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Abstract

This contribution presents an approach for representing contact-
analog information in an automotive Head-Up Display (HUD).
Therefore, we will firstly introduce our approach for the calibra-
tion of the optical system consisting of the virtual image plane of
the HUD and the drivers eyes. Afterward, we will present the used
eyetracking system for adaptation of the HUD content at the current
viewpoint/position of the driver. We will also present first prototyp-
ical concepts for the visualization of contact-analog HUD content
and inital test results from a brief usability study.
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1 Introduction

In recent years a novel approach for information visualization – the
so-called Head-Up Display (HUD) – has become more and more
popular in the context of automotive displaying concepts. This
output device was pioneered for fighter jets in the early 70s and
later for low-flying military helicopter pilots, for whom informa-
tion overload was a significant issue, and for whom changing their
view to look at the aircrafts instruments could be a fatal distrac-
tion. Thus, the HUD makes it possible to project information di-
rectly into the user’s visual field. Nowadays, HUDs are becom-
ing increasingly available in production cars. Here, the information
appears to hover above the engine hood, a few meters away from
the drivers eyes. The first example of the HUD was used in the
field of automotive transportation in 1988: in the General Motors’
model Cutlass Supreme used a very simple HUD and showed only
the speedometer in a single available color. Current HUDs usually
offer important data, like speedometer, various status and naviga-
tion information. The advantages and disadvantages of automotive
HUDs are a quite big research topic and are extensively discussed in
several publications (e.g., [Gish and Staplin 1995], [Kiefer 1998],
[Kiefer 2000]).
An upgrade of this device can be the contextualization of the
displayed information: the HUD now becomes ”contact-analog”.
Here, the information displayed in the windscreen merges with the
real environment. Therefore, a contact-analogue HUD consists of a
conventional HUD with an enlarged field of view that is combined
with an eyetracker to adapt the shown content at the driver’s current
position. This device offers a broad spectrum for novel advanced
driver information and assistance systems.
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2 Background

2.1 Contact-analog information representation

So-called contact-analog HUD content is spatially related to the
outside world. The image refers to some object in the background,
and the driver perceives a sort of fusion between real world and vir-
tual object.
As a result of the use of contact-analog contents in the vehicle, e.g.,
the following possibilities arise for a better driver support: purpose-
ful direction of the drivers attention on accident-prone situations,
marking of weaker road users, marking of road signs, night vision,
fading in trace-exact navigation references, representation of driver
assistance systems.
In the following, some kind of possible use of contact-analog HUDs
will be shown in order to demonstrate the potentiality of this tech-
nology. The pictures (see Fig. 1) are photos elaborated with par-

(a) Guidance advices: taxiway

concept.

(b) Concept of traffic sign visu-

alization: stop.

Figure 1: Examples for contact-analog displaying concepts.

ticular tools to get a realistic forecast of how such an application
would look like. They are only a few examples of all the possibili-
ties.
Since contact-analog HUDs integrate the displayed contents di-
rectly into the driving scene, the displaying system has to be
adapted at current conditions. The position of the car on the road
is to be determined accurately. Then, existing navigation data (e.g.
location of traffic signs, road process etc.) can be used. Therefore,
differential GPS systems, gyro-sensors, and map matching algo-
rithms can be used. Exact line of sight data are needed to adjust the
HUD at the drivers current point of view. Also, it is necessary to
calibrate the displaying system at the user’s optics, to merge virtual
information with the environment.
However, this contribution focuses on the calibration and adapta-
tion inside the vehicle, i.e., initial calibration of the display on the
optical system of the driver, and adjustment of this calibration data
to the current driver’s perspective/point of view.

2.2 Mathematical background

For the calibration of the display, we use the model of the central
projection for the visual system consisting of the user’s eyes and
the virtual displaying device. The central projection describes the
transformation of a 3D point in the real world on a 2D image plane.
Here, a projection ray is drawn over a fixed point in space, the pro-
jection center C, and cuts a certain plane in space. This plane does
not contain C, and represents the image plane. The intersection of
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the ray with this plane is the picture of the 3D-point. The simplest
camera model for a central projection is the so-called pinhole cam-
era [Hartley and Zisserman 2004]. This assumes an infinite small
pinhole which represents only one point. This projection center is
the origin of an Euclidean coordinate system, and Z = f is the im-
age plane. One point in space with the coordinates ~X = (X ,Y,Z)T

is transformed on that point on the image plane, where the connect-

ing straight line between ~X and the projection center cuts it. If the
third coordinate is neglected, one sees that

(X ,Y,Z)T 7→ ( f X/Z, fY/Z)T (1)

is a central projection from R
3 to R

2. Here, the projection center
is also called camera center or optical center. The perpendicular of
the camera center on the image plane is the principal axis of the
camera, its intersection with the image plane is the picture main
point. If homogeneous coordinates are used instead of Cartesian,
(1) can be simplified to a linear transformation in form of a matrix
multiplication:
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If ~X is defined as a point in real world represented by the 4-vector
(X ,Y,Z,1)T , ~x as its image point represented by a homogeneous
3-vector, and P as the 3 × 4 camera or projection matrix, (2) can

be written as ~x = P~X where P is the matrix from (2). This repre-
sents the basic camera matrix of the central projection via a pinhole
camera. If

K =





f 0 0
0 f 0
0 0 1



 , (3)

is set, (2) can be arranged more clearly as

~x= K [ I |~0 ]~XKam, (4)

where I is a 3 × 3 unit matrix, and~0 = (0,0,0)T . K is called cal-

ibration matrix. Here, (X ,Y,Z,1)T is written as ~XKam, in order to
clarify that the camera is in the origin of a Euclidean coordinate
system, and its principal axis is arranged exactly along the Z-axis.
This coordinate system is called camera coordinate system. Usu-
ally, points in space are specified in the world coordinate system.
These two systems are related to each other via a translation and a
rotation.

~̃X is an inhomogenous 3-vector that refers to a point in the world

coordinate system and ~̃XKam the representative of the same point

represented in camera coordinates. ~̃C is the position of the camera

center in world coordinates. Then ~̃XKam= R(~̃X− ~̃C), where R is a 3
× 3 rotation matrix, which represents the orientation of the camera
coordinate system. Using homogeneous coordinates this equation
can be written as

~XKam =

[

R −R~̃C
0 1

]
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~X . (5)

Applying formula (4) this is

~x= KR [ I | − ~̃C ]~X , (6)

where ~X is now in the world coordinate system. This is the general
transformation, which is given by the pinhole camera. A general

pinhole camera has 9 degrees of freedom (DOF), i.e. 3 for the cali-

bration matrix K ( f , px, py), 3 for R and 3 for ~̃C. The parameters of

K are called intrinsic camera parameters. R and ~̃C, which represent
the camera rotation and position relative to the world coordinate
system, are called extrinsic camera parameters. If all parameters
are summarized, one receives the model of a finite projective cam-
era:

P=





p11 p12 p13 p14
p21 p22 p23 p24
p31 p32 p33 p34



 = KR [ I | − ~̃C ], (7)

where the calibration matrix K is in the form out (3). This extended
model of a pinhole camera has 11 degrees of freedom: 6 extrinsic

(position and orientation, contained in ~̃C and R) and 5 intrinsic (fo-
cal lengths in x and y-direction, skew and coordinates of the picture
main point, contained in K). The projection matrix P has 12 entries.
However, it is clearly defined up to an arbitrary scaling factor, that
causes the 11 DOF.

3 Calibration and viewpoint adaptation

3.1 Test setup

The laboratory prototype consists of a simple model of a car with
a driver’s seat, a rudimentary steering wheel and a mounted Aug-
mented Reality system (ARS) (see Fig. 2). The model’s position
and orientation (COS1) are tracked by an infrared-tracking system
(IRTS) based on the IRTS’s world coordinate system (COS0). A
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Figure 2: Schematic overview.

monitor mounted on top of the car’s model displays virtual content,
which is mirrored into the windscreen by a reflector at the bottom of
the model. To create a contact-analog perception of the displayed
content, the user‘s direction of sight is tracked by an eyetracking
system (COS2). Based on this direction of view, virtual content is
displayed by the ARS using the monitor. Thus, moving the user‘s
view results in moving virtual content.

3.2 Calibration

The visualization techniques, on which this contribution is based,
originate from the research area of Augmented Reality (AR). An
AR environment covers both, real objects in the user’s environment
and virtual objects, which exist only in a computer-internal model
of the world.
Therefore, we adapted and extended an approach for the calibra-
tion of Optical-See-Through Head-Mounted Displays (HMD) (e.g.,
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[Tuceryan et al. 2002]). These displays are used for the augmenta-
tion of the user’s view in various scenarios, e.g. medical surgeons,
mechanics, etc. We use an adapted AR-software, that implements
basic functionalities (e.g., rendering and positioning of virtual con-
tent relative to defined coordinate systems) for displaying virtual
content on such HMDs. Here, the projection matrix P is needed
to augment the real world by emphasized or overlayed additional
information.

3.2.1 Determination of the projection matrix P

The projection matrix P is computed from a number of given cor-
respondences between the 3D-world and the 2D-image. 3D-points
and their pertinent 2D-image points, resulting from the central pro-
jection, represent the simplest kind of such correspondences. Since
normally over-determined linear sets of equations arise with the
computation method, P cannot be determined accurately, but only
an approximation. In the following, our approach to calculate the
needed camera matrix P is presented.

Basic equations: Here, the assumption is made that a certain num-

ber n of point correspondences ~Xi↔~xi between 3D-points in reality
and 2D-image points is given. The 3×4 camera matrix P is wanted

so that ~xi = P~Xi applies for 1 ≤ i ≤ n. It is to be considered that
the equation contains homogeneous vectors and thus~xi and P~Xi are
not identical, but only have the same direction. Since two vectors,
which have the same direction, result in the zero-vector in the cross
product, the equation can be written as follows: ~xi×P~Xi =~0 This
representation facilitates the deduction of a simple linear solution

for P. If the j-th row of the matrix P is denominated as ~P jT , P~Xi
results in

P~Xi =





~P1T~Xi
~P2T~Xi
~P3T~Xi



 . (8)

With~xi = (xi,yi,wi)
T , the cross product can be written as
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
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

 (9)

As it holds that ~P jT~Xi = ~XTi
~P j, a set of three equations with the en-

tries of P arises for each pair of points ~Xi↔~xi. This is represented
as follows:
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

 =~0 (10)

Since these three equations are linearly dependent, the set of equa-
tions can be reduced to two linear independent rows:

[

~0T −wi~X
T
i yi~X

T
i

wi~X
T
i

~0T −xi~X
T
i

]





~P1

~P2

~P3



 =~0 (11)

These equations can be abbreviated as Ai~p =~0, whereby Ai is a
2×12 matrix and ~p is the 12-vector with the entries from P. From
the given n pairs of points one receives a 2n×12 matrix A through
”stacking” the respective equations in (11). The projection matrix P

is determined by solving the system of equations A~p=~0, whereby

the trivial solution ~p=~0 is not of interest.
To obtain the intrinsic and extrinsic parameters from the camera
matrix P, one must convert it accordingly to the form out (7):

P = [M | −M~̃C ] = K [R | −R~̃C ] (12)

If K and R are needed, one must divide the matrix M by means
of the RQ-decomposition. The RQ-decomposition is based on the
multiplication of the right of the matrix with a set of suitable ro-
tation matrices, so that the entries underneath the main diagonals
become zero. The used matrices are called Givens-rotations, and
each of them represents the rotation around one of the three axes of
coordinates.
The AR visualization software uses the determined intrinsic and
extrinsic parameters to adapt the augmented representations to the
user’s virtual camera system.

3.2.2 Execution of the calibration

The main task during the calibration is the production of the pairs of
3D points (computed by the IRTS) and their appropriate 2D points,
and providing these to the computer. As the view of the world, and
consequently of the virtual objects in the AR environment, depends
on the focus, the position and orientation of the vehicle are also
tracked by the IRTS. To collect the point pairs, a calibration body
is placed in front of the vehicle’s HUD, such that the user sees it
through the virtual image plane. Since the used camera model pos-
sesses only one projection center, the user has to look with one eye.
Further, the head is assumed as immovable during the entire cali-
bration (relative to the virtual image plane), since a head movement
would change the intrinsic camera parameters and no correct solu-
tion for P could be determined.
The user points at each individual marker of the body with the cur-
sor and presses a mouse button. The screen coordinates of the
mouse cursor when clicking are noted and assigned to the appro-
priate world coordinates. Since the used body consists of 6 mark-
ers, but the calibration algorithm partly needs more then 6 pairs, it
can be moved during the calibration procedure. Thus, other world
points are transformed on the image plane.

3.3 Eyetracking for dynamic viewpoint adaptation

To adapt the representation in the HUD to different focuses of the
driver, its position relative to the display has to be analyzed. There-
fore, the position of the driver’s eyes during the calibration proce-
dure is determined and used as reference value for the viewpoint
adaptation. Since the extrinsic values of the matrix P represent the
position and orientation of the virtual camera center, these have to
be adapted to the new position of the driver’s optics by adding an
offset computed from the new eye positions.
Our eyetracking system uses cameras with Region Of Interest read-
out (ROI) for the driver monitoring and eye tracking. Thus, a frame
rate of 200 fps is achieved. We use an objective with 40 mm of focal
length and mounted one camera at a position comparable to a posi-
tion at the front column of a car. A second camera is mounted on a
position comparable to the inner rear view mirror. A position nearly
under the vehicle roof guarantees the lowest possible distance to the
driver’s eyes and thus the highest possible local accuracy with fixed
sensor and optics. For a robust system setup, we use the difference
image technique and different LED light sources. The pupil is il-
luminated by 2 different, alternating LED sources (one close to the
optical axis causes the red-eye effect, the other far from the opti-
cal leaves dark pupils). Thus, the difference image only shows two
bright spots at the location of the pupils.For the suppression of ar-
tifacts and noise, a filter chain consisting of a temporal low-pass, a
spatial Gauss filter and various morphologic filters is applied.
After the system start and after losing the tracked pupils in a frame,
the pupil search is initiated. The rough position of the pupil is de-
termined using a dynamic threshold value and a following Canny
edge detector determines its boarder. Finally, an ellipse fitting al-
gorithm computes the coordinates of that ellipse, whose pixels have
the lowest possible square error to the given edge pixels. These op-
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erations are applied on the interpolated picture, whereby sub pixel
accuracy can be achieved.
To compute the positions of the eyes in the 3D car coordinate sys-
tem, we use a calibrated stereo camera system. For the calibration
of the camera system, the calibration toolbox for MATLAB is used.
An iterative algorithm based on [Zhang 2000] is then used to calcu-
late the intrinsic and extrinsic parameters of both cameras as well
as the extrinsic parameters of the stereo rig.
In each rendering phase of the AR visualization software, the com-
puted position of the driver’s eyes is added to the initial determined
extrinsic calibration values (i.e., rotation and translation). Thus, the
calibration is adapted on different positions of the driver and thus
the center of the virtual camera.

4 Displaying concepts and evaluation results

To analyze the performance of the implemented calibration and dis-
playing software, different concepts were implemented and evalu-
ated in a brief study. During a test, the subjects are located in the
mock-up described above. They have to accomplish a primary driv-
ing task. The driver’s view through the combiner (i.e., the driving
simulation and the HUD content) can be seen in Fig. 1. A special
round course was modeled. This contains most diverse intersections
and turning scenarios, pedestrian crossings as well as a multiplicity
at traffic signs. The simulation platform provides all relevant en-
vironment data (e.g. position of traffic signs and the road) for the
positioning of the HUD content.

Evaluated displaying concepts: The main idea of these concepts
is to present relevant information about the primary driving task di-
rectly on the road. Fig. 3 illustrates a concept to provide guidance
advices from the navigation system in a HUD. As shown in the im-
age, the orange direction arrow appears to be actually integrated in
the street. This has the following two advantages: the information
is synchronized with reality, and it should not distract the driver; the
information of the navigation system is placed at a known location.

Figure 3: Drivers view on contact-analog arrow in the HUD.

Test procedure: The concepts were tested in separate sessions,
and all participants conducted the test in the same order. In the first
session, the test persons were to acclimatize them self with the used
driving simulator. Afterwards, they drove the round course with
the simulation of an ordinary static HUD where a symbolic arrow
representation was used as reference system (HUD-REF). During
the next test runs they used the contact-analog HUD concepts. For
the evaluation of the concepts, we used a semantic differential, and
an adapted version of the NASA TLX.

Test persons corpus: Six women and 11 men participated. The
age of the participants varied between 20 and 42 years (average at
approx. 31 years). 58% of the subjects knew the HUD reference
system, and 35% of the subjects already had it in use. Already 50%
of the subjects knew about the contact-analog extension of the HUD
system, although this is not offered yet on the market.

4.1 Results

The main focus of the test series was on the evaluation of the dis-
playing quality, which was evaluated as good to very well by nearly
all of the subjects. Only for 2 persons the representation was not
satisfying, since the calibration values could not be determined ex-
actly. Thus, the HUD content could not be adapted accurately to the
eye position, and the representations lay outside of the desired lane.
Furthermore, the procedure of the calibration was regarded of 40%
of the subjects as too pedantic and time-consuming. However, this
evaluation related itself, after it was explained that this procedure
would be necessary only with the first use of the HUD.
Amajority of 83% of the test persons considered the contact-analog
arrow representation as good or very well. According to their state-
ments, this justifies itself, as they mentioned they already knew this
layout from lane markings during several trips in real environments.
Only one test person, which used the HUD-REF frequently, rated
this as more intuitive compared with the contact-analog represen-
tations. The contact-analog representations were not rated as ob-
structing the view. 58% of the subjects did not see a danger to be
diverted from traffic by the arrows. This section presents first pre-
liminary results since the evaluation of all recorded data is still in
progress.

5 Summary and outlook

In this contribution, we presented advanced visualization tech-
niques for the automotive domain, using Augmented Reality and
a contact-analog Head-Up Display. The main focus was on the
calibration of the displaying device at the driver’s optical system.
Therefore, we presented our approach for the calibration of an auto-
motive HUD. Using an eyetracking system, we could dynamically
adapt the initial calibration of the displaying device.
Our short evaluation showed a high acceptance by the users and
ideas for improvement. Future work will aim at the integration of
more contact-analog content. Currently, we are also working on
the implementation of a pivotable stereoscopic eyetracking system,
which provides a greater and adaptable ”field of view”. Thus, we
will be able to allow broader ranges for natural occurring head and
eye movements of the driver.
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