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Introduction
With functions such as lane assist, emergency brake assist and adaptive cruise control, the current generation
of automobiles has taken the first steps towards automated driving. But these functions are still relatively
ignorant of each other. They can all be carried out in
parallel with other driver assistance functions, but here
is no planned cooperation. If we intend to c onstruct a

partially, highly, or even completely automated vehicle,
cooperation between these systems is imperative.
This is no simple task. Among other things, there is
no fitting, scalable systems architecture agreed on
in the industry, that would cover all driver assistance
functions and integrate them into one fully automated
system.

Today’s Driver Assistance Systems
Today’s driver assistance systems are – due to factors
such as costs, scalability for various vehicle market
segments and the space in the vehicle itself – usually
divided up between few “packages” , which only carry
out their assigned task. In this arrangement, it is often
customary to bundle functionality close to the relevant
sensors, which can save lots of space (package optimization). At the same time, the individual functions
are independent of one another, which simplifies both
selling separate units to the customer (combinatorial
optimization) and employing various suppliers (vendor
optimization). These factors give the automotive
manufacturer a large economic advantage. In addition,
the individual functions can be tested independently of
one another, which significantly simplifies this process,

as there is little effort involved in integrating the
functions with each other. In Landau notation, used in
computer science for the complexity of algorithms, the
complexity for the integration of n functions with this
approach is O (n).
This principle functions exceptionally well as long as
the individual systems can carry out their functions
more or less independently and only serve to assist the
driver. If the goal is to have an autonomous vehicle,
these systems need to connect. A simplified example,
using the two functions adaptive cruise control and
emergency brake assist, shows how quickly the level
of complexity rises when various functions have to
communicate with one another (Image 1).

Control Unit

Comparator

Motor
coordinator

Controller Value
Generation

Target Object
Identification

Object Detection

Radar

High-Frequency
Processing

from
driving pedal

Motor Speed
Controller

to
motor
from
wheels

Motor Control Unit

Adaptive Cruise Control

Control Unit

Comparator

Brake
coordinator

Controller Value
Generation

Time-To-Collision
Determination

ClosingVelocity
Sensor

Data
Processing

from
brake pedal

Brake Force
Controller

Brake Control Unit

Automated Emergency Brake
Image 1: coordination between braking and engine management module (source: Elektrobit)

to
brake

Robot architectures — DNA for automated driving

In this case, the control units need a coordinating
module to ensure that the functions do not conflict with
one another. This is not collaboration yet, but a very
rudimentary form of coordination that only takes care
of possible conflicts. If this system structure enables
the functions to be available in various combinations
(combinatorial optimization), then the time and effort
needed to test and certify all possible combinations
grows. The complexity for k systems is expressed by
O(2k-1). The use of modules made by various suppliers,
as is usually the case, often complicates the process
ever further.
To manage this complexity, the current trend in the
automobile industry is to develop central processing
units for one particular activity (e.g. driver assistance).

The sensor data is sent to one centralized processing
unit and then, as required, made available to the
functions. The advantage: the car manufacturer
achieves a s eparation of hardware and software. This
means a growth in the possibilities for vendor optimization, but it also means a decrease in scalability because
the central processing unit has to be integrated
into the vehicle regardless of the chosen functional
configuration. Any scalability must now be scalability
within the ECU itself, e.g. not populating certain parts
of the circuit board. Complexity also increases because,
in addition to the integration of the functions with
each other, there also has to be an integration into the
central processing unit, e.g. as software components
running in an AUTOSAR context.

Dealing with complexity
Software development has come up with various
mechanisms to deal with highly complex architectures.
Three of them are especially promising with respect to
their use for automotive applications.
One of these is abstraction. When a software
component has to respond to requests from too many
partners, it can be helpful to insert a coordinator

module in between. In a vehicle this could, for example,
be a “motion manager” that controls the access to the
motor and brake control unit (Image 2). This module
receives acceleration or braking orders from the driver
assistance systems, but decides which orders are to
be carried out and how (for example through brakes
applied to the wheels or by using the engine brake)
according to its own internal logic.
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Image 2: a “motion manager” determines the access to the actuators (source: Elektrobit)

This new module reduces complexity enormously:
the coordinator modules for engine and brakes are no
longer necessary because their tasks are now carried
out by the motion manager. Above all, the functions
and the actuators only have to use one communications

channel, that being the one to the motion manager.
Now the complexity derived from the number of
functions no longer develops exponentially (O(2k-1)),
but linearly (O(k)). That means that large numbers of
systems, such as are needed for autonomous driving,
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can work together fairly easily.
Object oriented system design has given us the concept
of polymorphy: software components that carry out
similar functions, even if their internal structures are
significantly different, should communicate with the
outside world via the same interface. These so-called
polymorphisms can also be of help in automotive
software architectures because the communications
paths offer a great potential for the reduction of
complexity. The developer of a software component
that has to send various “partners” similar instructions,
would not have to write a new code for every kind of
instruction – a standardized interface can be used for
communication with various other components. This
reduces the complexity from O(k) to O(1).

Standardization takes us another step further in
complexity reduction. When calling for tenders, the
OEM can reference standards, thereby increasing the
level of understanding between the seller and the
buyer of a software module. Functions and modules
of various manufacturers can simply be exchanged.
That reduces development costs and risk. The suppliers
and component developers profit, too: with a standardized interface, a software module could be sold to
several car manufacturers. Test and tool suppliers can
concentrate on the contents of the value creation and
not so much on individual interface adaptations.
In automotive software, AUTOSAR and ADASIS are
among the most important standards, just as the
upcoming SENSORIS standard for cloud-based map
enrichment, a development which is just beginning.

Robot architectures
The three concepts explained above, abstraction, polymorphy and standardization have long been in use in
software development. How can they be best employed
in an automobile? In the end, an automated vehicle
is nothing more that an autonomous, mobile robot:
it has to carry out series of complex actions in order
to be able to move through traffic. A simplified series
of actions when driving along a freeway, for example,
might consist of
	the vehicle following the car ahead and staying in its
lane,
	the vehicle deciding to pass when the car ahead
becomes too slow and the left lane is free,
	then moving back to the original lane when the other
car has been passed
	and, should it find an unexpected obstacle in its
lane, and no other lane is available, to carry out an
emergency braking sequence.

As shown above, abstractions by the motion manager
and the fusion of sensor data at the control unit level
can greatly decrease the level of complexity (Image 3).
What remains is the large block of functions in the middle. But how could this be divided up into smaller, more
controllable parts?
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Image 3: abstraction of sensor data, software functions and motion manager (source: Elektrobit)
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To do all that, the vehicle first of all needs a precise
image of its surroundings with all the barriers, lane
markings and other vehicles on the road. Secondly,
it has to be able to carry out its movements, both
longitudinally and laterally, in such a way that it is
comfortable for the passengers inside the car. This
requires the coordination of many different sensors
and vehicle functions – a highly complex task.
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function, an output for the level of activity and an
output for the rating (prediction on how probable it is
that the given command is the right one for the current
situation). With this very simple system configuration it
is possible to model, manage and control very complex
behavioral systems.

One current approach in behavioral-based robotics is
a software architecture in which functions that move
different parts of the robot are active at the same
time, and the output to the actuators is consolidated
(Image 4). Simpler and more complex behavioral functions are ordered hierarchically. Particularly important
here is that the functions have standardized interfaces:
an inbound interface for activating or inhibiting the

Image 4: basic behavior, activation, fusion and networked behavior (source: Albiez et al., A Behaviour Network Concept for Controlling Walking
Machines, In: Adaptive Motion of Animals and Machines. Springer Tokyo, 2006, p. 237-246.)

Robot architectures in the vehicle
Image 5 shows how this kind of behavior-based robot
architecture could be realized in a vehicle. Here, using
the example of driving on the freeway, the block of
functions from image 3 is divided up into a number
of simple behaviors. In addition, there is the function
“Safe State Handling”, which slows the vehicle down
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and brings it to a stop on the shoulder if there is a
system failure. The individual functions, Lane Assist,
Adaptive Cruise Control and Emergency Brake Assist,
are already established in today’s cars. They will
continue to function the same way in a behavior-based
architecture, only the interfaces will change.
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Image 5: arbitration framework for context-specific behavioral patterns (source: Elektrobit)
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Since demands for functional safety play an important
role in the automotive industry, the behavioral functions do not have direct access to the motion manager,
but rather they are imbedded in an arbitration block
that controls, monitors and safeguards their interactions. This block also takes on another role: based on a
predetermined set of rules, it decides when which function comes into play. These rules are dependent on the
situation, for example there can be different behavioral
patterns for situations in which the driver is driving and
for those where the car is driving autonomously.

In this structure the paths of communication for each
behavioral function have been reduced to four: to the
environment model, to the motion manager, to the
HMI and to the arbitration framework. Thanks to the
standardized interfaces in this architecture this does
not change – regardless of the number of behavioral
functions, the level of complexity remains the same at
O(1).

Software distribution and AUTOSAR
The architecture we have talked about so far focuses on
software, but behavior-based robot architecture also
offers room for optimization with respect to hardware.
Today, many control units found in automobiles use a
version of AUTOSAR. AUTOSAR is meant to facilitate
the separation of hardware and software, but this has
not happened in all respects. Control units usually run
with the basic AUTOSAR software, on which proprietary
applications are set. One of the reasons for this could
be that general standards have never been so well
defined for application software that one software
component could be exchanged between control units.
In the area of driver assistance, robot architecture
has the potential to change this. It not only specifies a
clearly structured, functional software architecture but
also the interfaces between the software components.
The AUTOSAR specification language ARXML is well
suited to the task. The language facilitates a clear
description, expandability and portability of the

components across project borders and even between
suppliers and manufacturers. From the hardware
perspective, AUTOSAR compliant basis software enables the distribution of specific software components
to a network of control units and thereby combines
software and hardware architecture (mapping). This
optimizes the system by taking into account the processor and memory capacity of the ECUs, the bandwidth
and the demands of the functional safety.
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3 Conclusion
The use of standardized (robot) architectures for
autonomous driving solves many of the problems in the
areas of
	Package optimization: behavior-based robot architecture can use the vehicle’s existing hardware. The
AUTOSAR-based mapping ensures that all available
capacities are used.
	Combinatorial optimization: the architecture makes
the system completely scalable; spreading out
functions to individual control units makes the
hardware scalable.
	Optimization of the suppliers: by standardizing
components and especially by standardizing the
interfaces it becomes easy to choose between different suppliers and thereby optimize functionality and
costs.

The complexity of the systems is one of the largest
technical hurdles on the way to automated driving. The
use of robot architecture in combination with AUTOSAR
is a promising approach to solving this problem.
Standardized system architectures and software
modules attack the problem at the industry level and
significantly reduce the complexity of developing
automated vehicles.
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