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Abstract
There has been much interest in increasing the computational power of neural networks. In
addition there has been much interest in “designing” neural networks to better suit particular
problems. Increasing the “order” of the connectivity of a neural network permits both. Though
order has played a significant role in feedforward neural networks, it role in dynamically driven
recurrent networks is still being understood. This work explores the effect of order in learning
grammars. We present an experimental comparison of first-order and second-order recurrent
neural networks, as applied to the task of grammatical inference. We show that for the small
grammars studied these two neural net architectures have comparable learning and generalization
power, and that both are reasonably capable of extracting the correct finite state automata for the
language in question. However, for a larger randomly-generated, ten-state grammar second-order
networks significantly outperformed the first-order networks, both in convergence time and
generalization capability. We show that these networks learn faster the more neurons they have
(our experiments used up to 10 hidden neurons), but that the solutions found by smaller networks
are usually of better quality (in terms of generalization performance after training). Second-order
nets have the advantage that they converge more quickly to a solution and can find it more reliably
than first-order nets, but that the second-order solutions tend to be of poorer quality than those of
first-order if both architectures are trained to the same error tolerance. Despite this, second-order
nets can more successfully extract finite state machines using heuristic clustering techniques
applied to the internal state representations. We speculate that this may be due to restrictions on the
ability of first-order architecture to fully make use of its internal state representation power and that
this may have implications for the performance of the two architectures when scaled up to larger
problems.
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M�Y U P J � F H � A J � I I � K J � I I � F J � H I � J J �RT K � A I � J S�T�� I I � A S�T�� A
MWZ O�P Q�� I S�Q��RQ T�� Q S H � F F � H S H � C C �RT T F � K C � C T F �RT A �RQ T J � I A � J C S,� H
M Z U P Q�� F S F �RQ T�� K S A �RT T���S S C � K S,� I T A � F T��RQ S H � H S$� C A Q�� C S,� F T C � A
MW[ O�P A � H F � J F � H K � A H ��S J � J H � C S,S$� A F �RQ S F � C C � F S A � C F � I S F �RQ
MW[ U P K � Q A ��S J � J A �RT J � C C � F I � J F � C J � C H � H F � J J � K H � A S�Q�� F
MW\ O�P T�� I H �RQ A � C J � J C � K K �RQ I � H S,S$�RT F � C S A � C H � I S A �RQ H � C S F ��S
MW\ U P H � A I � C J � T I � A I � J I � H J ��S J � F I � A K �RQ J � A S�Q�� I J ��S S�Q�� I
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Figure 2.  Shown here are the discrete finite state automata (DFA) for the seven Tomita 
languages and the random-10 language described in the text.  The initial state in each 
DFA is shaded gray and labelled ‘‘1’’.  Final (accepting) states are drawn with an extra 
circle.  Solid arcs indicate transitions for input symbol 0; dashed arcs, symbol 1. 
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 Figure 3.  Average convergence times (in epochs) of first- and second-order RNN’s for each of 
Tomita’s seven languages: (top) dependence on number of neurons; (bottom) dependence on 
number of weights. 
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 Figure 4.  Convergence times (in epochs) for each successful training run, correlated with the 
number of errors made during generalization tests for E>0.2.  (top) first-order, (bottom) 
second-order.  See text (Section 4.3) for further explanation. 


