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Abstract. Human speech understanding works incrementally. We be-
gin to process acoustic input before the speaker’s utterance has ended. A
system capable of performing sophisticated communication in a natural
dialogue or simultaneous interpreting, has to work incrementally, too.
The architecture of such a system should be modular, uniform and inte-
grated. We present an architectural framework that suits these three re-
quirements by implementing layered charts, a multi-purpose data struc-
ture intended to represent several competing hypotheses about linguistic
content of utterance intervals based on hypergraphs. We demonstrate
the feasibility by presenting results from an actual interpreting system.

1 Introduction

Human natural language comprehension and production is inherently incremen-
tal in nature. Incrementality means to begin the processing of parts of the input
(or even to generate output) before the input is complete. We do this by un-
derstanding spoken words while or even before they are being uttered. This
mode of operation enables us to follow an almost continuous stream of speech
signals. Simultaneous conference interpreters take a step further and even gener-
ate the content of what they understood incrementally in another language [12,
15]. Psycholinguistic research isolated many processes and features that demon-
strate the incremental operation. The applicability of the concept ranges from
the early stages of speech recognition, e.g. described by the cohort model [25,
24], to context influences on word recognition [31] and syntactic analysis [27].
The application of incremental principles within systems designated to pro-
cess natural human speech seems to be appropriate in this light. Only if speech
understanding is performed incrementally, one can expect performance similar
to human speech comprehension, like dialog systems which interrupt the user,
or simultaneous translators. But even if this approach is not taken to mimick
the human model, incrementality offers significant advantages compared to non-
incremental operation. First of all, it enables the introduction of inter-modular
parallelism into a speech understanding application without the need of two
independent components operating on the same data. Second, modules may in-
fluence the operation of other modules working on the same interval of the input



by exploiting top-down interactions. Third, a system may already start to ana-
lyze input even if the speaker still continues to utter words.

Thus, incrementality is a natural and useful paradigm for natural language
processing systems which has been mostly explored punctually so far [14,17]. It is
highly convenient to constitute an architecture for NLP systems which reflects
the properties of incremental processing and which minimizes redundancy to
reduce the negative effects of incrementality. The sources of those negative effects
are twofold: First, the amount of data to be processed increases. This is due to
the fact that a system never knows if a partial hypothesis can be extended into
the future because it does only know the left context. Second, the structure
of search spaces is much less strict compared to the non-incremental case. Any
ranking must be done locally and thus is suboptimal from a global point of view.

We are going to present an approach to architecture that is modular, uniform
and integrates information of all modules in a convenient way. Layered Charts
are used to represent partial hypotheses throughout an application. They are
centered around the assumption that every partial result describes some inter-
val of the input to the system. The content of the description may vary from
hypotheses about what words were spoken during a specific interval in time
to hypotheses about what should be the translation of a part of the input ut-
terance. The representation schema captures the differences of several types of
linguistic knowledge by allowing any kind of feature structure description while
simultaneously retaining the common ground of results, namely time.

Two successful existing incremental systems are TDMT [22], which takes
an example-based approach to translation on large scale parallel machines and
INTARC [16], which at least partly uses a chart-based method for the anal-
ysis phase. The transfer and generation modules, however, deviate from this
schema by being oriented at dialogue act transfer and schema-based generation
[19]. One recent attempt to design an architectural framework for NLP systems,
white-boards [8], is able to emulate incremental operation. But, since the con-
trol schema for white-boards is centralized, a parallel, distributed system can
not easily been built.

2 Layered Charts based on Hypergraphs

Every hypothesis being processed in a speech understanding system is strongly
connected with the underlying input: It describes some property of an interval
of the speech signal. The range of different types of descriptions is broad. There
are hypotheses about which word was actually spoken during some time, what
kind of syntactic structure has to be assigned to a sequence of words presumably
spoken, what semantic content is included, etc. We assume, however, that the
temporal extension within the input speech signal represents the common ground
for all information.



The lowest level of representa-
tion we take into account are word
graphs [7]. These graphs are able to
represent a huge number of utter-
ance hypotheses in a very compact
manner. For example, the graph in
Fig. 1 is built out of only 461 edges,
but contains 1.2 - 1023 paths. This
compactness and the number of po-
tential candidates are highly advan-
tageous and yet problematic. On one
hand, the probability of the correct
utterance hypothesis being part of
the graph rises with the number of
paths, but on the other hand, the
amount of input data to linguis-
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drastically. Fig. 1. A word graph

One simple, yet efficient, approach to increase efficiency is to make use of
the fact that word graphs usually contain bundles of similar word hypotheses,
bearing the same label, but having slightly different start and end times. The
processing burden can be greatly reduced if one does not treat these word edges
independently, but groups families of edges together as hyperedges in a hyper-
graph [6]. Now, edges do not connect two distinct vertices (points in time), but
rather two sets of vertices.

Word graphs and their generalizations to hypergraphs are instances of a
chart-like structure [20] or a generalized chart with hyperedges. Charts are di-
rected, acyclic graphs that are used to store partial and completed results of
some linguistic processing. The origins can be found in the domain of parsing
[20], where charts are used extensively, and in many systems. Additionally, charts
have been proposed as central data structure for generation [21] and transfer in
machine translation [5]. Usually, edges of a chart carry data related to the specific
task at hand, be that structural information used for parsing, semantic content
for transfer or generation information.

Layered charts offer a method to separate information of different origin.
Starting from the hyperedges representing word hypotheses, each component
in a distributed system may add knowledge to the current state of processing
by adding edges containing information relevant for that component (cf. Fig. 2).
Depending on criteria defined individually for each module, edges are considered
useful for other components. In that case, they are transmitted to components
which can utilize them. Thus, using a layered chart, a distributed system can
be constructed in an integrated fashion. The amount of data each component
has to store individually is minimized, yet at the same time every bit of data a
component may need is presented to it.
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Fig. 2. The principal layout of layered charts prototypical interpreting sys-
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The uniformity of a layered chart system is guaranteed by using a unique
formalism throughout. We developed a linguistic description language capable
of representing well-typed feature structures with appropriateness [10]. Since we
assume that a large proportion of the feature structures in a system has to be
transmitted to some other component during its lifetime, we implemented fea-
ture structures using an automaton-like approach [29]. All references are local to
a feature structure, leading to a memory-position independent representation.
That way, the transmission does not require linearization in the source compo-
nent and reconstruction in the target component, but a feature structure can be
directly sent as stream of bytes by retaining its semantics [4].

Using an integrated, uniform representation enables easy exchange of data
between components. But layered charts are more than a measure for information
reuse within natural language processing systems. They provide a direct way to
view the union of all edges as the current state of processing. Naturally, there
is no global state of a distributed system, but given the edges present in all
components one can always get a notion of the progress of each component. This
progress can be visualized with an additional component performing no linguistic
task, but only user interface functions. Figure 4 shows a screen-dump of some
results using the system described here. Since each hypothesis covers a certain
interval in time, the relation between edges is always evident. This orientation
at a common scale is an important advantage for incremental architectures.
It allows the easy introduction of feedback loops which can be used to let a
component influence the behavior of another one. For example, the search space
of a component may be restricted due to work done by the component receiving
the results; it is even possible to influence the order in which search spaces
are explored. This concerns the crucial speech-language interface [17] as well as
interactions which possibly result from higher-level knowlegde [13].

The micro structure of layered charts is given by the individual word hy-
potheses, as already mentioned. Those are assigned a score which measures the
acoustic correspondence between the model for a word and the incoming speech
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Fig. 4. A layered chart with some hyperedges

signal. The design of layered charts opens the possibility to introduce additional
scores into the application. This begins with language model scores and can be
possibly extended to the probability of syntactic rule applications, the prefer-
ences for specific translations, or the specificity of generation rules.

Furthermore, work done by different modules on neighboring paths within
the application can be combined. This feature can be used to establish a selection
function to choose between several results computed by modules using different
approaches, e.g. to chose between the results of a deep analysis and some shallow
understanding [9]. But even more complicated schemata can be implemented. It
is possible to modify scores of certain edges based on the evidence available in
one component. At present, this is used to prevent a parser from searching for
compositional interpretations of idiomatic expressions (see below).

From a software-engineering point of view, layered charts form an architec-
tural framework for natural language processing applications. Distributed sys-
tems comprising of several specialized components can easily be built, since they
all share the same data structures. Communication between modules takes place,
if needed, using a message-passing paradigm [3] which lets the system yield over-
all system performance in a cooperative way.

3 Architecture

In this section, we will present the architecture and components of an incre-
mental system designed to translate spontaneous conversational speech. It is



centered around the notion of layered charts and was used to demonstrate the
feasibility of our approach and to evaluate it. The global architecture of the sys-
tem is shown in Fig. 3 in section 2. In the center of the figure, the graph-like
data structure of the layered chart symbolizes its use in all components. Boxes
indicate the individual modules performing linguistic analysis, while arrows rep-
resent the directed data flow within the application. The MILC system (M achine
Interpreting with Layered Charts) translates spontaneously spoken utterances
from dialogs in the Verbmobil domain of appointment scheduling from German
into English.

The first component is a HMM-based speech recognizer [18], which produces
word graphs incrementally, i.e., they contain dead ends where no further word
hypothesis was found with a sufficiently high probability. In fact, we use prepro-
duced graphs with a word recognition quality of about 76%. These word graphs
are converted online into hypergraphs in order to model incremental distribution
of word edges to the system. Hyperedges are updated if new word hypotheses
arise that fit into an already existing context. These hyperedges are delivered to
two components responsible for idiom detection and partial parsing according
to the 10ms resolution of the HMM-recognizer.

The Idiom processor searches for lexically defined, fixed expressions such as
greetings (guten Tag) or utterance parts that are used to continue the dialog flow
(einen Moment bitte). Currently, we do not model inflected variants of idioms
(like, e.g., support-verb constructions). After detection of an idiom it is sent to
transfer and is treated as one atomic construction. Thus, the non-compositional
character of idioms is taken into account. Additionally, information about the
idiom is delivered to partial parsing, which renders two effects: First, the idiom
can be integrated into larger constituents. Second, and evenly important, the
word hypotheses the idiom is made of receive a penalty score. This reflects the
assumption that in general it is fruitless to try to compositionally analyze an
idiom. Because idiom recognition is much faster that parsing, this should also
add to the performance of the system.

Syntactic and semantic interpretation are divided into two stages, partial
parsing and utterance integration. This is due to the fact that spoken language
shows a wide range of phenomena not usually covered by a standard grammar
designed with written language in mind. Second, the construction of complement
complexes where verbs are yet unknown (e.g. in German subordinate clauses)
leads to complexity problems [4]. Consequently, we introduced two modules: The
partial parser builds relatively small constituents (noun phrases, prepositional
phrases, date expressions etc.), while the utterance integrator selects verbs and
tries to construct verb expressions based on the relevant subcategorization in-
formation. Furthermore, PP attachment is handled here. The integrator is able
to perform island analyses.

The next component in the application is incremental transfer. The transfer
stage in a machine interpreting system has to obey incremental operation if the
system as a whole is to meet the criteria set out in the introduction [5]. Transfer
in MILC is based on chart processing algorithms, too. This enables the reuse



of already constructed target language constructions. The mapping algorithm is
based on semantic knowledge, functor-argument structures are transferred from
German into English.

Transfer starts with the smallest semantic object available from the integra-
tor, the partial parser or the idioms processor. Typically, these are small NP
constituents, mostly stemming from pronouns which tend to be short and are
often recognized spuriously. As soon as richer semantic content is present in
transfer, recursive equations in transfer rules are explored. Then, reuse of al-
ready constructed parts comes into play. The result of transfer is in any case
a semantic description of the source language utterance parts in terms of the
target language semantics. This selection is passed to generation.

The generation is chart-based like all components of the MILC system. The
behavior of the generator is a mixture between [28], who binds the generator
tightly into the domain of time present in analysis, and [21], who uses a chart
to represent which part of the semantic content has already been taken care of.
Our approach retains the temporal structure of the source language utterance.
This entails that the extension in time is recorded for all edges that are received
from transfer. But this does not extend to subsequent smaller parts that have to
be generated according to generation rules. Here, the relative position of edges
can be neglected, since they are only used to be integrated into larger chunks,
and will never reach the system surface.

Nowhere in the system a requirement exists that one single edge has to cover
the whole input. This is in contrast to most existing systems; only recently the
incorporation of units smaller than a sentence or utterance has begun [1,23,
30]. One consequence of this procedure is the presence of multiple solutions of
the translation task within the generation component. There is a whole graph
of possible partial surface forms that could be given to the user by synthesis.
The approach we are taking here is to incrementally present growing optimal
sub-paths of the solution graph. For the time being, the search criterion is the
acoustic score of the source language words, combined with a penalty for skipping
vertices of the solution graph (which results in a preference for one single long
edge over several small ones). This selection schema means that we search for
generation results of well recognized word sequences that can be translated.

4 Experiments

We have carried out preliminary experiments using the system described in the
previous section. We used dialogs taken from the Verbmobil corpus of sponta-
neous speech. The results presented stem from an experiment covering one dialog
(m123n) of eleven utterances, which was also used to construct the grammars
of the system. The average utterance length was 16.4 words and 5.25 seconds
speaking time. We used pregenerated incremental word graphs with an average
number of 4157 edges, which corresponds to a hypothesis density of 253 edges
per reference word. The utterances have not been previously used for training
of the word recognizer. The overall acoustic recognition rate was approximately



76% based on the best matching word sequence compared to a reference. The
linguistic knowledge sources consisted of a type hierarchy of 453 types, grammars
with 99 rules and lexicons with 720 word forms (ca. 80% analysis, 20% genera-
tion, a hint to the sometimes schematic type of generation). Processing time was
15.25 seconds of CPU time per utterance on the average, system elapsed time
was 12.55 s on a 2-processor SUN Ultra-4.

To give an impression of the kind of operation, consider the utterance guten
Tag Herr <NIB> Klitscher hier ist wieder Fringes ich mdchte gerne diesmal einen
Termin <NIB> fiir das Arbeitstreffen in der Filiale <SPELL> in Potsdam mit Ihnen
vereinbaren <NIB> (m123n000). The output presented by the generator starts
with several small constituents as shown in Tab. 1. The vertical lines (|) denote
edge boundaries and demonstrate the incremental search for a best path through
the solution graph. Finally, the best path for the completed generation graph is
Hello |Mr. Pfitzinger [it |from you |it |my |it |appointment for the work meeting in
the branch |l |in the Potsdam |up to tuesday |I.

Table 1. The first lines generated by MILC

Hello Hello |[Mr. Quell

Hello |it Hello |Mr. Quell |it
Hello |me Hello |it |Mr. Pfitzinger
Hello |me |we Hello |Mr. Pfitzinger

Hello |me |Mr. Kopp|[Hello |Mr. Pfitzinger |it

Hello |Mr. Kopp Hello |Mr. Pfitzinger |it |you
Hello |in Mr. Kopp |[Hello |Mr. Pfitzinger |it |[to you
Hello |me |[Mr. Quell ||Hello |Mr. Pfitzinger |it |from you

We evaluated the translations to be approximately correct to 64%. This is a
preliminary evaluation as the utterances were used to construct the grammars of
the system, but experiments with unseen data are underway. Moreover, a strict
evaluation should cover a larger amount of test data. What we did was simply to
judge if the central intention of the source language speaker and certain central
propositional content like dates could be transported successfully into the target
language. In the future, we will carry out a more thorough evaluation using a
methodology similar to that used in [11]. But even now, it is obvious that the
translation accuracy is too low for practical purposes and that the style of the
translation needs to be improved. Measures to take into account are for example
the utilization of prosody and dialog management, which have been deliberately
left out in our experimental system, but which nevertheless have a great impact
on the performance of a system [26,2]. Moreover, the word recognition rate
was only 76%, which should be increased. And finally, we need to model the
selection process from the sets of generation candidates in a more suitable way.
The reduction to acoustic evidence from the source language is not enough to
guarantee a smooth output. At the moment, the quality of the combination of
generation edges is neglected. A better selection schema could, for example, try
to reanalyze the generation output to grade the legibility in a “hearing while
speaking” model.



5

Conclusion

We have presented layered charts, a architectural framework for distributed,
incremental systems for natural language processing, especially in the area of
speech. They enable the construction of large, parallel applications that allow
the exploration of complex interactions between speech processing components.
We described an experimental interpreting system based on layered charts which
demonstrated the feasibility of the approach. Further improvement is necessary
by integrating prosodic interpretation and dialogue management, but the per-
formance of less than threefold real time seems promising.
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