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Abstract. The advancement of human-machine interactions and the
expectation to interact with devices in a natural way necessitates the
development of multi-modal dialogue systems that can process and re-
spond to various forms of input modalities. Despite effective recognition
methods of the different modalities, their integration into reusable frame-
works often falls short, impeding rapid development and the long-term
maintenance of systems that incorporate multiple modalities. This paper
introduces stepDP, a novel and open-source dialogue platform designed
to overcome these challenges by facilitating the quick and efficient im-
plementation of multi-modal dialogue systems following a model-driven
design paradigm. Well-researched concepts and algorithms were inte-
grated into a framework and fine-tuned to work together seamlessly. One
core concept is that the dialogue logic is abstracted from actual input
modalities, allowing for the generalisation of dialogue behavior and seam-
less integration across domains. Emphasizing modularity and flexibility,
stepDP allows for the easy integration of new features, for example, the
combination of traditional NLU techniques with innovative LLMs, with-
out requiring extensive system modifications. Our platform not only ac-
celerates the development process but also promotes the exploration of
new concepts and techniques in human-machine interaction.

Keywords: Dialogue Systems - Multimodal Techniques and Modelling
- Fusion - Blackboard.

1 Introduction

This paper introduces stepDP, an open-source and freely available! dialogue
framework for multi-modal interactions. stepDP is a platform that is not tied to
a specific domain or modality and can be used universally for the rapid develop-
ment of a research prototype. A key objective is to make it easy to reuse already
implemented components. In many cases, the modalities can be exchanged and
the components still work. This makes it possible to offer a set of default compo-
nents often required for dialogue systems, thereby enabling fast implementation

! https://stepdp.dfki.de/
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of the prototype or application. By using established standards in software de-
velopment such as JAVA, Maven, MkDocs, OpenAPI, and Spring, integration
into existing and larger projects is straightforward.

stepDP is designed in such a way that it imposes as few rules as possible
on the developer, allowing them to implement their interactions with maximum
flexibility. Therefore, the use of most functions is optional. A blackboard is used
as the central exchange point, which allows the various components to interact
with each other. For this purpose, abstract tokens are exchanged, which are
either written to the blackboard or read from there by the component. To know
what the tokens look like, a knowledge base is built in which the types are
represented inside a semantic tree. Additional knowledge can also be stored in
the knowledge base as concrete instances of a specific type.

To carry out an interaction, rules that react to certain tokens on the black-
board can be defined. What the rules do is up to the user: creating new tokens
and changing an entry in the knowledge base for triggering a hardware actuator,
anything is possible. There is a set of default rules, e.g. for fusion, to quickly
recreate standard dialogue behavior. A state chart is also included, which al-
lows the status of the current dialogue to be represented and certain rules to be
activated or deactivated accordingly, for example.

Furthermore, stepDP was designed with maximum flexibility in mind. All
functionalities can be implemented via JAVA program code, but it is often also
possible to model the behavior with JSON files only (or SCXML for the state
chart). The knowledge base can either be initialized via JSON files, applica-
tion code in JAVA, or external interfaces. Furthermore, custom components for
stepDP written in JAVA can be integrated directly into the program code, in-
cluded as components, or distributed as a separate Maven package.

This paper explains each component?. The main contribution compared to
existing solutions is integrating all components into one framework:

— Modality-independent: Components can be implemented and reused in-
dependently of the modality.

— Strict semantic: Central and standardized semantics are used in all parts
and every token has a type.

— Multi-modality: Through abstraction, stepDP is prepared at every level
for multi-modality.

— Fast prototyping: The points above allow standard dialogue behavior to
be provided to the developer.

— Integration: Easy integration with other components through the use of
established software standards.

— Flexibility: Wide range of integrated dialogue concepts that can but do not
have to be used.

— Domain knowledge: The integrated knowledge base with flexible data for-
mat and input allows domain-specific knowledge to be easily integrated.

2 The website contains detailed and technical documentation of all components.
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2 Related Work

The development of dialogue platforms is not a new discipline. Therefore, there
are many existing concepts for certain application scenarios. However, these
scientific platforms are usually aimed at a specific problem. Gropp et al. [6]
have created a multilingual dialogue system, Chia-Yu Li et al. [14] presented
ADVISER which also incorporated social factors into the dialogue, and Korber
et al. [12] focused on cyber-physical environments.

There are not only different objectives for the dialogue systems but also dif-
ferent approaches. Lager et al. [13] showed how to use SCXML and NeSelrath
et al. [17,18] presented a model-based approach for dialogue management. How-
ever, there is also a statistical approach by Juréicek et al. [8] whereas Valenta et
al. [21] presented a system based on a knowledge base and grammar. There is
a large number of other systems, some of which have their niche [7,15,19], and
there are some comprehensive surveys of these systems, for example by Kath et
al. [9].

A central idea of stepDP is to distribute the dialogue management over sev-
eral components and to use a central synchronization via a blackboard, as sug-
gested by Kerminen et al. [10] and used by Fitrianie et al. [5] in their system for
flexibility and expandability of our approach.

Rules can be used so that interactions take place from the blackboard and
the current status can be represented via a state chart, which was partially used
in the previously mentioned papers and is well-researched. We use SCXML for
the state chart, which is very powerful in itself (e.g., Brusk et al. [2]).

We also looked at a variety of other systems to learn from their experiences
and requirements when implementing a dialogue system with a specific goal so
that our framework could cover these use cases [1,3,4,16,20].

2.1 Commercial Platforms

Several commercial products are available for building dialogues, each embed-
ded within a major cloud service. Google Cloud Platform offers Dialogflow, a
tool for creating conversational interfaces for websites and messaging platforms.
Similarly, Amazon Web Services provides Amazon Lex, which powers the con-
versational interfaces using the same deep learning technologies as Alexa. Mi-
crosoft’s Azure includes Language Understanding (LUIS), a service designed
to apply custom machine-learning intelligence to a user’s conversational, natural
language text to predict overall meaning and extract relevant information. Other
competitors include Cerence, which specializes in dialogue systems in the auto-
motive sector. However, while these platforms are robust for commercial use,
they present limitations for academic research which hampers the exploration of
new dialogue system capabilities and the adaptation of these systems to novel
research-focused applications.



4 J. Wolter et al.
3 stepDP

The dialogue platform stepDP presented here is aimed at anyone conducting re-
search in the field of human-machine interaction. By using JAVA, our dialogue
platform runs on all relevant systems and by relying on common libraries such
as Spring Boot, an extension is easy to implement. All basic functionalities for
dialogue interaction are provided so that a first simple dialogue is possible with
just a few lines of code. Many important concepts for modeling an interaction,
such as rules, knowledge base, and state charts, are already implemented and
can be controlled directly via code or JSON files. Input and output are indepen-
dent of the modality due to the concept of abstract tokens and the blackboard.
Additional tools are available for processing the inputs and outputs, allowing a
high degree of flexibility and customization so that almost any research setup
can be implemented.

3.1 Conceptual Overview

The framework is based on four central concepts: the tokens, the blackboard with
the rules, and the knowledge base (see Fig. 1). In principle, all inputs, outputs,
and intermediate states are represented as tokens. These tokens are stored on a
central blackboard and therefore visible to all components, both stepDP internal
and external ones. The tokens on the backboard are processed by rules that
can trigger an interaction. The framework and the technical documentation are
available on the Internet under the MIT license. stepDP is aimed at researchers
and is not designed with commercial use in mind.
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Fig. 1. Schematic representation of the core components of stepDP . All components
communicate via the blackboard with abstract tokens whose semantics are stored in
the knowledge base.
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3.2 Abstraction

The main goal of stepDP is to be as flexible as possible to map all research sce-
narios and still support researchers in implementing their scenarios. To achieve
this balancing act, a key element is a high level of abstraction. In addition, there
are no fixed paths that have to be followed except for the blackboard, as is the
case with other systems. Although there are a few recommendations and helper
classes that favor a certain processing path, there is no obligation to use these.

To integrate a large number of different components, whether hardware or
software, all of these communicate via tokens in stepDP that are placed on the
blackboard. Tokens need to have a type that is specified in the knowledge base
with the according properties, but additional fields with data can be added.
Therefore, users have full flexibility as these tokens can contain almost anything
and can still be processed by the functions already provided in stepDP .

3.3 Tokens and Blackboard

The important feature of stepDP is the central blackboard on which all tokens
are stored. Tokens on the blackboard are immutable once they have been placed
on it. A token is initially just a piece of information assigned to a type. This type
can define further property fields of the token if necessary. A token is normally
represented in JSON, e.g., whenever added to or read from the blackboard via
an external API endpoint. An example token is shown in Fig. 2. Any fields with
information can be added so that all relevant information can be stored in a
token. A property can also contain a reference to an entry in the knowledge
base. Tokens are not only used for input and output or interaction with external
components but may contain intermediate steps or serve as a memory for the
dialogue. The knowledge base is also represented via tokens so that knowledge
from it can be utilized easily to interact with the blackboard.

{ type : "PointingEvent",
objectPointed : "BottleC",
certainty : 0.97,
source : "DeviceA",
customPayload : "abc" }

Fig. 2. JSON representation of a token of type ”PointingEvent”.

The Blackboard represents a core concept within the architecture of stepDP
, serving as the initial repository for all tokens. Once placed on the Blackboard,
they are either processed further or act as catalysts for subsequent actions. In
particular, a specific token may initiate a dialogue interaction or multiple tokens
may be required to form a new token.
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There are two categories of tokens: active tokens and archived tokens. Active
tokens are in the pipeline to be actively processed, whereas archived tokens,
despite being inactive in triggering mechanisms, remain retrievable. By standard
practice, tokens transition to the archived status following a duration of five
minutes, though this parameter is adjustable both globally and on an individual
token basis. For instance, a token associated with a pointing device may prefer
a shorter active period, given the diminishing relevance of its processing post
a brief interval. After their archival, tokens are irrevocably removed from the
blackboard 60 minutes later, rendering them inaccessible.

3.4 Rules & Conditions

Within the Blackboard system, tokens are subject to evaluation and manipula-
tion based on a set of rules and conditions. Conditions are tasked with identifying
the circumstances under which tokens are to be processed, whereas rules define
what kind of processing is happening with one or multiple tokens. For a rule to
be invoked, it must be associated with a condition that specifies the tokens that
should be processed by the rule (see Fig. 3). These conditions can be arbitrarily
complex, ranging from simple checks on the type to firmly defined properties
and time intervals to each other if several tokens are required. Active tokens
are continuously streamed to the relevant condition, which in turn filters out
those tokens that fulfill its criteria. These filtered, or matched, tokens are sub-
sequently directed to the associated rule for processing, potentially triggering
specific actions defined by the token’s properties.

——(generateMatches(@ 2 > Condition 1
(match @)
[
Blackboard
Tokens: @ 2
onMatch( @ )—> Rule 1

Fig. 3. Blackboard with two tokens of type red and green. The rule has a condition
that only accepts tokens of type red. This condition filters the red token from the
blackboard and forwards it to the rule for processing.

The execution order of rules is governed by a system of prioritization, with
priority levels numerically assigned. The most urgent priority is denoted by a
zero. In instances where multiple rules share identical priority levels, precedence
is given to the rule that was first integrated into the Blackboard system. There
is also a state chart system that can set active and inactive rules.
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One type of condition is already integrated into stepDP , known as a pat-
tern condition, which is designed to identify tokens that conform to a predefined
structure or pattern. This pattern may specify various aspects of a token, includ-
ing its type, the characteristics of its properties, and the presence (or absence)
of certain properties, ensuring they are not null.

Despite the prioritization system, the potential for conflicts among rules and
conditions remains. This scenario arises when multiple rules, each defined by
distinct patterns aimed at matching varying configurations of a token, exhibit
overlapping criteria. Consequently, a single token might satisfy the conditions
for more than one rule. To mitigate such overlaps and ensure that tokens are
exclusively processed by the most pertinent rule, the system incorporates the use
of exclusion tags. These tags facilitate the selective engagement of tokens with
the most specific rules, effectively sidelining less relevant ones. However, the
application of exclusion tags is discretionary, allowing for their omission should
there be scientific or experimental reasons to explore the interactions between
concurrently applicable rules.

stepDP comes with a set of predefined rules that can be used as a template.
One of the more powerful predefined rules is the fusion rule (see Fig. 4). This
allows several tokens to be merged into a new token. The behavior of the rule, or
more precisely the condition, can be described semantically. This makes it very
easy to add another modality later or to quickly adapt the behavior of the rule
without major code changes. It is further possible to reuse fusion rules from a
previous project for a new project.

BringObject
Iif=hie BringlIntent
Bringintent Pizza
9 [ ] recipientName: Alice
recipientName: Alice sort: Hawaii I
object: Pizza
Origin Token 1 Origin Token 2 sort: Hawaii

Fusion Result

Fig. 4. Working principle of a fusion rule: In this example, the fusion rule takes two
tokens of the type ”Bringlntent” and ”Pizza” and merges them into a new token of
the type ”BringObject”.

3.5 Statechart

stepDP extends its versatility by including the option to model dialogue flows
using state charts built upon its rule system. This feature is particularly helpful
for managing larger dialogue systems, offering an additional layer of organization
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and structure. In this framework, each state within the state chart is linked to a
specific collection of active rules. Consequently, changing the current state of the
state chart results in the activation and deactivation of rules in alignment with
the configuration. The mechanism for transitioning between states is designed
to be responsive to triggers from either tokens or the rules themselves.

3.6 Knowledge Base

In the initial phase of developing your dialogue application, you should think
about the semantic tree and implement it accordingly. This tree serves as the
foundation for defining all necessary types within the dialogue system. Initially,
stepDP provides a generic type, Object, from which all other types are derived.
Once the semantic tree has been established, encompassing all requisite types,
these types can then be instantiated into concrete instances (see Fig. 5). These
instances are persistently stored within the knowledge base, contrasting with
the transient nature of tokens on the blackboard, which are archived after a
predetermined duration and subsequently deleted.

For a wide array of applications, it proves beneficial to integrate instances
from the knowledge base into the blackboard. This integration allows for the dy-
namic processing of these instances through the established rules and conditions
of the system. It can also be used to create a long-term memory that does not
forget things as quickly as if you just use tokens. Such integration can be ac-
complished by importing these instances from JSON files or by directly utilizing
JAVA code within your dialogue application. This approach not only enriches
the dialogue system with a robust knowledge base but also leverages the flexi-
bility of stepDP in processing complex information and using this information
for interaction with the user.

. e Bottle42
Object : > (GlasBottle)
E material: glas
H size: 500ml
: color:  green
H mnf: Mnf1
Bottle : location: Storage3
GlasBottle (LT

Fig. 5. On the left is a section of the semantic tree (properties are not visualized) and
on the right is a concrete instance of an object of type ” GlasBottle”.
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4 Implementation

The dialogue framework is implemented in JAVA as a maven package, which
enables simple resolution of dependencies and easy integration into a new project.
stepDP itself uses the Spring Boot Framework as a basis. Extensions can easily
be added by including the Maven-specific pom.zml file. Some extensions are
provided directly by us through our Maven repository or Github page, but third
parties may provide extensions that can be added with just a few lines to the
pom.zml file. The use of Spring Boot makes it easy to extend the API and create
your API endpoints. In addition, stepDP runs on all platforms where the JVM
(Java Virtual Machine) is available.

To implement a dialogue based on stepDP , one has to create a Maven project
and add stepDP as a dependency. All other dependencies are then resolved auto-
matically. Additional external components can be added directly to the project
configuration. The “Hello World” dialogue can be created in just a few lines
using templates provided by stepDP . Since only abstract tokens are processed,
additional components are normally required to act as an interface between the
tokens and the input and output modalities.

4.1 External Components

As stepDP has already been used for many projects, there is a large pool of
external components available.

Since stepDP itself only works with abstract tokens, the processing of lan-
guage (be it written or spoken language) into these tokens is particularly impor-
tant. For this reason, there is the “stepAM (Audio Manager)”3, which manages
audio streams. This tool can be used, for example, to stream the microphone
of a Hololens to stepDP . Voice activity recognition can then be performed on
the audio stream and the sections with speech can be sent to a service that gen-
erates the required tokens from the speech. There are currently two extensions
that connect to speech-to-text services and an intent recognizer: an extension for
Cerence Mix and another one for Microsoft Luis. Both extensions accept written
text. An integration with RASA is currently under development. Furthermore,
there are external components for connecting the knowledge base to an MQTT
broker for exchanging information or to connection to the Asset Administration
Shell. Various robots have been connected to stepDP as external components.

4.2 Debugging

Especially more complex dialogues require suitable debugging tools to find and
correct bugs efficiently. For this purpose, stepDP was equipped with a web inter-
face in which the current status can be tracked and manipulated. A browser can
be used to investigate the blackboard to see which tokens are currently active. It
is further possible to view the properties of these tokens. In addition, all rules are

3 https://stepdp.dfki.de/tools/audiomanager/
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listed and their activation status is displayed. A state chart where the current
status is highlighted can also be selected. If required, there is an input mask for
writing tokens directly to the blackboard or changing the knowledge base.

The interface includes a primitive speech output for an initial simple dia-
logue by using the text-to-speech module built into the browser to generate an
output. Finally, there is a text field that can be used for debugging purposes. It
supports several concurrent sessions and may function as an extra modality for
your dialogue system.

5 Applications

In principle, stepDP is suitable for any use case in which a dialogue platform
or a platform for managing interactions is required. Internally, we have already
used stepDP for many different scenarios in various domains.

For example, stepDP has already been used as a dialogue platform to con-
trol an underwater robot as part of the Mare-IT project*. The user controlled
the robot by wearing a Hololens and using their voice and gestures. The visu-
alisation in the Hololens was triggered via stepDP and inputs in the Hololens
were sent back to stepDP. The robot was also connected to stepDP. Kleer et
al. [11] used stepDP to teach a robot a task via multi-modal teach-in. Apart
from robotic scenarios, stepDP was used to test and evaluate algorithms for the
reference resolution of speech input. Furthermore, stepDP is utilized in the “Soft-
ware Campus“® research project AquaChat®, which aims to design an adaptive
chatbot, requiring the integration of an LLM.

The documentation on the website contains many other examples of how
stepDP can be used for a wide range of scenarios, from simple examples with just
a few lines of code or JSON files to complex dialogues with complex behaviour.

Achieving identical objectives with alternative systems could pose numerous
challenges or demand considerably more effort. For instance, using RASA for
the robot teach-in project by Kleer et al. would greatly complicate the task of
collecting and confirming parameters through multimodality, due to the absence
of built-in mechanisms for multimodal fusion. The same limitations apply to
DialogFlow from Google. While it offers advanced functionalities for productive
operation, these features are not easily customizable or extendable, as required
for research projects such as AquaChat. A more comprehensive comparison is
accessible on the website”.

6 Conclusions

We have described stepDP, a new multi-modal dialogue platform. By focusing on
modality independence, strong semantics, rapid development, and a high degree

4 https://robotik.dfki-bremen.de/de/forschung/projekte /mare-it
® https://softwarecampus.de/certificates /18560,

5 https://stepdp.dfki.de/research/aquachat/

" https:/ /stepdp.dfki.de/stepdp/comparison/
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of reusability, the platform has proven itself very useful for us several times.
The high degree of integration of various dialogue management models ensures
that the required methods are available for almost every application. The central
interface of the blackboard with the abstract tokens that are strictly typed allows
previously implemented components to be reused, which has resulted in a large
repertoire of useful components over time. Thanks to the use of JAVA, Maven,
and Spring Boot, countless libraries are available to easily integrate additional
software (e.g., audio libraries, interface libraries for MQTT, databases, or file
formats). By using it for several internal projects, we were able to demonstrate
that stepDP can be used successfully and quickly as a dialogue platform and
meets expectations regarding sustainability.
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