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Abstract Modern AI systems need theoretically
sound, easy to wuse, communication models in
order to be able to explore distributed comput-
ICE (Intarc

Communication Environment) represents such a

ing and agent-oriented operation.

system. It grounds on the theoretical framework
of CSP (Communicating Sequential Processes) and
tmplements channels as bidirectional, asynchronous
data streams that can be configured in various ways.
On top of PVM (Parallel Virtual Machine), a de-
facto standard of message passing systems, software
layers have been built that implement the channel
operation modes together with interfaces for pro-
grammang languages most often used in the AI com-
munity. A separate layer supports the use of com-
plex data types, as they often arise in speech pro-
We describe the design of ICE with a
focus on configuration and synchronization during

cessing.
the creation of channels.
Keywords: Parallel/Distributed applications:

Computer natural language processing; Heteroge-

neous software systems; Software tools

1 Introduction

Modern Al systems are almost always con-
structed with distributed computing in mind.
Often, an agent-oriented design is pursued.
For example, the system built by the Verb-
mobil project [1], a German joint research

*This research was funded by the Federal Ministry of
Education, Science, Research and Technology (BMBF)
in the framework of the VERBMOBIL Project under
Grant 01 IV 101 A/O.

project for machine interpreting, consists of a
runtime configuration with approximately 100
Unix processes.

Such systems can only be successfully built if
a sound, easy to use, yet effective communica-
tion model is provided to support information
transport between system modules. The com-
munication infrastructure should be high-level
enough to allow researchers to concentrate on
their modules and not on communication is-
sues, but on the other hand there should be
enough configuration options to tailor the be-
havior of the interconnection pattern.

In this paper, we present ICE (Intarc
Communication FEnvironment) [2], an im-
plementation of a channel-oriented, multi-
architecture, multi-language communication
model for large Al systems. It has been de-
veloped to be used primarily for architectural
experiments within Verbmobil [3] and has been
adapted for the main Verbmobil research pro-
totype [4], as well.

ICE follows the theoretical direction of the
channel model for interaction between software
modules. We adopted the CSP approach [5],
starting from its actual realization in the trans-
puter hardware [6]. The functional model of
channels was slightly modified due to the needs
that became apparent with experiences from
early research prototypes.

The base communication software was not
implemented from scratch (e.g. starting from
Unix sockets). Instead, we decided to use
PVM, the Parallel Virtual Machine [7], a de-
facto standard process communication soft-
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Figure 1: Principle component layout

ware, which proved extremely reliable.

The next section will describe the general
architecture of a system using ICE as commu-
nication device.
typical component is outlined. Section 3 elab-
orates on the design and implementation of the
channel model that governs the transportation
of messages. The dedicated component act-
ing as name and configuration server (ILS) will
be described in section 4. Synchronization on
startup will be explained in the following sec-
tion. Finally, section 6 gives some information
about applications built using ICE.

The internal structure of a

2 Application Architecture

ICE uses a channel abstraction to model the
communication between components of a dis-
tributed system. The theoretical root of this
approach lies with CSP. An implementation
of that model can be found in the transputer
hardware and the Occam programming lan-
guage [8]. Here, channels are bidirectional data
paths between Occam processes along which
messages are exchanged. We estimated the
remaining two widely available types of pro-
cess communication, shared memory and re-
mote procedure calls, as disadvantegeous for
our purposes. Using shared memory entails the
risk of experiencing memory or bus contention
when too many processors are attached to
identical parts of memory. Additionally, write

operations have to be synchronized. RPC, on
the other hand, uses a rendez-vous synchro-
nization method, which may slow down a sys-
tem due to network latencies®.

Furthermore, the establishment of channels
as explicit objects enables one to design numer-
ous manipulations on them. For example, the
splitting of channels (cf. section 3.1) has been
introduced into ICE after the first release was
published; this turned out to be not too much
effort.

The overall architecture of a system using
ICE is shown in fig. 1. An application may
consist of any number of components realized
in several different programming languages.
Communication is performed through channels
between the components, which come in two
flavors for standard and bulk data exchange
(cf. section 3). There is no central message
handler, data exchange between modules is
strictly bilateral, though it may involve some
routing done by the pvm daemons.

A special component (ILS, the Intarc
License Server) operates as name server for the
application and stores configuration informa-
tion. We designed the communication between
individual components and the ILS to require
as little synchronization as possible.

The software architecture of ICE uses a

'"The channels of CSP and Occam both use rendez-
vous-synchronization. In this respect we deviated from
the original model.



three-layered approach, PVM being the low-
est level to carry out actual communication
requests. The middle layer, made up from
the core ICE routines, provides functions for
sending, receiving and housekeeping. Further-
more, the middle layer contains interface func-
tions for various programming languages. ICE
currently supports C, C++, Fortran, Common
Lisp (Allegro, Lucid, CLISP, Harlequin), Pro-
log (Sicstus, Quintus) and Tcl/Tk. The top-
most, optional, layer supports the easy trans-
mission of complex data types. Arbitrary data
types can be transparently integrated into ICE
by providing functions to encode and decode
them. We provide compilers that receive an
abstract data type description as input and
generate the appropriate code needed for the
different programming languages. As this part
of the project is not yet completed (the com-
pilers for C and C++ are already present), for
the time being a user has to code the necessary
functions by hand.?

3 Channel models

ICE distinguishes between two types of chan-
nels:

e Base channels work as standard, bidirec-
tional, asynchronous, XDR-encoded chan-
nels in order to allow all components
within the application to communicate
with each other.

e Additional channels may be configured to
provide synchronous message passing or
bypass XDR encoding to speed up mes-
sage delivery. They were added to fulfill
some needs that frequently arise in the
design of large Al systems. For exam-
ple, they may be used to speed up the ex-
change of large data packages (e.g. speech
samples) or to separate data and control
streams between sophisticated modules.

2This has been done for the data types used by Verb-
mobil (e.g. speech signal data, word hypotheses, and
semantic descriptions). The amount of work for coding
is normally low.

Both types of channels are capable of trans-
porting various scalar data types as well as
complex, user-defined data types. This resem-
bles structured messages that can be trans-
ported along Occam channels (cf. [8]).

3.1 Split channels

To allow for further flexibility in system de-
sign, both base and additional channels can
be configured in a way modifying the topol-
ogy of the application. Channels may be split
up. That way, they do not only work as data
pipelines between exactly two components, but
other components may listen to traffic on the
channel, as well. It is even possible for a com-
ponent to inject data into the channel. All con-
figuration is done in a transparent way, guar-
anteeing that the behavior of the modules does
not change if the configuration is altered. Split-
ting of channels has been used to a large extent

in Verbmobil:
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Figure 2: Split channel configuration.

e User interface components have been at-
tached to channels to allow visualization
of partial results during system operation.
The visualization was simply added as ad-
ditional listener on a channel and pre-
sented the data to the user.

e Interface modification components were
inserted between two components. They
were designed to cope with changing inter-
face definitions during the development of
the system. That way, interface specifica-
tion modifications could be easily masked,



if two different versions of connected com-
ponents had to be used.

Consider fig. 2 as an example for the config-
uration of split channels. Two components, A
and B, are connected using a channel which is
depicted by a dashed line. The channel end-
points are split up to allow visualization of
message data sent by either component. The
visualization is performed by two additional
components labeled UI_A and UI_B. Further-
more, the data sent by component A must
undergo some modification while being trans-
ported to component B. Thus, another com-
ponent C is configured capable of transform-
ing the data. It is spliced into the data path
between A and B. Note that data sent by com-
ponent B arrives at A unaffected from modifi-
cation by component C.

4 Information service

The components of an application using ICE
are distinctly named. In order to provide
a name service that maps from component
names to PVM task ids, we introduced a
special component that works as information
server.?

The ILS (Intarc License Server) stores infor-
mation about the actual structure of the ap-
plication. This includes names and locations
of all components in the system. As a compo-
nents wants to participate in the application, it
sends an attachment message to the ILS. The
ILS stores the registration and notifies other
components of the presence. Likewise, a com-
ponent detaches itself if it seizes to take part
in the application. The detachment can also
be handled autonomously by the ILS if a com-
ponent crashes.

The second main function the ILS performs
is the management of the channel configura-
tion. It reads a configuration file on startup
that describes the layout of split channels and

#This could have been achieved by using the group
mechanism of PVM. As we needed further information,
e.g. for channel configuration, we decided not to use
that option.

issues messages to all involved components if
a split channel is created. This ensures that a
component, even if it does not issue a channel
creation request, is able to receive messages.

A recently added feature is the possibility to
broadcast messages to all components partici-
pating in an application. In order to perform
this task, a component must know the identity
of all other components. We restrict broad-
casting to base channels. It consists of three
stages:

e When a component wants to issue a
broadcast message for the first time, it
sends a request to the ILS in order to
be informed about all other components
it may not yet know. The ILS checks its
configuration record and relates the nec-
essary information to the requester.

o After receiving all configuration data, the
component delivers the messages along all
base channels it is aware of — or rather,
of which the ICE layer in that component
is aware. The application code does not
have to know this.

o Lor the future, the ILS assumes that the
component requesting a broadcast config-
uration is likely to issue further broad-
casts. Consequently, upon attachment of
a new component, a base channel is es-
tablished between the new and the broad-
casting component, regardless of whether
it was preconfigured or not. That way,
no further synchronization between the
broadcasting component and the ILS is
needed.

4.1 Graphical control panel

The setup of ICE requires at least three pro-
cesses to be run. In order to make this task
easier and to be able to supervise the configu-
ration of an ICE application, we implemented
a graphical control panel which is shown in fig.
3. Besides setting up and shutting down an
ICE application, it is possible to use XPVM
as graphical back-end. This is quite useful for



debugging purposes. Furthermore, the infor-
mation the ILS provides about its actions are
displayed in a window for supervision.

Status of ICE

Stop ICE
Small display

Cluit |
ICE-Console messages

Starting PVM group server (pid 16142) ...done
Starting ILS {pid 16144) ... done
ICE is up and running.

51 )

ILS messages

ILS, version 2.0
ILS: Initiglizing
ILS: Ready for request handling
ILS: Attachment request from companent demo-sender{40004)
done
ILS: Channel creation request from component demo-sender{40004)
- Requested channel: BASE[dem o-sender{40004)<——=demo-receiver(0
Channel BASE[demo-sender{40004)<——=demo-receiver{0)] not configul
- Reply configuration data
- To demo-sender{40004): Receive on real channel BASE[dema-recer

] ) I

Figure 3: The ICE console.

5 Synchronization

The design of ICE included the goal to han-
dle attachment of components and creation
of channels as flexible as possible. A single
Unix process may consist of any number of
ICE components and may assign and delete
channels at any given time. These principles
required to restrict synchronization wherever
possible.  Only if a communication between
two components actually happens, both part-
ners should be aware of each other. We imple-
mented an information profile that can handle
under-specified component and channel data as
long as it is not absolutely necessary to know
about communication partners.

Figure 4 shows the sequence of mes-
sages exchanged between individual compo-
nents and the ILS during attachment and chan-
nel configuration. First, component A calls
Ice_Attach() to become part of the applica-
tion. This is achieved by sending a message
with a message tag of ILS_ADD to the ILS.
A does not need to wait for an acknowledg-
ment and continues processing. Next, A intro-
duces a channel by calling Ice_AddChan(). A
message (ILS_CHC) is sent to the ILS con-

taining the channel creation request. The ILS
answers by sending several configuration mes-
sages back to A: Messages with tag ILS_CHS
describe real channels to send on®. In this case,
we assume two real channels to be used, thus
two such messages are sent. There is only one
real channel used for receiving, so one message
with tag ILS_CHR suffices. To indicate the
end of configuration, a final message with tag
ILS_CHE is sent to the requesting component
A.

Com‘mm:m A ILS. Comgmu:nl B

Ice_Attach() =

-
Ice_AddChan (3=

Ice_Send ()

Figure 4: Time line of channel configuration

with the ILS

After having completed the configuration of
the desired channel, a message is sent on that
channel by calling Ice_Send(). Since a tar-
get component (B) did not yet attach to the
application, the call is instantly blocked. Af-
ter a while, component B, the assumed tar-
get component for that message, attaches via
Ice_Attach. As soon as the ILS receives the
ILS_ADD-request, it checks whether there are
components that should know the identity of
B. It sends a message with tag ILS_WHO to
component A toinform it about component B.
Then the ILS initiates the configuration of the

*We use the term “real channel” to denote the data
paths a message is actually delivered on. Due to split-
ting of channels, there may be more than one real chan-
nel per logical channel.



channel within component B by sending the
appropriate messages (ILS_CHC, ILS_CHS,
ILS_CHR and ILS_CHE).

Meanwhile, component A, informed about
the location of B can actually send the message
and returns from the Ice_Send() call. Com-
ponent B receives the message, finally.

In essence, A does not need to know about
B until it wants to send a message. Only at
that time effective synchronization is needed
and A has to wait for B to come up. In or-
der to debug communication code and to avoid
deadlocks, we installed a dynamically allocat-
able configuration option which simply returns
an error code in case one of the receiving com-
ponents is not present during a send requestS.

6 Applications

ICE is currently used in a number of speech
and virtual reality related applications. The
largest so far is Verbmobil [1], the German joint
project for machine interpretation. It aims at
face-to-face dialogue interpreting in appoint-
ment scheduling situations. The research pro-
totype consists of over 30 components, partly
responsible for linguistic analysis, ranging from
speech recognition, syntax and semantics to
speech synthesis. Some components perform
administrative tasks, such as overall system
control and graphical user interfaces. If all
components are activated, the runtime system
requires 95 processes and 520 MB main mem-
ory. A total number of 76 channels is defined.

Viena [9] is an example of an application
that is not restricted to speech processing.
Here, multi-modal means of input (esp. ges-
tures) are used to support intelligent commu-
nication with a technical system for the design
and exploration of a virtual interior design en-
vironment.

These two examples may show that ICE rep-
resents a communication system which is neu-

*Due to the configuration of split channels, there
may be any number of receiving components on a chan-
nel. We guarantee that each message is sent to either all
or none of the components acting as receiver depending
on whether all components are present or not.

tral w.r.t. the kind of application. Neverthe-
less, it was designed with speech processing in
mind, where it is mainly used. In the next two
sections, we are going to describe two applica-
tions in more detail.

6.1 INTARC

INTARC (INTeractive A RChitecture) is an in-
cremental interactive speech interpreting sys-
tem. It was implemented as part of the
Verbmobil project for the purpose of in-
vestigation into innovative architectures for
speech-language-systems. The approach was
to strictly obey design principles originating
in some of the assumed properties of human
speech understanding. The main design rules
were:

e Incrementality. Just as humans start to
understand utterances right from their be-
ginning, a system processing speech input
should not wait until an utterance is com-
pleted before starting linguistic analysis.
Incrementality enables exploration of par-
allelism on the inter-modular level, allow-
ing several components of a system to run
concurrently. Furthermore, some applica-
tions, such as simultaneous interpreting,
can not be achieved in conventional ways.

e Interactivity. Operating incrementally
allows the establishment of feedback-
loops, which may be used to restrict the
operation of individual components based
on evidence from components that reside
at a later stage of processing. Addition-
ally, interactivity may lead to the gener-
ation of predictions that may steer the
search behavior of certain modules.

These two principles have serious conse-
quences for the design and implementation of
components. Consider the interface between a
word recognizer and a syntactic parser. The
word recognizer delivers a word graph for each
utterance, a suitable means to represent a large
number of different utterance hypotheses in a
compact manner [10]. Edges of the graph de-
note word hypotheses, vertices usually points
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Figure 5: The application surface of INTARC
2.0.

in time. As the recognizer works incrementally,
dead ends in the graph can not be suppressed:
It is not known in advance if a prefix path
through the graph may be further extended.
Due to this property, the search space for the
adjacent parser grows enormously: We noted
that incremental word graphs contain as much
as ten times more word hypotheses that non-
incremental ones (resulting in more than 400
word hypotheses per second of speech signal
given a vocabulary size of approximately 3000
word forms).

The architecture of INTARC is shown in fig.
5. Several modules are connected by a data
path according to “standard” linguistic hierar-
chy (Recognition, Syntax, Semantics, Transfer,
Synthesis). Additionally, there are a number
of interaction paths that are used to explore
different types of knowledge that may add to
overall system performance (e.g. prosody).

At first glance, using an incremental ap-
proach only increases the complexity of the
task at hand, due to larger input and the ini-
tial lack of global optimization over the input.
Parallelism on the intermodular level reduces
the impact of the overhead, while interactivity
decreases the size of search spaces in a way that
can not be pursued without incrementality.

Interactivity was explored between word
recognition and syntax, for example (cf. [11]).
The goal was to restrict the search space the
recognizer has to traverse, on the basis of in-

formation gathered in the parser. To achieve
this, we created a tight interaction schema be-
tween these two components, synchronizing at
every 10ms interval of the speech signal (at
each frame). For each frame, a set of word
hypotheses is sent from the recognizer to the
parser. The parser tries to incorporate the new
input into the partial analyses already present.
The feedback basically consists of a boolean de-
cision about the applicability of words: If one
could not be integrated at all, it is rejected.
The word recognizer can adapt its behavior by
cutting off subparts of the search space depend-
ing on that particular word.

By modifying this interaction pattern, a pre-
dictive mode of word recognition can be estab-
lished. Again, every frame represents a syn-
chronization point. The parser generates a set
of words or syntactical categories that may be
integrated into already existing partial anal-
yses and transmits this set backwards to the
word recognizer. This module is then able to
restrict word recognition only to words that
may be reasonable in a syntactic way. By this
means, only the interesting part of the com-
plete search space is constructed, which may
reduce computing effort.

6.2 Layered Charts
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Figure 6: The architecture of MILC



A system currently under development [12]
studies the impact of using a uniform data
structure to represent linguistic information in
a distributed speech interpreting model. The
architecture of the system is shown in fig. 6.
Central to the operation is the notion of a lay-
ered chart which is used to store linguistic data
on all levels of interpretation. The chart we are
using is a graph structure containing partial
analyses that span certain intervals of a user’s
utterance. The starting point for this kind of
data structure is given by the word graph be-
ing used as input. During the course of pro-
cessing, additional edges are added which may
span several word hypotheses and denote syn-
tactical or other descriptions of the incorpo-
rated words.

One of the key features of the system is in-
formation separation and hiding. Data only
pertaining to a certain level of processing re-
mains in the module operating on that level.
Analyses relevant for other components of the
system are delivered along the channels out-
lined in fig. 6. Nevertheless, the union of all
information present in every module forms a
sound chart, thus we can speak of a distributed
representation of that structure.

Mainly two types of information are passed
between components:

e Graph edges. An edge of a layered chart
represents a partial analysis of a sub-path
within the underlying wordgraph. We use
a typed feature formalism to describe lin-
guistic contents, which was designed to be
suitable for distributed systems, i.e. the
objects of the formalism can be trans-
ferred without a heavy overhead for en-
coding and decoding. In essence, they
are stored as relocatable arrays of feature-
value nodes, which need no encoding at
all to be interpreted in a different address
space.

e Inhibition messages. They are used to re-
duce the probability of edges covered in a
different component. The main applica-
tion of this modification is to account for
different depths of linguistic analysis. For

example, we integrated a component ded-
icated to the search for idiomatic expres-
sions within an utterance. Once found,
we assume that the word hypotheses con-
tained by an idiom are unlikely to be part
of any other syntactic description. To pre-
vent them from being used elsewhere, we
reduce their probability (and the proba-
bility of all their descendants) by a certain
amount.

7 Conclusion

We have presented ICE, a channel-oriented
model for communication in large Al systems,
especially suited for speech processing applica-
tions. The theoretical orientation is given by
the channel model of CSP (and its implementa-
tion in the transputer hardware), the software
basis is provided by PVM.

ICE consists of three software layers: PVM,
a layer of core routines and programming lan-
guage interfaces, and a layer for the encoding
of complex data types.

Channels work as bidirec-
tional data streams, which can be configured
in a variety of ways. The communication prop-
erties of channels can be altered as well as the
topology of connections given by channels. It is
possible to split channels in order to easily im-
plement visualization components or interface
managers. Using ICE, Al components imple-
mented in a number of common programming
languages can be integrated into a single appli-
cation.

ICE has been successfully used for Verb-
mobil, a very large speech-to-speech transla-
tion project and its various architectural pro-
totypes. Furthermore, it is used in a number
of additional projects, e.g. for applications of
virtual reality.
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