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Abstract

This paper addresses an advanced utilization of information tech-
nology within the road transport field. The main motivation for
our investigation is the synergetic effect a genuine coupling of
the two fields will create. A major objective is to build a concep-
tual framework for road transport informatics in order to estab-
lish a common basis for researchers from both fields. Another
major objective is to identify and specify suitable mechanisms
for implementation of key system components. The main para-
digm for our work is always how mechanisms from the informa-
tion technology field can optimally support needs within road
transport.

1 Introduction

The paper has four separate parts, each one corresponding to a
separate chapter. Chapter 2 discusses sets of requirements appli-
cable to many RTI-systems. This chapter also identifies a set of
questions appropriate for many RTI-services. Chapter 3 examines
a generic architecture suitable for integration of many RTI-serv-
ices into a common system. This chapter also raises a lot of inter-
esting issues. Chapter 4 indicates how such an integrated service
system could be exploited. The information processing is carried
out in several steps, resulting in iterative processes being execut-
ed in a hierarchical fashion. Chapter 5 describes some key mech-
anisms for implementation of such an integrated service system.
Our approach takes inspiration from how other advanced systems
function, and based on this we come up with some new notions
both suitable and necessary for our system realization.

2 System Requirements

This chapter will discuss sets of requirements applicable to many
RTI-systems. It will also identify a set of questions appropriate
for many RTI-services.

The main motives for utilization of I'T-based services in the road
traffic sector are:

m increased road safety
N more economically sound road management

m reduced environmental impact

Some desirable additional effects are:
m greater convenience and more information at hand for road
users

m reduced costs for road authorities - and increased benefits for
service providers

Current trends have already resulted in broad agreement on sev-
eral sets of requirements for such services. See for example [4]
and [5].

2.1 UserDemands

User requirements appropriate for most IT-applications of this
type are:

uw Availability

The system as a whole and each of the services should be ac-
cessible to any user at any time.

m Reliability

The system as a whole and each of the services should have
high tolerance against error situations and high capability to-
wards error repair.

®  System Robustness

The system and the services should be adapted to the dynamic
environments. For instance, one should be prepared for con-
tinuous changes in demand and climate,

m  User Friendliness

The system and the services should be simple and efficient to
use. For instance, the man-machine interfaces must be ad-
vanced, and some decision support may be needed.

m Information Integrity

The service information which is stored must be correct.
Hence, each single data value must be a true mapping of the
relationship that is represented, and the different data objects
must correspond to consistent mappings.
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m Information Security
The system information which is stored must be confidential.
Hence, access to such data must be controlled according to
aunthorization, and anonymity within such data must be guar-
anteed due to privacy reasons.

These user requirements will of course be emphasized differently
by various I'T-applications.

2.2 Functional Demands

Functional requirements imposed on most IT-systems of this kind
imply an appropriate implementation of a suitable subset of serv-
ices like the following:

m  Travel Information
An example is dispatching static tourist information.
m  Traffic Information

An example is dispatching dynamic route guidance informa-
tion.

m Traffic Control

This means optimization of traffic as a compound collection.
Two examples are lights control of a road network within a
city and entrance control to a road corridor between two cit-
ies.

® Vehicle Control

This means registration and control of vehicles as separate el-
ements. One example is intelligent cruise control through au-
tomatic control of inter-car distance.

® Multimodal Management

This encompasses distribution of traffic demand on separate
transport modes. It also includes administration of corre-
sponding resources - such as parking facilities at mode chang-
es, and booking of different services - such as hotels and
restaurants.

m Access Control on arrival at different resources - and Fee Col-
lection concerning use of different resources.

m Optimization of vehicle Fleets - such as lorries and taxies, and
Prioritization of vehicle Groups - such as public transport.

® Integrated Management of vehicles, corresponding personnel,
freight and corresponding documents.

‘What is really important is to answer the following questions:

m To what extent should we only register information about traf-
fic conditions for analytical purposes - and to which degree
should we also control traffic based on registered informa-
tion?

® To what extent should we only send data to vehicles - and to
which degree should we also allow drivers to act on received
information with returned data?

m How should we make the separation between static and dy-
namic information to vehicles?

m How far should we go from surveillance via tutoring to polic-
ing of drivers?

There is a unique trend here:

m One sees more and more advanced choices along each of
these dimensions.

This is probably due to the rather mature technological basis.

Which services to include and which services not to include, will
necessarily vary from system to system.

3 System Architecture

This chapter will examine a generic architecture suitable for inte-
gration of many RTI-services into a common system. Such an in-
tegration must be based on standard principles for specification,
design and implementation of open distributed systems. The dif-
ferent RTI-services may be associated with separate nodes in the
open distributed system. This raises a lot of interesting issues.

3.1 System Integration

Current trends have already provided the motivation for integrat-
ed systems each encompassing several of the RTI-services men-
tioned in Chapter 2. See for example [3].

Such an integration must be based on standard principles for
specification, design and implementation of open distributed sys-
tems.

The basic guidelines should be:
m  Modularity

One has to implement well-defined and clearly separable
components. This relates specifically to operations and main-
tenance requirements. '

® Flexibility
One has to see to that different components may be plugged in

and out corresponding to existing needs. This relates specifi-
cally to configuration and application requirements.

m  Compatibility
It must be ensured that both data communication and data
storage are implemented according to adopted standards.

® Interoperability

It must be ensured that the separate services work together as
an integrated system.

® Scalability

The system must at any time be adjustable to novel and
changing needs. As road traffic is one of our most dynamic
sectors, this is a crucial requirement.

w Degradability

The system must be functioning regardless of which parts
break down. As traffic management may never be suspended,
there must be completely safe fall-back options.
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3.2 System Components

The different RTI-services may be associated with separate nodes
in the open distributed system.

The data communication among such system nodes must be
based on standardized interfaces and protocols.

More generic issues that should be clarified are:

m Heterogeneity

How different are the system components allowed to be (re-
garding both software and hardware)?

This relates to how much adjustment the different service pro-
viders must expect in order to have their products integrated
into the system.

m Autonomy

How independent are the system components allowed to be
with respect to local matters?

This relates to how much coordination the different service
providers must accept in order to have their products integrat-
ed into the system.

m Real-Time Support

What response requirements must the system observe inter-
nally among the components and externally towards the us-
ers?

Externally this concerns the time a user has to accept to wait
until a request is answered. Internally this concerns the time
the system may let elapse until a change somewhere in the
system is known in the whole system.

® Knowledge-Based Support

What advanced techniques must the system use internally
among the components and externally towards the users to
mect specific needs?

Externally this concerns needs for advanced decision support
to a user facing a very complex system. Internally this con-
cerns needs for advanced representational and inferential sup-
port to the system handling a very large and dynamic amount
of information.

More specific issues that should be clarified are:

m Partially Distributed Data Storage

How should data fragmentation (i.c. dividing a logical item
into several smaller objects), data replication (i.e. making sev-
eral physical copies of a single object), and data allocation
(ie. placing each specific item/object/copy on separate
nodes), be carried out?

Efficiency and information security may, for example, induce
very different choices.
m  Concurrency Control and Recovery

What correctness criteria should apply for the separate servic-
es and the integrated system with respect to parallel activities
and erroneous behaviour?

Efficiency and information integrity may, for example, induce
very different choices.

There is no unique trend here:

m One still sees extremely diverse choices concerning each of
these topics.

This is probably due to a rather immature application basis.

4 System Applications

This chapter will indicate how such an integrated service system
could be exploited, given the requirements and architecture dis-
cussed and examined in Chapters 2 and 3. The information
processing would be carried out in several steps. The output from
some of these steps must be fed back as input to some other func-
tions resulting in an iterative process. The execution of some of
these functions may also take place more or less locally resulting
in a hierarchical system.

4.1 Information Processing

Both strorage and transmission of data as well as processing of
data will take place in the system components.

To implement RTI-services one needs a basic instrumentation.
This encompasses everything from special measuring, sensoring,
registering and signalling units to general storage, transmission
and processing elements. Current trends concerning technology
as well as demands make it highly probable that such a system
will be realized as a distributed system - i.e. as a set of independ-
ent but cooperating computers.

Such a system may be looked upon as a mirror image of the phys-
ical road network. The system has to be oriented towards generic
administration and management of road traffic, and it must in-
clude specific services as mentioned in Chapter 2. Logically it
may be considered as several functional networks. Regarding
hardware, these will to a great extent be realized within a com-
mon system.

It will take some time to ¢stablish an appropriate infrastructure.
Already existing IT-infrastructures must be taken into account,
and a trial and error process is needed. An initial basis may be
created from some adjacent areas - such as systems engineering
and systems programming tools for the novel broad-band tele-
communication services.

The information processing in such systems may briefly be de-
scribed as follows:

1. Registration of traffic conditions, environmental data and user
needs

2. Filtering and preprocessing of data

3. Continuous build up of knowledge

4. Systematic analysis of knowledge fragments / synthesis of ac-
tion patterns

5. Selection and triggering of actions
6. Dispatching of control signals / educational information
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4.2 Knowledge-Based Components

With regard to the above elements, the output from steps 4 and 5
must be fed back as input to step 3, resulting in an iterative proc-
ess. This may be implemented with methods and techniques from
the combined areas database systems and knowledge-based sys-
tems. A key word is deductive databases - interpreted in a wide
sense as databases that may infer additional data based on exist-
ing data and application knowledge.

The very large and dynamic amount of information in such a
real-time system makes it impossible to base all the alternative
actions at any time on all the available data. One must continu-
ously conduct consequence analyses and include probability
evaluations of possible events. The system has to make provi-
sions for the at any time most probable and risky events. Various
action patterns must thus be prepared beforehand, and this re-
quires knowledge-based methods and techniques for data repre-
sentation and data inference.

To simplify slightly: the right information has to be at the right
place at the right time. This is a requirement which applies at all
times and in all matters. It is not possible to have all information
stored at a fixed place and then initiate a transmission of it to the
specific place where it is to be processed when this is needed. Ac-
tual information must instead float around in the distributed sys-
tem in an intelligent way - i.e. it must continuously float towards
‘the place where it may be needed.

An important function of knowledge-based components in RTI-
systems will be to provide active decision support to users. Two
aspects of active decision support are particularly relevant. One is
to suggest actual solutions to a user's problem. This corresponds
to the traditional role of knowledge-based systems, including ex-
pert systems. The other is to use application knowledge in order
to filter and focus all the potentially relevant information that a
user has to deal with. This corresponds to a different role than the
former - since the system assists a user in his decision making
process instead of concluding on a final result. Both aspects of
decision support are relevant to RTI-systems. Here we will spe-
cifically emphasize the latter, the knowledge-based information
filtering/focusing, and assume that the final decision making is
conducted by the user. This information handling support ranges
from derivation of non-explicit information at the database level
to guiding a user by suggesting expectations from observed and
measured data, checking the consistency of the user's input, eval-
uating the implications of the user's suggestions, and providing
‘what-if” predictions at the user's request.

Knowledge-based methods rely on general domain knowledge in
terms of various types of relationships among domain concepts.
These relationships may include heuristic associations in the
form of ‘if-then’ rules - as well as deeper knowledge such as hier-
archical structures, cause-effect relationships, and functional
roles. Deeper knowledge models allow the system more flexibili-
ty, tolerance and robustness in handling unexpected situations
than heuristic association models do. However, they usually re-
quire more complex and time-consuming inference and reason-

ing techniques. Both types of knowledge are difficult to maintain.
Hence, another key word is machine learning - and specifically
the type of learning that addresses the knowledge maintenance
problem by continuous learning from experience. A method that
particularly emphasizes the reuse of previous experience - and
the continuous capturing of new experience for future reuse - is
case-based reasoning.

Case-based reasoning integrates problem solving with continu-
ous learning from experience (see for example [1]). It solves
problems by adaptive reasoning from previous situations. Here a
problem refers to what the system regards as a problem - not nec-
essarily to a real problem in the outside world. For example, giv-
en an initial description of a road traffic situation, a problem may
be to check whether this situation is normal or abnormal. Case-
based reasoning can be viewed as consisting of three major tasks:

1. Analyse the current problem and identify a matching case

2. Retrieve and adapt the solutions from this previous case to
solve the new problem

3. Learn through retaining the relevant parts from this new case -
and index the additional case for future retrieval

A set of previously solved problem cases are stored in a case
base. Each case record has three main parts: a description of the
situation in terms of a set of attributes, a set of conclusions for
various problems related to this situation, and a justification for
each conclusion. A justification may come from the system’s test-
ing of a solution, from a user's confirmation of the solution, or
from explanations generated on the basis of general domain
knowledge. Each new problem is solved by finding a previous
case which has a problem description that is sufficiently similar
to the new description. Many case-based reasoning techniques
take a rather syntax-based approach to these processes. For ex-
ample, matching two cases can be based on a surface similarity
such as the ratio of identical descriptors to the number of total de-
scriptors. This may be a useful approach in domains where little
knowledge is available. However, there will be severe search
problems when the case base grows larger. Combining such case-
based reasoning with reasoning based on more general domain
knowledge enables a matching of cases based on relevant de-
scriptors with similar meaning within a given problem context.
This results in more focused and tuned processes for case retriev-
al, case adaption and learning (see for example [6]).

With respect to a concrete realization, the execution of some of
the filtering and preprocessing functions and their corresponding
actions may take place more or less locally, resulting in a hierar-
chical system.

It is most important to consider legal and social aspects connect-
ed to such a road traffic system. Some key issues are:
m What types of data may be collected, stored and manipulated?

How may the corresponding information and knowledge be
applied?

® Who may have access to such information and knowledge?
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5 System Realization

This chapter will describe some key mechanisms for implemen-
tation of such an integrated service system, given the require-
ments and architecture from Chapters 2 and 3. Our approach is
inspired by how other advanced systems function, and based on
this we have come up with some new notions both suitable and
necessary for our system realization. Technologically this repre-
sents a combination of techniques from the database systems and
knowledge-based systems fields. A generic result is the specifica-
tion of a new structure for cooperative parallel processing, while
a specific contribution is the investigation of new concepts and
mechanisms for both continuous behaviour and alert behaviour.
Our approach looks some years ahead, and due to the space limi-
tations our description is far from complete.

Through our refinement of existing concepts for cooperating par-
allel processes, we need to realize both some novel basic mecha-
nisms and some novel basic services. It is advantageous to start
with the human brain - and the way it functions. There are simi-
larities between what we need and what we observe there.

5.1 Human Functioning

The human being is an organic system. Organisms are tolerant -
i.e. they adapt to their environments. They are robust - i.e. they
continue to function even under unexpected conditions. This
adaptability and robustness does not appear to be brought about
by decisions made in a central facility - such as the nervous sys-
tem. Influential theories on human physiology and human cogni-
tion suggest that it is rather the result of a very distributed control
- with each part of the organism cooperating with the others in a
natural manner.

The human nervous system performs a lot of functions similar to
those of a process control system. The act of driving a car is a
good example. Input from sensor units is turned into output to
control units without much ado. However, in parallel with the
car-driving there is a very different and continuous process going
on. The car-driving individual considers the situation - reflecting
more or less consciously on whether it should change its course
of action. Here we need to be more precise about two terms: con-
tinuous and the situation.

Continuous behavior corresponds to constant awareness as seen
from the act of driving the car. The considering process merely
listens in on the car-driving - i.e. there is no interaction between
the driving and the thinking about where to drive. The monitoring
process is not in a client-server relationship with the driving
process - in the sense that it is controlling every action. It has
rather decided to be alert to the car-driving - ready to take actions
to change it if and when appropriate. We are not claiming that
this must be so in the human brain. We are merely making a mod-
el of what might be going on in order to illustrate the relationship
between a low-level activity (driving the car) - and a high-level
activity (considering where to drive) that can be said to be contin-
nous with respect to the low-level one. It is continuous precisely

because there are no discrete points of interaction between the
two processes that are requited by either process. If the high-level
process were to be modelled as a sequence of discrete events, it
would still be continuous in this sense. There is of course interac-
tion between the two processes when the monitoring process de-
cides, for example, to halt the car-driving. Unexpected conditions
- such as a pedestrian suddenly blocking the road - are likely to
cause such interaction.

Situations correspond to the sum of information that might be rel-
evant (o the considering process. Again we are postulating dis-
crete processes performing actions - not as a claim that the
human brain must function like this, but as a way of illustrating
ideas about such processes. This information is not consistent,
and it changes continually. The monitoring process sorts and con-
siders all the information. Several hypotheses about the environ-
ment may be updated and evaluated concurrently - being refined
and eventually accepted or rejected as more information becomes
available.

The considering process represents several complex functions.
On the one hand, it chooses the best course of action from mo-
ment to moment - for instance with respect to avoiding collisions
with other cars. On a slightly more general level, it must choose a
route to the fixed destination - and avoid getting lost following
the chosen route. On an even more general level, it might be re-
flecting on whether it really wants to drive there. Each of these
functions can be seen as a separate process which is continuous
with respect to the processes below. Each process has a knowl-
edge base that it keeps updating - including a model of the
present situation. Each analyses the situation for its own purpos-
es, and each makes decisions in its own domain. Each process
recognizes given situations and has preprogrammed responses.
And each process is monitored by a more general process that de-
cides whether the process’ set of responses is sufficient to meet
the demands of any known situation. The monitoring process
may update the process’ set of responses if it manages to generate
an appropriate response to an unknown situation. This is other-
wise known as learning - or perhaps self-reprogramming. We
may consider the system as a super operating system. In known

- situations, it allocates necessary knowledge as a resource to those

processes that can generate correct actions (responses). In un-
known situations, it allocates decision support and decision infor-
mation to those processes that can generate new responses.
Hence, the super operating system contains advanced elements
from the expert systems field paired with traditional elements
from the operating system field.

5.2 Extracted Concepts

Information availability is the most important need of each proc-
ess in the process hierarchy above. The information must be of
the right kind and of the right amount, and it must be accessible
sufficiently quickly and reliably. Reason and carefulness are re-
quired by any process in selecting and evaluating information -
even if we do not postulate any consciousness.
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Alert behaviour involves being prepared for surprises. It implies
a continuous monitoring of the situation - including analysis of
probable future situations. The analysis calls for recognition of
relevant state attributes in future situations. It is concurrent with
evaluations and actions based on the present situation. Such con-
current monitoring requires that information which represents
critical actions is sufficiently accessible. Various information is
steadily put into more accessible storage as the situation evolves.

Context changes involve replacing large parts of available reac-
tions - corresponding to immediately accessible information -
based on a partial recognition of a given situation. This may be
visualized with what happens when a child on the side-walk sud-
denly runs out in front of a moving car. Fast context changes and
fast recovery of old contexts are very essential in many situa-
tions. That is likely to influence the information organization.

In such a processing system, each process is monitored by a proc-
ess at a higher level. The high-level process does not interact with
the low-level one except when situations arise that the low-level
process is unable to handle. The recognition of such situations is
done by the high-level process - i.e. it is not called upon by the
low-level one. This makes the monitoring continuous as seen
from the low-level process.

The structure of such a processing system is a process hierarchy
where the information processed at each level changes continual-
ly. Processes at a given level alter their behaviour based on per-
ceived changes in the situation. They monitor and control the
processes below themselves, and they are being monitored and
controlled by the processes above themselves. The processing
system as such adapts on several levels. The high-level processes
are reprogramming the low-level processes - thus causing chang-
es in process structure, process definition, information structure
and information flow at the level below. The high-level processes
may be low-level ones with respect to other monitoring processes
- thus being subject to the same kinds of dynamic changes.

6 Conclusion

The system requirements analysed in Chapter 2 place some con-
straints on what is necessary and what is sufficient in a system ar-
chitecture. Likewise, the system architecture investigated in
Chapter 3 places some constraints on which system applications
are possible and on which system applications are desirable. Fur-
ther, the system applications evaluated in Chapter 4 induce some
conditions with respect to how best the system may be realized.
Finally, the system realization considered in Chapter 5 induces
some conditions with respect to which concepts and mechanisms
are pertinent.
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