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EXECUTIVE SUMMARY 

 This report represents the deliverable for Tasks 5 and 7 for the subject project, which specify 

that a human factors (HF) analysis of the visual properties of the in-vehicle head-up display 

(HUD) system used for the Mn/DOT-funded Highway 7 project be conducted (Task 5), and that 

a final report of findings from the analysis be prepared (Task 7).  The Highway 7 project deals in 

part with both technical engineering and HF analyses of HUD-based in-vehicle visual 

enhancement technology to benefit operational driving performance under limited driving 

visibility conditions.  The analysis reported here of an actual in-vehicle HUD complements the 

HF analysis of a simulated vehicle visual enhancement system (VES) carried out by Caird and 

colleagues [1] to satisfy the remaining tasks of the project, which is included as Appendix A to 

this report.  

 The results reported here deal exclusively with a ‘static’ HF analysis by the author of this 

report of the HUD installed in the Acura Integra emplaced in the University of Minnesota (UM) 

Division of Kinesiology Human Factors Research Laboratory (HFRL) wrap-around driving 

simulator.  The static approach involves visual inspection of the HUD hardware and visual 

interface and of the simulated driving environment used for the simulation phase of the Highway 

7 project, accompanied by collection of some system measurements.  That is, this report does not 

encompass a usability analysis of the HUD, or an analysis of the effects of interacting with HUD 

on visual and driving performance of human operators under either simulated driving or actual 

driving conditions in the field. 

 The purpose of the Highway 7 HUD system is to benefit driving performance and safety for 

operators of specified service, regulatory and service vehicles who may be faced with the 

necessity for vehicle operation under limited roadway visibility conditions.  Documenting the 

degree to which this goal is realized will require a systematic program of field research.  The 

analysis reported here deals with a series of visual HF design features of the system that may 

influence its ultimate success. 

 The findings of this analysis are largely positive.  The simplicity and monochromicity of the 

projected image avoid a large number of visual HF problems associated with use of more 

complex imagery and symbology in other types of aviation and in-vehicle HUDs.  Use of 
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conformal imagery responds to other findings pointing to the superiority of conformal, as 

opposed to non-conformal, HUDS in supporting operator performance. 

 Nevertheless, some visual HF design problems with the Highway 7 HUD system are 

suggested by this analysis.  In particular, possible design deficiencies related to lack of manual 

controls, binocular parallax, viewing angle, visual feedback delay, and cab safety have the 

potential for adversely affecting the ultimate success of the system.  It may be presumed that 

some if not all of these design problems can and will be addressed, as project work towards 

operational implementation of the system proceeds.  
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ABBREVIATIONS, ACRONYMS AND DEFINITIONS 
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binocular disparity see binocular parallax 
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binocular parallax  the difference in the position of an object seen by one eye compared with 

the other 
CH      vertical distance from driver’s seat pan to center of combiner 
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collimation   a display whose image appears to be focused at infinity 
conformal display  features of the HUD image are superimposed spatially on corresponding 
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deg      degrees 
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m      meters 
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image 

PC      personal computer 
pct      percent 
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transmittance   percentage of light energy transmitted through a medium 
SEH     sitting eye height (buttocks to nasion height) 
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the other 
VES     visual enhancement system 
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Effects of Vision Enhancement Systems (VES) 

on Older Drivers’ Ability to Drive Safely at Night 

and in Inclement Weather — Visual Human Factors 

Analysis of In-Vehicle HUD 
 

Final Report 
 

1. INTRODUCTION 

 This report represents the deliverable for Tasks 5 and 7 for the subject project, which 

specify that a human factors (HF) analysis of the visual properties of the in-vehicle head-up 

display (HUD) system used for the Mn/DOT-funded Highway 7 project be conducted (Task 5), 

and that a final report of findings from the analysis be prepared (Task 7).  The analysis reported 

here of an actual in-vehicle HUD complements the HF analysis of a simulated vehicle visual 

enhancement system (VES) carried out by Caird and colleagues [1] to satisfy the remaining tasks 

of the project.  The Caird report, which addresses Tasks 1-4 and 6 of this project, is included as 

Appendix A to this report.  The Highway 7 project deals in part with both technical engineering 

and HF analyses of HUD-based in-vehicle visual enhancement technology to benefit operational 

driving performance under limited driving visibility conditions.   

 The results reported here deal exclusively with a ‘static’ HF analysis by the author of this 

report of the HUD installed in the Acura Integra emplaced in the University of Minnesota (UM) 

Division of Kinesiology Human Factors Research Laboratory (HFRL) wrap-around driving 

simulator.  The static approach involves visual inspection of the HUD hardware and visual 

interface and of the simulated driving environment used for the simulation phase of the Highway 

7 project, accompanied by collection of some system measurements.  That is, this report does not 

encompass a usability analysis of the HUD, or an analysis of the effects of interacting with HUD 

on visual and driving performance of human operators under either simulated driving or actual 

driving conditions in the field.  Findings from a study of the effects of the Highway 7 HUD on 

operator performance during both simulated and actual driving under degraded viewing 
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conditions, accompanied by a detailed technical engineering description of the system, are 

contained in a Mn/DOT report currently under draft review (Harder, Personal Communication).   

 Subsequent sections of this report describe: (1) methods (Section 2); (2) results (Section 

3), comprising a description of the system, followed by observations on the visual HF design 

features of the system, with reference to the relevant literature pertaining to visual HF design 

issues with in-vehicle HUDs; and (3) discussion, conclusions and recommendations (Section 4). 
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2. METHOD 

 A static analysis of the visual HF design properties of the Highway 7 HUD system was 

carried out with the following steps: (1) installation of system hardware in the Acura Integra 

emplaced in the HFRL wrap-around driving simulator; (2) visual inspection of, and collection of 

a series of dimensional measurements for, the installed hardware; (3) actuation of HUD plus the 

simulated driving environment used for the driving simulation research phase of the Highway 7 

project; and (4) observations of in-vehicle visual interface with HUD and simulated driving 

environment both actuated. 
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3. RESULTS 

 Results presented below deal with a description of the system, a synopsis of differences 

in system configuration and operation between driving simulator and field installation 

conditions, and observations on the visual HF design features of the system. 

3.1.  System Description  

 The Highway 7 HUD system, developed by the University of Minnesota Intelligent 

Vehicles Laboratory, comprises the following components: (1) projector; (2) image combiner; 

(3) software; and (4) projected display.  These components, followed by an outline of system 

calibration procedures, are described below.   

 Projector.  The purpose of the projector is to project a HUD image onto the image 

combiner.  HUD images are projected from a 10.5 in (26.7 cm) diagonal mobile LCD display 

(Litton Systems #46830-1, San Diego) mounted in the Acura at a position between the two front 

seats, to the right and behind the driver's headrest.  With the back of this observer’s head on the 

Acura’s driver’s seat headrest, and with the seat positioned upright and all the way rearward, the 

projector screen is 8 in (20.3 cm) behind the bridge of the nose.   

 The projector mount consists of a vertical wooden 2x4 supporting the LCD display with 

its suspension mount at the upper end and resting on the central drive shaft housing, and a 

horizontal wooden 2x4 brace stabilizing the vertical mount, placed just behind the two front seats 

and extending the entire width of the interior compartment.  Length of the vertical 2x4 is 36 in 

(91 cm).  The LCD display is hanging from the front of a 4.5 in (11.5 cm) horizontal projector 

suspension mount, whose rear end is affixed to the vertical 2x4. 

 Combiner.  As the name implies, the purpose of the image combiner is to combine the 

projected HUD image with the visual image from the external environment visible through the 

windshield.  Visual feedback from the combined image is perceived by the driver as the HUD 

image superimposed on the external image. Because of the position of the image combiner 

(below), the projected HUD image is relatively small and is superimposed on only a portion of 

the external image.  During simulation testing, the driver looks through the image combiner 

(which reflects the projected HUD image to the driver) and then through the windshield to the 

screen in front of the car, onto which the simulated virtual environment is projected.   
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 The image combiner consists of a horizontally and vertically planar convex (on the 

projector side) clear plate of glass, protected by an outer frame, and affixed by a ball mount to 

the ceiling of the car directly in front of the driver's head.  The combiner ball mount is anchored 

to the car ceiling at a position customarily occupied by the mount for the drivers-side sun visor, 

which is replaced by the combiner.  Because the image combiner can be tilted both laterally and 

vertically using the four degrees-of-freedom (DOF) adjustability of its ball mount, combiner 

orientation readily can be adjusted to accommodate viewing requirements for drivers of different 

heights.   

 The combiner measures 11.5 in (29.5 cm) wide and 6 in (15.4 cm) high, and is framed 

with clear 0.75 in (1.9 cm) polycarbonate.  The distance from the center of the projector screen to 

that of the combiner is 24.5 in (36.8 cm).  Horizontal distance from the center of the combiner to 

the windshield is 20 in (51.0 cm).  For this observer, with the head positioned on the headrest 

and the driver’s seat upright, the distance from the nasion (junction of the forehead and the nose) 

to the center of the combiner ranged from 6.5 in (16.5 cm) to 14 in (35.6 cm), with the driver’s 

seat positioned frontmost or rearmost, respectively.  With the seat in a comfortable intermediate 

distance for the author, the nasion to center of combiner distance was 11 in (28.0 cm). 

 Software.  The software that drives the HUD projector runs on a Micron Pentium PC.  

The general programming approach used to generate the HUD image is as follows: (1) X and Y 

coordinates of the road model used for the Highway 7 project simulation testing (next paragraph) 

are stored in a data base; (2) during a driving simulation trial, the Micron PC is provided with a 

data stream of (X,Y) coordinates from the main simulation computer that correspond to the lane 

position of the vehicle on the simulated road; and (3) by comparing lane position coordinates 

with the data base of road coordinates, the software is able to generate image for the projector 

that provides a HUD perspective for the driver of the road ahead of the vehicle (next paragraph).  

In addition, at selected times during a simulated trial, the HUD computer also generates a 

conformal warning (next paragraph) meant to warn the driver of a hazard ahead, consisting either 

of an approaching vehicle in the left oncoming traffic lane, or of another vehicle parked on the 

right shoulder. 

 Projected Display.  The simulated driving environment employed for the simulation 

phase of the Highway 7 project consists of a two-lane straight road 10 km in simulated length, 
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with a dashed yellow center line and two solid road shoulder lines inset at a simulated distance of 

12 ft (3.66 m) from each edge of the road.  Both limited visibility and hazardous driving 

conditions, using fog and snow, can be simulated with this environment.  For the simulation 

testing phase of the Highway 7 project, a snow covered road with limited visibility (30 m) was 

used.  At selected times during the simulation, a road hazard also is simulated, consisting either 

of an approaching vehicle in the left oncoming traffic lane, or of another vehicle parked on the 

right shoulder. 

 As described above, the image combiner is used to superimpose the HUD image on a 

portion of the visual image from the external environment.  The image projected by the HUD 

system described here is simple and straightforward, its primary virtue from a visual HF 

perspective.  It is a monochromatic image consisting of a dark background on which are 

superimposed three solid white lines rendered in visual perspective---that is they draw closer and 

almost join one another, thus providing image depth perception that makes it appear that the lines 

are receding into the distance.  When the HUD is properly calibrated (next paragraph), the driver 

perceives the two outside lines in the HUD image superimposed upon the two shoulder lines, and 

the middle line superimposed on the center line, of the simulated roadway. 

 At times when a road hazard is simulated during a simulated driving trial (above), a 

warning icon in the form of a monochromatic square (4 solid white lines in shape of square, with 

dark center) is added to the HUD image.  When the hazard is an oncoming vehicle, the square is 

projected to superimpose on the left, oncoming traffic lane; when the hazard is a vehicle parked 

on the right shoulder, the square is projected to superimpose on the driver’s traffic lane.  The 

square is generated to appear in advance of the hazard at a simulated distance of 350 ft between 

the driver’s vehicle and the hazard---this distance corresponds to the range of the radar employed 

during field operations with the system (Section 3.2).  The system displays only one hazard icon 

at any given time. 

 HUD imaging of the road edges and center is conformal, because with proper calibration 

the HUD image lines denoting these features is superimposed spatially on the actual roadway 

features.  HUD imaging of upcoming road hazards is partially conformal, in the sense that the 

hazard icon is superimposed on the traffic lane in which the hazard will appear, but the icon is 

not superimposed on the hazard itself. 
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 System Calibration.  Calibrating the Highway 7 HUD system entails the following steps: 

(1) the operator adjusts the driver’s seat of the Acura Integra to a comfortable position; (2) the 

HUD, and the display of the external simulated driving environment at unlimited visibility (750 

m for the application described here), are actuated; and (3) the driver adjusts the image combiner 

until the 3 roadway lines in the HUD image are superimposed on the actual road shoulder and 

center lines of the roadway in the external environment. 

3.2.  Field Configuration of System 

 An analysis of the visual HF design features of the Highway 7 HUD system under field 

conditions was not conducted as part of the evaluation reported here.  However, informed 

judgment about the visual properties of the system rests, in part, upon a consideration of how the 

system is deployed and used in the field.  Information summarized in this section was derived 

from HFRL personnel involved with the Highway 7 project (Chihak, Harder and Olson, Personal 

Communications). 

 It is the understanding of this author that field applications of the Highway 7 HUD 

system likely will be restricted to highway safety, emergency and enforcement vehicles---such as 

snowplows [7], ambulances, and highway patrol cars---whose service under limited highway 

viewing conditions may be required if not essential.  Because a snowplow cab is substantially 

larger than that of a sedan, many of the system description features described above (Section 3.1) 

will not be applicable to snowplow installation and use of the system.  However, given closer 

parallels in configuration between the cab interior of the Acura Integra used in the HFRL wrap-

around driving simulator, and cabs of patrol cars and possibly some ambulances, the above 

system description features may be more applicable to these latter vehicles. 

 A major functional difference between field and driving simulator use of the Highway 7 

HUD system is reliance of the former upon acquisition of Global Positioning (GPS) data to 

establish road position of the vehicle.  Comparable to the driving simulation application, the 

computer driving the HUD projector in a field vehicle is provided with a data base of GPS 

coordinates for roadways over which the field vehicle is predicted to travel.  During field 

operation of the system, differential GPS (dGPS) data indicating vehicle position are acquired 

continuously by a GPS receiver in the field vehicle at a rate of 10 hz.  The HUD computer uses 

these data to reference vehicle position to the data base of stored roadway GPS coordinates, and 
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to generate a HUD image of the center and shoulder edge lines of the roadway ahead (as 

described in Section 3.1), based on this referencing process. 

 A second major functional difference between field and driving simulator use of the 

system is that radar is used to detect traffic hazards during field operation.  Data specifying 

hazard position, based on radar detection, is used by the HUD computer to generate a partially 

conformal hazard icon in the HUD image, in a manner comparable to the approach described in 

Section 3.1 for the driving simulation application. 

3.3.  Observations on Visual HF Design Features of System 

 Visual HF design issues associated with the use of in-vehicle HUDs are reviewed, to 

varying degrees of detail, by Bossi and colleagues [2], Section 2 in the report by Caird and 

colleagues ([1]; Appendix A), Gish and Staplin [3], Kiefer [4], Ward and Parkes [5], and 

Weintraub and Ensing [6].  This section evaluates the key visual HF design features of the 

Highway 7 HUD system, in relation to the major findings cited in these reports.  Specifically, 

subsections below address overall design attributes, manual controls, optical properties, 

calibration, and operator performance issues.  Relevant conclusions and recommendations 

supported by the observations are referenced. 

3.3.1. Overall Visual HF Design Features 

 The overall simplicity of the display of the Highway 7 HUD system represents its most 

positive and attractive feature (Conclusion 1), in that limiting the display features to lines 

representing road center and edges, plus the occasional hazard icon, avoids the need to deal with 

some 13 visual HF design considerations that should be addressed when alphanumeric 

symbology is displayed on an in-vehicle HUD [3,5,6].  Other positive aspects of the overall 

visual HF design features of the system are summarized below. 

 Conformal Visual Enhancement.  That the system display is conformal in nature 

represents a positive visual HF design feature (Conclusion 2).  Project findings of Caird and 

colleagues ([1]; Appendix A) show that, relative to non-conformal displays, conformal displays 

have a consistent simulated driving performance advantage over non-conformal displays, for 

subjects evaluated during research conducted for this project.  Other research also points to 

performance advantages of conformal, relative to non-conformal, HUDs [3,5,6]. 
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 Monochromicity.  The monochrome display represents a positive visual HF design 

feature (Conclusion 3).  Weintraub and Ensing [6] note that use of monochrome HUDs is 

recommended. 

3.3.2. Manual Controls 

 Weintraub and Ensing [6] recommend that aviation HUDs be configured with a series of 

manual controls.  Those controls relevant to in-vehicle HUDs [5] include: (1) on-off switch; (2) 

brightness; and (3) ‘night filter’ to remove unwanted display luminance during nighttime driving.  

It is not clear to this author if the Highway 7 HUD is intended for nighttime operations (a 

thermal imaging HUD [2,4] might be more appropriate for this purpose).  Therefore, the need for 

a ‘night filter’ control for the Highway 7 HUD is open to question.  The field version of the 

Highway 7 HUD has an on-off switch, but is not equipped with a brightness control 

(Recommendation 1).  However, the position of the image combiner can be manually adjusted 

for calibration purposes (Conclusion 4).  

3.3.3. Optical Properties 

 Optical properties germane to the Highway 7 HUD system include the: (1) luminance-

contrast ratio of the system; (2) optical quality of the HUD; (3) combiner transmittance; and (4) 

collimation condition [3,5,6].  Each of these properties is addressed below. 

 Luminance-Contrast Ratio (LCR).  The LCR refers to the ratio of the total luminance of 

the HUD image (comprising the sum of the projected plus background luminances) to the 

background luminance, where the background luminance is that of the external environment.  

Weintraub and Ensing [6] recommend a minimally acceptable LCR of 1.15/1, a preferred 

minimum LCR of 1.5/1, and a higher LCR of 4/1 for low background luminance conditions.  An 

LCR that is too low may degrade the visibility of the projected image; an LCR that is too high 

may degrade the visibility of the background.  However, Gish and Staplin [3, p. 9] note that, 

‘there is no single HUD luminance contrast that optimizes performance for all driving 

conditions.’ 

 The LCR for the Highway 7 HUD system was not determined as part of this analysis, 

based on the consideration that only LCR measurements under field conditions are relevant to 

the visual HF properties of the system.  The observation of Gish and Staplin suggests that 

adjustability of the luminance of the projected display is desirable (Recommendation 1), and that 
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the background luminances of environments in which the system typically will be used should be 

ascertained (Recommendation 2). 

 Optical Quality.  Optical quality of a HUD is of primary concern with symbolic displays 

[5,6], for which visual resolution of the projected symbology is required.  The optical quality of 

the Highway 7 HUD is judged to be high---the image is not fuzzy, and the line edges are sharp 

(Conclusion 5).   

 Combiner Transmittance.  This term refers to the percentage of light energy transmitted 

through a medium.  A minimum combiner transmittance of 70% is recommended [6].  The 

transmittance of the Highway 7 HUD combiner was not measured as part of this analysis 

(Recommendation 3). 

 Collimation.  This term refers to a display that appears to be focused at infinity—that is, 

light rays emanating from the display are parallel when they reach the eye.  The desirability of 

collimation with a HUD image is a matter of controversy.  With reference to aviation HUDs, 

some observers believe that a collimated HUD display causes misaccommodation, resulting in 

degraded visual performance [8].  Other observers strongly favor collimation of the HUD image 

[6].  Most automobile HUDs are not collimated [6].  However, Weintraub and Ensing [6] also 

point out that with conformal HUDs, collimation is a non-issue, inasmuch as a conformal display 

requires collimation.  Inasmuch as the Highway 7 HUD is conformal, collimation may be judged 

to be a non-issue with this system. 

3.3.4. Calibration 

 As noted above (Section 3.1), system calibration involves aligning the 3 lines projected 

on the HUD with roadway edge and center lines with which the HUD lines are meant to 

conform.  This procedure raises the question of how the system is to be calibrated in the field 

when roadway features are obscured (for example, by fog or snow), field application conditions 

for which the system is intended (Recommendation 4). 

 A further observation made during system calibration is that the accuracy of the 

calibration appeared to be affected by head position.  That is, the conformal accuracy of 

superimposition of projected lines and roadway lines in one head position was reduced if the 

head was shifted horizontally to another position.  This observation raises the question of how 

head position may affect the accuracy of driving performance with the HUD in the field, under 
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circumstances where system calibration may have been carried out with the head in one position, 

and field operation may occur with the head in other positions (Recommendation 5). 

3.3.5. Operator Performance Issues 

 This section addresses visual performance issues related to operator interaction with the 

Highway 7 HUD.  Given that human subjects testing was not carried out as part of this analysis, 

the evaluation below is based on observations of the author, plus informed judgment that relies 

upon literature reviews and findings [3,5,6].  Subsections below deal with visual accommodation 

and vergence, binocular misalignment, binocular parallax and diplopia, viewing angle and 

anthropometry, visual feedback delay, and cab safety issues. 

 Visual Accommodation and Vergence.  These terms refer, respectively, to the visuo-

motor mechanisms that focus images on the retina, and those which horizontally rotate the eyes 

towards one another to provide depth cues.  Weintraub and Ensing [6] point out that, for 

purposes of target detection/recognition and distance/size perception, these mechanisms operate 

in tandem.  As noted above, the degree to which viewing of a collimated HUD causes mis-

accommodation remains a matter of controversy.  The author did not experience apparent 

difficulty in either of these performance areas during visual interaction with the system.  More 

generally, because the Highway 7 HUD consists of 3 simple lines plus an occasional hazard icon, 

and lacks complex symbology, it is judged that neither mis-accommodation nor vergence 

difficulties are likely to notably affect visual performance with the system (Conclusion 6). 

 Binocular Misalignment.  This term refers to difficulty in binocular visual fixation of an 

image due to image distortion.  No apparent problems with binocular misalignment were 

observed by the author during visual interaction with the system (Conclusion 7). 

 Binocular Parallax and Diplopia.  The former condition (also termed binocular disparity) 

refers to the position of an image shifting when viewed by one eye relative to the other due to 

oculomotor dominance effects, resulting in diplopia (double vision).  This effect was readily 

apparent to the author when viewing the Highway 7 HUD during system calibration with 

unlimited visibility.  That is, there were recurrent episodes of double vision of the actual 

roadway lines and the projected conformal lines.  However, during viewing of the HUD under 

simulated limited visibility conditions (fog, with snow on roadway), this effect disappeared, 

because the roadway lines no longer were visible.   
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 In the field, the system is intended for use primarily under limited viewing conditions.  

However, it is possible that visual interaction with the system may occur during periods of time 

when road visibility is not compromised (for example, alternating ground fog and clear road 

intervals).  Under such conditions, the operator may not wish to periodically engage and 

disengage the system.  This means that there may be periods of time when the operator is 

visually interacting with the HUD while driving under relatively clear viewing conditions, with 

the projected conformal image lines and the roadway lines both visible.  Under such 

circumstances, effects of binocular parallax on visual performance with the system may occur 

[6], a possibility that merits further study (Recommendation 6). 

 Viewing Angle and Anthropometry.  As outlined below, visual performance during 

operator interaction with a display depends, in part, upon the visual angle with which the 

operator views the display.  For the Highway 7 HUD system, viewing angle may be calculated 

as: 

 CVA = arcsine ((CH-SEH)/CVD)             (1) 

where 

 CVA = combiner viewing angle (deg) 

 CH  = vertical distance from driver’s seat pan to center of combiner 

 SEH = sitting eye height (distance from buttocks to the nasion) 

 CVD = viewing distance from nasion to center of combiner. 

 With the seat in vertical position, vertical distance from the pan of the driver’s seat of the 

Acura Integra to the center of the Highway 7 HUD system combiner is 36 in (91.4 cm), a 

distance that is 1 in more than the SEH of the author.  

 For SEH, the worldwide range from the 5th percentile female to the 95th percentile male is 

31.4 in (79.8 cm) to 37.8 in (96.0 cm), with a median of 34.6 in (87.9 cm) [9]. 

 The CVD represents the most uncertain dimension, since under operational conditions 

this distance depends upon seat composition (seat pan compressibility) and operator adjustments 

to the seat (angle of seat back; elevation of seat pan), as well as SEH.  Data In order to estimate 

the CVA across the anthropometric range of SEH levels, the following simplifying assumptions 

are adopted. 
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1. A CVA of 0 deg (e.g., nasion at same level as center of combiner) occurs at an SEH of 35 

in (89 cm), which corresponds to the worldwide median for SEH [9].  

2. Based on Assumption 1, a CH of 35 in (89 cm) is assumed. 

3. At a CVA of 0 deg (and a corresponding SEH of 35 in), a CVD of 11 in (27.9 cm) is 

assumed (this is the CVD for the author at a ‘comfortable’ seat position). 

4. In the field, the Highway 7 HUD system will be installed in ‘large’ cars (a reasonable 

assumption for patrol car and ambulance installation). 

5. In large cars, females on average will sit 2 in (5 cm) closer to the HUD than males.  This 

estimate is adapted from recent findings reported by McFadden and colleagues [10] on 

seating distance from the steering wheel in cars of different sizes for males and females. 

6. For SEH levels different from 35 in, CVD is calculated as: 

  CVD (in) = ((35 - SEH)2  + 112)1/2  for males, and     (2) 

  CVD (in) = ((35 - SEH)2  + 92)1/2   for females     (3) 

 

Table 1.  Estimated combiner viewing angle as a function of driver anthropometry 

Anthropometric 
Category 

  
 CH (cm) 

 
 SEH (cm) 

CH - SEH 
(cm) 

 
CVD (cm) 

 
 CVA (deg) 

Median 
(males & females) 

  
 89 

  
 89 

 
 0 

 
 27.9 

 
 0 

5th Percentile 
female 

 89  80  9  24.6 
 (Equat. 3) 

21.5 
(Equat. 1) 

95th percentile male  89  96  -7  28.8 
 (Equat. 2) 

-14.1 
(Equat. 1) 

 
 Based on these assumptions, estimated CVAs for drivers across the worldwide 

anthropometric range of SEH levels are presented in Table 1.  The estimates show that to view 

the Highway 7 HUD, given the system configuration installed in the Acura Integra, the 5th 

percentile female may have to look upwards at an angle exceeding 20 deg, whereas the 95th 

percentile male may have to look downwards at an angle approaching 15 deg. 

 A neutral (CVA=0 deg) or slightly downward HUD viewing angle can be judged to be 

relatively acceptable.  Gish and Staplin [3] summarize research showing that both reading and 
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visual reaction time using an automotive HUD is faster than performance with a conventional 

heads down information display, and that a HUD viewing angle 8 deg below the line of sight is 

recommended. This recommendation generally is aligned with that of Burgess-Limerick and 

colleagues [11], who report findings supporting the argument that the optimal location of a visual 

display should be at least 15 deg below the line of sight. 

 On the other hand, asking a driver to view a HUD located at an angle above the line of 

sight can be judged to likely be not acceptable.  There is ample evidence from studies of 

computer workers that sustained viewing of visual displays at viewing angles above the line of 

sight is associated with an elevated risk of musculoskeletal problems of the neck and shoulder 

[11,12].  Ward and Parkes [5] note that in-vehicle VES HUDs will require continuous viewing, 

and that, ‘the need to keep the eye s properly aligned with the HUD optics may force drivers into 

static or awkward postures for prolonged periods.’  This problem almost certainly will be 

exacerbated if the HUD viewing angle requires the driver to maintain long periods of neck 

extension. 

 The estimates in Table 1 are based on observations of the author, plus extrapolations 

from the literature.  They suggest that if the Highway 7 HUD system is adopted for general field 

use, there may be an (unknown) percentage of operators whose size may require them to engage 

in continuous viewing of the HUD at neck-extended viewing angles associated with a 

disproportionate risk of neck and shoulder problems, relative to operators with a larger body size.  

Further study will be required to confirm or dismiss this possibility, with studies that evaluate 

visual angles required for HUD viewing by a representative population of users 

(Recommendation 7), and that ascertain the nature and extent of possible musculoskeletal 

complaints, particularly those related to the neck and shoulder, associated with routine 

operational use of the system (Recommendation 8). 

 Visual Feedback Delay.  One of the distinctive design features of the Highway 7 HUD 

system, that differs from those automotive systems described in the cited reviews [1-6], is its 

reliance on acquisition of GPS data indicating vehicle position for purposes of generating the 

conformal display.  This technological approach raises two questions regarding visual 

performance with the system---accuracy of the positional data, and data acquisition rate. 
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 Information provided by Highway 7 project members indicates that, because of reliance 

on dGPS data, vehicle positional information is highly accurate.  Conversely, the data acquisition 

rate of 10 hz (e.g., positional updates every 100 msec) raises the possibility that delay in 

presentation of HUD visual feedback of vehicle position to the driver may have an effect on 

driving performance.  The term delay refers to the fact that between successive 100 msec visual 

indications of vehicle roadway position on the HUD, the vehicle traverses a section of roadway 

for which no visual feedback of roadway position is provided.  

 At a vehicle speed of 30 mph (a plausible upper limit of how fast an operator might drive 

using the HUD under impaired visibility conditions), the vehicle traverses 4.4 ft (1.34 m) in 100 

msec.  This low value suggests that a positional update rate of 10 hz should have minimal effect 

on the ability of the operator to rely on visual feedback to guide the trajectory of the vehicle. 

 However, it can be argued that a visual feedback delay of 100 msec may introduce 

increased variability in driving performance that may have adverse safety implications.  In a 

review and analysis of factors affecting variability in remote guidance of teleoperated vehicles (a 

task for which delayed visual feedback is an inherent feature), Smith and colleagues [13] report 

findings from a pursuit tracking task (driving also represents a pursuit tracking process) 

indicating that there is no level of visual feedback delay below which tracking performance is 

not degraded to some degree.  In other words, there does not appear to be a decremental 

performance threshold associated with visual feedback delay.  At a visual feedback delay interval 

of 100 msec, these authors report a 30 pct increase in tracking error, relative to the control (no 

delay) condition.  This finding suggests that for field applications, given a vehicle positional 

update rate of 10 hz, possible effects of visual feedback delay on variability and error in visual 

performance with the Highway 7 HUD system merit further study (Recommendation 9). 

 Cab Safety.  The Acura Integra configuration of the Highway 7 HUD system places the 

glass combiner between the driver and the windshield, about a foot almost directly in front of the 

drivers face.  This configuration raises obvious cab safety concerns.  A sudden impact could 

rapidly propel the driver’s head into the combiner, with consequent potential for head, face, 

and/or eye injury. A risk that possible may be obviated with air bag protection.  Nevertheless, 

possibly adverse cab safety implications of the system merit attention (Recommendation 10). 
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4. DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 

 The purpose of the Highway 7 HUD system is to benefit driving performance and safety 

for operators of specified service, regulatory and service vehicles who may be faced with the 

necessity for vehicle operation under limited roadway visibility conditions.  Documenting the 

degree to which this goal is realized will require a systematic program of field research.  The 

analysis reported here deals with a series of visual HF design features of the system that may 

influence its ultimate success. 

 As summarized under Conclusions below (Section 4.2), the findings of this analysis are 

largely positive.  The simplicity and monochromicity of the projected image avoid a large 

number of visual HF problems associated with use of more complex imagery and symbology in 

other types of aviation and in-vehicle HUDs.  Use of conformal imagery responds to other 

findings pointing to the superiority of conformal, as opposed to non-conformal, HUDS in 

supporting operator performance. 

 Nevertheless, as summarized under Recommendations below (Section 4.3), some visual 

HF design problems with the Highway 7 HUD system are suggested by this analysis.  In 

particular, possible design deficiencies related to lack of manual controls, binocular parallax, 

viewing angle, visual feedback delay, and cab safety have the potential for adversely affecting 

the ultimate success of the system.  It may be presumed that some if not all of these design 

problems can and will be addressed, as project work towards operational implementation of the 

system proceeds. 

 After a synopsis of the limitations of the analysis, concluding subsections below 

summarize conclusions and recommendations growing out of the observations made.  

4.1.  Limitations of Analysis 

 The analysis reported here is limited to the observations and informed judgment of one 

analyst, the author of this report.  Thus, the observations, conclusions, and recommendations 

reported should be referenced to results from human subject testing carried out in the context of 

Tasks 1-4 and 6 of this project [1; Appendix A], as well as results from simulation testing and 

field research both concluded and anticipated as part of the Highway 7 project.  None of the 

work to date has involved a usability analysis of the system, which should be incorporated into 

the system analysis plan at some point (Recommendation 11).  A further limitation of the present 
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analysis is that it is limited to an evaluation of the system as installed in the Acura Integra 

vehicle within the wrap-around simulator at HFRL.  There are a number of important differences 

between laboratory and the field applications of the system in terms of system configuration, 

optical properties, and operator interaction. 

4.2.  Conclusions 

 Observations made during the static analysis of the visual HF design features of the 

Highway 7 HUD system reported here support the following conclusions. 

1. The simplicity of the system display, comprising 3 lines and an occasional hazard icon, 

represents its most positive and attractive feature, because this design avoids the need to deal 

with some 13 visual HF design considerations that should be addressed when alphanumeric 

symbology is displayed on an in-vehicle HUD. 

2. The conformal nature of the display represents a positive visual HF design feature of the 

system. 

3. The monochrome nature of the display represents a positive visual HF design feature of 

the system. 

4. The ability to manually adjust the position of the image combiner for calibration purposes 

represents a positive visual HF design feature of the system. 

5. Its high optical quality represents a positive visual HF design feature of the system. 

6. It is judged that neither mis-accommodation nor vergence difficulties are likely to notably 

affect visual performance with the system. 

7. Binocular misalignment does not appear to represent a visual performance problem with 

the system. 

4.3.  Recommendations 

 Observations made during the static analysis of the visual HF design features of the 

Highway 7 HUD system reported here support the following recommendations. 

1. Equip the system with a manual control for adjusting luminance level of the projected 

display. 

2. Conduct a field LCR analysis of the system, over a range of background luminances for 

environments in which the system typically will be used. 

3. Determine the transmittance of the system combiner. 
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4. Address the question of system calibration in the field when roadway features are 

obscured. 

5. Because of the apparent effect of horizontal head position on calibration accuracy, the 

effect of horizontal head position on the accuracy of driving performance with the HUD 

under field conditions should be evaluated. 

6. Possible effects of binocular parallax on visual performance with the system merit further 

study. 

7. Evaluate the visual angles required for viewing the system display by a representative 

population of HUD users. 

8. Evaluate the nature and extent of possible musculoskeletal complaints, particularly those 

related to the neck and shoulder, associated with routine operational use of the system. 

9. Possible effects of visual feedback delay on variability and error in visual performance 

with the system under field conditions should be evaluated. 

10. Possible adverse cab safety implications associated with design of the system should be 

addressed and evaluated. 

11. Conduct a usability analysis of the system. 
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Abstract

Vision enhancement systems (VES) have the potential to increase older drivers
mobility. The purpose of this research contract was to determine the viability of
certain VES properties on older driver performance and preference. To achieve
these objectives, a comprehensive review of VES and head-up display (HUD)
literature is reported which highlights gaps and limitations in previous research.
A preliminary experiment, which used digital video of suburban city streets with
conformal and non-conformal VES, was conducted. Thirty-two younger drivers
drove through the scenes with a video simulator where interactions with the
brake and accelerator affected playback speed. Visual enhancement of a
pedestrian increased perception response time (PRT) for brake responses and
more people missed the pedestrian altogether with the conformal display. The
primary experiment addressed older and younger driver performance during
everyday driving, car following, intersection approaches, and emergency events
(i.e., the sudden appearance of a pedestrian). Forty-eight participants drove
either a conformal or a non-conformal VES in a fixed-base driving simulator. A
greater lateral separation distance was maintained between participants and
oncoming vehicles with the conformal display. PRT to the sudden appearance of
the pedestrian was faster in day and fog with the conformal display than for the
non-conformal display. Qualitative data indicated the utility of VES for
conditions where visibility was limited. Cluttered environments such as during
heavy traffic may not be conducive to enhancement. Implications of the results
for the design of conformal and non-conformal VES, and future research, is
discussed.

Key Words: Older drivers, intelligent transportation systems (ITS), vision enhancement systems
(VES), conformal and non-conformal displays, driver attention, and perception-response time
(PRT).
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