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Abstract

Real-world applications of theorem proving require open and modern software environ-
ments that enable modularization, distribution, inter-operability, networking, and coordina-
tion. This paper describes the DMS architecture for automated theorem proving that con-
nects a wide-range of mathematical services by a common, mathematical software bus. It also
presents an implementation, Oz-DMS, of the architecture in the Oz programming language.
Oz-DMS provides the functionality to turn existing theorem proving systems and tools into
mathematical services that are homogeneously integrated into a networked proof develop-
ment environment. The environment thus gains the services from these particular modules,
but each module in turn gains from using the features of other, plugged-in components.

1 Introduction

The work reported in this paper originates in the effort to develop a practical mathematical
assistant system that integrates external deductive components. The QOMEGA-system [BCFT97] is
an interactive, plan-based deduction system with the ultimate goal of supporting theorem proving
in main-stream mathematics and mathematics education. To provide the necessary reasoning and
symbolic computation facilities it incorporates the first-order theorem provers OTTER [MW97],
Spass [Wei97], PROTEIN [BF94], the higher-order theorem provers Tps [ABIT96] and Lo [BK98],
and finally the experimental Computer Algebra system pCAS [KKS98].

Traditional deduction systems, such as the ones integrated into QOMECA, as well as today’s
tactical theorem provers, such as ISABELLE or NQTHM, are monolithical systems. They either
work like compilers — reading a problem file and writing proof and log files after successful compu-
tation — or like programming environments featuring their own command interpreter or graphical
user interface. Driven by the complexity of real-world reasoning problems and practical considera-
tions in designing and interacting with the system, we have seen a rapid move towards integrative
frameworks combining various external reasoners [Den93, HKK 94, Dah97] and computation sys-
tems [HT93b, BHC95, HT93a, KKS98].

Ideally, the reasoning modules in the QMEGA system interact with each other to complete open
subgoals during the development of a proof. This can be initiated and supervised on-line by the
user. This can be also guided by the QOMEGA system itself, for instance during proof planning in
order to expand a given proof plan to a full proof. Unfortunately, it is not always clear in advance,
which prover is best suited for the problem at hand. Furthermore, the user could be asked to
support the system with additional knowledge. Thus, QMEGA will call several ‘services’ in parallel
in order to maximize the likelihood of success and minimize the time the user has to spend waiting
for the system. In any case, the proofs found by these systems are transformed into the internal
proof format of the IMEGA system; again this proof transformation process should run in parallel
to the ongoing user interaction.

The role of the mathematical assistant in particular, but also of general applications of the-
orem proving in the large, for instance in program verification applications such as the VSE
system [HLST96] also developed in our group, call for an open and distributed system architec-
ture. In such an architecture, the developer of a deduction system or a respective tool upgrades it



to a so-called mathematical service (see section 3) by providing it with an interface to a common
mathematical software bus (see [Hom96, HCI6b] for details) and therefore rather provides the
mathematical service instead of the software itself.

In the context of the (IMEGA system, we have implemented and experimented with such a
network architecture, where the integrated theorem proving systems and tools interact distributed
over the Internet and can be dynamically added to and subtracted from the coordinated reasoning
repertoire of the complete system. Using these experiences as a running example, the possible
benefits of a distributed approach to semi-automated proof development are fourfold:

Modularization The more external reasoners a system like the (IMEGA system integrates the
heavier the burden of installing and maintaining them gets. For instance, the kernel of
QMEGA alone is a rather large system (roughly 17 MB of CoMMON Lisp (CLOS) code for
the main body in the current version), its successful installation depends on the presence of
(proprietary) Lisp compilers or interpreters. This situation is similar for the other reasoning
systems integrated into the (MEGA system, which come from numerous different original
sources. For the user it is a difficult task to install and understand the complete system,
for the developers it is a tedious task to port the system to more commonly used (free)
compilers. Thus providing a mathematical service instead of software will free the developer
from this task at the cost of providing the hardware resources. It will ease the maintenance
of the particular modules and environments build upon them and it encapsulates related
functionality into re-usable components.

Independence Deduction systems are among the most complex existing Al programs, they are
typically developed by more than one individual and the respective components require
vastly differing specialized know-how that is nowadays impossible to acquire for a single
individual. The equivalent is true for Computer Algebra systems that exist in a vast variety
from multipurpose to very specialized ones. Both user and developer can hardly distinguish
which system is best suited for a particular task, let alone be able to use all different sys-
tems. Thus a distributed architecture of mathematical services with well-specified interfaces
allows the focussed and independent development in specialized research groups, specialized
application areas, and in specialized techniques.

Interoperability Along with independent development, the requirement appears of being able
to easily put together a complete, and working system out of those components. Having
a common platform of exchanging services across the network makes these components in-
teroperable. Thus, components provide additional functionality into the system as a whole
and, in turn, are provided with additional services in order to perform their service far more
efficient.

Performance Finally, the performance aspect of theorem proving in the large is addressed by
a distributed architecture. In local computer networks the situation is quite common that
users have relatively low-speed machines on their desktop, whereas some high-speed servers
that are accessible for everyone operate in the background. Running, e.g., the user interface
on the local machine uses the local resources that are ‘close to the relevant data’ and sufficient
for this task while the more powerful servers can be fully exploited for the really complex
task of actually proving theorems.

Indeed, the vision in which we would like to extend the existing architecture and implementa-
tion goes further. Such mathematical services as we have proposed could be as well modeled as
self-interested, autonomous software agents interacting in a common, also human-inhabited envi-
ronment. Following the definition of [WJ95], they are reactive in the sense that they are steadily
interacting with users or other software agents working on the same proof. They are pro-active
in that they adopt and autonomously work on particular goals in performing their service. And
they are social in the sense that they request other agents or even the human user to support the
successful execution of their service. Thus theorem proving appears to be a joint effort of a society
of communicating, independent agents.
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Figure 1: The architecture for distributed mathematical services.

The purpose of the present paper is to motivate and document a first step towards the practical
realization of such a perspective. It is not to give a formal semantics for the integration of
mathematical services via a mathematical software bus (see [Hom96, HC96b] for a discussion).

In the remainder of the paper, we will therefore give an overview of the network architecture
of the QMEGA system developed so far (section 2) and discuss the technical realization of the
prototype implementation Oz-DMS (section 2.2). Then we will categorize existing (and planned)
mathematical services by their behavior and communication needs (section 3). Finally in section 4,
we will develop a proposal for a deduction meta-language as a network communication layer that
will support an agent-based extension of DMS.

2 QOMEGA as a Distributed Proof Development System

In this section we will describe the network architecture currently realized for the QMEGA system
(see figure 1). The mathematical services consist of various automated theorem provers and the
LOUT user interface. The computer algebra system pCAS is not realized as a mathematical
service, since it is so small, that the administration overhead outweighs the possible benefits.
The move to a generic network architecture for QMEGA was motivated as a preparation for the
integration of the computer algebra system MaaMa [CP98].

The software bus functionality in the implementation is realized by the trader model, which
limits the central administration of the bus to a so-called trading point that provides routing and
authentication information to the mathematical services. we will describe this model in more
detail in the next section.

2.1 The Trader Model for a Mathematical Software bus

The central application in the trader architecture is the so-called tradingpoint, an administrative
service that is reachable by other applications via an URL. The tradingpoint’s main task is to
administer the different kinds of mathematical services. If the same service is available on different
hosts, then it also has to decide which host is used to serve the client’s request by monitoring the
work load on the different machines.

The different mathematical services on different hosts are managed via servicepoints. This is
an application, which manages all available services available on the host. To keep administration
overhead low, there is only one servicepoint per host. To make the different services available
to the world, the servicepoint offers them to the tradingpoint. The servicepoints have also the
task to supervise the clients and restrict their accesses to the concrete services.

A client that wants to use a certain service with a special functionality requests for that
service at the tradingpoint, this accepts or denies the request depending on whether the service



is available or not. If it is, the tradingpoint establishes a private communication channel between
the client and the service, which these can use without further interaction with the tradingpoint.
In the trader model, the client does not need to know where the service is running nor how it is
implemented, but only the trader’s URL and the expected functionality of the service. Figure 1
gives an overview.

2.2 0z-DMS, an implementation of the Trader Model

Oz-DMS is realized via a distributed programming system, called MOZART. MOZART is an
interactive and distributed implementation of the concurrent, logic-based programming language
Oz [Smo95], and it will be released to the general public mid-1998. Besides state-of-the-art object-
oriented programming, its powerful inference engines, and a neat support for building reactive user
interfaces, it provides the full infrastructure to write distributed applications. Its main strength
comes from its network transparency and network awareness which make it easy to ‘agentify’
arbitrary applications.

Network transparency means that the semantics of Oz programs does not change if you dis-
tribute computations among different sites. For example, the programmer can use lexical scoping,
logical variables, objects, etc. in distributed applications.

Network awareness means that the programmer has full control over the network operations.
The language provides mobile and stationary objects, i.e. methods are executed locally (the object
moves) or remotely (the message moves). The programmer has control over structure copying
among sites. Structures may be copied eagerly or lazily.

The choice of this programming system has been central to the realization, since it has provided
all the necessary programming features. The fact that MOZART also provides high-level inference
primitives like constraint propagation and search makes it a good implementation choice for the
mathematical services proper. An example of a mathematical service that is fully implemented in
MOZART is the generic proof visualization tool LOUT.

Distributing OMEGA Up to this point, we have considered a client-server network with one
server that is dedicated to QQMEGA itself and several clients that use this server. In reality, a
QOMEGA network may consist of several servers that can be accessed via a gateway service. The
gateway daemon runs on one machine that provides the QMEGA service. It can start the actual
QOMEGA process and its the associated modules on any of the servers, depending on their current
work load. In this way, we are able to employ the whole computational power of a local area
network with a background of several larger servers.

But before we discuss issues of further distribution let us take a closer look at possible math-
ematical services.

3 Mathematical Services

An attempt at a categorization of mathematical services has been made in [HC96a]. As possible
services the authors have concentrated on systems for reasoning, i.e. theorem provers, and systems
for computation, i.e. Computer Algebra Systems. Here we both extend the list of services and
furthermore group them more thoroughly. Moreover we will be less formal in defining the differ-
ent categories of systems by giving a more intuitive description of their working principle. Yet in
general every mathematical service mentioned here can be viewed as a combination of an imple-
mentation of a mathematical computation or processing together with an interaction component
that controls the communication with other available services.

3.1 Mathematical Filters

Certain mathematical programs can be used in a filter-like way, that is they can read a request from
an input stream and write some answer to an output stream. Mathematical filters can be further



grouped in computation filters and deduction filters. The first perform some numerical or
algebraic calculation which result they return (maybe coupled with some protocol information
on how the result was obtained), while the latter attempt to prove a given problem and return,
if successful, the proof or signal failure. Unlike computation filters which terminate eventually,
deduction filters will not always return a result. Thus deduction services need to have additional
properties for maintenance: On the one side a requesting client must be able to send a termination
signal to a deduction service in order to declare an earlier request as obsolete. On the other side
the service itself needs to survey its own running processes, assign resources to incoming requests
and terminate processes that have not produced any results after their allocated resources have
been consumed.

An Example: SPASS In an experimental implementation we have established several service-
points for automated theorem provers. One of these is for the prover SPAss [Wei97], that usually
communicates via an input and an output file. SPASS can now be accessed by sending a string
to its service-point that is converted into the required input file. Conversely the service-point
returns the SPASS output file to the requesting client in string format. In order to guarantee
termination the client can send a kill signal to end its own requested processes and furthermore
the SPASS service-point terminates processes after a certain time limit has expired, which adjusts
itself dynamically according to the number of incoming requests.

3.2 Knowledge Bases

Contrary to other mathematical services knowledge bases have the property that they can be
dynamically changed by some clients. As trading points only permit or deny access to whole
services some additional information on access rights to knowledge bases have to be maintained
by respective service points they have enrolled. They can then allocate permission to customers
whether they are allowed to only retrieve knowledge or are also enabled insert and possibly delete
facts.

An Example: The Mizar Library The Mizar Library [Rud92] is a knowledge base that
already offers its services via the Internet. It has been successfully put to use in an integration
of Mathematica [Wol96] and ILF [Dah97], where theorems can be proved from within an ILF-
notebook in Mathematica by using ILF’s ability to employ automatic theorem provers with facts
retrieved from the Mizar Library.

3.3 Control Components

Control components process data received from clients by editing and distributing it to other
mathematical services. Thereby data can be translated either into the special input language of a
designated service or a syntax common to all available services. Thus control components can be
viewed as front ends to mathematical services that simplify the access for both human users and
other systems.

3.4 Display Components

This point covers possible output devices that enable a user to view processed mathematical data
in a desired way. To these services belong (graphical or non-graphical) displays and browsers for
formulas and proofs, as well as systems that can transform provided data into a certain output
format. As an example of the latter, one might consider systems that translate proofs into natural
language.

An Example: LOUT The graphical user interface LOUZ combines both control and display
component for the OMEGA system. It adapts its menu structure according to the available services
(i.e. which external reasoners such as ATP or CAS can be used) and to the mathematical knowledge



that has been acquired from a knowledge base. It furthermore coordinates the communication
between the core of the QMEGA system and other mathematical services.

3.5 Anytime Services

Anytime services provide a mean to organize the output of computations that might have more
than one result (possibly infinitely many results) to a clients request. The general functionality
of these services is similar to those of mathematical filters, but they are moreover able to store
additional information on both the requested service and the costumer. The latter itself receives
a result along with informations on how long the anytime service can provide further results and
how these results can be retrieved. Using these specifications, subsequent requests of the client
can then be answered by the anytime service using the already computed results (always provided
the requests are within the given time limit).

Some anytime services might have properties similar to these of deduction filters, i.e. they
might not terminate. Therefore they have to be administered by the responsible service-points
accordingly.

An Example: Unlification engine for higher order logics As higher order unification is
infinitary, such algorithms usually have the property to provide incrementally more unifiers for
a given problem. Clients in need of a solution to a higher order unification problem can send a
complying request to the service. The unification engine then returns the first possible unifier (if
one exists) while keeping the information on the problem. If the client is not satisfied with the
first solution it can demand mode unifiers (if they exist), which the unification service computes
successively one at a time using the background of the old computations.

3.6 Mathematical Servers

Finally mathematical servers form the link between several different other mathematical services,
by integrating them as permanent or temporary components of their own working environment.
Furthermore they are the only services control components can connect to as clients permanently.

They again can be divided into computation and deduction servers, yet this distinction
does not have any impact on their behavior but simply states their primary purpose. Thus
deduction servers are used mainly for the task of proving theorems whereas the main purpose of
computation servers is their use for algebraic computations and development of algorithms for
symbolic calculations.

An Example: The OMEcA Service The OMEGA Service forms the very core of the QMEGA
System. It contains the basic functionality for the reasoning process, such as the structures
for terms, proofs, etc. It can be accessed by permanently connecting with the help of a control
component like LOUT. LOUT then acts as a client to the IMEGQA service and coordinates contacts
from QIMECA to other services.

4 Towards a Deduction Meta-Language

In the current implementation of OzZ-DMS, a proprietary protocol is run between the mathe-
matical services that is customized to the current needs and functionality of dMEGA. For example,
requests for proofs and the partial proofs themselves are communicated in the € internal format.
On the other hand, spawned services can be interrupted by a special message. In order to move
towards an open architecture that is not necessarily restricted to particular applications and mod-
ules and that allows for a variety of topologies, this is likely to change into a communication
language.

In intelligent agent research, a reasonable, nested distinction of communication languages into
interlingua and ontolingua has been proposed. Ontolingua, such as the Knowledge Interchange



Format (KIF) [Gea92], standardize the actual objects of communication. In the case of mathe-
matical theorem proving, these objects are theorems, theories, but also (partial) proofs, and even
proof plans. Appropriate candidates for such a language are the so-called DFG syntax [HKW96)
or, if integrating symbolic computation services, the protocol that is put forward by the OpenMath
initiative [AvLS96], which strives for a standard CAS communication protocol.

While ontolingua are designed for transporting representations of a particular domain or appli-
cation, software agents, such as our mathematical services, indeed have to negotiate about these
representations, e.g., requesting the proof of a lemma from a service/from the user or being told
its actual derivation afterwards. These performatives or speech acts defined by means of so-called
interlingua are certainly domain-independent in that they build a ‘context’ wrapped around the
actual content of a message encoded in the object language. The most prominent and complete
approach is the KQML [FF94] specification. It consists of about twenty performatives such as
request, tell, reject, etc., that handle a whole variety of standard situations including those of
service-providing agents.

Once equipped with such standardized communication facilities, it is not only possible to
connect mathematical services to the rest of the networked world. The richness of interaction
between modules working in a particular theorem proving environment allows for a far more
flexible and decentral flow of control.

The contract net protocol [Smi80] and its derivates, for example, can be expressed by means
of KQML performatives and install a simple, but powerful market mechanism to optimize the
workload of a system without requiring any central decision maker. An agent herein ‘announces’
a task, such as the proof of a certain theorem, to a number of other service agents. Each service
now judges its competence and predicts the expected costs that his processing will produce. It
‘bids’ for the task accordingly. The initiative agent then selects one or several service agents in
order to reduce costs and maximize performance.

A further advantage of such an open approach is that several users with different demands can
use the system cooperatively or independently at the same time. The particular modules then
decide based on priority and workload whether to process particular tasks or not.

5 Related Work

In [FI98], Fischer and Ireland propose an agent-based approach to proof planning that is how-
ever mainly motivated by a fine-grained parallelization of the proof planning process more than
the distribution aspect. They propose a society of agents that are organized by a contract net
architecture, building on earlier studies of Fisher [Fis97] on agent-based theorem proving.

Calmet and Homann present a framework for establishing the semantics of intimately integrated
deduction and computation systems [Hom96, HC96b]. In a servicing architecture like the one
described in this paper, the semantics of the protocol employed in the communication is not
a correctness problem, since our approach assumes that proofs are communicated, so that the
initiator of a reasoning task can always collect the partial proofs and verify the correctness of the
final resulting proof if he does not trust the mathematical services.

To our knowledge, only three distributed theorem proving systems besides () have actually been
implemented up to now. The modal-logic theorem prover from [Pit96] uses a trader model like the
one realized in IMEGA, the ILF system [Dah97] connects to MATHEMATICA and some automated
theorem provers in a simple master-slave model and a group of experimental systems centering
around DISCOUNT theorem prover [DKS97, DF97]. The last experiments explore the aspect of a
tight cooperation between the theorem provers that makes a group mathematical services more
successful than any single component.



6 Conclusion

We have presented a distributed network architecture for automated and interactive theorem
proving that supports modularization, distribution, inter-operability, networking, and coordination
of mathematical services. We have described an implementation, Oz-DMS, which provides the
functionality to turn existing theorem proving systems and tools into mathematical services that
are homogeneously integrated into a networked proof development environment.
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