2:  Eliminate all ε productions for N

if S occurs on righthand side of any productions in P then
/* Introduce new start symbol not occurring on righthand side of production */

N = N ∪ {S´}
P= P ∪ {S´ ( S }
 Pr(S´ ( S) = 1

G= (∑,N,P, S´)
for i = 1 to #N do
for every old1 ε  production U ( ε ( P, U ( S´ do

Eliminate U ( ε using algorithm 1

if ( U ( ε ( P  with U ( S´ then

There is a cycle along which ε productions can be pushed
1 We only push ε productions predating this iteration of the outer loop — otherwise the inner loop may become infinite
If the grammar can generate the empty string, we cannot eliminate all ε produc​tions. This is handled by introducing a new start variable S´ with associated production S´( S that never occurs on the right hand side of a production. It is therefore not required to eliminate ε productions for S´. Essentially S´ will gather all the possibili​ties for generating the empty sequence, and otherwise start a derivation of a non-empty sequence. The elimination of all ε productions is formalised in algorithm 2.
Collapsing identical productions

Handling all copies of identical productions individually will be less efficient than han​dling them all in one go. But the way to handle them depends on what we are doing. Each copy corresponds to a different derivation sequence. If we are doing the CYK algorithm we should only consider the most probable derivation sequence. If we are doing the inside(-outside) algorithm we should include all derivation sequences. Hence algorithms 3 and 4. Other situations need to be analyzed in a similar way, remember​ing that different copies of the same production corresponds to different derivation sequences.

Algorithm 3:  CYK collapse of identical productions

for every type t of production in P do
Pr(t) = 0

For every p( P of type t do

Pr(t) = max{ Pr(t), Pr(p) }
Algorithm 4: Inside(-outside) collapse of identical productions

for every type t of production in P do
Pr(t) = 0

For every p( P of type t do

Pr(t) = Pr(t) + Pr(p) 
If we are doing the CYK algorithm, one can prove that after applying algorithm 3 (or indeed even after applying algorithm 2) we can safely remove all remaining ε pro​ductions except for S´( ε. Any cycle of pushes can be removed from a derivation sequence without decreasing the probability.

This is not the case if we are doing the inside(-outside) algorithm, as we need the sum over all sequences of pushes and not just the most probable one. In this case we can either go with the approximation that algorithm 2 provides (possibly increasing the number of iterations to get an even better approximation), or we can set up an equation system for the total probability of producing the empty string from each variable and try to solve it. If we let xU denote the total probability that we produce the empty string from U for every U ( N, then

                      xU  = Pr(U( ε) +   ∑ Pr(U( V) . xV    +   ∑    Pr(U( VW) . xV xW    (3)
                                                U( V ( P      
         U( VW ( P 

The last sum in (3) introduces quadratic elements to this equation system, which may make it hard to solve. Given the solution to this equation system we can update prob​abilities as shown in algorithm 1, substituting xU for Pr(U( ε).  After this update the ε  productions, except for possibly an S´( ε  production, are simply eliminated from P.

Removing replacement productions

Self reference is not only caused by ε productions. Assume that U ( U ( P. Then we can generate a strings from U either by U (* s or by U ( U (* s. In general, we want to get rid of productions that simply replace one variable with another. We can apply the same concept of pushing replacement productions up through the grammar as we have just used for ε productions. This is formalised in algorithms 5 and 6.
Algorithm 5: Eliminate U ( V from P
/* Remove U ( V from P */

P = P \ { U ( V }
/* Push U ( V to all  productions where U occurs once */
for every W ( xUy ( P, U does not occur in xy do
P = P ∪ {W( xVy }
Pr(W ( xVy) = Pr(U ( V) . Pr(W ( xUy)
Pr (W ( xUy) = (1- Pr(U ( V)) . Pr(V ( xUy)

/* Push U ( V to all  productions where U occurs twice */

for every W ( xUyUz ( P, U does not occur in xyz do
P = P ∪ { W ( xUyVz, W (xVyUz, W (xVyVz }
Pr(W (xUyVz) = Pr(W ( xVyUz) =Pr(U (V). (1 - Pr(U (V)). Pr(W (xUyUz)

Pr(W ( xVyVz) =Pr(U ( V)2 Pr(W (xUyUz)

Pr (W ( xUyUz) = (1 -  Pr (U (V))2 . Pr (W ( xUyUz)

/* Renormalise production probabilities for productions for U * /

for every U ( x ( P do

Pr(U(x) = Pr(U(x) / (1 - Pr(U(V))

Again, we can collapse multiple copies of the same type of production using algo​rithm 3 or algorithm 4 if we are doing the CYK or the inside(-outside) algorithm. If any replacement productions remain, we can just remove them if we are doing the CYK algorithm. If we are doing the inside(-outside) algorithm, once more we will need to set up and solve an equation system. This time the equation system is guaranteed to be linear, however. Let xUV denote the total probability of replacing U with V using a finite number of productions. Then

xUV  = Pr(U(V) +   ∑    Pr(U( W) . xWV   (4)





U( W ( P      

Again the solution can be used in a run of algorithm 6, substituting xUV  for Pr(U(V) in the invocations of algorithm 5, after which all replacement productions are simply removed.
Algorithm 6 Eliminate all replacement productions from G 

if S occurs on righthand side of any productions in P then
         /* Introduce new start symbol not occurring on righthand side of production */

N = N ∪ {S´}
P= P ∪ {S´ ( S }
 Pr(S´ ( S) = 1.0
G = (∑,N,P, S´)
for i = 1 to #N do
for every old  replacement  production U ( V ( P, U ( S´ do

Eliminate U ( V using algorithm 5
if ( U ( V ( P  with U ( S´ then
There is a cycle along which replacement productions can be pushed
Examples

We will consider grammars G3,G4 and G5 from [8]. Note that grammars G1 and G2 from this paper have cyclicity in how ε  productions can be pushed, and that the equation system to eliminate the ε  would be quadratic (although only in a single variable). So first consider

G3:
S( aSà | aL | Ra | LS
                 p1       p2       p3       p4
L ( aSà | aL
        q1         q2
R( Ra | ε
         r1      r2
with p1 + p2 + p3 + p4 = 1, q1 + q2 = 1, and r1 + r2 = 1. The only ε production is R( ε and pushing this does not introduce new ε productions. So after one iteration of algorithm 2 we obtain the final grammar
G3’:
S´( S

                          1


S ( aSà | aL |    Ra      |  a   | LS
                 p1       p2       (1-r2)p3         r2.p3      p4
L ( aSà | aL

q1         q2
R(         Ra       | a
                      (1—r2)r1/(1-r2)
     r2r1/(1-r2)

Where the probabilities for the productions of R simplifies to 
R( Ra | a
r1      r2
as r1  = 1- r2
G4 offers an example of a replacement production. So consider

G4:
S( aS | T | ε
                p1    p2    p3
T ( Ta | aSà | TaSà
q1         q2         q3
with p1 + p2 + p3 = 1, q1 + q2 + q3 = 1. After one iteration of algorithm 2 we have eliminated all ε productions except for S´ ( ε:
5

G4’:
S´( S     |   ε
                          1-p3        p3


S(         aS      |       a      |    T
              (1-p3)p1/(1-p3)    p3p1/(1-p3)      p2/(1-p3)
T ( Ta |   aSà  |  aà  | TaSà | Taà
q1    (1-p3)/q2     p3q2     (1-p3)q3     p3 q3
where we can simplify the probabilities for the productions of S to


S(         aS      |       a      |    T
                          p1              p3p1/(1-p3)      p2/(1-p3)
Applying one iteration of algorithm 6 we obtain the final grammar (after some simplification)
G4’’:
S´(    S   | T  |   ε
                             p1        p2      p3

S(         aS  |  aT  |  a
                          p1        p2      p3
T ( Ta |   aSà  |  aTà  | aà  | TaSà | TaTà | Taà
 q1        p1q2         p2q2        p3q2     p1q3        p2q3          p3q3
Finally, G5 offers an example where the variable of an ε production occurs twice on the righthand side of a production. So consider

G5:
S(         aS  |  aSàS  |  ε
                          p1             p2           p3
with  p1+  p2 +  p3= 1. Again we have only one ε production, so the grammar stays fixed after one iteration of algorithm 2:

G5’: S(              aS      |        a     |       aSàS    |        aàS        |       aSà        |     aà
(1-p3)p1/(1-p3)     p3p1/(1-p3)    (1-p3)2p2/(1-p3)     (1-p3)p3p2/(1-p3)     (1-p3)p3p2/(1-p3)     p32p2/(1-p3)

which we can again simplify to

G5’: S(    aS |        a     |   aSàS    |  aàS  |  aSà  |     aà
p1      p3p1/(1-p3)      (1-p3)p2           p3p2         p3p2       p32p2/(1-p3)

Appendix 3
SCFGrC.dtd - Document Type Definition for SCFGrC input file format
<?xml version="1.0" encoding="UTF-8"?>

<!ELEMENT alphabet (#PCDATA|range)*>
<!ATTLIST alphabet id ID #REQUIRED >

<!ELEMENT range EMPTY>
<!ATTLIST range


from NMTOKEN #REQUIRED


to NMTOKEN #REQUIRED

 >

<!ELEMENT sequence (#PCDATA|code)*>

<!ATTLIST sequence 


id ID #REQUIRED 


format (seq|file|code) "seq" 


filename CDATA #IMPLIED 


alphabet IDREF #REQUIRED 

>

<!ELEMENT author EMPTY>

<!ATTLIST author 


name CDATA #REQUIRED 

>

<!ELEMENT optimiser EMPTY>

<!ATTLIST optimiser 


grammar (yes|no) "no" 


xmin NMTOKEN #IMPLIED


ymin NMTOKEN #IMPLIED


xmax NMTOKEN #IMPLIED


ymax NMTOKEN #IMPLIED

>

<!ELEMENT grammaroptimiser EMPTY>

<!ATTLIST grammaroptimiser 


id ID #REQUIRED


class CDATA #REQUIRED

>

<!ELEMENT structurefactory EMPTY>

<!ATTLIST structurefactory


class CDATA #REQUIRED 

>

<!ELEMENT structure (structurefactory?)>

<!ATTLIST structure 


id ID #REQUIRED


class CDATA #REQUIRED 

>

<!ELEMENT algorithmdefine (optimiser?,structure?)>

<!ATTLIST algorithmdefine


id ID #REQUIRED


name CDATA #IMPLIED 


scfg IDREF #REQUIRED


outputTable (yes|no) "no" 


datatype (double|bfloat|integer|loge) "bfloat" 


type (inside | outside | cyk | insideoutside | traceback | null) "null"


matrix IDREF #REQUIRED


class CDATA #IMPLIED 

>

<!ELEMENT codeGeneration (algorithm|code)*>

<!ATTLIST codeGeneration 


id ID #REQUIRED


filename CDATA #REQUIRED 


header CDATA #IMPLIED 


language (Cpp|Java) "Java" 


codeExecution IDREF #IMPLIED

>

<!ELEMENT codeExecution (algorithm+|code)*>

<!ATTLIST codeExecution


id ID #REQUIRED


language (Cpp|Java) "Java" 

>

<!ELEMENT algorithm EMPTY>

<!ATTLIST algorithm


idref IDREF #REQUIRED


sequence IDREF #REQUIRED


reportClass CDATA #IMPLIED 

>


<!ELEMENT description (#PCDATA)>

<!ELEMENT scfgml 

(author|sequence|alphabet+|code|probability|scfg|algorithmdefine|codeGeneration|codeExecution)*>

<!ATTLIST scfgml debug CDATA #IMPLIED >

<!ELEMENT scfg (description?,grammar,probability+)>

<!ATTLIST scfg 


id ID #REQUIRED


alphabet IDREF #REQUIRED


classname (TwoNTGrammar) "TwoNTGrammar"

>

<!ELEMENT grammar (production+,grammaroptimiser*)>

<!ATTLIST grammar


id ID #REQUIRED


CNF (yes|no) "yes"

>

<!ELEMENT production EMPTY>

<!ATTLIST production 


id ID #REQUIRED 


lhs CDATA #REQUIRED


grammar CDATA #REQUIRED 


value NMTOKEN #IMPLIED 


probability IDREF #IMPLIED 

>

<!ELEMENT probability (prodterm+)  >

<!ATTLIST probability 


id ID #REQUIRED 


probabilitymodel CDATA #REQUIRED


datatype (double|bfloat|int|loge) "bfloat"

>

<!ELEMENT prodterm (#PCDATA | code)*>

<!ATTLIST prodterm 


id ID #REQUIRED 


term CDATA #REQUIRED


codeid CDATA #IMPLIED


probabilitymodel CDATA #IMPLIED


datatype (double|bfloat|int|loge|null) "null"

>

<!ELEMENT code (#PCDATA|code|identifier|terminalexpand)*>

<!ATTLIST code 


id ID #REQUIRED


idref IDREF #IMPLIED


type (parameter|statement|expression|inline|terminalexpand) "expression"


language (cpp|Java) "Java" 


where (includes|main) #IMPLIED

>


<!ELEMENT identifier EMPTY>

<!ATTLIST identifier 


type (result) #REQUIRED 


value CDATA #REQUIRED

>

<!ELEMENT terminalexpand EMPTY>

<!ATTLIST terminalexpand


id ID #REQUIRED 


terminal CDATA #IMPLIED


symbolList CDATA #IMPLIED


alphabet IDREF #IMPLIED

>
Appendix 4
Java aspect routine written to intercept ‘logging’ calls to System.out.println(). 
AppLog.aj
package algorithms;

import java.util.logging.*;

import java.io.*;

/**

 * Aspect to divert all System.out.print(ln) calls to the global

 * logger. Also captures all Exceptions and gracefully exits after

 * writing causes to the logger.

 * @author jon churchill

 * @version Created on 25-Jul-2005

 */

public privileged aspect AppLog {

    Logger log1 = Logger.getLogger("global");

    boolean globalLog = true;

    PrintWriter txtLog;

    Level[] levels = new Level[7];

    {

        String filename = System.getProperty("SCFGrC.logFile");

        if(filename != null){ 

            globalLog = false; 

            try {

            txtLog = new PrintWriter(new FileWriter(filename)); }

            catch (IOException ioe) {

                System.out.println("Can't open simple log file "+filename);

            }

        }

        levels[0] = Level.CONFIG;

        levels[1] = Level.SEVERE;

        levels[2] = Level.WARNING;

        levels[3] = Level.INFO;

        levels[5] = Level.FINER;

        levels[4] = Level.FINE;

        levels[6] = Level.FINEST;

    }

    
/** Intercept all calls to .println() methods and write the String

    
 * argument to the relevant log files */

    
void around(String text) : 

    
    ( call(void *.println(..)) )

    



&& args(text) 

    



&& !within(AppLog) {

    
    writeLog(text,true);

    
}

    
/** Intercept all calls to .print() methods and write the String

    
 * argument to the relevant log files */

       
void around(String text) : 

    
    ( call(void *.print(..)) )

    



&& args(text) 

    



&& !within(AppLog){

    
    writeLog(text,false);  

    
}

       
/** Close the simple log file after the main program completes */

       
after() : execution(* main(..)) {

       
    if(txtLog!= null) txtLog.close();

       
}

       
/** 

       
 * Write msg text to logfiles.

       
 * If a simple logfile has been defined only write to that. Otherwise

       
 * write messages to the Logger.global log file.

       
 */

       
void writeLog(String origMsg, boolean ret){

       
    //String copyOfMsg = msg.toString();

       
    Level l = getLevel(origMsg);

       
    String msg = origMsg.substring(l.toString().length() +1);

       
    if(globalLog) log1.log(l, msg);

       
    if(txtLog!=null) { 

       
        if(ret) txtLog.println(origMsg);

       
        else txtLog.print(origMsg);

       
        txtLog.flush(); }

       
    // Print to screen/console

       
    if(log1.isLoggable(l))

       
     if(ret) System.out.println(origMsg);

    
        else System.out.print(origMsg);

       
}

       
/**

       
 * Get a logging level from the input text.

       
 * All log messages should be prefixed with one of:

       
 * CONFIG, SEVERE, WARNING, INFO, FINE, FINER, FINEST followed

       
 * by at least one space. The returned level will be this 

       
 * level or Level.INFO if no match is found.

       
 */

       
Level getLevel(String text){

       
    String textLevel=text.toUpperCase().trim().split(" ")[0]; 

       
    try {

       
        return Level.parse(textLevel);

       
    } catch (IllegalArgumentException x){

       
        System.out.println("FINE AppLog.aj: Msg needs log level: "+text);

       
        return Level.INFO;

       
    }

       
}   


}

Appendix 5
Java aspect to profile runtimes of algorithms in SCFGrC 
AppTiming.aj
/**

 * Catures run times for the whole program, parsing the xml document

 * and every Command (eg Algorithm.execute())

 * @author jon churchill

 * @version 1.1 2-Aug-05

 */

public aspect AppTiming {

    // Local aspect variables to hold the system times

    private long progStartTime;

    private long progEndTime;

    private long simTime;

    private long startTime;

    private long endTime;

    private long runTime;

    private long astartTime;

    private long aendTime;

    private long arunTime;

    // Get time at start of InsideDefAlgorithm

    before(): execution(void algorithms.*.execute(..)) {

        //System.out.println("Starting Algorithm...");

        astartTime = System.currentTimeMillis();

    }

    // Get time after end of algorithm

    after():  execution(void algorithms.*.execute(..)) {

        aendTime = System.currentTimeMillis();

        arunTime = aendTime - astartTime;

        System.out.println("INFO Algorithm took "+((float)arunTime)/1000.0+" Sec");

    }

    // Get time at start scfgml init

    before(String text): initialization( xml.Scfgml.new(String)) && args(text)  {

        System.out.println("INFO Start loading xml document :"+text);

        startTime = System.currentTimeMillis();

    }

    // Get time after end of scfgml

    after(): initialization( xml.Scfgml.new(String))  {

        endTime = System.currentTimeMillis();

        runTime = endTime - startTime;

        System.out.println("INFO Parsed xml document in "+((float)runTime)/1000.0+" Sec");

    }

    //Get time at start of progam 

    before() : execution(* SCFGrC.main(..)) {

        progStartTime = System.currentTimeMillis();

        //System.out.println("INFO STARTING NOW");

    }

    //Get time at end of progam and print elapsed times

    after() : execution(* SCFGrC.main(..)) {

        progEndTime =  System.currentTimeMillis();

        simTime = progEndTime - progStartTime;

        //double elapsed = ((float)simtime)/1000.0;

        System.out.println("INFO Total Elapsed time: "+((float)simTime)/1000.0+" Sec");

    }

}

Appendix 6
ConusKnudsenHein.xml : XML Description of G6 grammar.

<?xml version="1.0" encoding="UTF-8"?>

<!DOCTYPE scfgml SYSTEM "SCFGoC.dtd">

<scfgml>


<alphabet id="nucleotides">

  

acgu



</alphabet>


<code id="importio" type="statement" where="includes">



<![CDATA[import java.io.*;]]>


</code>


<sequence id="A.ambivalens" alphabet="nucleotides" format="code">



<code id="seq3code" language="Java" type="inline"><!--inline type is beanShell'ed code-->


     
<identifier type="result" value="seq"/><!--type assumed String in sequence block-->




<code id="importio1" type="statement" where="includes" idref="importio"/>




<!--identifier tag tells interpreter what variable holds the final result -->




<![CDATA[




/* Example shows reading sequence after "seq2:" string from a text file */


        String seq = "";


        try {





String filename = "data/benchmark.stk";





StreamTokenizer stok = new StreamTokenizer(new FileReader(filename));





stok.wordChars(':',':');





stok.commentChar('#');





int tok = stok.nextToken();





while (tok != StreamTokenizer.TT_EOF) {






if(tok == StreamTokenizer.TT_WORD) {






    if(stok.sval.equals("A.ambivalens")) {






        String sval = stok.sval;








tok = stok.nextToken(); 








if (tok != StreamTokenizer.TT_EOF && tok == StreamTokenizer.TT_WORD) {









seq += stok.sval.toLowerCase();








}







}






}






tok = stok.nextToken();



        }


        }




catch (IOException ioe) { System.out.println(ioe);}


     
]]>


    
</code>




</sequence>

<scfg id="scfg1" alphabet="nucleotides" classname="TwoNTGrammar">


<description>



Transitions Grammar is B.K.'s Pfold grammar (BJK)


</description>


<grammar id="grammar1" CNF="no" >



<production id="prod3" lhs="L" grammar="t,F,tb | t" probability="prodL"/>



<production id="prod1" lhs="S" grammar="L,S | L" probability="prodS"/>




<production id="prod2" lhs="F" grammar="t,F,tb | L,S" probability="prodF"/>



<grammaroptimiser id="orderopt1" class="OptimiseGrammarEvalOrder"/>


</grammar>


<!-- S:=LS|L  probability -->


<probability id="prodS" probabilitymodel="MapProbabilityModel" datatype="bfloat">


    <prodterm id="prodterm1" term="L,S" probabilitymodel="MapProbabilityModel" datatype="bfloat">




<code id="LSProb" language="Java" type="parameter">





0.882183


    
</code>



</prodterm>



<prodterm id="prodterm2" term="L" probabilitymodel="MapProbabilityModel">




<code id="LProb" type="parameter"> 





0.117817




</code>



</prodterm>


</probability>


<!-- L:=tFtb|t  probability -->


<probability id="prodL" probabilitymodel="MapProbabilityModel" datatype="bfloat">


    <prodterm id="prodterm3" term="t,F,tb" probabilitymodel="MapProbabilityModel">




<code id="tFtbProb" type="terminalexpand">


     

<terminalexpand id="sub1" alphabet="nucleotides"/> 


     

<identifier type="result" value="pairs"/>





<code id="seqimport" idref="importio"/>





<!--identifier tag tells interpreter what variable holds the final result -->





<![CDATA[






/* Maps a character to index for array 'pairs' */






int baseToInt(char c) {







if(c=='a') return 0;







else if(c=='c') return 1;







else if(c=='g') return 2;







else if(c=='u') return 3;







else return -1;






}





/* Looking for "Prob.Pairs" values from a text file */



        double[][] pairs = new double[4][4];





double tlf = 0.104527;



        try{






String filename = "data/bjkmixed80.mod";





System.out.println("Reading file: "+filename);





StreamTokenizer stok = new StreamTokenizer(new FileReader(filename));





stok.parseNumbers();





stok.whitespaceChars('{','{');





stok.whitespaceChars('}','}');





stok.whitespaceChars(',',',');





stok.commentChar('#');





int i=0; int j=0; char iC=' '; char jC=' ';





int tok = stok.nextToken();





while (tok != StreamTokenizer.TT_EOF) {





    if(tok == StreamTokenizer.TT_WORD) {






/* Look for lines containing "Prob.Pairs {a,a} 0.00234" */







if(stok.sval.equals("Prob.Pairs")) {








tok = stok.nextToken(); 








if(tok == StreamTokenizer.TT_WORD) {









if (stok.sval.length() == 1) {









    iC = stok.sval.charAt(0);









    i = baseToInt(iC);









}









tok = stok.nextToken(); 









if(tok == StreamTokenizer.TT_WORD) { 










if (stok.sval.length() == 1) {










    jC = stok.sval.charAt(0);










    j = baseToInt(jC);










}










tok = stok.nextToken(); 










if (tok != StreamTokenizer.TT_EOF 











&& tok == StreamTokenizer.TT_NUMBER) {











pairs[i][j] = stok.nval * tlf;











System.out.println("Found pairs["+iC+"]["+jC+"]="+pairs[i][j]);










}








}








}







}





    }






tok = stok.nextToken();





}



    }




catch (IOException ioe) { System.out.println(ioe);}



     


]]>


    
</code>



</prodterm>



<prodterm id="prodterm4" term="t" datatype="bfloat">




<code id="tProb" type="terminalexpand">





<!-- no 'terminalexpand' tag implies expand over alphabet -->  

 



<identifier type="result" value="out"/>





<![CDATA[





double[] out={0.388134,0.155404,0.215254,0.241208}; //{a,c,g,u}





double tla = 0.895473;





for(int i=0; i < out.length; i++)






out[i] *=  tla;





]]>


    
</code>



</prodterm>


</probability>


<!-- F:=tFtb|LS  probability -->


<probability id="prodF" probabilitymodel="MapProbabilityModel" datatype="bfloat">



<prodterm id="prodterm5" term="t,F,tb" datatype="bfloat">





<code id="FtFtbProb" type="terminalexpand">


     

<terminalexpand id="sub2" alphabet="nucleotides"/> 


     

<identifier type="result" value="pairs"/>





<code id="seqimport1" idref="importio"/>





<!--identifier tag tells interpreter what variable holds the final result -->





<![CDATA[






/* Maps a character to index for array 'pairs' */






int baseToInt(char c) {







if(c=='a') return 0;







else if(c=='c') return 1;







else if(c=='g') return 2;







else if(c=='u') return 3;







else return -1;






}





/* Looking for "Prob.Pairs" values from a text file */



        double[][] pairs = new double[4][4];





double tff = 0.764065;



        try{






String filename = "data/bjkmixed80.mod";





System.out.println("Reading file: "+filename);





StreamTokenizer stok = new StreamTokenizer(new FileReader(filename));





stok.parseNumbers();





stok.whitespaceChars('{','{');





stok.whitespaceChars('}','}');





stok.whitespaceChars(',',',');





stok.commentChar('#');





int i=0; int j=0; char iC=' '; char jC=' ';





int tok = stok.nextToken();





while (tok != StreamTokenizer.TT_EOF) {





    if(tok == StreamTokenizer.TT_WORD) {






/* Look for lines containing "Prob.Pairs {a,a} 0.00234" */







if(stok.sval.equals("Prob.Pairs")) {








tok = stok.nextToken(); 








if(tok == StreamTokenizer.TT_WORD) {









if (stok.sval.length() == 1) {









    iC = stok.sval.charAt(0);









    i = baseToInt(iC);









}









tok = stok.nextToken(); 









if(tok == StreamTokenizer.TT_WORD) { 










if (stok.sval.length() == 1) {










    jC = stok.sval.charAt(0);










    j = baseToInt(jC);










}










tok = stok.nextToken(); 










if (tok != StreamTokenizer.TT_EOF 











&& tok == StreamTokenizer.TT_NUMBER) {











pairs[i][j] = stok.nval * tff;











System.out.println("Found pairs["+iC+"]["+jC+"]="+pairs[i][j]);










}








}








}







}





    }






tok = stok.nextToken();





}



    }




catch (IOException ioe) { System.out.println(ioe);}



     ]]>


    
</code>



</prodterm>



<prodterm id="prodterm6" term="L,S" datatype="bfloat"> 0.235935 </prodterm>


</probability>

</scfg>


<!-- Precompiled inside algorithm in a class. Runs at native java speed -->


<algorithmdefine type="inside" id="inside1" name="inside1" scfg="scfg1" datatype="bfloat" 



outputTable="yes" matrix="insidematrix1" class="InsideDefAlgorithm">



<structure id="insidematrix1" class="DefListStructure">




<structurefactory class="InsideDefStructureFactory"/>



</structure>


</algorithmdefine>


<!-- Precompiled cyk algorithm. -->


<algorithmdefine type="cyk" id="cyk1" name="cyk1" scfg="scfg1" datatype="bfloat" 



outputTable="yes" matrix="cykstruct1" class="CYKDefAlgorithm">



<structure id="cykstruct1" class="DefListStructure">




<structurefactory class="CYKDefStructureFactory"/>



</structure>


</algorithmdefine>


<!-- Precompiled cyk traceback algorithm. -->


<algorithmdefine type="traceback" id="traceback" scfg="scfg1" datatype="bfloat" 



outputTable="yes" matrix="cykstruct1" class="CYKTraceDefAlgorithm"/>


<codeExecution id="KnudsenHein2" language="Java" >



<!-- algorithm tag defines the input/output for each algorithm -->



<algorithm idref="inside1" sequence="A.ambivalens" reportClass="DefaultReport"/>



<algorithm idref="cyk1" sequence="A.ambivalens" reportClass="DefaultReport"/>



<algorithm idref="traceback" sequence="A.ambivalens" reportClass="DefaultReport"/>


</codeExecution>


<!-- Write out code for the above execution block as a backup -->


<codeGeneration id="codegen1" filename="KnudsenHein2.java" language="Java" 



codeExecution="KnudsenHein2"/>

</scfgml>

Appendix 7
ConusG3Grammar.xml : XML Description of G3 grammar.

<?xml version="1.0" encoding="UTF-8"?>

<!DOCTYPE scfgml SYSTEM "SCFGoC.dtd">

<scfgml>


<alphabet id="nucleotides">

  

acgu



</alphabet>


<code id="importio" type="statement" where="includes">



<![CDATA[import java.io.*;]]>


</code>


<code id="transitions" type="statement" where="main">



<![CDATA[




double tss = 0.635617;




double tsl = 0.021012;




double tsr = 0.171364;




double tsb = 0.172008;




double tls = 0.215264;




double tll = 0.784736;




double trr = 0.809578;




double tre = 0.190422; 




double[] singles = {0.388134,0.155404,0.215254,0.241208};




/* End of global transition definitions */



]]>


</code>


<code id="pairscale" type="statement">



<![CDATA[



void pairscale(double scale){




for(int i=0; i < 4; i++) {





for(int j=0; j < 4; j++) pairs[i][j] *= scale;




}



}



]]>


</code>


<code id="readpairs" type="statement">


<!--identifier tag tells interpreter what variable holds the final result -->



<![CDATA[



/* Maps a character to index for array 'pairs' */



int baseToInt(char c) {




if(c=='a') return 0;




else if(c=='c') return 1;




else if(c=='g') return 2;




else if(c=='u') return 3;




else return -1;



}



/* Looking for "Prob.Pairs" values from a text file */



double[][] pairs = new double[4][4];



try{





String filename = "data/unamixed80.mod";




System.out.println("Reading file: "+filename);




StreamTokenizer stok = new StreamTokenizer(new FileReader(filename));




stok.parseNumbers();




stok.whitespaceChars('{','{');




stok.whitespaceChars('}','}');




stok.whitespaceChars(',',',');




stok.commentChar('#');




int i=0; int j=0; char iC=' '; char jC=' ';




int tok = stok.nextToken();




while (tok != StreamTokenizer.TT_EOF) {





if(tok == StreamTokenizer.TT_WORD) {





/* Look for lines containing "Prob.Pairs {a,a} 0.00234" */






if(stok.sval.equals("Prob.Pairs")) {







tok = stok.nextToken(); 







if(tok == StreamTokenizer.TT_WORD) {








if (stok.sval.length() == 1) {









iC = stok.sval.charAt(0);









i = baseToInt(iC);








}








tok = stok.nextToken(); 








if(tok == StreamTokenizer.TT_WORD) { 









if (stok.sval.length() == 1) {










jC = stok.sval.charAt(0);










j = baseToInt(jC);









}









tok = stok.nextToken(); 









if (tok != StreamTokenizer.TT_EOF 










&& tok == StreamTokenizer.TT_NUMBER) {










pairs[i][j] = stok.nval;










//System.out.println("Found pairs["+iC+"]["+jC+"]="+pairs[i][j]);









}








}







}






}





}





tok = stok.nextToken();




}



}



catch (IOException ioe) { System.out.println(ioe);}



]]> 


</code>


<sequence id="TestSeq" alphabet="nucleotides" format="seq">



<!-- Upto 15 in the seq matchs conus G4 parse . THis fails ccaacaugg-->


ccaacaugg


</sequence>


<sequence id="TestSeq4" alphabet="nucleotides" format="seq">


agcu


</sequence>


<sequence id="ConusFig2TestSeq" alphabet="nucleotides" format="seq">


acggaaccaacauggauucaugcuucggcccuggucgcgc


</sequence>


<sequence id="A.ambivalens" alphabet="nucleotides" format="code">



<code id="seq3code" language="Java" type="inline"><!--inline type is beanShell'ed code-->


     
<identifier type="result" value="seq"/><!--type assumed String in sequence block-->




<code id="importio1" type="statement" where="includes" idref="importio"/>




<![CDATA[




/* Reading sequence after "A.ambivalens" string from a text file */


        String seq = "";


        try {





String filename = "data/benchmark.stk";





StreamTokenizer stok = new StreamTokenizer(new FileReader(filename));





stok.wordChars(':',':');





stok.commentChar('#');





int tok = stok.nextToken();





while (tok != StreamTokenizer.TT_EOF) {






if(tok == StreamTokenizer.TT_WORD) {






    if(stok.sval.equals("A.ambivalens")) {






        String sval = stok.sval;








tok = stok.nextToken(); 








if (tok != StreamTokenizer.TT_EOF && tok == StreamTokenizer.TT_WORD) {









seq += stok.sval.toLowerCase();








}







}






}






tok = stok.nextToken();



        }


        }




catch (IOException ioe) { System.out.println(ioe);}


     
]]>


    </code>




</sequence>

<scfg id="scfg1" alphabet="nucleotides" classname="TwoNTGrammar">


<description>



Conus G3 Unambiguous Nussinov (UNA). Demos productions for E_ handling.


</description>


<grammar id="G3" CNF="no" >



<production id="prod1" lhs="S" grammar="t,S,tb | t,L | R,t | L,S" probability="prodS"/>



<production id="prod2" lhs="L" grammar="t,S,tb | t,L" probability="prodL"/>



<production id="prod3" lhs="R" grammar="R,t | E_" probability="prodR"/>



<grammaroptimiser id="orderopt1" class="OptimiseGrammarEvalOrder"/>



<grammaroptimiser id="removeE" class="OptimiseGrammarEliminateEProductions"/>



<grammaroptimiser id="orderopt2" class="OptimiseGrammarEvalOrder"/>


</grammar>


<!-- S:= t,S,tb | t,L | R,t | L,S  probability -->


<probability id="prodS" probabilitymodel="MapProbabilityModel" datatype="bfloat">



<prodterm id="prodterm1" term="t,S,tb" probabilitymodel="MapProbabilityModel">




<code id="S_aSaProb" type="terminalexpand">


     

<terminalexpand id="sub1" alphabet="nucleotides"/> 


     

<identifier type="result" value="pairs"/>





<code id="ioimport1" type="statement" where="includes" idref="importio"/>





<code id="transimport1" type="statement" where="main" idref="transitions"/>





<code id="importscale1" type="statement" where="main" idref="pairscale"/>





<code id="importreadparis1" type="statement" where="main" idref="readpairs"/>





<!--identifier tag tells interpreter what variable holds the final result -->





<![CDATA[





pairscale(tss);





]]>




</code>



</prodterm>

    



<prodterm id="prodterm2" term="t,L" probabilitymodel="MapProbabilityModel" datatype="bfloat">




<code id="S_aLProb" type="terminalexpand">





<!-- no 'terminalexpand' tag implies expand over alphabet -->  

 



<identifier type="result" value="out"/>





<code id="transimport2" type="statement" where="main" idref="transitions"/>





<![CDATA[





double[] out=new double[singles.length]; //{a,c,g,u}





for(int i=0; i < out.length; i++)






out[i] =  tsl * singles[i];





]]>


    
</code>



</prodterm>



<prodterm id="prodterm3" term="R,t" probabilitymodel="MapProbabilityModel">




<code id="S_RaProb" type="terminalexpand">





<!-- no 'terminalexpand' tag implies expand over alphabet -->  

 



<identifier type="result" value="out"/>





<code id="transimport3" type="statement" where="main" idref="transitions"/>





<![CDATA[





double[] out=new double[singles.length]; //{a,c,g,u}





for(int i=0; i < out.length; i++)






out[i] =  tsr * singles[i];





]]>


    
</code>



</prodterm>



<prodterm id="prodterm4" term="L,S" probabilitymodel="SingleProbabilityModel">




<code id="S_LSProb" type="inline" language="Java">





<identifier type="result" value="out"/>





<code id="transimport4" type="statement" where="main" idref="transitions"/>





out = tsb; 




</code> 



</prodterm>


</probability>


<!-- L -> tStb | tL  probability -->


<probability id="prodL" probabilitymodel="MapProbabilityModel" datatype="bfloat">



<prodterm id="prodterm5" term="t,S,tb" probabilitymodel="MapProbabilityModel">




<code id="L_aSaProb" type="terminalexpand">


     

<terminalexpand id="sub3" alphabet="nucleotides"/> 


     

<identifier type="result" value="pairs"/>





<code id="ioimport3" type="statement" where="includes" idref="importio"/>





<code id="transimport5" type="statement" where="main" idref="transitions"/>





<code id="importscale3" type="statement" where="main" idref="pairscale"/>





<code id="importreadparis3" type="statement" where="main" idref="readpairs"/>





<!--identifier tag tells interpreter what variable holds the final result -->





<![CDATA[





pairscale(tls);





]]>




</code>



</prodterm>

    



<prodterm id="prodterm6" term="t,L" probabilitymodel="MapProbabilityModel" datatype="bfloat">




<code id="L_aLProb" type="terminalexpand">





<!-- no 'terminalexpand' tag implies expand over alphabet -->  

 



<identifier type="result" value="out"/>





<code id="transimport6" type="statement" where="main" idref="transitions"/>





<![CDATA[





double[] out=new double[singles.length]; //{a,c,g,u}





for(int i=0; i < out.length; i++)






out[i] =  tll * singles[i];





]]>


    
</code>



</prodterm>


</probability>


<!-- R -> Rt | E_  probability -->


<probability id="prodR" probabilitymodel="MapProbabilityModel" datatype="bfloat">
    



<prodterm id="prodterm7" term="R,t" probabilitymodel="MapProbabilityModel" datatype="bfloat">




<code id="R_RaProb" type="terminalexpand">





<!-- no 'terminalexpand' tag implies expand over alphabet -->  

 



<identifier type="result" value="out"/>





<code id="transimport8" type="statement" where="main" idref="transitions"/>





<![CDATA[





double[] out=new double[singles.length]; //{a,c,g,u}





for(int i=0; i < out.length; i++)






out[i] =  trr * singles[i];





]]>


    
</code>



</prodterm>



<prodterm id="prodterm8" term="E_" probabilitymodel="SingleProbabilityModel">




<code id="R_EProb" type="inline" language="Java">





<identifier type="result" value="out"/>





<code id="transimport9" type="statement" where="main" idref="transitions"/>





out = tre;




</code> 



</prodterm>


</probability>

</scfg>


<!-- Precompiled inside algorithm in a class. Runs at native java speed -->


<algorithmdefine type="inside" id="inside1" name="inside1" scfg="scfg1" datatype="bfloat" 



outputTable="yes" matrix="insidematrix1" class="InsideDefAlgorithm">



<structure id="insidematrix1" class="DefListStructure">




<structurefactory class="InsideDefStructureFactory"/>



</structure>


</algorithmdefine>


<!-- Precompiled cyk algorithm. -->


<algorithmdefine type="cyk" id="cyk1" name="cyk1" scfg="scfg1" datatype="bfloat" 



outputTable="yes" matrix="cykstruct1" class="CYKDefAlgorithm">



<structure id="cykstruct1" class="DefListStructure">




<structurefactory class="CYKDefStructureFactory"/>



</structure>


</algorithmdefine>


<!-- Precompiled cyk traceback algorithm. -->


<algorithmdefine type="traceback" id="traceback" scfg="scfg1" datatype="bfloat" 



outputTable="yes" matrix="cykstruct1" class="CYKTraceDefAlgorithm"/>


<codeExecution id="ConusG3" language="Java" >



<!-- algorithm tag defines the input/output for each algorithm -->



<!--<algorithm idref="inside1" sequence="A.ambivalens" reportClass="DefaultReport"/>-->



<!--<algorithm idref="cyk1" sequence="A.ambivalens" reportClass="DefaultReport"/>-->



<!--<algorithm idref="traceback" sequence="A.ambivalens" reportClass="DefaultReport"/>-->



<algorithm idref="cyk1" sequence="ConusFig2TestSeq" reportClass="DefaultReport"/>



<algorithm idref="traceback" sequence="ConusFig2TestSeq" reportClass="DefaultReport"/>



<!--<algorithm idref="cyk1" sequence="TestSeq" reportClass="DefaultReport"/>-->



<!--<algorithm idref="traceback" sequence="TestSeq" reportClass="DefaultReport"/>-->


</codeExecution>


<!-- Write out code for the above execution block as a backup -->


<codeGeneration id="codegen1" filename="ConusG3.java" language="Java" 



codeExecution="ConusG3"/>

</scfgml>
Appendix 8
ConusG4Grammar.xml : XML Description of G4 grammar.

<?xml version="1.0" encoding="UTF-8"?>

<!DOCTYPE scfgml SYSTEM "SCFGoC.dtd">

<scfgml>


<alphabet id="nucleotides">

  

acgu



</alphabet>


<code id="importio" type="statement" where="includes">



<![CDATA[import java.io.*;]]>


</code>


<sequence id="A.ambivalens" alphabet="nucleotides" format="code">



<code id="seq3code" language="Java" type="inline"><!--inline type is beanShell'ed code-->


     
<identifier type="result" value="seq"/><!--type assumed String in sequence block-->




<code id="importio1" type="statement" where="includes" idref="importio"/>




<!--identifier tag tells interpreter what variable holds the final result -->




<![CDATA[




/* Example shows reading sequence after "seq2:" string from a text file */


        String seq = "";


        try {





String filename = "data/benchmark.stk";





StreamTokenizer stok = new StreamTokenizer(new FileReader(filename));





stok.wordChars(':',':');





stok.commentChar('#');





int tok = stok.nextToken();





while (tok != StreamTokenizer.TT_EOF) {






if(tok == StreamTokenizer.TT_WORD) {






    if(stok.sval.equals("A.ambivalens")) {






        String sval = stok.sval;








tok = stok.nextToken(); 








if (tok != StreamTokenizer.TT_EOF && tok == StreamTokenizer.TT_WORD) {









seq += stok.sval.toLowerCase();








}







}






}






tok = stok.nextToken();



        }


        }




catch (IOException ioe) { System.out.println(ioe);}


     
]]>


    
</code>




</sequence>

<scfg id="scfg1" alphabet="nucleotides" classname="TwoNTGrammar">


<description>



Conus G4 Revised Unambiguous Nussinov (RUN). Demos productions for E_ handling.


</description>


<grammar id="G4" CNF="no" >



<production id="prod1" lhs="S" grammar="t,S | T | E_" probability="prodS"/>



<production id="prod2" lhs="T" grammar="T,t | t,S,tb | T,t,S,tp" probability="prodT"/>



<grammaroptimiser id="orderopt1" class="OptimiseGrammarEvalOrder"/>



<grammaroptimiser id="removeE" class="OptimiseGrammarEliminateEProductions"/>



<grammaroptimiser id="orderopt2" class="OptimiseGrammarEvalOrder"/>


</grammar>


<!-- S:= tS | T | E_  probability -->


<probability id="prodS" probabilitymodel="MapProbabilityModel" datatype="bfloat">


    <prodterm id="prodterm1" term="t,S" probabilitymodel="MapProbabilityModel" datatype="bfloat">




<code id="S_aSProb" type="terminalexpand">





<!-- no 'terminalexpand' tag implies expand over alphabet -->  

 



<identifier type="result" value="out"/>





<![CDATA[





double[] out={0.388134,0.155404,0.215254,0.241208}; //{a,c,g,u}





double tss = 0.516699;





for(int i=0; i < out.length; i++)






out[i] *=  tss;





]]>


    
</code>



</prodterm>



<prodterm id="prodterm2" term="T" probabilitymodel="MapProbabilityModel">




<code id="S_TProb" type="parameter"> 





0.442672




</code>



</prodterm>



<prodterm id="prodterm3" term="E_" probabilitymodel="SingleProbabilityModel">




<!-- <code id="S_EProb" idref="S_TProb"/> -->




<code id="S_EProb" type="parameter">0.040629</code> 



</prodterm>


</probability>


<!-- T:=T,t | t,S,tb | T,t,S,tp  probability -->


<probability id="prodT" probabilitymodel="MapProbabilityModel" datatype="bfloat">


    <prodterm id="prodterm4" term="T,t" probabilitymodel="MapProbabilityModel">




<code id="T_taProb" type="terminalexpand">





<!-- no 'terminalexpand' tag implies expand over alphabet -->  

 



<identifier type="result" value="out"/>





<![CDATA[





double[] out={0.388134,0.155404,0.215254,0.241208}; //{a,c,g,u}





double ttt = 0.473947;





for(int i=0; i < out.length; i++)






out[i] *=  ttt;





]]>


    
</code>



</prodterm>



<prodterm id="prodterm5" term="t,S,tb" probabilitymodel="MapProbabilityModel">




<code id="T_aSbProb" type="terminalexpand">


     

<terminalexpand id="sub1" alphabet="nucleotides"/> 


     

<identifier type="result" value="pairs"/>





<code id="seqimport" idref="importio"/>





<!--identifier tag tells interpreter what variable holds the final result -->





<![CDATA[






/* Maps a character to index for array 'pairs' */






int baseToInt(char c) {







if(c=='a') return 0;







else if(c=='c') return 1;







else if(c=='g') return 2;







else if(c=='u') return 3;







else return -1;






}





/* Looking for "Prob.Pairs" values from a text file */



        double[][] pairs = new double[4][4];





double tts = 0.482743;



        try{






String filename = "data/runmixed80.mod";





System.out.println("Reading file: "+filename);





StreamTokenizer stok = new StreamTokenizer(new FileReader(filename));





stok.parseNumbers();





stok.whitespaceChars('{','{');





stok.whitespaceChars('}','}');





stok.whitespaceChars(',',',');





stok.commentChar('#');





int i=0; int j=0; char iC=' '; char jC=' ';





int tok = stok.nextToken();





while (tok != StreamTokenizer.TT_EOF) {





    if(tok == StreamTokenizer.TT_WORD) {






/* Look for lines containing "Prob.Pairs {a,a} 0.00234" */







if(stok.sval.equals("Prob.Pairs")) {








tok = stok.nextToken(); 








if(tok == StreamTokenizer.TT_WORD) {









if (stok.sval.length() == 1) {









    iC = stok.sval.charAt(0);









    i = baseToInt(iC);









}









tok = stok.nextToken(); 









if(tok == StreamTokenizer.TT_WORD) { 










if (stok.sval.length() == 1) {










    jC = stok.sval.charAt(0);










    j = baseToInt(jC);










}










tok = stok.nextToken(); 










if (tok != StreamTokenizer.TT_EOF 











&& tok == StreamTokenizer.TT_NUMBER) {











pairs[i][j] = stok.nval * tts;











System.out.println("Found pairs["+iC+"]["+jC+"]="+pairs[i][j]);










}








}








}







}





    }






tok = stok.nextToken();





}



    }




catch (IOException ioe) { System.out.println(ioe);}



     


]]>


    
</code>



</prodterm>



<prodterm id="prodterm6" term="T,t,S,tp" probabilitymodel="MapProbabilityModel">




<code id="T_TtStpProb" type="terminalexpand">


     

<terminalexpand id="sub2" alphabet="nucleotides"/> 


     

<identifier type="result" value="pairs"/>





<code id="seqimport2" idref="importio"/>





<!--identifier tag tells interpreter what variable holds the final result -->





<![CDATA[






/* Maps a character to index for array 'pairs' */






int baseToInt(char c) {







if(c=='a') return 0;







else if(c=='c') return 1;







else if(c=='g') return 2;







else if(c=='u') return 3;







else return -1;






}





/* Looking for "Prob.Pairs" values from a text file */



        double[][] pairs = new double[4][4];





double ttb = 0.043311;



        try{






String filename = "data/runmixed80.mod";





System.out.println("Reading file: "+filename);





StreamTokenizer stok = new StreamTokenizer(new FileReader(filename));





stok.parseNumbers();





stok.whitespaceChars('{','{');





stok.whitespaceChars('}','}');





stok.whitespaceChars(',',',');





stok.commentChar('#');





int i=0; int j=0; char iC=' '; char jC=' ';





int tok = stok.nextToken();





while (tok != StreamTokenizer.TT_EOF) {





    if(tok == StreamTokenizer.TT_WORD) {






/* Look for lines containing "Prob.Pairs {a,a} 0.00234" */







if(stok.sval.equals("Prob.Pairs")) {








tok = stok.nextToken(); 








if(tok == StreamTokenizer.TT_WORD) {









if (stok.sval.length() == 1) {









    iC = stok.sval.charAt(0);









    i = baseToInt(iC);









}









tok = stok.nextToken(); 









if(tok == StreamTokenizer.TT_WORD) { 










if (stok.sval.length() == 1) {










    jC = stok.sval.charAt(0);










    j = baseToInt(jC);










}










tok = stok.nextToken(); 










if (tok != StreamTokenizer.TT_EOF 











&& tok == StreamTokenizer.TT_NUMBER) {











pairs[i][j] = stok.nval * ttb;











System.out.println("Found pairs["+iC+"]["+jC+"]="+pairs[i][j]);










}








}








}







}





    }






tok = stok.nextToken();





}



    }




catch (IOException ioe) { System.out.println(ioe);}



     


]]>


    
</code>



</prodterm>


</probability>

</scfg>


<!-- Precompiled inside algorithm in a class. Runs at native java speed -->


<algorithmdefine type="inside" id="inside1" name="inside1" scfg="scfg1" datatype="bfloat" 



outputTable="yes" matrix="insidematrix1" class="InsideDefAlgorithm">



<structure id="insidematrix1" class="DefListStructure">




<structurefactory class="InsideDefStructureFactory"/>



</structure>


</algorithmdefine>


<!-- Precompiled cyk algorithm. -->


<algorithmdefine type="cyk" id="cyk1" name="cyk1" scfg="scfg1" datatype="bfloat" 



outputTable="yes" matrix="cykstruct1" class="CYKDefAlgorithm">



<structure id="cykstruct1" class="DefListStructure">




<structurefactory class="CYKDefStructureFactory"/>



</structure>


</algorithmdefine>


<!-- Precompiled cyk traceback algorithm. -->


<algorithmdefine type="traceback" id="traceback" scfg="scfg1" datatype="bfloat" 



outputTable="yes" matrix="cykstruct1" class="CYKTraceDefAlgorithm"/>


<codeExecution id="KnudsenHein2" language="Java" >



<!-- algorithm tag defines the input/output for each algorithm -->



<algorithm idref="inside1" sequence="A.ambivalens" reportClass="DefaultReport"/>



<algorithm idref="cyk1" sequence="A.ambivalens" reportClass="DefaultReport"/>



<algorithm idref="traceback" sequence="A.ambivalens" reportClass="DefaultReport"/>


</codeExecution>


<!-- Write out code for the above execution block as a backup -->


<codeGeneration id="codegen1" filename="KnudsenHein2.java" language="Java" 



codeExecution="KnudsenHein2"/>

</scfgml>

Appendix 9
CYKDefAlgorithm.java : Grammar ‘interpretter’ CYK Algorithm 

/*

 * Created on 23-May-2005

 */

package algorithms;

import java.util.*;

/**

 * Default CYK algorithm, with the following settings:<br>

 * Supports Grammar's up to 2 non-terminals with no End symbol

 * Supports DoubleCell and BFloatCell cell types

 * 

 * @author jon churchill

 * @version 1.0 : 4-Jul-2005

 * 

 */

public class CYKDefAlgorithm extends AbstractAlgorithm implements Algorithm{

    public CYKDefAlgorithm() {}

    /** 

     * Creates a CYK algorithm and initialises the DP structure.

     */ 

    public CYKDefAlgorithm(Grammar gr, Structure s, Sequence seq, Report rep, String id, String dataType) {

        /* Grammar g = new Grammar(new OptGrammar()); */

        this.gr=gr;

        if(s instanceof ListStructure)


        /* Only support Double and BFloat probabilities for this algorithm */


        if(!(((ListStructure)s).getNew() instanceof BFloatCell || ((ListStructure)s).getNew() instanceof DoubleCell))


                throw new IllegalArgumentException("Only DoubleCell and BFloatCell supported by CYKDefAlgorithm");

        matrix = s;

        this.seq=seq;

        this.rep = rep;

        setId(id); setDataType(dataType);

        //init();

    }

    /**

     * Initialises the matrix

     */

    public void init() {

        if(!initialized()) 

            throw new AssertionError("Algorithm "+getId()+" not initialized");

        System.out.print("INFO Initialise CYKDefAlgorithm "+getName()+" ... ");

        /* First set the matrix size based on sequence length and No of productions */

        int[] dimensions = new int[]{gr.noProductions()-1 ,  seq.length()-1 , seq.length() };

        getStructure().setDimensions(dimensions);

        int d,j;

        matrix.clear();
/* Empty the Structure each time we initialise */

        for (d = 0; d <= seq.length(); d++) {

           for (j = (d > 0? d-1: d); j < seq.length(); j++) {

              for (int v=0; v< gr.noProductions(); v++){

                  setProhibited(v,j,d);

              }

           } /* end for j */

        } /* end for i */

        System.out.println("INFO Complete");

    }

    private void setProhibited(int v, int j, int d) {

        //System.out.println("setProhibited: v,j,d= "+v+','+j+','+d);

        Cell c1 = ((ListStructure)matrix).getNew();

        Probability p1 = c1.getValue();

        if(p1 instanceof BFloatProbability) p1.set(BFloatProbability.NULL);

        else if (p1 instanceof LogeProbability) p1.set(LogeProbability.NULL);

        else if (p1 instanceof DoubleProbability) p1.set(DoubleProbability.NULL);

        else {

            String p1Name = p1.getClass().getName();

            throw new IllegalArgumentException(p1Name + " Not supported by CYKDefAlgorithm");

        }

        matrix.autoPut(new ThreeDCoord(v,j,d),c1);        

    }

    /**

     * Runs the iteration

     */

    public void fill() {

        System.out.println("INFO Fill CYKDefAlgorithm "+getName()+" ... ");

        CompletionCounter cc = new CompletionCounter(seq.length(),10);

        /* matrix.iterator() codes for i=1 to l-1, j=j+1 to L, v=1 to M */

        Iterator it = matrix.iterator("cyk");

        while (it.hasNext()) {

            DefStructIter n = (DefStructIter)it.next();

            if (n.getCell()==null) { 

                matrix.autoPut(n.getCoord(),((ListStructure)matrix).getNew());

                n.setCell(matrix.autoGet(n.getCoord()));

            }

            n.getCell().accept(this,n);

            String ccString = cc.check(((ThreeDCoord)n.c).get()[2]);

            if(!ccString.equals(""))

                System.out.println("INFO "+ccString+" done");

        }

        System.out.println("INFO Complete");

    }

    /**

     * Returns the final value. Need to follow up with a matching traceback to be

     * useful.

     */

    public Probability termination() {

        ThreeDCoord o1 = new ThreeDCoord(gr.getStartProductionNum(),seq.length()-1,seq.length());

        if (matrix.autoGet(o1) != ((ListStructure)matrix).getNull()) {

            return matrix.autoGet(o1).getValue();

        }

        else {

            throw new NoSuchElementException("Cell not found at" +o1.toString());

        }

    }

    /**

     * Called by BFloatCell's during visits

     */

    public void BFloatProbabilityVisit(BFloatCell c, Coord coord) {

        Probability currTerm = new BFloatProbability(0.0);

        c.setValue(gamma((ThreeDCoord)coord, currTerm ));

    }

    /**

     * Called by LogeCell's during visits

     */

    public void LogeProbabilityVisit(LogeCell c, Coord coord) {

        Probability currTerm = new LogeProbability(0.0);

        c.setValue(gamma( (ThreeDCoord)coord, currTerm));

    }

    /**

     * Called by DoubleCell's during visits

     */

    public void DoubleProbabilityVisit(DoubleCell c, Coord coord) {

            //c.setValue(alphaDouble((ThreeDCoord)coord));

        throw new UnsupportedOperationException(); // temproary

    }    

    /**

     * Gamma iteration method for BFloat types. Assumes probabilites in real

     * space not log space.

     * @param currTerm A new instance of required Probability type, set to zero probability;

     */

    private Probability gamma(ThreeDCoord coord, Probability currTerm) {

        Probability currscr = ((ListStructure)matrix).getNew().getValue();

        //Probability currTerm = new BFloatProbability(0.0); // The score for a ProdTerm

        int v= gr.getEvalOrder()[coord.c[0]]; int j=coord.c[1]; int d=coord.c[2];

        int i = j-d+1;

        Production prod = gr.getEvalProduction(coord.c[0]);

        //System.out.println("gammaBFLoat: v,j,d,i= "+v+','+j+','+d+','+i+" Production: "+prod.toString());

        List prodTerms = prod.getProdTerms();

        Iterator ptitr = prodTerms.iterator();

        /* Loop over all Production terms in this production */

        while(ptitr.hasNext()) {

            ProdTerm pt = (ProdTerm)ptitr.next();

            switch (pt.getOrder()) {

            /* 

             * Now compare the score for this prodterm to the running max score 

             * for the whole production

             */

            case 0: // Assumes prototype of t

                currTerm = NT0ProdTerm(v,j,d,i,pt);

                break;     

            case 1: // Assumes prototype of t,N,t

                currTerm = NT1ProdTerm(v,j,d,i,pt);

                break;

            case 2: //Assumes prototype of t,N,t,N,t

                currTerm = NT2ProdTerm(v,j,d,i,pt);

                break;

            default:

                currTerm.set(0.0);

            
System.out.println("SEVERE Unrecognised order of ProdTerm "+pt.toString()+" setting "+v+","+j+","+d+" to 0.0");

            }

            if ( currscr.less(currTerm) ) {

                //System.out.println("FINEST currscr="+currscr+" < currTerm="+currTerm+" Resetting");

                currscr.set(currTerm);

            }

        } // end while hasNext()

        // return current Cell value for this Production

        return currscr;

    }

    /**

     * The sequence distance between two sequence indexes = j - i +1

     * @param i The lower index (left most)

     * @param j The higher (right most)

     * @return The int difference

     */

    private static int dist(int i, int j) { return j - i + 1; }

    /**

     * The sequence distance separating two sequence indexes = j - i -1

     * @param i The lower index (left most)

     * @param j The higher (right most)

     * @return The int separation

     */

    private static int lplen(int i, int j) { return j - i - 1; }

    /**

     * Calculates the Probability for a ProdTerm of order 0 with prototype 't'<br>

     * A probablity of zero is returned if d != #t

     * @param v Production number

     * @param j j index

     * @param d distance index

     * @param i i index

     * @param pt The ProdTerm to evaluate

     * @return The Probability of this zero order ProdTerm

     */

    private Probability NT0ProdTerm(int v,int j,int d,int i, ProdTerm pt) {

        /* Invariant d>0 : algorithms never call this method during init. */

        int size = pt.getNumTermSymAt(0); // Returns 0 if 'E_'

        if(d == size) { // NT0 terms only value for d= num of alphabetsymbols


        AlphabetSymbol[] as =  seq.getSymFrom(i,i+size-1);


        Probability currTerm = new BFloatProbability(1.0); // initialiases currTerm


        currTerm.set(pt.getProb(as));


        return currTerm;

        } else {

            Probability returnNull = ((ListStructure)matrix).getNew().getValue();

            return returnNull.getNULL();

            //return BFloatProbability.NULL;

        }

    }

    /**

     * Get the matrix value for mx[pdIndex][j-#R][d-#L-#R]<br>

     * Prototype tl,N,tr where #tl=#L=sizeL =tr=#R=sizeR<br>

     * Return 0.0 if    j-#R < 0   or    d-#L-#R < 0

     * @param v int Production Number

     * @param j int j index

     * @param d int d index

     * @param i int i index

     * @param pt ProdTerm

     * @return Probability for this ProdTerm at i,j location along the seq.

     */

    private Probability NT1ProdTerm(int v,int j,int d,int i,ProdTerm pt) {

        // Get the matrix value for mx[pdIndex][j-#R][d-#L-#R]

        Probability currTerm = ((ListStructure)matrix).getNew().getValue();

        currTerm.set(1.0);

        //Probability currTerm = new BFloatProbability(1.0); // initialiases currTerm

        Production pd1 = pt.getProductionAt(0);

        if(pd1.equals(Production.NULL))

            throw new RuntimeException("Cant find Production object in Prodterm "+pt.toString());

        int pdIndex = gr.getEvalOrderIndex(pd1);

        int sizeL = pt.getNumTermSymAt(0);

        int sizeR = pt.getNumTermSymAt(2);

        int currJ = j - sizeR;

        int currD = d - sizeL - sizeR;

        // Note the lplen(i,j)>=HLEN for pairs, check in conus is not required. 

        // Its implicit because lplen=j-i-1=j-(j-d+1)-1 = d-2. 

        // A pair aFa only gets through the check below when d>=3 and when d=3,

        // aFa calls F(d=1) which from the above argument failed the check below

        // and is 0 (1.0E-inf for bfloats). So lplen(i,j)>=HLEN=2 is already

        // implicit in the check below.

        if(!(currJ >= 0 && currD >= 0)) {

            Probability returnNull = ((ListStructure)matrix).getNew().getValue();

            return returnNull.getNULL();

            //return BFloatProbability.NULL; //new BFloatProbability(0.0);

        }

        ThreeDCoord cnew = new ThreeDCoord(pdIndex,currJ,currD);

        Cell cnew1 = matrix.autoGet(cnew);

        //if(cnew1 == null) System.out.println("FINEST "+matrix.toString());

        Probability pnew = cnew1.getValue();

        currTerm.multacc(pnew); 

        // Now the probability for tNt

        AlphabetSymbol[] alphasym = new AlphabetSymbol[sizeL+sizeR];

        int alphaSymI=0;

        for(int index=i; index <= j; index++){

            if(index < i+sizeL || index > j-sizeR) {

                //System.out.println("FINEST NT1ProdTerm: index="+index+" i+sizeL="+(i+sizeL)+" j-sizeR="+(j-sizeR));

                alphasym[alphaSymI++] = seq.getSymAt(index);

            }

        }

        /* Now multiply matrix and terminals probs together 

         * (would add if in log space)

         */

        currTerm.multacc(pt.getProb(alphasym));

        return currTerm;

    }

    /**

     * Get the matrix value for a prototype ProdTerm of tl,L,tm,R,tr where <br>

     * #tl=#L=sizeL, #tm = #M = sizeM, #tr = #R = sizeR<br>

     * <br>

     * Get all possible matrix values for <br>

     * mx[pdIndexL][k][dist(i+#L,k)] * <br>

     * mx[pdIndexR][j-#R][dist(k+1+#M,j-#R)] *<br>

     * P(tl,tm,tr)<br>

     * for k = i + sizeL; k < (j - sizeR - sizeM); k++<br>

     * Returns 0.0 if k < 0, dist(i+#L,k) <0 , j-#R < 0 , dist(k+1+#M,j-#R) < 0

     * @param v int Production Number

     * @param j int j index

     * @param d int d index

     * @param i int i index

     * @param pt ProdTerm

     * @return Probability for this ProdTerm at i,j location along the seq.

     */

    private Probability NT2ProdTerm(int v,int j,int d,int i,ProdTerm pt) {

        int pdIndexL = gr.getEvalOrderIndex(pt.getProductionAt(0));

        int pdIndexR = gr.getEvalOrderIndex(pt.getProductionAt(1));

        if(pdIndexL < 0 || pdIndexR < 0)

            throw new RuntimeException("Cant find Production object in Prodterm "+pt.toString());

        int sizeL = pt.getNumTermSymAt(0);

        int sizeM = pt.getNumTermSymAt(2);

        int sizeR = pt.getNumTermSymAt(4);

        int currJ = j - sizeR;

        int currI = i + sizeL;

        if( !(currJ >= 0 && currJ <= matrix.getDimensions()[1] &&

                currI >=0 && currI <= matrix.getDimensions()[1] && // currI<=currJ so not rqd?

                d > (sizeL + sizeR + sizeM) &&

                currI <= (currJ - sizeM))) {

            Probability returnNull = ((ListStructure)matrix).getNew().getValue();

            return returnNull.getNULL();

        }

        /* 

         * Set up the L and R symbols to access probability for tNtNt

         */

        AlphabetSymbol[] alphasym = new AlphabetSymbol[sizeL+sizeM+sizeR];

        int index=0;

        while (index < sizeL) {

            alphasym[index] = seq.getSymAt(i+index);

            index++;

            if(i+ index > j) // If something has gone horribly wrong exit.

                throw new RuntimeException("Bad indexing in Bfloat 2NT CYKDefAlgorithm");

        }

        // Middle symbols are k dependant and are filled in during the K loop

        int indexR = 0;

        while (indexR < sizeR) {

            alphasym[index+sizeM] = seq.getSymAt(currJ + 1 + indexR);

            index++; indexR++;

        } 

        /*

         * Iterate over all possible values of k

         */

        Probability returnTerm = ((ListStructure)matrix).getNew().getValue();

        returnTerm.set(0.0);

        //Probability returnTerm = new BFloatProbability(0.0); // Initialise return val

        for (int k = currI; k < (currJ - sizeM); k++) {  // check whole line !!!

            //cursc = DLogsum(mx[dpL][k][dist(i,k)] + mx[dpS][j][dist(k+1,j)]

            //   + pr->transitions[TSB], cursc);

            Probability currTerm = ((ListStructure)matrix).getNew().getValue();

            currTerm.set(1.0);

            //Probability currTerm = new BFloatProbability(1.0); // Initialise currTerm

            int currLK = k; int currRK = k+1+sizeM;

            int currLD = dist(currI,currLK);

            int currRD = dist(currRK,currJ);

            Coord cnewL = new ThreeDCoord(pdIndexL,currLK,currLD);

            Coord cnewR = new ThreeDCoord(pdIndexR,currJ ,currRD);

            //matrix L

            currTerm.multacc(matrix.autoGet(cnewL).getValue());

            //matrix R

            currTerm.multacc(matrix.autoGet(cnewR).getValue());

            int indexM =0;

            // Complete the M symbols to access the probability for tNtNt

            for(index=currLK+1; index <= currRK-1; index++){

                
if(indexM >= sizeM) 

                
    throw new AssertionError("Bad sequence index in CYKDefAlgorithm");

                    alphasym[sizeL+indexM] = seq.getSymAt(index);

                    indexM++;

            }

            /*

             * Now multiply matrix and terminals probs together 

             * (would add if in log space)

             */

            currTerm.multacc(pt.getProb(alphasym));

            if ( returnTerm.less(currTerm) ) returnTerm.set(currTerm);

        }

        //System.out.println("NT2ProdTerm: v,j,d,i=("+v+','+currJ+','+d+','+currI+") Val= "+currTerm);

        return returnTerm;

    }

    /**

     * Generates a report string based on the passed report class

     * @return A string representing the result of the algorithm

     */

    public String reportString() {

        return rep.cykReport(this);

    }

    public void execute() {

        init();

        fill();

        termination();

        System.out.println("INFO "+matrix.printMatrix(seq,gr) );

        System.out.println("INFO "+reportString());

    }

}
Appendix 10
G6CYKAlgorithm.java : Custom Compiled CYK Algorithm for G6 Grammar

package algorithms;

import java.util.*;

/**

* CYK algorithm for scfg1

*

* @author SCFGrC (Jon Churchill)

* @version 1.0 : 

*

*/

public class G6CYKAlgorithm extends AbstractCYKAlgorithmBuilder implements Algorithm{

    public G6CYKAlgorithm(){}

    public G6CYKAlgorithm(Grammar gr, Structure s, Sequence seq, Report rep, String id, String dataType) {

        this.gr=gr;

        matrix = s;

        this.seq=seq;

        this.rep = rep;

        setId(id);

        setDataType(dataType);

    }

    /**

     * Runs the iteration

     */

    public void fill() {

        System.out.println("INFO Fill G6CYKAlgorithm "+getName()+" ... ");

        CompletionCounter cc = new CompletionCounter(seq.length(),10);

        Production v2 = gr.getEvalProduction(2);

        List v2Pts = v2.getProdTerms();

        ProdTerm v2pt0 = (ProdTerm)v2Pts.get(0);

        ProdTerm v2pt1 = (ProdTerm)v2Pts.get(1);

        Production v1 = gr.getEvalProduction(1);

        List v1Pts = v1.getProdTerms();

        ProdTerm v1pt0 = (ProdTerm)v1Pts.get(0);

        ProdTerm v1pt1 = (ProdTerm)v1Pts.get(1);

        Production v0 = gr.getEvalProduction(0);

        List v0Pts = v0.getProdTerms();

        ProdTerm v0pt0 = (ProdTerm)v0Pts.get(0);

        ProdTerm v0pt1 = (ProdTerm)v0Pts.get(1);

        int currI = 0;

        int currJ = 0;

        int currD = 0;

        for(int d=1; d <= seq.length(); d++){

            for(int j=d-1; j < seq.length(); j++){

                int i = j-d+1;

                Probability currscr=null;

                Probability currTerm = null;

                currscr = ((ListStructure)matrix).getNew().getValue();

                /* 

                 * F -> t,F,tb

                 */

                // Get the matrix value for matrix[pdIndex][j-#R][d-#L-#R]

                currTerm = ((ListStructure)matrix).getNew().getValue();

                currTerm.set(1.0);

                currJ = j - 1;

                currD = d - 2;

                if((currJ >= 0 && currD >= 0)) {

                    ThreeDCoord cnew = new ThreeDCoord(2,currJ,currD);

                    Cell cnew1 = matrix.autoGet(cnew);

                    currTerm.multacc(cnew1.getValue());

                    currTerm.multacc(v2pt0.getProb(new AlphabetSymbol[]{seq.getSymAt(i),seq.getSymAt(j)}));

                    if ( currscr.less(currTerm) ) {

                        currscr.set(currTerm);

                    }

                }

                /* 

                 * F -> L,S

                 */

                    /*

                     * Iterate over all possible values of k

                     */

                    for (int k = i; k < (j); k++) {

                        currTerm = ((ListStructure)matrix).getNew().getValue();

                        currTerm.set(1.0);

                        Coord cnewL = new ThreeDCoord(1,k,dist(i,k));

                        Coord cnewR = new ThreeDCoord(0,j ,dist(k+1,j));

                        currTerm.multacc(matrix.autoGet(cnewL).getValue());

                        currTerm.multacc(matrix.autoGet(cnewR).getValue());

                        currTerm.multacc(v2pt1.getProb(new AlphabetSymbol[]{}));

                        if ( currscr.less(currTerm) ) {

                            currscr.set(currTerm);

                        }

                    }

                matrix.autoPut(new ThreeDCoord(2,j,d), new BFloatCell(currscr) );

                currscr = ((ListStructure)matrix).getNew().getValue();

                /* 

                 * L -> t,F,tb

                 */

                // Get the matrix value for matrix[pdIndex][j-#R][d-#L-#R]

                currTerm = ((ListStructure)matrix).getNew().getValue();

                currTerm.set(1.0);

                currJ = j - 1;

                currD = d - 2;

                if((currJ >= 0 && currD >= 0)) {

                    ThreeDCoord cnew = new ThreeDCoord(2,currJ,currD);

                    Cell cnew1 = matrix.autoGet(cnew);

                    currTerm.multacc(cnew1.getValue());

                    currTerm.multacc(v1pt0.getProb(new AlphabetSymbol[]{seq.getSymAt(i),seq.getSymAt(j)}));

                    if ( currscr.less(currTerm) ) {

                        currscr.set(currTerm);

                    }

                }

                /* 

                 * L -> t

                 */

                if(d == 1 ) { // Only for d= num of alphabetsymbols

                    AlphabetSymbol[] as =  seq.getSymFrom(i,i+0);

                    currTerm = ((ListStructure)matrix).getNew().getValue();

                    currTerm.set(v1pt1.getProb(as));

                    if ( currscr.less(currTerm) ) {

                        currscr.set(currTerm);

                    }

                }

                matrix.autoPut(new ThreeDCoord(1,j,d), new BFloatCell(currscr) );

                currscr = ((ListStructure)matrix).getNew().getValue();

                /* 

                 * S -> L,S

                 */

                    /*

                     * Iterate over all possible values of k

                     */

                    for (int k = i; k < (j); k++) {

                        currTerm = ((ListStructure)matrix).getNew().getValue();

                        currTerm.set(1.0);

                        Coord cnewL = new ThreeDCoord(1,k,dist(i,k));

                        Coord cnewR = new ThreeDCoord(0,j ,dist(k+1,j));

                        currTerm.multacc(matrix.autoGet(cnewL).getValue());

                        currTerm.multacc(matrix.autoGet(cnewR).getValue());

                        currTerm.multacc(v0pt0.getProb(new AlphabetSymbol[]{}));

                        if ( currscr.less(currTerm) ) {

                            currscr.set(currTerm);

                        }

                    }

                /* 

                 * S -> L

                 */

                // Get the matrix value for matrix[pdIndex][j-#R][d-#L-#R]

                currTerm = ((ListStructure)matrix).getNew().getValue();

                currTerm.set(1.0);

                if((j >= 0 && d >= 0)) {

                    ThreeDCoord cnew = new ThreeDCoord(1,j,d);

                    Cell cnew1 = matrix.autoGet(cnew);

                    currTerm.multacc(cnew1.getValue());

                    currTerm.multacc(v0pt1.getProb(new AlphabetSymbol[]{}));

                    if ( currscr.less(currTerm) ) {

                        currscr.set(currTerm);

                    }

                }

                matrix.autoPut(new ThreeDCoord(0,j,d), new BFloatCell(currscr) );

            }

        }

        System.out.println("INFO Complete");

    }

}
Appendix 11
Java Interface definitions for Algorithm, Structure, Report, Sequence  
/*

 * Algorithm Interface Definition

 */

package algorithms;

import java.util.*;

/**

 * Defines the minimum requirements for an algorithm

 * @author jon

 * @version Created on 23-May-2005

 */

public interface Algorithm extends Command{

    void init();

    void fill();

    Probability termination();

    String reportString();

    void BFloatProbabilityVisit(BFloatCell p, Coord c);

    void DoubleProbabilityVisit(DoubleCell p, Coord c);

    void LogeProbabilityVisit(LogeCell p, Coord c);

    void setSeq(Sequence seq);

    Sequence getSeq();

    void setId(String id);

    String getId();

    void setGram(Grammar gr);

    Grammar getGram();

    void setStructure(Structure st);

    Structure getStructure();

    boolean iskeepTable();

    void setKeepTable(boolean b);

    void setDataType(String dataType);

    String getDataType();

    public String getName();

    public void setName(String name);

    public Report getReport();

    public void setReport(Report rep);

    public String getType();

    public void setType(String type);

    // This has to be static. Implmented in AbstractAlgorithm

    //Algorithm findAlgorithm(String id, List algorithms);

    public boolean initialized();

}
/*

 * Report Interface Definition

 */

package algorithms;

/**

 * Defines the types of Reports that must be available

 * @author jon

 * @version : Created on 24-May-2005

 */

public interface Report {

    public String insideReport(Algorithm a);

    public String cykReport(Algorithm a);

    public String cykTraceReport(Algorithm a);

}

/*

 * Structure Interface Definition

 */

package algorithms;

import java.util.*;

/**

 * Abstracts a matrix of Cell objects.<br>

 * manGet(Coord), manPut(Coord) ignore the StructureFactory if one is registered.<br>

 * autoGet(Coord), autoPut(Coord) use the StructureFactory if one is registered.<br>

 * If you autoPut you are advised to autoGet rather than manGet, as the 

 * StructureFactory is allowed to map Coord's inside the structure and also change

 * the object types stored. autoGet ensures that any mapping is reversed.

 * @author jon churchill

 * @version 1.1 : Created on 23-May-2005. Updated 25-Jun-05

 */

public interface Structure {

    public static String datatype= "";

    public void clear();

    public void manPut(Coord c,Cell p);

    public void autoPut(Coord c, Cell p );

    public Cell manGet(Coord c);

    public Cell autoGet(Coord c);

    public String getId();

    public void setId(String id);

    public StructureFactory getStructureFactory();

    public void setStructureFactory(StructureFactory sF);

    public void setDimensions(int[] dim);

    public int[] getDimensions();

    /**

     * Prints out the matrix, annotated with sequence and grammar productions.

     * THere is an internal limit, set by system property SCFGrC.

     * @param seq The Sequence to annotate with

     * @param gr THe Grammar to annotate with

     * @return The String

     */

    public String printMatrix(Sequence seq,Grammar gr);

    /*

     * Can be overridden by an anonymous class if the default deosnt work

     * Uses the registered Algorithm to decide what iteration order to use.

     */

    public abstract Iterator iterator(String type); // inside,outside,inout,cyk 

    String getDataType();
// Returns "bfloat","double","int","boolean","float"

}

/*

 * Sequence Interface Definition

 */

package algorithms;

import java.util.*;

/**

 * @author jon

 * Created on 23-May-2005

 * @

 */

public interface Sequence {

    int length();

    public void append(AlphabetSymbol sym);

    public void append(List sym);

    public void append(String syms);

    AlphabetSymbol getSymAt(int index);

    AlphabetSymbol[] getSymFrom(int from, int to);

    String getId();

    void setId(String id);

}
Appendix 12
Compiling and running SCFGrC with aspectJ.

This project used the aspectJ compiler integrated into the Eclipse IDE to compile the SCFGrC code using aspectJ[42]. The ‘abc’ (Aspect Benchmark Compiler) was used during the OOD MSc course practicals, but it is not integrated into an IDE and the aspectJ developers recommend use of an IDE when developing aspects. The IDE has flags that indicate ‘join points’ from the aspect to the client code. Without these is no way to directly observe that advice has been linked to the correct points in the client code.

Compiling standalone (without the IDE) java code with aspects, is the same as a normal java compilation using javac, except that the ‘ajc’ program is used in place of ‘javac’. All the classpath and compiler switches are interchangeable.

The compiled program is run using the ‘aj’ command instead of ‘java’ and the classpath must have access to the aspectjweaver.jar library file. SCFGrC has a number of classpath and system property requirements and is run from a unix/linux bash script “SCFGrC” . The ‘aj’ code and aspectjweaver.jar files are included with the SCFGrC program distribution and there are thus no additional user installation requirements.

SCFGrC used aspectJ v1.2.1 which is the most recent stable release. It does not support java 5 features. Version 1.5.0 M3 pre-release compiler was made available in August 2005 that should support java 5 features.

Appendix 12

Conus G4 Grammar CYK Algorithm [8]

/* Function: cykFillRUN

 * Date:    Tue Jan 22 15:01:41 CST 2002 [St Louis]

 *

 * Purpose:  Fills CYK matrix for RUN 

 *

 * Assumption: Fill matrix already allocated and initialized

 *

 * Args:    

 *
mx
matrix to calculate cyk (as integer log Probs)

 *
sc
parameters 

 *

(integer log form or as scores)

 *
rna
sequence (digitized)

 * 
len
sequence length

 *

 * Notes: Fills matrix correctly for RUN and RYN.

 *      Must fill T before S as one rule in S allows S -> T

 *      and therefore the current cell of T will need to

 *      already known.

 *

 * Returns:  void 

 */

void

cykFillRUN(int ***mx, INTMOD *pr, char *rna, int len)

{

   int d, i, j, k;       /* Loop indicies */

   int max;              /* Maximum value seen so far */

   int cursc, cursc2;    /* Current score */

   int stackvalue;


   /* Recursion */

   for (d = 1; d <= len; d++) {

      for (j = d-1; j < len; j++) {


 i = j - d + 1; max = -BIGINT;


 /* T -> Ta */


 if (j > 0) {


    cursc = mx[dpT][j-1][d-1] + pr->singles[rna[j]] + pr->transitions[TTT];


    if (cursc > max) max = cursc;


    /* T -> aPa' */


    if (d > 1) {


       cursc = mx[dpS][j-1][d-2] + pr->pairs[rna[i]][rna[j]] + pr->transitions[TTP];


       if ((cursc > max) && (lplen(i,j) >= HLEN)) max = cursc; 


    }


 }


 /* T -> T aPa' */


 for (k = i+1; k < j-1; k++) {


    cursc = mx[dpT][k][dist(i,k)] + mx[dpS][j-1][dist(k+2,j-1)] 


       + pr->pairs[rna[k+1]][rna[j]] + pr->transitions[TTB];


    if ((cursc > max) && (lplen(k+1,j) >= HLEN)) max = cursc; 


 } /* End for loop T -> T aSa' */


 /* T -> Ta | aPa' | T aPa' */


 mx[dpT][j][d] = max;


 max = -BIGINT;


 /* S -> aS */


 cursc = mx[dpS][j][d-1] + pr->singles[rna[i]] + pr->transitions[TSS];


 if (cursc > max) max = cursc; 


 /* S -> T */


 cursc = mx[dpT][j][d] + pr->transitions[TST];


 if (cursc > max) max = cursc;


 /* S -> aS | T | end */


 mx[dpS][j][d] = max;

      }

   }

}
0                 i           k    k+1       j               L-1
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� Strictly productions for ε  make this an unrestricted grammar but it can be shown that a regular grammar can always be rewritten to absorb the ε. See theory section.


� Originally described by Cocke, Younger, Kasmi independently for non stochastic CFGs but adapted for stochastic grammars.
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