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Foreword

:2023(E)

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

Thle procedures used to develop this document and those intended for its further majnte|
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Introduction

This document outlines ergonomic specifications, evaluations and test methods for the design and
laboratory assessment measurement of head-up display (HUD) image qualities like virtual image
distance (X), aspect ratio (Y and Z), luminance, contrast and image height adjustment ranges.
This document also outlines procedures for measuring HUD images for the purpose of laboratory
assessments, as measured from observation areas defined by an eyebox, and provides the definition of
the eyebox from the locating the driver’s eyellipse (see ISO 4513).

This document also prnvidpc a standard measurement practice of HUD virtual images for HUD bench
testing, static and dynamic laboratory test, as well as methods for documenting HUD virtual ithage
attributeq such as size, luminance, contrast, field of view, image location adjustment ranges and/"HUD
eyebox atfributes using image readability standards from SAE ]J1757-1, SAE J1757-2, ISO 15008 er other
applicablg standards where required.
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TECHNICAL SPECIFICATION

ISO/TS 21957

:2023(E)

Road vehicles — Visibility — Specifications and test
procedures for head-up displays (HUD)

] ergonomics testing of automotive head-up displays (HUDs) independent of technplog
ere noted. Applications in both passenger cars (including sport utility vehicles and light'ty

commercial vehicles (including heavy trucks and buses) are covered. This document does n

he
Ar

met-mounted HUDs or other head carried gear such as glasses.

bas covered in this document include:

he design,
jes except
ucks) and
ot include

—| guidance on how to establish reference points and representativeviéwing conditions| based on
vehicle coordinates and ranges of driver's/passenger's eye points;

—| descriptions of the HUD image geometry and optical properties measurements;

— | definitions of the HUD virtual image and driver vision meaSurements;

—| static and dynamic laboratory tests, and dynami¢:field operational assessments that include
suggested vehicle setup procedures in order to measure HUD image attributes.

2 [ Normative references

Thf following documents are referred to in-the text in such a way that some or all of thejir content

constitutes requirements of this documént. For dated references, only the edition cited applies. For

unfated references, the latest edition efthe referenced document (including any amendmentf) applies.

IS 4130, Road vehicles — Three-dimensional reference system and fiducial marks — Definition§

IS) 4513, Road vehicles — Visibility — Method for establishment of eyellipses for driver's eye locfition

ISQ 16750-2:2023, Road~vehicles — Environmental conditions and testing for electrical and|electronic

equipment — Part 2: Electrical loads

IS) 16750-3:2023,yRoad vehicles — Environmental conditions and testing for electrical and|electronic

equipment — Part 3: Mechanical loads

ISQ 16750-4:2023, Road vehicles — Environmental conditions and testing for electrical and|electronic

eqliipmént— Part 4: Climatic loads

ISQ_16750-5:2023, Road vehicles — Environmental conditions and testing for electrical and|electronic

equipment — Part 5: Chemical loads

3

Terms and definitions

For the purposes of this document, the following terms and definitions apply.

[SO and [EC maintain terminology databases for use in standardization at the following addresses:

[SO Online browsing platform: available at https://www.iso.org/obp

IEC Electropedia: available at https://www.electropedia.org/

© IS0 2023 - All rights reserved
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3.1 Terms related to vehicles

3.1.1

vehicular coordinate system

three-dimensional reference coordinate system showing the supporting surface of the vehicle as the
zero Z plane (horizontal zero plane), the zero Y plane (vertical longitudinal zero plane), and the zero X
plane (vertical transverse zero plane) at non-operational conditions

Note 1 to entry: It is defined on a right-handed coordinate system having the x-axis positive pointing opposite
of the forward movement direction, z-axis positive being orthogonal to the ground plane and pointing upwards,
and the y-axis paositive pointing to the right seen in forward mavement direction [See also 31 2 for reference

grid under|operational condition.)

3.1.2
three-dimensional reference grid
longitudinal plane X-Z, a horizontal plane X-Y and a vertical transverse plane Y-Z which-are used| to
determing the dimensional relationships between the positions of design points on drawings and thleir
positions pn the actual vehicle when the vehicle coordinates is in operational condition

Note 1 to pntry: There can be national regulation applicable which specifies the vehicle operation conditjon
affecting the three-dimensional reference grid which is used in the evaluation procedure of this documgnt.
For example, in countries adopting Reference [22], the operation condition determining the three-dimensfion
reference drid is given in the Reference [22], 2.3 (see also 3.1.1).

3.1.3

V point
vision poijnt positions in the passenger compartment determined as a function of vertical longitudipal
planes passing through the centres of the outermost designated seating positions on the front seat gnd
in relatior) to the "R" point and the design angle of the seat:back, and are used for verifying compliafce
with driver's fields of view requirements

[SOURCE:|Reference [22], 2.8]

3.14

H point
pivot centre of the torso and thigh of the 3D H machine installed in the vehicle seat, and located in the
centre of the centre line of the devicewhich is between the ‘H’ point sight buttons on either side of the
3-D H maghine

Note 1 to eptry: The H point is detailed in ISO 6549 and it is used to determine the location of the eyellipse (3.2.1).
The "H point" corresponds thegretically to the "R" point.

3.1.5
SgRP
seating reference point
R point
design point.defined by the vehicle manufacturer for each seating position and established with resppct
to the threé-dimensional reference system

Note 1 to entry: The R point is detailed in ISO 6549 and it is used to determine the location of the eyellipse (3.2.1).

3.1.6

windscreen datum point

point situated at the intersection with the windscreen (3.3.13) of lines radiating forward from the V
points (3.1.3) to the outer surface of the windscreen

[SOURCE: Reference [22], 2.11]

2 © IS0 2023 - All rights reserved
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3.1.7
P point
point about which the driver's head rotates when driver views objects on a horizontal plane at eye level

Note 1 to entry: Head-up display (HUD) (3.3.1) images are presented to the driver intended to be observed with
the head oriented in a forward direction (for P3 and P4, see Figure 7). Nevertheless, small head rotation may
occur while accessing device for indirect vision with some minor residual head turn around this point (for P1 and

P2,

see Figure 7).

[SOURCE: Reference [22], 2.14, modified —Note 1 to entry was added.]

3.
Ef
po
ob

No
pil
ori

.0

oint

nt representing the centre of the driver's eyes and used to assess the extent to which
scure the field of vision

Le 1 to entry: The E points' definition is adopted from UN Regulation 125 when observing the dire

entation. See Figure 1 for the correlation of E point to with P point (3.1.7).

Dimensions in

driver head centre’line

line, viewed'énd on, between E; and Ey

Figure 1 — Neck pivot point and associated eye points
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right eye
neck pivot point

‘A" pillars

ction of "A"

ar while the driver's ocular reference point (ORP) defined in 3.3.17 is the centre at forward-facing dlriver head

millimetres

3

1.9

seat-back angle
angle measured between a vertical line through the H point (3.1.4) and the torso line using the back-
angle quadrant on the 3-D H machine

[SOURCE: Reference [22], Annex 3, 2.6, modified — The term was originally "actual torso angle", and
supplemental information were removed from the definition.]

©lI
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3.1.10

A pillar

roof support forward of the vertical transverse plane located 68 mm in front of the V points (3.1.3) and
includes non-transparent items such as windscreen (3.3.13) mouldings and door frames, attached or
contiguous to such a support

[SOURCE: Reference [22], 2.16]

3.2 Terms related to the eyellipse and eyebox

3.21

eyellipse
statistical distribution of eye locations in three-dimensional space located relative to defined.vehicle
interior ré¢ference points

Note 1 to ¢ntry: Eyellipse is a term derived as a contraction of the words “eye” and “ellipse’’and it is defined
in ISO 451B. Unless otherwise specified, the eyellipse space in this document refers to the specific eyellipse
representifg the distribution of the 95th percentile of driver population as seated in the-drive seat. Figurg 2
shows an ejyellipse model which would be located as shown in Figure 3.

+7
| +7

Key
X, Y,Z elllpse axes

Figure 2 — Eyellipse

4 © IS0 2023 - All rights reserved
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Key
A seat track rise TL,; seat track travel
AH accelerator heel point W,y y-coordinate of the SgRP
BOERP ball of foot reference point X, x-coordinate of the eyellipse centroid Ipcation
Hg z-coordinate of the AHP Yeya mid-eye y-coordinate
H, z distance of the SgRP (3.1.5) from the AHP Z. z-coordinate of the eyellipse centroid Ipcation
Ly x-coordinate of the BOFRP B side view angle
Lg x distance from the steering wheel centre to 1 zero X grid
BOFRP
L3 x-coordinate of the-SgRP 2 zero Y grid
SgRRP  seating referénce point 3 zero Z grid
TH};  H-point yertical adjustment 4 H-point travel path

Eigure 3 — Location of the eyellipse relative to driver packaging dimensions

[SOURCE: ISO 4513:2022, 3.1, modified — Explanation on "contraction of the words “eye” and “ellipse”
used to describe" has been deleted, Figure 3 was added and Note 1 to entry has been replaced.]

3.2.2

eyebox

simplified two-dimensional rectangular box model providing the representative distribution range of
the driver's eye reference point for evaluation, encapsulation and having its frame line tangential to the

eyellipse (3.2.1)

Note 1 to entry: The eyebox is an area covering the entire range of driver with different physical characteristics
and a device under test (DUT) (3.3.25) may not necessarily be capable of conveying visual information within the
entire eyebox range without personal adjustment. See also adjusted viewable HUD window (3.2.3). It is rather a
rectangular vertical plane defined at the centre of the eyellipse and actually it is not a three-dimensional box.

© IS0 2023 - All rights reserved 5
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3.2.3

adjusted viewable HUD window

observation eyebox window at adjusted condition

range designed to convey the visual information to the viewer at adjusted condition, within which the
image generated by the device under test (DUT) (3.3.25) satisfies the required image quality condition

Note 1 to entry: The driver's eye position is expected to come somewhere within the eyellipse (3.2.1) range. A
head-up display (HUD) (3.3.1) system is often composed of a reflective device transferring image from the imaging
device towards the driver's eye, and its visibility is affected by the observation point. To satisfy needs of drivers
with different genders or anthropometric characteristics, a system may provide adjustability to satisfy those
different need D djusted to a specific eye itj ha ide satisfactory image within an expect range

of driver h¢ad movement.

Note 2 to gntry: An HUD system is a system expected to be capable of providing a uniform image quality to the
entire eyellipse range without deterioration of the image quality, and this implies to cover a certain acceptable
range of eyle movement coverage while in operation that may not cause a drastical degradation pivthe perceiyed
image quality by the driver normal head movements within this specified window. The DUTF shall be capable
of properly conveying the visual information to at least a defined range characterized |according to this
constrained window once adjusted by each driver. This auxiliary observation eyebox (3.2:2) range is defined as
complementary range for image quality evaluation.

Note 3 to ¢ntry: If the quality of the image conveyed to the viewer drastically varies within this range, it may
induce dispomfort. On the other hand, if the quality of the image gradually-degrades with the driver he¢ad
displacemgnt going beyond this adjusted viewable HUD window position, the degradation of the image cauged
by the disglacement of head position will motivate the driver to return his head position to within this windpw,
therefore, fo enable such design strategy which may motivate the drivér'to return his head position within the
adjusted vljewable HUD window, but it does not prevent to cause degradation when the driver may move his/
her eyes bg¢yond this range as a mean to motivate the driver to maintain their head to a certain limited rangg to
be able to fccess to the visual information conveyed by the HUD/the image quality beyond this range does hot
necessarily need to fulfil the same image quality as required with driver eye at nominal position.

3.2.4
eye positjon tracker
equipmenit to localize the dynamic positioning of the driver's eye

Note 1 to gntry: The detected position of the gye'serves to dynamically control and generate augmented reality
images of |ntended information according to geometrical positional configuration of the driver's eye point of
observatiop. Other adaptations or adjustments according to detected driver's eye position may apply.

3.3 Terms related to an HUD-system

3.31
HUD
head-up djisplay
informatipn display,'system that enables the driver to access visual information within a driver's
direct field of viewvwithout requiring drivers to move their gaze orientation toward the traditiopal
informatipn cluster panel display

Note 1 to ehtry: The nomenclature of head-up display (HUD) came from the use of this term to describe a type of
display system used in military avionics application, where information to the pilot was provided in a form not
requiring any deliberated head down movement to access the dynamic displayed information.

Note 2 to entry: The use of this term for automotive applications includes a variety of display systems that display
information such that drivers do not need to look down at traditional cluster displays.

6 © IS0 2023 - All rights reserved
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3.3.2
HUD engine

PG

U

picture generation unit
assembly which composes part of a head-up display (HUD) (3.3.1) system incorporating an image
generating device and optical components to guide the generated image onto the display combiner
(3.3.3)

:2023(E)

Note 1 to entry: The visual information generated by the HUD engine is reflected by the combiner which directs
visual information to the observer.

No
of

No
Vir
the

3.3
co

eld
the

No
deg
act]

No
by
H

i
on
cul

im

No
the
thr
dif

fe 2 to entry: HUD systems may have compensation optics unit to extend the visual accommodatig
renerated images by using a combination of transmissive and reflective optical elements.

Fe 3 to entry: Many aftermarket HUDs often use a simple combiner with limited capability to
tual image at a specified distance, which results in higher accommodation efforts whetimages arg
observer.

3

mbiner

ment or subcomponent of a head-up display (HUD) (3.3.1) system¢in-which images geners
HUD engine (3.3.2) are reflected to reach the observers eyes (retina)

Le 1 to entry: There are several types of HUD, and the use of combiners may differ according to the cq
ign or technology adopted to create the HUD system. HUD systems using the front windscreen (3.3.]
as combiner have their surface treated to properly reflect the'image generated by the HUD engine

fe 2 to entry: The HUD type using a separate transparent optical combiner to reflect the imagg
the HUD engine is differentiated from an HUD in¢which the windscreen itself acts as comb

dscreen-type HUD. A benefit of combiner HUDs-s‘their capability to apply different optical design
the combiner surface when compared the windscreen type which has its reflective surface restri
vatures of the vehicle windscreen design, Separate physical combiner components in a combiner
poses bordering frames to the viewer.

Le 3 to entry: A combiner in HUD systems is a component that helps the system to combine and sy

generated image on top of the-actual driving scene image when an observer watches a road
ough the combiner. A combiner.does not be necessarily need to be a physically reflective element. H
fractive elements are an example of an element that is not reflective but still capable to deliver

compbiner.

3.3
AR
au
gel
no
dis

No

4

HUD
bmented realityhead-up display
ire of head=up display (HUD) (3.3.1) where images displayed to the viewer are presented
'mal frofit gaze orientation requiring minimum movement of viewer gaze orientation to ac
playediinformation

feé-hto entry: Presentation of the information in augment reality in many applications is intended

n distance

broject the
viewed by

ted on by

nstruction
[ 3) itself to

generated
ner. These

Ds have a separate physical combiner, so they are\often called "combiner HUDs" to distinguish them from a

curvature
cted to the
type HUD

perimpose
way scene
olographic
images as

in driver
ress to the

to provide

the presented information SUpPerimposed o image ol the real-world View SCene, virtually creating, an
symbols and signs as they might exist in the real world, but in a virtual visual manner.

3.3.5

C-HUD

combiner head-up display
genre of head-up display (HUD) (3.3.1) where image displayed to the viewer are reflected by a separate
combiner (3.3.3) which is located in between driver's eye and the windscreen (3.3.13)

© IS0 2023 - All rights reserved
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3.3.6

W-HUD

windscreen head-up display

windshield head-up display

genre of head-up display (HUD) (3.3.1) where images displayed to the viewer are reflected by the
windscreen (3.3.13) itself and the windscreen acts as an integrated combiner (3.3.3)

3.3.7

2D HUD

two-dimensional head-up display
traditionat l’lcud-up d[apl’u_y (1’1’(’_}'3) (ﬁ) that diaplaya informatiomromraflatfocat plauc at—avirtpal
distance from the observer

Note 1 to eptry: This term is sometimes used to differentiate the traditional 2D HUD from the genre of HUDs that
have added functionality to display information with depth perceptibility (e.g. 3D HUD (3.3.8)). See Figure B.1l.

3.3.8

3D HUD
three-dimensional head-up display
genre of head-up display (HUD) (3.3.1) where images are presented to the {iewer with stereoscqpy
aspects providing observers a sense of virtual depth

Note 1 to eptry: While a classical augmented reality head-up display (AR HUD)(3:3.4) provides visual informatfion
to the vieWer image at the same gaze orientation to where the informationis expected to be shown in three-
dimensiongl real-world space, the 3D HUD also provides the visual infofmation by means of stereoscopy giviing
the viewer|an additional sense of depth perception. Figure B.1

Note 2 to eptry: The three-dimensional sense of perception is achieved by different means and there exist multiple
techniqueq to achieve it. One technique is that the image viewer.captures images for each eye with perspective.

3.39
HUD effe¢tive display area
active arep in which the generated virtual image'is-effectively observable within the direct field of view
of the driyer/observer

3.3.10
HUD absglute maximum luminance level
maximum luminance functional cdpability to display a virtual image by the device under test (DUT)
(3.3.25) r¢gardless of ambient light/condition

Note 1 to ¢ntry: The luminance”level under night ambient condition may impose gaze disturbing the drivér's
vision. A DPT may have an efabedded function to adjust the maximum brightness level up to this maximum litpit,
whether manually or autematically. Conditional maximum brightness level is defined in 3.3.11.

3.3.11
HUD conditional-miaximum brightness level
maximum luminance adjusted under detected ambient light condition in operation

Note 1 to = atio g pteally automaticalls
according to the detected external environment condition and avoids excessive bright display in night drive
environment as a use case example. Figure 4 is an example of linear gradation test image with brightest and HUD
ON darkest level (3.3.12).

8 © IS0 2023 - All rights reserved
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Key

1  brightest display level (100 % signal level)

:2023(E)

2 | HUD ON darkest level (0 % signal level)

Figure 4 — Example of neutral colour luminance gradation test image

3.3
HU
da
ab
(D

A2
D ON darkest level

solute black signal” and capable to achieve when displayed as a virtualjimage by the device
JT) (3.3.25)

No
do
lit
wh

Fe 1 to entry: Depending on the technology used, the darkest levelachieved when a "numerically bl
s not reach an absolute zero. When pixel uses light-emitting devices, 0 level is likely to be achieved
.CD or LCOS type devices have some extent of leak light evely when displaying a "numerically bl
en the device is in operation mode.

3.3.13
wipdscreen
wipdshield
W/S
trgnsparent structural component of a vehicle used to protect the vehicle's occupant from the
alien objects reaching the occupant while-traveling and at the same time providing necess
frdntal vision to the driver (in front:gfsthe driver through which the driver views the road
acgess the visual scene to convey alsafe driving manoeuvre task

No
glal

fe 1 to entry: Itis a protective faminar composite component often made as an assembly of at least t
ss sheets with an intermediate plastic material which holds together when shattered, for improved

No
ani
(3]

te 2 to entry: The windscreen has at least two reflective surfaces (outer/inner) and it is likely
sotropic curved surface relative to the driver seating positioning. In a W-HUD, its surface(s) acts g
B.3) element refleeting the projected image from the HUD engine (3.3.2) toward the driver's eye.

No
co

fe 3 to entryi\Windscreen or windshield are common term largely used to refer to the safet
ponent ef'material as defined under UN Regulation No. 43 or FMVSS §S571.205

Fkest luminance level when the head-up display (HUD) (3.3.1) is in operation, displaying a "nymerically

under test

ack signal”
While back-
ack signal”

wind and
ary direct
ahead) to

o laminar
safety.

to have an
s combiner

y "glazing"

ance) of the object plane

while the positions (dist nd of the objective of the ¢

3 ably sharp,
amera are maint

ained

Note 1 to entry: In some publications, the term “depth of focus” is used to refer to object space. It is recommended
that, when the distinction is important, the full terms “depth of field (in object space)” and “depth of focus (in
image space)” be used.

Note 2 to entry: It is the range of observed distance of objects nearest and furthest from observer which are in
focus.

[SOURCE: ISO 10934:2020, 3.1.37, modified — The term was originally "depth of field", Notes 2 and 3 to
entry have been added.]
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3.3.15

forward infinity-oriented setup
orientation of the evaluation equipment toward the vehicular forward infinity movement having as its
infinity the horizontal line on a straight road

3.3.16

driver's field of vision
horizontal and vertical field of vision provided through the windscreen (3.3.13) and extendable beyond
the A pillar (3.1.10) of a vehicle

3.3.17

driver's
driver’s
cyclopea
middle p

Key

Xa  driver
Xb  driver

Unless oth
Specific ne

RP

cular reference point

eye

int between the two ocular points of the driver

P

Xa Xb

s
=

E

(O

-
=

N—L

s binocular point

s ocular reference point

erwise indicated, the measurement is to be performed based on the driver’s ocular reference po
bds for stereoscopy measurement may Jequire evaluation on each right and left eye with typical aver

pupillary djstance of 65 mm.

Figure5— Driver’s ocular reference point

Note 1 to entry: See Figure 5 for;the difference of driver's binocular point and driver's reference ocular point]
the case of|3D HUD (3.3.8), the perceptual depth is achieved by the stereoscopic perception and the eye posit

is tracked
eye point.

o generate an immage to be displayed on the device under test (DUT) (3.3.25) according to the detec

Note 2 to eptry: E point (3.1.8) is the term used to specifically refer to the eye point when the driver accesses
area around an A-pillar (3.1.10) as defined under ISO 4513 (see Note 1 to entry in 3.1.8).

[SOURCE:

[S0 16505:2019, 3.1.4, modified — Notes 1 and 2 to entry and the admitted term "cyclopsg

int.
hge

In
ion
ted

the

an

eye" have been added.]

3.3.18

transparent area
area of a vehicle windscreen (3.3.13) or other glazed surface whose light transmittance measured at
right angles to the surface is not less than 70 %, used by a driver to access the frontal field of vision
while performing the driving task

[SOURCE: Reference [22], 2.13, modified — Information about armoured vehicles removed and "used by
a driver to access the frontal field of vision while performing the driving task" added.]
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3.3.19

transparency of HUD display combiner area

light transmittance measured at natural observation angle of the driver forward vision at a combiner
(3.3.3) area on a windscreen (3.3.13), given in comparison to light transmittance on an area other the
combiner dedicated area

Note 1 to entry: In case the combiner area of head-up display (HUD) (3.3.1) is a dedicated area which influences
the transmittance of frontal vision of the driver, the dedicated area shall be additionally evaluated to verify the
reduced transparency at the area dedicated as combiner. This applies specially when a separate combiner is
adopted as a mean to generate the HUD image, (a combiner head-up display (C-HUD) (3.3.5) usually adopts an
optical combiner element between the driver's eyve and windscreen)

3.3.20

optical accommodation distance
optical distance of the projected virtual image from the driver's eye point where the begt focus is
achieved

Nofe 1 to entry: In the absence of any astigmia aberration, the horizontal and vertieal focusing digtances are
sarpe.

Note 2 to entry: The system may exhibit an astigmatism effect resulting in.difference in optical accognmodation
distance regarding horizontal resolution and vertical resolution. It is suggéstéd to measure each accofnmodation
individually to better characterize the device under test (DUT) (3.3.25) properties.

3.3.21

binocular depth perception
brain perception of distance from image capture by the left and right eye of the observer and processed
in the brain

Nofe 1 to entry: In a stereoscopic 3D HUD (3.3.8), images with disparity are artificially created and displayed
by the head-up display (HUD) (3.3.1) unit to the left@and right eye respectively, thus giving a sense of information
being superimposed on 3D real space at an intended depth (distance from observer).

3.3.22
luminance contrast ratio
rafjio of displayed image luminance.relative to the defined reference background scene

Nofe 1 to entry: The luminance contrast ratio is affected by multiple factors other than the background scene and
dispplayed image itself, and effects like haze and scene.

3.3.23

logk down angle
LDA
anmjount of gaze/down angle required to observe the centre of the virtual display image area, felative to
frdntal infipityorientation

Note 1 to-entry: See 6.2.2.1 and Figure 16.

3.3.24

look over angle
LOA

amount of the lateral gaze angle required to observe the centre of the virtual display image area,
relative to the vertical plane which contains the frontal infinity orientation from the ocular reference
point (ORP)

Note 1 to entry: See 6.2.2.2 and Figure 16.

3.3.25

DUT

device under test

single component or combination of multiple components that performs a function of the head-up
display (HUD) (3.3.1) as defined to be tested
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4 Abbreviated terms

LDA look down angle
LOA look over angle

SgRP  seating reference point

5 Specification, verification, and reference point definition for HUD image
evaluatiom

5.1 General

The imagés generated by the HUD engine unit are targeted to be observed by the driver,-The drivér's
eye positipning is one of the essential attributes determining the image performanee ‘as observed|by
the driven Therefore, this clause details on the procedure to determine these eyes:poSitioning related
attributeqg which will be used during the following measurement procedure to@access the HUD imgge
and the rdlated quality evaluation. Annex A provides additional information far allocating the eyebo

[

The winds$creen datum point (3.1.6) is the intersecting point from V point(3.1.3) or the driver’s ocullar
reference|point (3.3.17) when the driver's gaze is towards forward, infinity, according to forward
infinity-oriented setup (3.3.15). For evaluation procedures with the‘vehicle in operation conditipn,
the driver forward infinity gaze line will be intersecting the windscreen datum point (3.1.6), gnd
intersectipg also the point indicated by key "I" in Figure 8.

The H point (3.1.4) and seat-back angle (3.1.9) are factors thatinfluence the driver’s eye point but baged
on several findings in the development of ISO 4513, they are directly factored into the calculation of the
eyellipse (see ISO 4513:2022, Clause F.2).

5.2 Eyellipse and the eye centroid location

The eyellipse is the three-dimensional statistical distribution space where the driver’s eye locatjon
could come while driving. The eyellipse location within the vehicle is defined in ISO 4513. It establisles
the locatipn of drivers’ eyes inside a.vehicle. The quality of image conveyed by the HUD to the driyer
is evaluated as visual information observed within this space. This document adopts the eyellipse
covering the 95t percentile driver population.

The precise location shall be‘derived according to the definition in ISO 4513.
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Key

Aqd seat track rise TL,; seat track travel

AH accelerator heel point Wy, y-coordinate of the SgRP

BOERP ball of foot reference point X. x-coordinate of the eyellipse centrojid location
Hg z-coordinate of the AHP Yeya mid-eye y-coordinate

H, z distance of the SgRP from the AHP Z. z-coordinate of the eyellipse centrofid location
L, x-coordinate of the BOFRP B side view angle

Lg x distance from the steering wheel centre to BOFRP 1 zero X grid

L3 x-coordinate of the-SgRP 2 zero Y grid

SgRP  seating referenée-point 3 zero Z grid

TH,  H-point vertical adjustment 4 H-point travel path

Figure 6 — Location of the eyellipse relative to driver packaging dimensions

5.3 CEyebox location

The eyebox is used as a measuring position for most of the image quality evaluation within this
document as a practical position point of evaluation and located over the driver seat as described in

Figure 6.

Due to the difficulty of working directly with the eyellipse using the complex three-dimensional
space to perform measurements, a solid rectangular box model is adopted as a representative point to
determine the measuring point. This eyebox is used to determine the measuring points throughout the
evaluation, thus it simplifies the measurement procedure, without a need to access the curved three-
dimensional space of an eyellipse.

This clause provides the procedure to translate the eyellipse coordinate information to the eyebox.
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As the image quality observed by the driver may depend on the observation point within the eyellipse,
test procedures described in the following clause will adopt a specific representative point on this
eyebox to perform the evaluation.

Figure 7 shows the driver eyellipse plan view (at the top) and side view (at the bottom) as described
in ISO 4513, and the bold line illustrate the eyebox Y and Z dimensions positioned centred and vertical
at the mid-eye centroid. The vehicular X axis touching the outermost surface of the eyellipse at this
vertical plane is in fact a planar range defined by a plane orthogonal.

The Vertlcal 51ze of the eyebox adopts the dimension lndlcated by Flgure 7, key 5, for practlcal reasons.
A small d ared to the oute ange o : ipse ure 7 key 6
but the di ference is negllglble

The test pfocedure described in this document considers a baseline to cover 95th percentile of the'driyer
and therefore, the evaluation shall consider determining the eyellipse that covers the 95th percentilg of
the drivey population. Therefore, values to establish the eyellipse for this 95th coveragershall be uged
determing the respective eyebox. ISO 4513 provides details to derive the neck pivot points, or simply P
points selgcted according to the driver task. Multiple P points are defined in ISO 4513 but points P1 gnd
P2 are spgcific points where drivers change their head position to access visual ifformation around the
A pillar (3.1.10) area and therefore they are not applicable when observing information provided by|an
HUD towdrds a forward viewing task to the road ahead.
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Dimensions in millimetres
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5 P | ()
o S A,
y
driver 's ORP (mid-eye centroid) B side view angle
eyebox horizontal frame (bold line) P1 neck pivot points used to position eye
points(reference)
eyebox vertical frame (bold line) P2 neck pivot points used to position eye
points(reference)
eyebox lateral y dimension P3 neck pivot points used to position eye poiE
eyebox vertical z dimension P4 neck pivot points used to position eye poi
widest Z dimension of the tilted eyellipse
(reference)
TE The outermostwvertical dimension given in key 6 is not used.
Figure 7 — Eyebox versus eyellipse and P point location
TE Eyellipse are shown for reference purposes to determine the eyebox frame location.
Evaluation, test and measurement

6.1 General

Evaluation, test procedures are described in the following subclauses.

6.1.1 Measurement setup

6.1.1.1 General care

ts
ts

When performing evaluation of an HUD system, its optical components like the HUD engine, the
windscreen or the combiner shall be positioned and aligned according to the installation packaging
design, operation, and vehicle load condition. For details on operation condition, see also 7.2.

© IS0 2023 - All rights reserved
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The vehicle load condition can affect the vehicle pitch. The measurement shall be performed following
the nominal positioning and orientation under this condition. National bodies can have information on
instructions to set the vehicle under such predefined operation condition.

For setup in a laboratory environment, components including windscreen and peripheral components
affecting the virtual image shall be positioned to mimic the in-vehicle installation packaging condition
of the HUD under test.

Vehicles fitted with suspension enabling their ground clearance to be adjusted shall be tested under the
normal conditions of use specified by the vehicle manufacturer.

Gloss of spirrounding components might influence the viewing performance due to parasitic incident
alien light. Stray light that may hit onto the effective viewing area of the HUD displayed image may
decrease the image quality formed by the HUD. Note that that incident alien stray light can be reflected
by some of the HUD components themselves but also as secondary reflection.

6.1.1.2 arkroom environment

To avoid the alien external light affecting the evaluation result, care should be‘taken to secure that
incident light other than that aimed for evaluation is properly excluded _from the surrounding
environmpent.

The dark|room condition required for measurement may depend on the type of evaluation to|be
performedl/executed. If the evaluation targets measuring the luminance characteristic of the DUT, gny
alien stray light that may disturb the measurement result shall be minimized.

On the otler hand, in evaluation of physical properties like LDA; LOA and distortion measurement, the
incident alien illumination does not get severely affected:dii-most cases, a moderate dark condition is
enough tq enable to perform these measurements. However, for evaluation of visual properties ljke
resolution], contrast and ghost measurement, an exaggerated influence of alien incident illuminat{on
may potentially affect the results. Therefore, appropriate counter measures shall be taken to remgve
the effectjof such alien light. Typically, an environment under 0,05 1x can be enough.

Unless otherwise indicated, the foreground:\shall be covered by a black dark material or black light
trap. Rempving lights from the foreground-{at dark) enables evaluation purely generated by the HID.
However, |this is not a realistic use case because the situation is similar to evaluating in complgte
darkness,|i.e. without switching any headlight ON.

An examplle of an environmentssetup can be found in SAE J1757-1.

6.1.1.3 [Laboratory setup

Figure 8 shows an example of setup and necessary equipment positioning. A movable vertically stand|ng
panel parpllel to the vehicular y-z plane and capable to be moved along the vehicle longitudinal ajxis
x-axis of the vehiele coordinate shall be place in front of the DUT. The coordinates shall follow ISO 41B0.
The positjoning of the panel with a physical grid shall be well aligned to evaluate the location of the
virtual injage created by the DUT, and adjustable to bring the panel position at an accommodatjon
distance of best focusing distance generated as virtual image when observed from the driver's eye
point.

The movement range of the movable standing panel shall be capable to cover the virtual image focus
accommodation distance. When evaluating a DUT with its accommodation distance shorter than the
frontmost point of the vehicle under evaluation, the lower frame of the movable standing panel may
physically intervene with the body of the vehicle. In such case, the lower parts movable standing panel
shall be arcaded over the vehicle's body frontal structure and be capable to move up to the windscreen.
For combiner-type HUD (C-HUD) with short accommodation distance, the measurement of the
accommodation distance may be performed without the windscreen as the windscreen does not affect
the accommodation distance.
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A linear rail guided movement is suggested to reduce the needs for alignment when adjusting the
distance.

A grid screen is placed on the panel facing towards the observer side. The grid lines shall be designed
with lines widths which are well observable, and line spacing pitch precision capable of differentiating
the virtual image position on the order of at least 1/10th of its maximum virtual image display size.

All components shall be aligned according to the designed installation position and orientation in the
target vehicle to enable an appropriate evaluation where the optical path plays an important role in the
quality of the generated virtual image by the DUT.
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should be set up (3.3.15), equivalent to 0° look down angleand 0° look over angle. Under this
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otherwise specified, the centre of the eyellipse corresponding to the centre eyebox is taken
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planar grid screen is used to evaluate the system performance. The grid screen shall be
nt of the windscreen, with its horizontal axis parallel to the ground-surface infinity herizo
ation angle in respect to the grid chart normal axis serves as the reference of rotation of
hge created by the HUD engine. (See 6.1.1.5.)

he system of the DUT incorporates any semi-automated or automated level adjustment func

he physical infinity horizon line, the measurement shall be performedinder the adjusted

" an evaluation using equipment in forward infinity orientation, the,evaluation equipmen
1 fixed at the defined measurement point in the eyebox space“with its orientation tg
bative x-axis to mimic the driver gaze orientation toward the frontal horizon. The forwa
re orientation corresponds to the forward infinity-orientedsetup to which the evaluation ¢

centre of the image, i.e. the chart zero reference pointfor the test, is displayed in the infi
en the vehicle moves forward. This specific chart with forward infinity-orientation setup
evaluation of "look down angle", "look over angle®@and "HUD FoV" coordinates measuremsg

ver's ORP point, and the angular measurement is measured in reference to this ORP point.

1l be aligned and oriented accordingto the expected gazing orientation. The evaluation for
hlity like luminance, contrasts and:distortion measurement applies. Unless the specific reg
asurement is specified, the measurement equipment shall target to evaluate at the centrall
fum position.

e vehicle test conditionatfects the positioning and alignment in reference to the vehicle s
d surface plane, or the,vehicular coordinate system (3.1.1). Unless otherwise specified, the
asuring condition is-set to follow driving conditions which consider the vehicle carrying a |
gage and fuel ander nominal condition. Nominal conditions can be determined by
fulations of the)national body regarding the vehicle operation condition as described
hensional reference grid (3.1.2). See also 7.2.
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Key
[  infinity gaze orientation cross point with grid screen9  evatuation equipment (camera)
1  picturg generating unit 10Z)parallel motion guide rail for the grid screen
2 windsfreen 11 grid screen
3 driver|s ORP 12 reserved
4 reserved 13 reserved
5  zero z{grid (road surface of ground) 14 reserved
6  ground 15 driver's forward view infinity orientation line
7  height{of driver's ORP from grouid D  distance from ORP to grid screen
8 I poing height on the grid screen A adjustment to bring screen to focus point

Figure 8=+Plan top view and side view of HUD measurement setup

The size of the mo¥able screen panel and the grid chart shall be large enough to enclose the HUD virthal
image and be adjustable to cover the measurement point.

NOTE Laser pointer or an equivalent can be used for verification of the grid orientation and position
alignment. The beam size of the lIght beam allects the measuring accuracy. A light beam leaving the source and
reaching a flat mirror from the normal orientation returns its incoming beam right to the source. Therefore,
when the light leaving the laser pointer is oriented from the driver's eye toward the forward infinity, the light
beam hits the "I" infinity point on the standing panel, and if a planar mirror is placed parallel to the standing
panel, the mirror returns the incident light beam back to the light source. A deviation to the returned light is
observed in case the movable target screen/mirror setting is not precisely orthogonal to the light beam oriented
to the vehicle infinity.

6.1.1.4 Virtual image frame

For the verification of an image generated by the HUD, a dummy frame image shall be generated and
displayed in the HUD. To verify the corner positioning and centre position, the dummy testing frame
shall be composed at least by a frame with a line surrounding the area covered by the HUD function,
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and a centre cross marker, which serves as reference datum. Figure 9 is an example of the frame image
to be used for the verification of measuring items given in 6.2.

The figure on the right side represents the illustrative image of a generated image observed from the
ORP of an image ideally projected with no distortion, where Pyyp1, Pyyps Pyupy and Pyypg represent
the left top, right top, left bottom and right bottom corner; Pyyp, and Pyypg are the middle point
top and bottom outer frame; and Py;p4 and Pyype are the middle point of left and right outer frame.
The cartesian coordinate given in parenthesis at the right side of each point is defined based on a
measurement with an image projected on best focus accommodation distance. The datum point of this
cartesian coordinate shall be the point [ when observed from the ORP (see Figure 12).

P, 5, (yP1, zp1) P, 52 (YP2, 2p2) P, 55 (¥D3,|2D3)

B HEEEEE
HEE RN
HEEEEEEEEN Pyyyps(yP4, 7p4) IP.....(7p5, 7p5) P,1unc(YP6| 2P6)

N I I B
AT
| e | | [ [ ] ||

NN

P, (YP7, 2p7) Pu0s(YP8, Zp8) Poune VP9, fP9)

Key
framing lines covering the HUD display range
reference centre cross marker (centre datum reference position)

Figure 9 — Frame and centre cross marker

Figure 9 shows an example of a test.imiage containing an outer frame and intermediate grid lines to be
digplayed as bright lines. The righttside figure shows the nine representative projected pointfs Pyyp; to
Pulipo with their cartesian address origin (0,0) defined at the I point.

The DUT may apply different technologies to compensate for the optical deformation [when the
wipdscreen is used as combiner. This may occur because the windscreen composing an HUD system
is generally not symmetric from the driver's eye point when the HUD system uses the windscreen as
a dombiner. The argificially generated image can be classified as "unprocessed original frage image"
anfl "compensatedyvirtual image". Figure 10 shows a conceptual image showing differences in these
twp different technologies depending on how the compensation is applied to correct the deformation.
ThE technologies used to compensate the image distortion caused by the windscreen curvatyire can be
achieved-byusing a compensation optical element, or a displacement compensation by compltational/
numericatreaddressing of the generated image by the display device. Unless otherwise stated, the HUD
interided image refers to the original image data to be displayed.

Some types of HUD may not have the capability to display a full area of information as illustrated by
the outer framing line in Figure 9, key 1. The display area may be limited by a restricted effective area
of display capability. In such a case, the HUD effective display area (3.3.9) shall be visually reported
relative to the framing mesh grid line. This will serve as a guide for the content creator to avoid any
information to be displayed out of the HUD effective display area (3.3.9).
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1 intended content of display digitized at image generator ECU
2 generdted image on the display device (e.g. LCD) without geometric correction
3 generdted image on the display device (e.g. LCD) with geometric correction
4  genergted image on the display device (e.g. LCD) with 3D stereoscopy compefisation
5 illustrjtive optical element used for image deformation corrective purposeé
6 illustrative stage of image deformation caused by the windscreen
7  virtual image observed from the driver's ORP
NOTE 1 The display capability does not necessarily require to bé’a complete rectangle range and therefore, fthe
example giyen in this figure is for an ideal case.
NOTE 2 |A "compensated virtual image" is applicable when' evaluating the display performance of the whole
HUD system, while a non-compensated virtual image might serve for analyses' purpose of partial evaluatior of
intermediate component. (For example, obtain compensation factor to create the numerically compensation map
parameter.

Figure 10 — Illustrative explanation of different distortion compensation

6.1.1.5 Physical grid screen for evaluation
A physical grid/lattice chartisused to find the location of a virtual image in the real-world coordinhte
space. This grid chart is to’be placed and set on the surface of the movable vertically standing panel.
The grid ghall enable thewerification of the position of the virtual image as projected in the real-wojrld
space coofdinate.
The whold size oftthe grid chart shall cover atleast the entire range where the virtual image is observaple
from the ¢bserver's eyebox outermost point. The scale of the grid helps to identify the offset deviatjon
of the vir(irual image projected into the real-world coordinate space, with its grid scale providing sqlid

and reliable addresses.

If the stands sporting a mechanical frame of the grid screen provide an appropriate mechanism to
precisely adjust the vertical and lateral positioning, the reference origin point may be aligned and
positioned to the cross point to the driver's ORP forward infinity gaze orientation cross point. If such
adjustment is possible, the cross-reference centre marker on the grid chart directly provides the
positioning address of the virtual image address. However, the adjustment mechanism may not be
necessarily available if the grid screen s rigidly fixed in the supporting stand frame. In such case, find
the intersecting cross point to the driver's ORP forward infinity gaze orientation and it is indicated as
point "I" in Figure 12 or 16.
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Key
1 | outmost frame of grid/lattice used to evaluate the virtual image relative positioning
2 | cross reference centre marker

NOTE 1 The horizon line does not necessarily come to the infinity horizon line and the centre marker ifidicated by
the key 2 point does not necessarily appear on the driver's ORP infinity line, i.e. it is equivalent to the obgerver's eye
heilght from the road ground-surface.

NOTE 2 A white grid line over a black background provides better observation of the target image junder test.
Neyertheless, an alternatively black print on a white background can also be used for a practical and ink-saving
ecqnomical reason.

Figure 11 — Reference grid/lattice chart for positioning measurement on real space

The example of a gfid/lattice chart given in Figure 11 shows the frame and scale printed in hright tone
lines on a dark background material. As printing and creating such grid pattern may consume excessive
inlf, white paperprinted with dark scales may also be adopted. However, the inverted bright background
lowers the ¢isual image contrast during the virtual image verification. Therefore, whenever ¢valuation
is flone pfi;an inverse contrast bright grid/lattice chart, place a dark light-absorbing materia] to enable
the appropriate observation of the virtual image by obscuring the reflection from the grid chart bright
reflléction momentarily.

NOTE Finding and adjusting the cross point to the driver's ORP forward infinity gaze orientation cross point
on the grid chart can be difficult in some cases. Optionally, a laser pointer beam place at the driver's ORP with the
orientation from the driver's ORP toward infinity gaze orientation can help to guide find the point. First, place
a target point in front of the vehicle where the driver's ORP is expected to pass, at the same height (z-axis) and
same lateral positioning (y-axis) of the driver's ORP, and adjust the laser beam orientation without the screen.
A planar mirror placed parallel to the grid screen surface will return the beam back to the laser pointer beam
source whenever the screen is correctly adjusted orthogonal to the vehicle forward motion.

Figure 12 is an example of virtual image projected over a bright grid/lattice background grid screen.
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>

outerrhost frame of the grid screen place at the background Q
%

cross feference centre marker of the grid screen
horizan line viewed from driver's eye level, passing point ] O

virtua] image outermost frame

virtua] image cross reference centre point, Py N
cross point between horizon line given in and line given in key 4

-

1
2
3
4  cross line of chart and the x-z plane passing driver ref&@nce eye point or ORP, passing point |
5
6
[

Figure 12 — Example of the Sgr‘ved overlaid image on bright background grid chart

O

6.1.1.6 [Eye reference m@;hg points

The eye réference point for the measurement is the driver's ORP, unless otherwise indicated. Npte
that E point may appli#if'the target DUT is designed to provide virtual images specifically around A
pillar whith may r@ e head turns.

The virtual i generated and displayed by the DUT is viewed from the driver's eyes. And the driver's
eyes position is distributed within the eyellipse, which is the three-dimensional space defining the
space whar e generated virtual image shall he visihle and legible to the driver

To facilitate the evaluation of the performance of the DUT, the eyebox is adopted as being a more
practical way to define the measuring position, as representative location of the driver’s eyes. The
following positions are defined as basic positions from where the virtual image shall be evaluated.

Clause 5 specifies the eyebox as representative points from where the HUD virtual image shall be
evaluated from. The measurement equipment to capture the virtual image shall be placed on defined
locations of this eyebox.

a) centre position (single measuring points defined by the eyebox centre point)

b) side middle points of the rectangular line of the eyebox;
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)

corner points of the eyebox.

The corner points go beyond the eyellipse range, and the evaluation result can serve as indicator of
the extended performance rather than a required performance range of operation (see Clause 5).

Degradation limits in general may occur beyond the defined eyebox space. The visibility of the virtual
image in an HUD may occur by a physical blinker limiting the visual range, or the visual degradation
of the virtual image. A physical blinker may discretely mask the virtual image to null. When the
degradation limit is required, the visual degradation limit range is verified as the angle providing at
least 35 % of luminance observed at centre orientation.

Fof a DUT with a discrete obstruction limit, the angular limit shall be evaluated. The firstJalteral limit

pojnt of degradation is defined as the viewing angle where the outer eye observation angle |
viftual image luminance decreasing to 35 % of the luminance observed at centre or a)decre
obgerved resolution by half. The second lateral limit point of degradation is the angle ‘wherg
ey¢ exhibits the equivalent degradation indication that the driver is no longer ableto access
provided by the DUT.

An HUD system can have the capability to adjust the formation of the génerated image t
driver head/eye position, some by manual adjustment or some by automaticself-adjustment by sel
driver's head /face/eye position. In such a case, the evaluation is performedafter adjusting these s

E2  For specific needs there is an option to use the effective right or left eye position as the mg

For the evaluation of a 3D HUD using autostereoscopic technology, the viewing performan
depends on the eye positioning because different images will be presented to the observer according
pogition. Details of the adjustment capability specific,to~a 3D HUD where the self-adjustment capal
high influence on the perceived image quality by the gye“positioning are described in Annex B. More i
particular to 3D HUD is found in Annex B.

6.1.1.7 Target measuring orientation

Ta
9)
std
reg
Py
of
ch

ple 1 and Figure 13 describe the-me€asuring orientations from ORP to points j = 1, 2, 3, 4
for virtual image uniformity measurement. The numbers presented in the Table 1 colum
nd for the positioning fromthe outermost bordering corner at the top left corner of the virt

ipg points on the outer frame (see Figure 9) and the intermediate space given in Table 1 is
fhe geometric aspects are measured based on the frame reference as given in Figure 9, wh
iracteristics like luminance, contrast, and resolution adopt the orientation given in Table

brovides a
ase in the
the inner
the image

best fit to
If-detecting
pttings.

asurement

rence eye point. An example is an evaluation considering naturalmionovision or a driver adopting fhonovision

ce strongly

to the eye
bility has a
hformation

5) 6) 7’ 8'
h “Point j”
ual image

fion defined on the DUT. The differentiation of definition for a measuring point located at Pyp; to

that most
ile optical
1. Table 1

is ]
fra
bu

po

brovided in the-percentage referenced to the left top corner considering an ideal projectid
me rectangléwithout any distortion. The table is provided in reference to the left top co
[ if asymmetry is observed, the centre pointj = 5 could be adopted as reference to detern
nts and\the modified reference to pointJ = 5 as reference shall be reported accordingly.

Table 1 — Measurement points for the uniformity evaluation

n of a full
rner point
hine other

Pointj Percentage of from left Percentage from top
corner left corner
1 20 20
2 50 20
3 80 20
4 20 50
5 50 50
6 80 50
7 20 80
8 50 80
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Table 1 (continued)
Point j Percentage of from left Percentage from top
corner left corner
9 80 80

0,2xW | 0,3xW | 0,3xW | 0,2xW , ,
I I I .
T T
| | = \
| | N ! K
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] | < — A
| |
O—+—0 10 :
X
| | T B o
| | X =
bl ettt e ot o i e et e o —
I | < jan
O+-0 10 5
1 | s —r
| | X
| | o
! ' S
a) Evaluation points (orientations) b) Measurement orientation

Key
1 viewirlg orientation from ORP within the defined point in the eyebox space
2 measyring spot opening angle (<0,2°)

3 HUD vjirtual image frame outermost line (see Figure 12)

Figure 13 — Measurement viewed from ORP

6.2 Chdracterization of the HUDspatial and orientational aspects

6.2.1 Optical accommodation(distance

This test procedure evaluatesythe accommodation distance D, (i.e. the driver's eye point to fo¢us
point on the virtual image)-in which the virtual image is optically created in the free space within the
observer's field of view,"The virtual image is observable from the intended design driver's eye point.
It requirep an opticalévaluation equipment to measure the accommodation distance. A virtual image
positionedl at the accommodation distance forms the "virtual image plane".

NOTE1 |Thegevaluation does not consider the deviation of accommodation distance due to eye disorders, like
myope (near=sightedness).

A camera system with an objective with shallow depth of field can be used to estimate the
accommodation distance of the image generated by the HUD in the object space. The depth of field of a
camera is affected by the aperture, which is described by the F number. The longer its focal length and
larger the aperture (which corresponds to a smaller F number), the shallower the observed depth of
field becomes.

When using a conventional consumer camera to find the accommodation distance, a reference edge
chartin the object space shall be adopted as reference. With the camera objective adjustment capturing
the virtual image in the best focus centre position, the physical reference grid chart is moved back and
forth along the axis of the camera, or the driver's eye orientation (eye's gaze orientation towards frontal
infinity as given in Figure 8). The centre of the best focus point is adopted as the estimated virtual
image accommodation distance of the virtual image generated by the HUD system.
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If any astigmatism remains observable in the system design, the best focusing accommodation distance
may depend on a different orientation of the image presented in the virtual image generated by the
HUD system. In this case, the priority focusing orientation is the observable detail along the horizontal
line, to perceive edges of lines in vertical orientation, (like dense forest of bamboo). The measurement
equipment shall detect the vertical line edges as the primary accommodation distance.

The following are the measuring steps to evaluate the optical accommodation distance.

a) Generate an artificial electronically framing image of the area to be displayed by the DUT. The
image shall contain bright frames on dark background so that the frame edges are visually observed

fhrnngh the DUT as describedin 6111

b) | Observe the displayed frame image on HUD using the equipment (camera) for evaluatfion at the

defined eye position.

Adjust the focusing of the equipment for evaluation and search for the equipmgnt focusing distance
to bring the chart lines to best the objective focusing distance. Record,th& numericall distance
value if the adjustment is performed by the equipment for evaluation to”find the best focusing
distance automatically and if the detected distance can be numerically provided. Otherwise, if the
focusing distance is adjusted by manual adjustment of the focal diStance, move back and forth the
focusing point and maintain the best focus position locked to the-be the best focusing distance. See
conceptual image in Figure 14.

In case the background grid/lattice chart disturbs the focusing procedure, the backgrpund area
can be temporally replaced by a black matte material @ reduce the disturbing reflection from the
ambient light.

d)

NO

Fo
the
ca

TE 2

Once the focusing of the equipment is achieved of‘the virtual image, fix it to the best focu
virtual image, then move the background gridj/lattice chart and bring it to the best focuy|
along the x axis.

To find the peak and best focusing distance, move back and forth the grid/lattice chart. Th
of the grid/lattice chart which gives the same best focusing adjustment to the focusin
obtained for step c) for the framie'image generated by step a), is taken as the accon
distance of the virtual image (generated by the DUT. Figure 15 shows a conceptual im{
both the image of the frame generated by the HUD as well as the foreground grid/lattice
focus.

The depth of field'of a camera system is determined by the objective lens used in the evalu

an evaluation of'\a-<eombiner HUD having the accommodation distance too close and wh
measurement¥teference grid chart to physically interfere with the windscreen, the med
be performed without the presence of windscreen. In such a case, the modified test

configuration\shall be clearly reported together with the results to avoid any misinterpreta
regults.

If the“optical system of the HUD exhibits any astigmatism, the focusing adjustment given|i
in [this subclause can exhibit different focusing distances on its horizontal and vertical ofi

sing of the
sing point

e position
g position
modation
hge where
chart is in

htion.

ch causes
surement
ing setup
fion of the

(sagittal and meridional orientation). In the presence of exaggerated occurrences of astigmatism, the
difference of accommodation distance shall be reported separately. The primary focusing orientation is
to obtain the best focusing distance for the display of vertical lines.

NOTE 3 This measurement is based on an assumption that does not consider the actual accommodation
distance characterized by individual with corrective needs, but instead considers the optical distance in an ideal
case on an individual with no needs of corrective optics.
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Key Q

1 camerp-captured image with a grid screen chart located at a distan%glt of the best focus
2 evaluation camera adjusted to an HUD overlaid image in best fo

Figure 14 — Conceptual image of an in-focus HUQf’lséme and out-of-focus grid screen chart

R

Key
1 camera-captured image with a grid screen chart adjusted to an HUD virtual image distance

2 evaluation camera adjusted to an HUD overlaid image in best focus

Figure 15 — Conceptual image of in-focus HUD frame and in-focus grid screen chart
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6.2.2 Look down angle (LDA), look over angle (LOA) and image orientation coordinates

The image generated by the DUT is likely to be displayed out of the main driver's frontal direct vision
area. The centre of the displayed image frame Pyps described in 6.1.1.4 is measured as an angular
deviation of the driver's frontal viewing orientation toward infinity.

Figure 16 provides an illustrative sketch of which angular dimension shall be measured.

/ /
6 A 10 5 é
Key
[ | infinity orientation cross point with grid screen 10 parallel motion guide rail for the grid scrden
1 | picture generatingunit 11 evaluation grid screen
2 | windscreen 12 vertical off set of Pyyps from I (AH )
3 | driver's ORP 13 horizontal (Lateral) off set of Pyyps from | (AW )
4 | virtualimadge plane 14 driver's viewing orientation towards Py
5 | zerodz-grid (road surface of ground) 15 driver's forward view infinity orientation|line
6 | ground Prp look down angle (LDA)
7  height of driver's ORP from ground P, lookover angle (LOA)
8 I point height on the grid screen D  distance from ORP to grid screen
9  evaluation equipment (camera) A adjustment to bring screen to focus point
NOTE The height of keys 7 and 8 becomes equal to Zc when the vehicle is set at an operation condition as

described in 7.2.
Figure 16 — Look down and look over angle measurement configuration

To measure these angular dimensions, the vertical and horizontal distance of the virtual image centre
point Pyyps is measured in reference to the infinity cross point I, which is the cross point of the driver's
frontal infinity orientation from the ORP on the evaluation grid screen plane (see Figure 17).

©1S0 2023 - All rights reserved 27


https://standardsiso.com/api/?name=0cf01e1ca3f87f47b705bfdf25a512bd

ISO/TS 21957:2023(E)

AW aw

| left [ right

1
T
<
IS I T 9 1 B
= SIS = = i |
_ L_%__L_%__E_. L _L_l__l = 0y
. I | i =l -
- 55 o s o £ sl N4
S i LD
. HIRIEN sy AR 18
D
¥
Key
[ infinity orientation cross point with grid screen ‘QQ
1 b . N
ackgfound grid screen $
2 virtua] image generated by DUT ’\Q
3

image|centre cross reference point of virtual imagi'@HUDS
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Figure 17 — Di@hgr) field of view and positioning

6.2.2.1 [Look down angle (LDA OQ

The look flown angle is the a t of gaze down angle required to observe the centre of the virthal
display injage area, relativ he frontal infinity orientation. It is measured by observing the virtuglly
generatedimage by the @D definition, the downward angle polarity is taken as the positive polarity
(see Figurfe 16).

The following ar @Y;leasurmg steps to evaluate the look down angle.
a) Setthe D(?ﬁccordmg to the setup instruction given in 6.2.1.

b Pl el o L1 3 " 1l o+ 4o TITINY oot dict felhio 3 1 o) d
ace themovanre-Screett parrcTat e TIToO D at C OO U atroT ars tatC G TS 1S5 COTITPTCTITCITCAT y n

record the accommodation distance D=D, .

c) Mark the point I on the grid/lattice chart, indicating the cross point of the gaze line of the driver's
eye toward the frontal infinity. This will be the zero look down angle for the evaluation reference.

d) Display the frame and centre guide virtual image as defined in 6.1.1.4.

e) Measure the vertical offset distance AH ¢ of the virtual image centre Py of the display image
along the z-axis (see Figure 17).

f) First, the look down angle shall satisfy the following relation:
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tan ()=~ 0
D

where

P.p isthelook down angle;

AH ¢ is the offset deviation distance from infinity cross point I;

D is the horizontal longitudinal distance from the driver's ORP to the projected image plane.
Tth, the look down angle is calculated using Formula (2):

Pip=tan”! (#j (2)

The lower image in Figure 16 shows the side view where key f  indicates the LDA.

6.2.2.2 Look over angle (LOA)

Th look over angle is the amount of the lateral gaze angle required.to observe the centre of the virtual
diplay image area, relative to the vertical plane which contains/the’frontal infinity orientation from the
ORP. It is measured by observing the virtually generated image by the DUT. The right-side orientation
is §aken as the positive polarity.

The measuring steps to evaluate the look over angle are-a continuation of the steps after d)|described
inp.2.2.1.

a) | Measure the horizontal (lateral) offset distance AW, of the virtual image centre Py;ps of the
display image along the y-axis (see Figure\'7).

b) | First, the look over angle shall satisfy the following relation:

AW,
tan (o ) =—2 (3)
D
where
PLo is the looK'ever angle;
AW is the hiorizontal offset deviation distance from infinity cross point [;
D is'the horizontal longitudinal distance from the driver's ORP to the projected imdge plane.
Thps, thelook over angle is calculated using Formula (4):
5 =1 (AWnFF \
Bo=tan L (4)

The upper image in Figure 16 shows the plan view where key f; , indicates the LOA.

6.2.2.3 Image orientation coordinate/virtual image coordinate

The virtual HUD image centre coordinate is measured on the y-z plane respective to the driver's
infinity viewing orientation in the cartesian coordinates. The coordinate address is measured on
the screen positioned at a distance where the HUD forms the virtual image at the ideal virtual image
accommodation distance (see 6.2.1).
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The image orientation coordinates are complementary values to the LDA and LOA defined in 6.2.2.1
and 6.2.2.2. Nevertheless, the cartesian coordinate may provide a direct understanding of the image
available by HUD virtual image.

In other words, the infinity point I in Figure 18 is the (0,0) address on the cartesian coordinate. Figure
18 shows an example of image with the centre point Pyps located [AW, | left and |AH ¢ | below the |

point (0, 0

623 D

The displ3
image of t]

For this e
To avoid 1
is project
minimum

The follow

a) With
of the
Phundg

) resulting in the coordinate address (yp5, zp5) = (-|AW |, -|AH y¢¢l)-
PHum(ypl: Zpl) PHUD2(yp21 sz) PHUD3(YP3: Zpg)
I
m“s
<
P uns(YP4, zp4) P uns(YPS, zp5) Puns(YP6, Zp6)
I
AWoff
PHUD7(yp7' Zp7) PHUDg(ypg’ Zpg) PHUDQ(ypg’ Zpg)

Figure 18 — Image outer frame:coordinate and datum

splay field of view (DFoV)

y field of view is the virtual image given in the angular range in which the maximum intend

valuation, the frame of the)DUT displayed image is used to derive the display field of vi
he complexity of the measurement and calculation, the projected frame image of the D
bd on the planar surfade at the ideal virtual image accommodation distance (see 6.2.2) W]
distortion.

ing are the steps to obtain the display field of view:

the setup of the DUT according to the procedure given in 6.2.2, obtain the coordinate va
imagéouter frame line centre Pyp4 and Pyype for horizontal measurement and Pyyyp, 4
forthe vertical measurement.

he HUD is derived from the same setup for evaluating the LDA and LOA in 6.2.2.2 and 6.2.2.3.

ed

EW.
UT
ith

ue
nd

b) Perfo

TIT alT_equivalent procedure to catcutate the LA anmd LOA to obtaim the angular view

orientation of the points.

ng

c) For the horizontal field of view, subtract the left centre point angular deviation from the right
centre point angular deviation, taking into consideration that if image of the DUT strides over the
viewing infinity orientation, the left centre point might be a negative value.

d) For the vertical field of view, subtract the lower centre point angular deviation from the upper
centre point, with the same process described in step c).

_1( AW, (AW
OlEoy hor = tan 1(%]+tan 1(%}

30

(5)
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where

AoV hor is the horizontal display field of view;

:2023(E)

AW, (Fyp4) is the left-side offset deviation of the outermost line generated by the DUT from

the I point;

wh

Th)
by
ev

6.3
Th
Th

orientation and~iewing position. Therefore, the critical characteristics are measured consid

the
ev

.3 Luminance/brightness and contrast

AW igne (Fyp6)  is theright-side offset deviation of the outermost line generated by the DUT
from the I point;
B is-the-herizenta-Honsitudinal distanece fremthe driver s ORPtetheprgjected

image plane.

AH AH
OFoV _ver = tan_l [% j+ tan_l [%)

ere
AEoV ver is the vertical display field of view;
AW, pner (F2p2)  is the upper side offset deviation of the outerniost line generated by th
from the I point;
AW, ower Fzp8)  is the lower side offset deviation of thie ‘eutermost line generated by thg
from the I point;
D is the horizontal longitudinal distance from the driver's ORP to the prd

image plane.

e luminance/brightness, non-uniformity and contrast characteristics of the virtual image
the DUT are evaluated. For the evaluation of the luminance characteristic, the orientat
hluation camera is adjusted to the.intended gaze orientation along line indicated by Figure

.1 Luminance and luminance non-uniformity measurement

e luminance of the virtual image generated by the DUT is evaluated.

viewer pasition defined by the eyebox and an image range over its field of view. Additi
hluation €quipment shall be oriented toward the intended orientation as represented in the

(6)

e DUT

e DUT

jected

cenerated
ion of the
19, key 14.

e viewing chardcteristics of an image generated by HUD are strongly influenced by thie viewing

bring both
bnally, the
Figure 19.
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picturg generating unit 14 driver viewing orientationrfowards Pyyps
windsfreen 15  driver's forward infinity gaze orientation line
driver|s ORP Pp look down angle
virtua) image plane at accommodation distance Dpcc eye focus accomniodation distance
zero z{grid (road surface of ground)

evaludtion(camera) equipment

Figure 19 — Conceptual image for the luminance/contrast evaluation

ing are the steps to evaluate luminance.
the HUD system according to the basic‘configuration for measurement as defined in 6.1.1]
the setup to a darkroom environment condition as defined in 6.1.1.2.

on the luminance meter at the specified eye point measuring position.

bntre of eyebox is the logation to place the evaluation photometric equipment.

stems with high dependency on viewing orientation, an additional measuring position can
bd to be evaluatediand reported. Typically, measuring at the eyebox frame centre point n
e a good estimation of the system performance.

Hummy artificial white image generated by and displayed on the DUT. In a system where
5 not desighed to generate a white image, generate the expected uniform flat field image.

y thelimage at the brightest level within the effective area.

N

be
1ay

he

thie photometTic equipent toward eacit of the e orientations as detined im 6.1-157,
easuring spot circle capable of measuring with an accuracy of less than 0,2 .

The luminance non-uniformity (Ly) is calculated using Formula (7).

L L

max

min_ . 100 9%

max

is the maximum luminance value observed among L1 to L9;

is the minimum luminance value observed among L1 to LO.

ith

(7)
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If the luminance/brightness of the display image is self-adjusted to the environmental external
condition by detecting the ambient light, the measurement shall be performed at its capability at
maximum environmental brightness condition.

The definition of "non-uniformity” shall not be confused with "Uniformity". A uniformity of 90 %
corresponds to 10 % non-uniformity.

NO
giv

Th

ge
0

Th
a)
b)
c)
d)

e)
f)

g)

s
3
e

Th
forn
thd

rat

TE Consideration of adjustment/dimming capability in accordance with environmental conditions is
en in 6.5, for example, direct sunlight condition, diffused daylight condition, night condition.

colour is an important factor to convey information over the DUT. The chromaticitylef the image
erated by DUT is measured to verify that the intended colour is appropriately viewablg from the
P. The display image is evaluated according to colour space as specified in CIE 1931 xy chtomaticity

following are the steps to evaluate the chromaticity.

Set up the HUD system to the basic positions for measurement as défined in 6.1.1.7.
Create the darkroom environment condition as defined in 6.1.1.2

Position the luminance meter at the specified eye point.

The measurement positions shall be the nine positions (erientation) on the virtual image ps defined
in6.1.1.7.

Set to the maximum brightness.

Generate and display images of each specific predefined colour of red, green, blue, and white
according to the design specification of the DUT in the effective area.

Measure the chromaticity coordinate (x, y) of the image for each measuring orientation The spot
size of the circle to measure the:ch¥omaticity of the image should not exceed an angular $ize larger
than 0,2°.

.3 Contrast ratio

e visual informatiod gonveyed by an HUD is a superimposed additive luminance cas{ over the
ward scene luminance. The DUT shall be capable of providing enough luminance contrast signal so
it the visual information becomes perceivable and/or legible by the observer. The luminande contrast
io 3.3.22 is measured to verify the performance of the DUT.

e followifig are the steps to evaluate the contrast ratio.

Set up the HUD system according to the basic configuration for measurement as defined |n 6.1.1.7.

Place the luminance meter at each of the specified eye points "j" j=1 to 9, with tools which have the
capability to adjust the orientation toward the nine target points as defined in Table 1.

Set to the maximum brightness on the DUT to reach the HUD conditional maximum brightness
level (3.3.11).

NOTE 1 For contrast measurement under bright environmental conditions as detailed in 7.4.1, it
is possible that the DUT needs to adjust the brightness to reach its maximum capability defined as HUD
absolute maximum luminance level (3.3.10).

Measure the average brightness of the virtually displayed image in a viewing spot circle of 0,2 for
each of the orientation.
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f) Setto the brightness on the DUT to the lowest/minimum signal level equivalent to HUD ON darkest
level (3.3.12) under the same conditions and measure the average brightness of the virtual dark
image in the same manner as step e).

NOTE

image

2 The procedure described is a sequential measurement but alternatively, the bright and dark can
be measured with a pattern as given in Figure 4, as an example of neutral colour luminance gradation test

with the darkest and brightest pattern.

g) Theluminance contrast ratio can be calculated following Formula (8):

white

L

Lyjack];

NOTE 3
backlight i
In a systen
reflecting

NOTE
decreasing
standard ¢
predicted

6.4 Spa

64.1 R

The resoliition is the metric to describe.the capability to convey spatial image detail to the viewer. I

measured
angle. The

The limit
(angular)
transfer c
the drivern

The resolyition may“exhibit orientational dependency. To verify the horizontal and vertical resoluti

the testis

white|

‘black _j

is the observed luminance contrast toward observation point described in 6:111.3;
]- is the luminance value observed at white patch area;

j is the luminance value observed at dark patch area.

The dark level is determined by the sum of leak luminance especially in a system using LCD W
lumination and surrounding alien light source that can disturb the image formed by the DUT syst

n the emitter surface or other can be the factor determining the'dark level.

Incident light onto the HUD optical component inducihg/haze can generate some bias dark le
the contrast. Due to the difficulties of considering évery possibility and integrating them int
valuation procedure, it is advised to report separately in cases where any significant effect can
o occur from a design point of view.

tial characteristics

bsolution

using a test pattern and given in a unit of numbers of line pairs distinguishable per view
test is used to verify whether the system is capable of displaying an intended resolution.

resolution is determined as the maximum capability of the system to convey higher spaf
frequency of the-system and defined as the frequency where the brightness modulat
hpability drops.to 10 % compared to a flat reference bright level and dark level reproduced
's view by the.DUT.

performed for each orthogonal orientation.

8)

ith
bm.

using technology like OLED with absolute zero illumination atdark level operation, alien light soufrce

vel
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generated, fed to the DUT, and made available to the driver's field of vision. Then, the displayed image is
captured using an evaluation camera positioned at the ORP and optionally to the respective measuring
point if it is specified. The test pattern shall also contain an additional area of black and white large
enough to be taken as reference. A minimum five lines width area is adopted to avoid any influence
from the peripheral area.

The evaluation shall be performed in the darkroom environment as specified in 6.1.1.2.

34
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a) illustrative b) observed
Key
1 | cross pattern bright patch 6 “reference horizontals inter marker width
2 | illustrative unlit "dark" patch A< not lit periphery
3 | line set for vertical resolution verification 8 generated image from bright patch
4 | line set for horizontal resolution verification 9 darklevel derived from "dark area"
5 | reference verticals inter marker width 10 foreground outside the HUD effective frame

Figure 20="HUD Resolution evaluation pattern

Th test pattern as describedin Figure 20 is used to evaluate the resolution. It consists off a line set
of horizontal lines to evaluate the vertical resolution and a line set of vertical lines to evaluate the
horizontal resolution. Two cross check patterns are used as reference points to obtain the width to
derive the actual nuniber of lines per viewing angle.

—

Gradually reducethé’size of the pattern image generated by the HUD engine in a time sequential manner,
verify the modulation of the image captured by an evaluation camera positioned at the measuring
ey¢box centrel The limit resolution is obtained when the observed captured image line njodulation
anjplitude-of'the test pattern (see Figure 20, key 3 and 4) drops to 10 % compared to the full modulation
obfained’from the reference bright patch and "dark" patch. See Figure 20, key 1 and 2.

arfativaly A cingla hunarhalies fact matbnren o ha uncad 0 vnwifiz +ho vt wacaliidingn

Alterrativelp—a—single-hyperbelie-testpattern—eanbeused—to—veriythe Hmi treselt toh: nstead of
gradually reducing the width of the test pattern in a time-sequential manner until the limit resolution
condition is achieved, the test pattern of a variable spatial frequency pattern is provided within a single

shot image. See Figure 21.

A hyperbolic chart pattern is generated and displayed over the DUT. This pattern is used to find the limit
resolution of the system. The image of the chart is fed to be displayed and captured by an evaluation
camera positioned at the ORP. It is analysed to find the first point where the reproduced hyperbolic
chart loses its correct periodicity, or where the modulation drops under 10 % of the reference black and
white level, whichever occurs first.

Display the test pattern over the DUT and determine the point where the modulation does not drop
under 10 % of the reference black and white level. The resolution shall be verified at least on the nine
orientations as described in 6.1.1.7. The number given in the test pattern provides the reciprocal of the
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width of the pattern line at point 1. For example, "2" represents that the line width is a 1/2 of point "1"
and the resolution is twice (= x 2). Note that the black and white pattern shown in this figure is just
an illustrative representation while an actual test pattern follows the same instructions as mentioned
above. Note that Figures 20 and 21 contain the surrounding area given in bright, but this representation
is valid for the document printing (ink saving) purpose only. The actual HUD can only generate the
bright pattern, while the dark level is the natural background dark. In other words, the image provided
in the illustration is a negative pattern.

10 x LW

\/4

-
—

10 x LW AN
e}

k

Key
k  frequgncy scale (= multiplication factor) in referefice to point k=1
LW the reference line width at k=1, LW=lw (k=1)

Figure 21 — Hyperbolic chart to evaluate the resolution

The resolption performance of.a-System is not only determined by the number of pixels count] of
image gerlerating device. Optical elements may cause asymmetric effects like a notable occurrencg of
astigmatism which results’indifferent accommodation distance for edges of different orientation (¢.g.
horizonta| versus vertical). Note 1 provides a guide to evaluate the astigmatism effect.

NOTE1 |Astigmatismn can be verified by evaluating the accommodation focusing distance of the horizortal
and verticpl line _édges using the same test pattern. Astigmatism is the difference in the accommodatjion
focusing d|stande-~of the horizontal and vertical edges. If the horizontal accommodation distance and vertjcal
accommodption.distance differs, it can cause viewing discomfort to the driver as the observed image can Hlur
dependinglon-the orientation of the image pattern/edge orientation. To evaluate the astigmatism of the DUT, the
resolution measurement procedure can be adopted and compared to the resulting resolution degradation in the
horizontal and vertical orientation. If both horizontal and vertical edge exhibit same accommodation distance,
the DUT is free of astigmatism effect. The level of image degradation caused by astigmatism can be characterized
as the amount of resolution drop in the orthogonal edge resolution (i.e. horizontal line edge resolution drop
compared to vertical line resolution fixed at accommodation distance).

NOTE 2  The actual test pattern is projected as a negative test pattern of the image shown in Figure 21. The
black area is just the foreground non-illuminated scene ahead. Therefore, it is the dark lines of the Figure 21 that
will be represented as bright image when projected by the DUT. See Figure 20 b).
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a constant

width along the extended direction. On the other hand, in a hyperbolic test pattern, the line width Iw(k) of the
line and space is made reciprocal to distance k, or Iw(k)=1/k, along the extended direction k. This means that
the spatial frequency created by the line and space increases linearly to k. It is drawn from a reference point at
k=1 and it can be extended with an appropriate scale and distance that meets the purpose of use. By adding a
reference scale marker 1, 2, 3, 4, 5, 6 indicating where width becomes 1/2, 1/3, 1/4, 1/5, 1/6 it helps localizing
readout value. Additionally, a reference dimension indicator equalling to a width of 10 times wider to the unit
width at k=1, given by 10 x LW in the Figure 21 helps to minimize reading errors when determining the reference
single line width at k=1.

6.

L2 Ghost image

In
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Due to the different path of the light ray when it is reflected by the frontal-and'rear surface
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e test procedure described here is\based in the above consideration and therefore, if

hn HUD system that uses the vehicle glazing windscreen material itself to reflect the iptage
the HUD engine, the combiner function is achieved by the specular reflection of the‘genera
the frontal and rear surface of the windscreen. These may cause the light ray path to dej
th other.

terial, a mismatch in the ray path may occur when redirecting the image-ray toward the
e point. This mismatch may cause a duplicated ghost image, which- may deteriorate

windscreen orientation along the vehicle's Y axis in conventignal passenger vehicles (C
UNECE definition) for aerodynamical reasons, this deviatien on the image light path oc
minently in the vertical z-direction. Countermeasures t0 mitigate such ghost images
Fessarily perfect to combine these different light paths, This clause provides a measureme
bvaluate the amount of the residual ghost image caused by this multiple reflection at the w
rface.

e difference in the reflection index of glass to opén air causes an optical reflection at the su
lection index is determined by multiple factors, but this document measures the resulting d
ount of visible ghost image in terms of contrast degradation and angular offset to the driv

nerated by an HUD differs by design;the measurement shall be adapted to the combiner i
ble.
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WZ
R
disparjity of ghost image: AS,

observed V disparity angle of ghost infage
inter marker separation width S,

Key

7 incident image ray boundary to the windscreen
physidal reference marker to determine S, 8 evaluation cameracriented towards measuring
point
3 examgple virtual image width ghost GL1 outer glass oflaminated windscreen
virtua] image plane IL interlayerlamination plastic material (e.g. PVB)
5 virtual line sight representing boundary caused by GL2 innercglass of laminated windscreen
windsgreen frontal reflection

6  virtua] line sight representing boundary caused by D distance from eye observation point to chart plage
windsfreen rear reflection

Figure 22 — Conceptual cross-sectional view to measure ghost width
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X  scan along orthogonal orientation [a.u.] ASpserveq  Observed disparity of ghost image
Y detected luminance profile along X [a.u.] Sref observea Observed reference inter marker width

Figure 23 — Plot of observed image edge from ORP along orthogonal orientation

The image generated by the HUD engine is displayed as a luminance additive procedure over the real-
world scene. In the process of this information projection, a bright image projected on the windscreen
is reflected by its frontal surface as well as the rear surface, where the light is partially refracted
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penetrating into the windscreen glass and then reflected back from the frontal reflection with a
possible deviation in the light path compared to the frontal reflection. This deviation of the path may
create a secondary image boundary which is referred to ghost image of the HUD. The darker region is
partially eroded by this ghost causing the formation of double edge of bright region, which decreases
the edge acutance affecting the perceptual image quality of the displayed information. Occurrences of
ghost images may degrade the perceptual image quality of the DUT.

The following are the steps to evaluate the ghost image due to the dual refection by the windscreen in
which the angle of displacement of secondary image is measured.

a)
b)

Set up the HUD cycfnm tothe basic pncifinnc formeasurementasdefineding 113

Create the darkroom environment condition as defined in 6.1.1.2.

‘)

d)

Generate and project an image of a sharp-edged white box containing a horizontal white (9

rthogonal

to the windscreen inclination) bordering edge, with the white area positioned.at the centre of the

HUD image designed area (unless otherwise specified to measure specific\point on di
other than centre).

Using an image-capturing device, obtain an image of the observed-white box's edge bou
also containing the markers to be used as reference.

From the captured image, determine the boundary of the image created as the dual
which is formed as the brightest border and the secondary, brightest border. As Figure

bplay area

hdary, but

reflection
22 shows,

he second
b chart set
h distance

the brightness of the brightest area is the sum of both{pontal and rear reflection while
brightest area is created from the frontal reflection alone. The reference dimension scalg
shall be captured in the same image or under the saine distance and the known separatio
will be used as reference.

f) | Obtain the offset width As of the uppermost white box bordering image to inner box pordering
image along the orthogonal direction (seé“Figure 22, key 1). The known distance of tlhe marker
separation distance S, is used as a reference to convert the observed AS,; . eq in thd captured
image. If the reference width is observed to be S..; jpserveq ON the captured image, [the ghost
image in real space is equivalent®o As = S, * (ASypserved/Sref observed): 1€ image capfure using
the evaluation camera at the ORP can be used to a precise ratio of As,pcorved/Sref obserfeq- FOT an
exemplar plot see Figure 23,

Calculate the disparity-visual ghost angular size IV using Formula (9):

V=tan"! (Ej
D

ere

g)
9
wh

V'  isthé visual ghost angular size;

As ™ 1s the orthogonal offset of the white box bordering edge;

D isthe distance from the ORP to measuring plane.

NOTE1 When the reflection of the outer surface does not permit to distinguish the intermediate white to grey
bordering line, partially coating half, or part of the frontal surface (left or right half) with light absorbing liquid/
gel material with diffraction index near equivalent with the glass material can help to reduce the reflection from
its surface.

NOTE 2  Ghost images considered under this test procedure are based on the HUD type which uses the
reflection from outer and inner surface of a windscreen as an intrinsic combiner. It does not consider other types
of technology used to create the HUD image, e.g. holographic diffraction.
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NOTE3 In an HUD system which uses light selective technologies that significantly reduce the occurrence of
observable ghost from rear surface reflection, is it possible that the measurement provided in this clause is of
no value or even hard to perform because the rear side shallow reflection signal can become occluded under the
measurement capability limitation.

NOTE4  The profile of the image edge can optionally be obtained by plotting the image intensity of the
captured image by the camera along the orthogonal orientation to the displayed virtual image.

NOTES5 Ina 3D HUD using stereoscopy, two separate images corresponding to the image to be observed by
the left and right eye are generated by the HUD engine but if there is inappropriate tracking of the dynamic eye
movement or mismatch to actual eye position it can cause these independent images to contaminate each other's
view.

6.4.3 Dijstortion and rotation

In most HUD systems, a matrix arrayed display device is used to generate images to be displayed to the
observer. The image is made observable from the observer's eye point as a virtual image;by enabling the
light leaving the matrix display to reach the observer's eye point, guided by an optical component whijch
is finally reflected by the windscreen or a separate combiner component. The asymmetrical physikcal
structurelof these reflectors may cause the reflected image from the matrix image to become distorted
in an asymmetric manner. The distortion measurement is a procedure toevaluate and quantify the
amount of visual displacement of the virtual image, relative to its reference point, namely the positiohal
reference|datum point and its expected geometry of the virtual image,

The size dnd coverage of an HUD display area are design dependént/ Therefore, in case an entire full
rectangulpr size is reproducible by the DUT, a rectangular target frame with a middle line shall|be
artificially generated by the DUT engine. Its resulting viewablelimage is captured by a camera from the
representptive observer's(driver) eye point from the ORP..Fhe generated rectangular artificial frame
image shdll be the intended content of the display digitized at the image generator ECU and displayed
on the panel as illustrated in Figure 4, key 2.

Some types of HUDs may generate an image on the display panel matrix compensating for the opt:rl:al
distortion caused by the intermediating elements like the mirror of a combiner aspheric surface, thus
enabling the removal of the optical corrective element.

Because df the asymmetrical layout when a windscreen is used as a combiner to convey the imagg to
the drivell's ORP, a complex distortion-could be induced in the projected image generated by the DUT.
This clauge provides some representative measurements to characterize the observed distortion of the
image conjveyed over the HUD and'some of the following evaluation tests might be too exhaustive or foo

 of
D3’
to
b is
ed
ed
ine
connecting PHUD4 and PHUD6 for vertlcal dev1at10n measurement The dlstortlon causmg a bendmg of
the central line connecting Py;p, and Pyyypg is defined as negative when it is shaped like “(” and positive
when itis shaped as “)”. And the distortion causing the lines connecting Py;;;p4 and Pyypg is defined to be
negative when it shaped as “U” and positive in opposite case. As an example, the illustrated in Figure 24
represents horizontal centre point distortion to be -|es; .| and the vertical centre point distortion to
be -|es,..| because it is “(” shaped and “U” shaped respectively. Figure 25 is an example of frame image
displayed by and HUD and captured to evaluate the distortion and rotation.
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Key %q/
Puiips datum point at the centre of display area e¢ horizontal deviatien, of Pyypg
e, vertical deviation of Pyp, eg vertical devia @of Puups
ey horizontal deviation of Pyp, 1 example oféx'ner angle at Pypo
es b, vertical deviation of centre Pyyps Q
esyhr horizontal deviation of centre Pyyps QQ
Key
@d screen (aligned to ground surface)

2 datum point at the centre of display area
3 virtual image outermost frame

Figure 25 — Distortion measuring points

6.4.3.1 Characterizing trapezoid like or diamond shape

Each of the relative four corners angle is obtained for Pyyp1, Pyups Prups Prupg in the adjacent corner
points. Figure 26 shows an example for the corner point Py, evaluated in respect to the adjacent
corners. The corner angle described by Figure 24, key 1 provides the detail of each corner distortion,
while this item provides a bigger picture of the deformation of the image as a whole image. Describing
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the deformation of corner points by the following procedure to the four corners may provide a better

picture of the type of distortion exhibited by the DUT.

HUD3

HUD1

HUD9

v
Figure 26 — Distortion measuring points %
Caist (Paup7 )= £Pyup1Prup7Prupe —90° \Q)O
o)

where Q<<

Caist(Prup7) is a representation of corner angular d@grtion at corner Pyyp7;

N

2Pyub1Prup7Paupg  1s the angle between lines encomp@§ng Pyyp7 and passing Pyyp; and Pyypo.
NOTE The corner angular distortion at Py;p7 is negativ@en corner Pyyp7 is viewed as an acute angle and
positive if yiewed as an obtuse angle. X7

K\

6.4.32 Rotation O

Key
1 rotation of Pyypy
2 rotation of Pyype

Figure 27 — Measurement angle for rotation

PHUD7 Qé\

10)
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The rotation of the displayed image ¢y; is calculated for the rotation observed on  the image expected
to be given as horizontal line to the observer. For an HUD image exhibiting large distortion, the left
side and right side to centre Pyyps at (yp5, zp5) datum point may not be equal. See Figure 27 for the
measurement angle for rotation. The representative rotation is calculated as the average given by

Formula (11).

1 i Zye—Z [ Zys—2Z
Qg; == X1 tan 1) 7p6 7p5 +tan” ! ps Tpt (11)
2 Yp6 ~Vps Yp5 ~Vp4

where ¢; is the rotation of the displayed image.

6.4.4 Deviation ratio of aspect ratio

Idgally, a generated image shall be viewed by the driver in the same horizontal and yvertical aspect ratio.
Anl image generated with an aspect ratio W ginar: Horiginal displayed over the DUT having fthe image
wiflth equal to AW, +AW,op and the image height equal to AH, . +AH,,¢ Will generate| an image
haying the ratio R,

(AVVleft + AM/right ) : (AHupper + AHlower ) = Rar X (Woriginal : Horiginal ) (12)
whHere R, is the deviation ratio of the aspect ratio when image is displayed by the DUT.
NOTE R, is equal to 1 when no deviation occurs. If R,,. is pver/a unit (i.e. R,. > 1) the image gefs widened

horizontally and if R, is under unit (i.e. R, < z) the image gets.slimed horizontally. R, can be interpfeted to be
thg horizontal scale factor of the observed image generated by\the HUD.

6.5 Others

6.3.1 General

There are additional aspects that may-affect the performance of the information displayed by an HUD
system. This clause provides usefulinfermation to be further considered, if it is applicable to|the DUT.

6.3.2 Care and considerations

When performing an evaluation of an HUD system, its optical components like the HUD ehgine, the
wihdscreen or the combiner shall be positioned and aligned according to the installation packaging
design, with the vehicl®operation under nominal load condition.

The vehicle load 'cgndition can affect the vehicle pitch and consequently the orientation of fhe driver
gate orientation towards the horizon infinity height. The measurement shall be performed|following
th¢ nomindl positioning and orientation under the vehicle operational load condition while driving.
Pldase he"aware that individual regulations from the national body regarding the vehicle opefation can
haye their own pre-defined condition.

6.5.3 Capability of geometric adjustability to the driver head position

Some HUDs can have manual, semi-automatic or automatic adjustment capabilities in which the image
displayed by the DUT is adjusted according to factors like driver's eye position. In case such adjustment
function is provided by the DUT, such like eye position tracker (3.2.4), the operation manual shall
provide appropriate instruction on the procedure for the adjustment. Inappropriate adjustment can
cause visual discomfort not only to perceive the information provided by the DUT but it may also
decrease the driver's attention to the road ahead.

The basic performance of the DUT shall be tested under the representative position and vehicle load
and operation condition.
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On manually adjustable device, the evaluation of the system shall be performed at the extreme left and
right sides as well as top and bottom limit points of the eyebox and the range of adjustability shall be
reported in mm (millimetre) unit.

NOTE 1 Some adjustment hysteresis can be adopted in the system to mitigate the motion sickness that can
occur if continuously adjusted.

NOTE 2 The DUT may adopt external face detection or eye tracker to precisely locate the driver's eye position
using an eye position tracker (3.2.4). For such DUT, it is necessary that the face detector or eye tracker is capable
of properly detecting and adjusting the DUT properly. Inaccuracy of eye position detection, latency of the dynamic
adjustment and continuous adjustment with latency can lead to discomfort, such as motion sickness. It is not the
target of tHis document to provide a detailed measurement procedure to evaluate these dynamic properties,

NOTE 3 |For 3D AR HUD, refer to Annex B where more detail is given on considerations required-fon driyer
gaze positipn. Some systems can require the use of an eye position tracker (3.2.4) to generate an image atcordfing
to the driver's actual dynamic positioning.

When thefe is a driver with physical characteristics that lead to an eye position exceeding the eyellipse
encapsulated within the 95th percentile of the driver population, and the adjuStment range is ot
capable of bringing the display image, the information should be provided in the‘operation manual sych
that the driver is not forced to use the HUD with discomfort.

6.5.4 Dijsplay visual performance adjustability

The HUD [display can be endowed with adjustment capabilities foryhringing the output image quality
to match |the viewer's characteristic. This adjustment function.could be available as manual, semi-
automategl or automated depending on the adopted design. The.perceived image by the driver is affected
by the driyer's eye/head/face position, external light conditions, and other factors. The following items
need an eyaluation of the adjustability coverage:

1) displdy image brightness adjustment in accordaice with external/environmental light conditigns
(e.g. day/night dimming),

2) colouf of the message to external light condition,

3) size of visual information conveyed by-the system,

4) adjustability according to the pesition of driver's head/eye/face.
For the evialuation of performance of automatic adjustment, see 6.5.5.

The perfofmance of the DUT\shall be tested under the representative position.

6.5.5 Automatic adjustment accuracy and latency

For a DUl with-aittomatic adjustment, the adjustment operation accuracy and the latency of the
adjustment shall~be evaluated. The following are some examples of possible function(s) a DUT ¢an
provide.

1) Geometrical adjustment to best fit the driver's eye/eyellipse/face position. The adjustment can be
provided in different stages of use:

a) once per identified driver,

b) once boarded,

c) dynamic adjustment,

d) this function is available for HUD adopting on request re-adjustment.
2) External environment luminance adjustment:

a) daylight once per identified driver,

44 © IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=0cf01e1ca3f87f47b705bfdf25a512bd

ISO/TS 21957:2023(E)

b) night

¢) night with headlamp light on windscreen,
d) foggy environment,

e) sunset.

In an AR HUD (3.3.4) further superimposing the virtual image in the three-dimensional space, the
virtual image is reproduced using stereoscopy technology (see Annex B). It requires precise adjustment
of the eye position to avoid driver discomfort when accessing the visual information provided by the

DUT. Therefore, the device adopted to track the driver's eye position shall be separately evhluated in

synchronization with the 3D generated image displayed to the viewer.

i. | Capture the head movement of the driver using an equipment with known detegetio latency.

ii. | Capture the tracking data log of the results with eye position tracker (3.2.4).

iii.| Capture the resulting generated image by the DUT.

iv.| Verify the latency between the actual eye position movement and the'generated image by the DUT.
The total systematic delay caused due to eye position detection, transfer of data and procefsing time
delay to generate the readjusted stereoscopy image is reported. Maintaining certain upsensitive
eye/head movement detection zone and lag may avoid the discomfort, like control huntirg.

7 | Laboratory assessment on vehicle setup and eyellipse location (procedure for

measurement of HUD virtual image)

7.1 General

Fidld evaluation in a real world would be-ideal to verify the HUD's performance on actual use case

copditions. However, this implies poor reproducibility of achieving equal conditions among
ations because generating naturdl,testing conditions across different testing sites and testing

sit
ing

tances is mostly impossible in{ view of everchanging natural conditions. Therefore, th

clause introduces a set of test conditions intended to reproduce specific real road-testing d

wi

Su
att]
ev
fol
HU

7.4
Th

Lh several controlled precofiditions.

hlight incident height, cleud, atmospheric condition, snow and rain are just a few example
ributes that affect .the/evaluation. The predefined conditions enable a comparative and
hluation of the HUD's performance as installed in a vehicle evaluation across different
owing subclauSe-provides representative predefined test conditions applicable in comm
D system evatuation to mimic a field operational testing condition.

Vehicle setup

ednformation provided by DUT is conveyed to the driver's field of vision while the ve

r different

e present
onditions,

s of many
analytical
labs. The
on for the

hicle is in

ru

g condition as described im 3-1-2-As the vehicle pitchrand/or seat eight fromt the 1o

d surface

can change according to the load, a nominal position shall be achieved according to the vehicle condition
as described by local regulation. The vehicle shall be levelled with suspension blocked-out and placed
on jack-stands (or equivalent methods) in preparation for dimensional and orientational measurement.
Benchmarking processes require establishing repeatable fiducial points for levelling, so common
vehicle fiducial points should be used and recorded when establishing vehicle levelling.

The image observable by the driver is dependent on the eye position relative to the HUD engine as well
as the windscreen or the combiner used to reflect the image, whichever is applicable. Therefore, it is
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necessary to determine the driver seating reference point (SgRP) for the driver’s seats in vehicles (see
ISO 20176 and ISO 4513 to determine the eyebox).

NOTE Please be aware of any individual regulations of the national body defining a vehicle in running
condition. [For example, in Reference [22], the vehicle in running condition would refer to a vehicle in running
order plus one front-seat passenger, the mass of the passenger being 75 kg with tolerance of +1 %, where the
mass of a vehicle in running order includes the mass of the vehicle and its body with cooling fluid, lubricants,
fuel, 100 %of other liquids, tools, spare wheel and driver. The mass of the driver is evaluated at 75 kg (distributed
as follows: 68 kg for the mass of the occupant and 7 kg for the mass of luggage, in accordance with ISO 2416).
The tank contains 90 % and the other liquid-containing appliances (other than those intended for waste water)
100 % of the capacity declared by the manufacturer.]

7.3 Mannequin/visual reference eye point installation

In case 4 mannequin is used to determine the physical location of the observer's ‘eye for the
measurenpent, it is recommended to keep records of both relative humidity, room temperature gnd
the total}me the vehicle is kept in these conditions as part of the testing environment'condition. This
is especially important if the vehicle is new because the driver’s seat compressed,contours may hot
have reached design intent cushion compression through use. Keeping record ¢f\the mannequin hg¢ad
reference|point relative to vehicle coordinate may help in confirming that thé mannequin has comgq to
the expected positioning within the seat.

7.4 Extprnal environmental condition

Unless spegcified to evaluate the DUT in some specific external climatic condition, the evaluation shall
be perforimed under environmental conditions that include a clear sky and good visibility.

NOTE Rain, snow, sandstorm, or fog are just some examples of environmental conditions that can affect fhe
image quality of the information generated by an HUD.

7.4.1 External light environment

The envirjonmental light condition may largely vary upon time of the day, weather conditions gnd
time of the year. The external lighting may further be influenced by artificial public road illuminatipn,
surrounding vehicle illumination and other types of illumination introduced in public space.

Table 2 dgscribes some of the representative external light conditions that shall be evaluated. Daylight,
cloudy sky, sunset, sunrise, night,with and without counter vehicle headlamp high beam switched|on
are some |of basic conditions.to)which an HUD may be exposed in field use. The evaluation shall|be
performegl with external light conditions given within the condition range provided in Table 2. The
actual external light condition is recorded at windscreen position and at the foreground position. The
former light conditionds-intended to verify the effect to external light adjustments or side effects to the
optical pdtch of projected image, and later light condition is intended to characterize the road scgne
illuminatipn conditien, if applicable.
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Table 2 — Representative environmental light conditions to be evaluated

Environmental condition Illuminance on road Applicability of test
Clear sky 100 000 to 120 000 [Ix] Applicable

Cloudy sky 10 000 to 30 000 [Ix] Applicable

(diffused light from top)

Twilight 500to 1 000 [Ix] Applicable

Night with head light 50 to 20 000 [Ix] Applicable

THere are several adverse light conditions where it is hard to access the visual information conyvéyed b,
Unless the system is designed to specifically be operationally capable to overcome such harsly conditions, the

y the HUD.

following items are not applicable.

Sunset contre-jour/backlight Currently N/A2
Exlposed to direct high beam head lamp Gurréntly N/A2
High beam + under fog Currently N/A2
Hgavy rain Currently N/A2

a

to

SO
no
sa

In current technology decremental performance of visible information conveyed by the HUD may occur whlen exposed
the presence of harsh disturbing external light. Contre-jour sunset or headlamp high beam reflected on wlet road are
ne other examples that makes it difficult the access visual information by an HUD. However, these harsh conditions are
[ typical to occur in real use case. An HUD is not a replacement equipmeént to a conventional instrumental ganel where
ety relevant symbol(s) or other HMIs shall be given to the driver beeause under some harsh conditions the information
given by HUD may likely to be deteriorated.

Warning — In case there is risk of causing driver visual distraction under harsh| weather

co

manual.

7.4.2 Road surface ahead

hditions it might be appropriate to provide recommendations for care in the user's pperation

The images formed on the windscreeén are overlayed luminance images projected on top of the
forleground visual scene as observed by the driver while driving on various actual road s¢enes. The
conditions described herein aréisome examples of predefined road scenes, as representative

to

ronditions

enable comparative and stable evaluation in laboratory test to mimic a real-world use condition. The

luthinance of this foreground scene on various road conditions is to be calculated with Formuyla (13):

(13)

Lq =pPXE,
whHere
L,oaqs1S the illumination reaching from the road ahead;
o is the reflection rate of the road;
E is the illuminance cast over the road.

v

Table 3 provides some typical representative road surface conditions to be considered but may not
necessarily be a representative condition of all actual road conditions.
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Table 3 — Typical reflection/albedo rate from multiple source

Type of foreground |Reflection rate |Typical albedo Albedo

road

Concrete 0,05 0,55 0,10-0,35

(new concrete)

Asphalted 0,03 0,04 (fresh) 0,05-0,20
orn asphalt 0,12

Thr and gravel 0,08 - 0,20

Show road white 0,1 0,80 (fresh)

Desert sand 0,40

(Qreen grass 0,25

(dn road periphery)

Informatipn conveying safety relevant information like Request to Intetvene (RTI) on critical
condition$ shall not be provided solely by the HUD system because in advérse conditions the safety
relevant information can become hard to recognize through the HUD alone. For example, redundant
HMI symlbols on I/P along audible warnings are highly recommendé€d to minimize any risk of these
warning rhessages to be missed.

There arelsome specific ambient and/or road conditions where-the information legibility conveyed|by
an HUD may be deteriorated. The operation manual shall provide warning information for conditigns
not suitahle for an HUD to convey safety critical status information. Sunset contre-jour or headlamp
of incoming vehicle under wet road surface at night arejust examples where a driver may be unablq to
access thd information conveyed by a traditional HUIX

8 Environmental test

8.1 General

The built-jn type HUD is an equipment that is partially embedded into the instrumental panel within
the passepger compartment space/It is exposed to environmental conditions, it is partially under the
passengel compartment classification, but it is less severely affected. On the other hand, a stand-algne
type of HUD set on a dashbeoard comes under the passenger compartment classification. Therefore, test
condition$ can differ according to the design of the intended DUT, and this document provides some
recommendations according to the different types of HUD. The details of the test conditions are given
in Annex ( and AnnexD.

8.1.1 Measurement setup

ISO 1675('2 (C}CLtl ib tCDt), ISG 1()753'3 (lllCL}ldlliLd} tcat), ISG 16750'4‘ (Llilllatc tcat) auC‘l ISC 1675 '5
(chemical test) provide a set of environmental conditions and testing for electrical and electronic
equipment. An HUD device having its main electronic functional parts assembled into a single unit
is typically embedded into the dashboard space located in front of the steering position, the DUTs
are exposed to moderate environmental conditions but still exposed to direct sunlight through the
windscreen.

The DUT shall be evaluated following the procedure for electrical loads test given in ISO 16750-2,
according to pre-conditions as specified by the manufacturer of the DUT. See Table C.1.

The DUT shall be tested with a mechanical loads test as described in ISO 16750-3. The DUT is an
equipment with an installation within the dashboard assembly in the passenger compartment
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with exposure to direct solar radiation. These conditions require to test using code E within the
ISO 16750-3:2023, Table B.1. See Annex C, Table C.2.

The device is likely to be protected within the dashboard, having part of its optical path exposed to the
reach of the user. It is recommended to perform the test described in ISO 16750-3:2023, 4.1, 4.2, and 4.3,
but items described in ISO 16750-3:2023, 4.4, and 4.5 may not be relevant.

The DUT shall be tested with a climatic-loads test as described in ISO 16750-4. The operating
temperature range code H and the climatic requirement code G could be applied as it is located in the
passenger compartment and partially exposed to direct radiation. (See [SO 16750-4:2023, Table A.1.)

When the DUT's optical window is directly accessible to the user, it may become exposedt¢ chemical
substances in the passenger compartment. ISO 16750-5:2023, Table 1 provides a set of cheﬁtical loads
applicable for testing electronic equipment with its mounting location in the passenger-conmppartment
with classification code "B". It shall be tested according to pre-condition aS\specifigd by the
m4gnufactured of the DUT. See Annexes C, D.

8.1.2 Measurement procedure

Mdny real-world environmental conditions are difficult to be precisely replicated within a laboratory
enyironment or may require an exaggerated amount of resources-to achieve a similar condition.
Therefore, this document provides a baseline guideline to assess the DUT by defining a set oflminimum
required evaluations.

A vehicle with a passenger on board prepared for driving.is€expected to reach a moderate temperature
ramge. Therefore, the DUT in operation with a passenger'on board may bring the respective ¢quipment
within the compartment to operate at a moderate temperature range.

If the equipment is exposed to some specific identified condition, for example, a specific fesonance
vikiration occurring due to the vehicle designgthat additional condition shall be evaluated|following
ingtructions of use and it shall be verified that the DUT is not affected. Vibration may deterjiorate the
viqual performance of a displayed image.

8.1.3 Protection of HUD unit against foreign objects, liquids

The HUD's opto-electrical unit'of the HUD engine is typically protected in an enclosure and the unit
asgembled into the dashboard space of the vehicle. The intrusion of dust particles, liquids gnd/or gas
cafising optical surface contamination can affect the image quality during its life cycle. Thefefore, the
DUT shall be subjected\to environmental tests to verify the durability resistance to the required test
conditions. It shall follew the test procedure as specified by ISO 20653 and meet the protectipn level [P
cogle requirementas-specified under the designed conditions of use.

NO[TE Cumulative contamination by outgas from the internal component within the HUUD engine
englosure can also affect the optical performance of the DUT. If that happens, it is advised to take gppropriate
countermeasure and evaluate the influence to image quality.

EEET

9 —Consideratiomn whenusing HUD

This document does not prescribe any specific care for use as it may depend on display technologies
used or a particular packaging design into the vehicle cabin. Instead, it provides some considerations
which may serve as guidance, and they are given in Annex E and Annex F to bring awareness and to
avoid misuse. The user of this document shall consider the adopted technology and analysis the needs
for additional care.
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Annex A
(informative)

Eyellipse versus eyebox

A.1 Gemerat

The 3D space defined as an eyellipse is easy to handle in a virtual computed theoretical)'$Space
(see Figufe A.1). However, handling and positioning equipment for actual measurement“of HUD
character]stics according to the theoretical point in the eyellipse space is not practical and efficient. It
is extremgly challenging from a practical point of view.

To facilitdqte and to provide a practical way to perform the evaluation test, a fepresentative pdint
character]zing the eyellipse limit range is adopted, defined as "eyebox", which\provides the relevant
measurement reference point. The eyebox concept is introduced to simplify thie‘measuring point in the
3D space Wwhen performing image quality related evaluations.

This annex is intended to provide information to generate and definéthe respective eyebox from the
eyellipse. [The term "eyebox" used in this document refers to the space generated from the eyelligse,
correlatinjg to the respective driver population coverage estimated‘and defined in ISO 4513.

In this dqcument, the eyebox is defined by the specific eyellipse covering the 95 % of the driyer
population unless otherwise specified. For equipment designed to support extended driver populatjon
coverage beyond the 95 % of the driver population, refer to ISO 4513 to generate the enlarged eyelox
and eyebdx range.

The system is expected to cover the 95 % of the driver population with anthropometric characterisfics
described|in ISO 4513, whether by manually adjusting the equipment or having an automatic or semi-
automatidadjustment. The DUT is not required to provide a satisfactory image over the entire eyellipse
or eyebox range in a single adjustment setting but requires to be adjustable to meet the needs| of
different ¢river characteristics, havingsanthropometric characteristics within the 95 % of the driyer
population, used to define the eyellipse space.

The locatipn of the eyellipse uses the H point and R point as described in ISO 6549.

Note that] once adjusted €e,"a particular driver, the DUT shall be capable of conveying the vishal
informatipn to the drivér within a reasonable range of driver head movement, whose range is defined
as the adjyisted viewable HUD window in 3.2.3.

The eyellipse is a-thfee-dimensional statistical distribution space where the driver's eye location cofild
come while driving. The eyellipse location within the vehicle is defined in ISO 4513. It establishes the
location of dsivers' eyes inside a vehicle. The quality of the image conveyed by the HUD to the driyer
is evalua i ' i tti i T ipse
covering the 95th percentile driver population. The seat-back angle (3.1.9), or torso angle is one of the
elements that affects the eye positioning itself, but it does not apply for the calculation of eyellipse
location.

The precise location of the eyellipse shall be derived according to definition as described in ISO 4513
as centroid location parameter X, Y.y, and Z. The volumetric parameter determines the size of the
eyellipse of 95th percentile driver population, and the angles 8 given in ISO 4513:2022, 4.2 and 4.3.2 are

used to determine the eyebox.
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Key

Aqd seat track rise TL,;  seattrack travel

AH accelerator heel point W,,  y-coordinate of the SgRP

BOERP ball of foot reference point X, x-coordinate of the eyellipse centrgid location
Hg z-coordinate of the AHP Yya  mid-eye y-coordinate

H, z distance of the SgRP from the. AHP Z. z-coordinate of the eyellipse centr¢id location
L, x-coordinate of the BOFRP B side view angle

Lg x distance from the steéring wheel centre to BOFRP 1 zero X grid

L3 x-coordinate of the-SgRP 2 zero Y grid

SgRP  seating reference-point 3 zero Z grid

THp;  H-pointvertical adjustment 4 H-point travel path

Figure A.1 — Location of the eyellipse relative to driver packaging dimension$

A.R “Conversion of eyellipse to eyebox coordinate

The eyebox is a simplified two-dimensional rectangular box model providing the representative
distribution range of the driver's eye reference point for evaluation, encapsulating and having its frame
line tangential to the eyellipse; but for simplification, a slightly inner point is used to derive the eyebox
frame as described in Figure A.2.

Unlike the theoretical 3D space of the eyellipse, the eyebox enables defining the physical measuring
point along the edge or line of this eyebox rectangular cube without compromising the needs of the
evaluation.

The eyebox is defined in the vertical y-z plane at the centre of the eyellipse plane. The upper frame of the
eyebox is determined by the uppermost point of the crossline of the eyellipse to the defined y-z plane
and lower frame determined by the lowermost point of the crossline of the eyellipse to the defined
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y-z plane. The lateral frame of the eyebox is determined by the outermost right and left surface of the
eyellipse. For more detail see the projection view of the 95 % eyellipse as shown in the Figure A.2, side
and plan view respectively.
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Figure A.2 — Eyebox versus eyellipse and P point location

widest Z dimension of the tilted eyellipse
(reference)

neck pivot points used to position eye
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neck pivot points used to position eye
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neck pivot points used to position eye points
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hluationof an HUD system intended to have an extended driver population coverage wijith
inthropometry characteristics, evaluate the system on the basis of the expanded eyebox t
erthose driver population needs under seat adjusted condition whenever applicable.

hat
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Annex B
(informative)

Subjective evaluation for a 3D HUD

:2023(E)

B.f—Generat

Thiis annex provides a report on an evaluation regarding perceptual characteristics\obse
stgreoscopy-based 3D HUD where the visual information is provided with a pereepttal
the real-world scene. This annex is not a comprehensive study, but it may still. pyovide so|
information on aspects to consider when adopting a 3D HUD in practice. This anfex covers
related to comfort when using stereoscopy type of HUD. Information conyeyed by the HUI
driver direct field of view may conflict with the driver demand to accessthe real-world r
anfl human factor aspect like the attention allocation among other(s)-are expected to be V|
explored as a continuation of this document.

A traditional 2D HUD displays an image at a defined depth (distance)from observer) while a 3D

rved on a
epth onto

e useful
the aspect
onto the
bad ahead
isited and

HUD may

digplay information on variable depth depending on the artificially created disparity. It enalples image

to pe perceived at different depth by the driver. The imagecisplayed at different perceptual
adyantages when providing visual information to the driver like travel path guidance accord
redl road path ahead or the positional information accétding to the actual position in real wo
require less effort by the viewer to access the visualififormation provided at adaptive depth.

Figure B.1 is an illustrative example of a scene describing different situation of image conve
HUD and 3D HUD. The item indicated by key.3’is the virtual plane (screen) where the virf
is provided by the HUD and the driver needs to adjust their eyes accommodation distan
particular distance to properly access the'tnformation displayed on a 2D HUD. This requires
to [reallocate their viewing condition from a scene far away to a proximity plane of the H
On| the other hand, a 3D HUD with(variable depth perception capability can generate virtual
variable depth on different targeted depths. The items given by symbols "B" and "B'" are an i
representation for virtual image displayed on a 2D HUD and 3D HUD, respectively. When

HU

depth has
ing to the
rld. It may

yed by 2D
ual image
ce to that
the driver
JD image.
images at
lustrative
Ising a 3D

D, the symbol "B"" is projected to be perceived by the driver at a depth to indicate an information

cofresponding to geographical point, in this example near the item "A" (see Figure B.1]. Another
example of 3D-HUD uSage is the display of symbols with continuous variable depth like the path arrow
mdrker on the road’feg. Figure B.1, key 10).
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to create ¢
as follows,
visual ang
compared

s ORP within the eyebox

image distance

image plane, or also referred as "virtual image screen”
1 building (A) on the street

virtual symbol (B) indicating the real building (A)
virtual symbol (B’) indicating the real building (A)
Creen

 device within the HUD engine

( mirror

Frow marker

B.1 — B symbol on the viftual image screen of a 2D HUD versus the stereo B’ symbol
with depth information indicating the real building A on the street

various monoculaf/and binocular cues contributing to our depth perception. Cutting 3
troduced the _depth cues that vary in their effectiveness at different distances except t
onocular cueg.of occlusion and relative sizel13]. The binocular disparity is the main cue appl
tereo contents in 3D displays. The binocular disparity is defined according to Reference |
"whenboth eyes focus on an object, the different position of the eyes produces a disparity
le, and-a slightly different image is received by each retina". The two images are automatica
add;.if sufficiently similar, are fused, providing an important cue to depth perception. Thi

also called_retinal dic‘nnrifv[ﬁ]

nd
WO
ed
14]
r of

Iy
5 1S

B.2 3D

depth perception

It is preferable for a driver that a navigation symbol is reproduced at the same distance where the next
turn is placed. The 3D HUD should therefore display the corresponding 3D virtual content such as an
arrow at the same depth as the augmented real turning location (see Figure B.1, key 10 for an example
of marker symbol). This clause introduces the assessment methodology for the depth perceived by a
subject observer in augmented surroundings.

This clause provides the evaluation study on 3D depth perception by varying the inter-pupillary
distance variation or in other words what determines the binocular depth perception (3.3.21).
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Key

Th

The distance of the virtual image séreen, i.e. the virtual image plane, is determined by the opti

in
be
ac

b)

3D HUD unit (PGU)
virtual image screen

3D virtual objects

Figure B.2 — Example of measurement configuration for the perceived-depth and v
comfort evaluations

e following are the assessment procedures.
Selection of the evaluation target distances to be assessed:

it is recommended that the target distances are~chosen from both the front and the rear
of the virtual image screen for the 3D HUD.to be evaluated (see the measuring config

Figure B.2);

for instance, one front position of 3 m.and five rear positions of (8, 15, 30, 40,50) mcan b
the virtual image screen is displayed.at 4,5 m from the user.

h 3D HUD and shall be provided as design data by the 3D HUD manufacturer. Otherwis
measured using calibrated cameras. See 6.2.1 for the procedure to verify the virtual img
ommodation distance (3.3:20).

Siting the real objects at the target distances:
the real objeets-dre located at the selected target distances;

for instafiee, the square panels with numbers (3, 8, 15, 30, 40 and 50) representing
distances are placed at respective positions.

Preparation of the virtual object for the subjective evaluation:

isual-

positions
uration in

b chosen if

cal design
b, this can
ge optical

the target

the Inter-pupliliary distance or each observer 1s measured;

preparation of the respective virtual-object image (see arrows in Figure B.2) by considering the

inter-pupillary distance of each observer.

The observers see different depths against one virtual object presented at a certain distance due to their
inter-pupillary distance variation, in other words what determines the binocular depth perception. The
nominal inter-pupillary distance or the distance between E| and E is 65 mm as given in 3.1.8 but for
an accurate evaluation, the actual value is measured and used. If the binocular disparity is applied for
depth reproduction in the 3D HUD to be evaluated, the virtual-object test image should be generated by
reflecting the individual inter-pupillary distance (see Figure B.3).

d) Setup the HUD system according to the experimental configuration shown in Figure B.2:
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f)

the observer seating position is suggested depending on the distance of the virtual image screen for
the 3D HUD to be evaluated;

for instance, the observer is asked to sit at a 0,7 m distance from the combiner or the windscreen
where the virtual image screen is displayed 4,5 m away from the observer.

Asses

sment of the perceived depth:

the observer is asked to adjust the depth of the virtual object to the position of the real square panel;

for instance, the observer is asked firstly to manipulate left/right arrow keys on the keyboard

in ord
perce
depth

these

NOTE

er that the positions between the virtual object and the square panel with number 3
ved to have the same depth, and secondly to push enter key on the keyboard for saving
position of the virtual object;

manipulations and saving processes are repeated for all target distances.

An input equipment that uses a keyboard where the left/right key input can adjust the genera

hre
he

ted

virtual image disparity gradually is adopted to perform the experiment where thé-gbserver's task iy to

adjust
the co

Analy

itis r¢
(see E

for in

the subjective perceived depth to each requested target square panel, and the results are recorded
rrelation evaluation.

sis of the depth evaluation results:

tcommended that the observers’ perceived depth results are,eompared in the binocular an
igure B.3) or in the diopter (distance in meter1) dimensioh;

stance, the perceived depth results can be shown(in meter, diopter and binocular an

for

ple

ple

dimensions in Figure B.4 a)-c) and Figure B.5 a)-c) for,_ 38 younger adults (mean age 34,9 years old)

and 1

D elderly adults (mean age 60,6 years old) respectively;

the virtual-objects are perceived by younger observers to be placed at (3,5, 8,6, 15,7, 26,4, 33,8 gnd
m [in median values in Figure B.4 a)] thatare slightly further from the observer in comparigon

41,1)
with {
and 5

the v
50,2)
with {

for yo
targe

c);

for ol
targe

c);

these

he actual target-object locations at (3, 8and 15) m but are closer from the observer at 30,
D m;

he actual target-object locations at (3, 8 and 15) m but are similar to (30, 40, and 50) m;

unger observers, thel25th to 75th percentile ranges in the perceived depth at (3 - 50) m act

ler observers, the 25th to 75th percentile ranges in the perceived depth at (3 - 50) m act

indicate for both younger and older observers that recognition degree against 3D virt

10,

rtual objects are perceived by older observers to be placed at (3,5, 9,8, 16,6, 31, 40,6 gnd
m (in median values in Figuxe*B.5 a)) this is slightly further from the observer in comparigon

hal

distance falls into.similar size in diopter and binocular angle dimensions in Figure B.4 b) gnd

hal

distance falls into similar size in diopter and binocular angle dimensions in Figure B.5 b) gdnd

hal

objects is similar in the distance range of (3 - 50) m with comparable 25™ to 75 percentile diopter

sizes.

NOTE

56

The determinable deviation is not the same in the actual distance. This phenomenon is well described
as follows: distance or depth errors are apt to occur in distant portion of the visual field because depth cues are
attenuated or are below threshold and therefore are unable to support the perception of depth between distant
objects at different positions[12]. The sensitivity in differentiation of the distances of two objects is less in further
distances. As an object moves away from the observer, the distance in meter becomes larger while the binocular
angle or diopter values become smaller. Considering this fact, the perceived observation in different distances is
more accurately compared in the binocular or diopter domain.
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virtual image screen

binocular angles of 8, for the rear object of, 8, for the objeet on, and 85 for the front object of the vi
screen

rtual image

Figure B.3 — Illustration of the binocular angles (6, < 8, < 85) for the virtual objects lpcated at
different depth in 3D HUD with-the virtual image screen designed at 4,5 m
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X  location of "perceived" and (real) object (m)

Y, perceived physical depth in meter

Y, perceived distance in diopter

Y; perceived distance in binocular angle
1 median value

75th percentile value - 25t percentile value

maximum value - min value

Figure B|4 — Example of the perceived depth results at the real target distances of (3, 8, 15,3
40, 50)|m in the 3D HUD with the distance of the virtual image screen (4,5 m) for 38 younge
adults (mean age 34,9 years old)
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Figure B.5 — Example of the perceived depth results at the real target distances of (3, 8, 15,
30,40, 50) m in the 3D HUD with the distance of the virtual image screen (4,5 m) for 19 elderly
adults (mean age 60,6 years old)

58

© IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=0cf01e1ca3f87f47b705bfdf25a512bd

ISO/TS 21957:2023(E)

B.3 3D visual comfort

The provision of visual comfort 3D content is an important issue particularly for safe driving in
automotive applications. It is known in the field of conventional stereoscopic 3D displays that viewing
the 3D content with excessive parallaxes can evoke visual discomfort because of the difficulty in fusion
and an increased disagreement of accommodation and convergencell6l[17]118], The viewing condition
however differs between 3D TV and see-through 3D HUD. The investigation of visual comfort range
is required for images projected by an 3D HUD in the front/rear at different distances of the virtual
image plane (also referred to as visual image screen) designed to have an accommodation distance at
4,5 m, on which there is no parallax (zero disparity) i.e. the reference 2D virtual screen. The assessment
megthodology 1s mntroduced to fInd out the parallax range in which users view comiortagly the 3D
virtual content.

The following are the assessment procedures where a) to d) subprocedures are the same-as in Clause B.2
for] 3D depth perception:

a) | selection of the evaluation target distances to be assessed;

b) | siting the real objects at the target distances;

c) | preparation of the virtual object for the subjective evaluation;

d)| setup of the HUD system to the experimental configuration shown in Figure B.2;
e) | assessment of the visual comfort level:

— | theobserverisasked to stare at the virtual object (atleast for one second) whose position is adjusted
beforehand to the depth of the real square panel;

— | the observer is then asked to rate his/her syimptom on a 6-point Likert scale where 0 indicates no
discomfort at all and 5 indicates severe discomfort [for the scale, see Figure B.6 d)]:

— 0 for comfort;

— 1 for perceivable discomfort.(just recognizable);

— 2 for acceptable discomfort (a little bit uncomfortable but tolerable);
— 3 for mildly discomfort (slightly uncomfortable);

— 4 for moderately discomfort (to be interrupted for driving);

— 5 for severely discomfort (difficult to driving).

f) | repetition.of these processes for all target distances;

g) | analysis‘of the visual comfort evaluation results:

—| dt.is recommended that the observers’ rating values are compared in the parallax-angl¢ or delta-

daontra dimancinn:
o pere-aHRERS0H,

— the parallax angle is calculated by subtracting the binocular angle at the target virtual-object
distance from the binocular angle at the virtual image screen (see Figure B.3);

— the delta dioptre is calculated by subtracting the dioptre at the target virtual-object distance from
the dioptre at the virtual image screen;

— for instance, the observation results are shown in the meter, delta-diopter and parallax-angle
dimensions in Figures B.6 a)-c) where the target virtual-object distances are (3, 8, 15, 30, and 50) m;

— in the delta-dioptre [Figure B.6 b)] and parallax-angle [Figure B.6 c)] dimensions, observers tend to
recognize more discomfort as the delta-dioptre or parallax-angle value becomes deviated from zero
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at the virtual image screen in both negative (the front) and positive (the rear of the virtual image
screen) directions;

— this trend is not seen in the meter dimension [Figure B.6 c)] indicating that the plot of visual
discomfort values against deltadioptre or parallax angle provides more intuitive results;

— the comfort zone can be estimated from the observation results shown in Figure B.6 b) and c).

Y Y
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4 2
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3 3 C
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2 2 / 1,7 £0,6 i
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0 [None
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2 |Acceptable
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.. 10 .
! .."'-. ...-".'
. l l :. ..... I ‘ . l l l
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c] plotted against parallax angle d) discomfort rating scale
Key
X, virtua] objectlocation from user in/physical meter
X, virtua) objectlocation from user'converted as delta-diopter, given in upper parenthesis
X5 virtua) object location fromsuser converted as parallax angle, given in upper parenthesis
Y discomfort rating scale, detailed in d)
1  atthe fistance of vistualimage screen at 4,5 m from the user
Figure B.6 —Example of the visual-discomfort rating results at the target virtual-object
distances of (3;8, 15, 30, 50) m in the 3D HUD with the virtual image screen designed at 4,5 m

NOTE Considering more severe experimental conditions (at least staring at virtual object for one second)
compared to the real situation, it can be said that users are perceived to be comfortable with 3D virtual objects
up to 30 m (scale 3, ‘slightly uncomfortable’). It is unlikely to experience discomfort up to 30 m. To find out the
visual comfort zone, more experiments including dynamic situation are required.

The visual comfort is also compared in Figure B.7 between 2D HUD viewing (virtual objects on the
virtual image screen at 4,5 m versus their corresponding real objects at 8 m and 15 m) and 3D HUD
viewing (both 3D virtual and their corresponding real objects at 8 m and 15 m) cases. The statistical
analysis based on Mann-Whitney test results show that observers experience a more comfortable
viewing for a 3D HUD than for a 2D HUD: p value = 0,062 (< 0,1) in the 90 % confidence level between
the 2D (the real object at 8 m and the virtual object at 4,5 m) and the 3D (both real and virtual objects
at 8 m) HUD viewing case, and p value = 0,008 (< 0,05) in the 95 % confidence level between the 2D (the
real object at 15 m and the virtual object at 4,5 m) and the 3D (both real and virtual objects at 15 m)
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HUD viewing case. This finding supports that the 3D HUD can provide a safer viewing experience to
drivers than the 2D HUD.

Y
5

1 2
4+ * | \/
3— *% *% KHHH
1L |
1_ FHHERH
0 -

X1 X2 X3 Xa

X1 | 2D HUD viewing condition 1 (real object at 8 m versus virtual object at4;5m)
X, [ 3D HUD viewing condition 1 (real object at 8 m versus virtual objectat\8 m)

X5 | 2D HUD viewing condition 2 (real object at 15 m versus virtual ebject at 4,5 m)
X, | 3D HUD viewing condition 2 (real object at 15 m versus virtual object at 15 m)
visual discomfort

1 | visual discomfort comparison between 2D HUD viewing case (observers look at the real object placed at 8 m
and the virtual object placed at 4,5 m) and 3D HUD\viewing case (observers look at the real and|the virtual
objects placed at 8 m)
2 | visual discomfort comparison between 2D HUDiewing case (observers look at the real object plaged at 15 m

and the virtual object placed at 4,5 m) and. 3D HUD viewing case (observers look at the real and|the virtual
objects placed at 15 m)

Figure B.7 — Example of the comparison of visual-discomfort rating results between 2D and 3D
HUD viewing cases

B.# 3D integrated'vision

Thre exists a range-of distances that are visually perceived both at the same perceptual di§tance (i.e.
a 1jange of disparities that yield binocular singleness), even if the real object on the road associated
with the 3D-vittual symbol is located at a different distance. This phenomenon is due to the Panum’s
fugional area/in our eyes. When we look at an object with two eyes, we perceive it as singular, Jike we do
ler parts of the visual scene stimulating points on our retina that share a common visual|direction.
se points are termed "retinal corresponding points" and fall on an area called the "horoptgr". Points
outsidethe horopter fall on slichtly different positionsand donothave the identicalvisual direction
and lead to "retinal disparity", the basis of our depth discrimination. The region in the visual space over
which we perceive single vision is known as "Panum's fusional area"”, with objects in front and behind
this area being in physiological diplopia (i.e. double vision). Panum's fusional area is characterized by
a narrow range of (6-10) arcminute in the fovea and a widening range of (30 to 40) arcminute in the
periphery of our eyes. More details of the horopter and Panum's fusional area can be found in References
[19] and [20].

One of the 3D HUD functions is to display the 3D virtual symbol or letter in order to point to the actual
building or object location on the road. An "integrated vision test" is introduced to assess how far away
the 3D HUD's virtual image is to be recognized by the user at the same time, compared to the target
building and object. Its result will then be compared with the Panum’s fusional area.
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