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!'- Usabilitv of Menu-Based Interfaces 

- Minoru Sumie, Charmian Li, and Paul Green 
UMTRI Technical Report 97-1 9, January 1998 
University of Michigan, Ann Arbor, Michigan, USA 

1. Assess validity of simulator for determining usability of secondary controls 
2. Develop simulator-based test protocol 
3. Compare ease of use of alternative controls (number pade, knob, trackball, touchpad) 

and menu structures A8 wide x 2 deep, 
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EXPERIMENT 1 - SIMULATOR VALIDATION METHOD 

, Task completion time 
IP glance duration 
# of IP glances 
Forward-viewing time 
SD of steering angle 
SD of standardized lane pos, 
SD of throttle position 

, SD of vehicle speed 

UMTRI Driving Simulator 

Steering 
Ke: ad n 
L A  

SUBJECTS 

Where 
On-Road 

UMTRI 
Simulator 

Road driven 
1. rural road 
2. residential road 
3. suburban street 
4. expressway 
5. practice 
6. winding road 
7.  winding road 
8. winding road 

Milhr Traffic 
40 light 
30 light 
45 moderate 
55 moderate 

none 
35 none 
50 none 
75 none 

# Button presses 
25 
25 
25 
25 

no 2nd task 
25 
25 
25 



RESULTS 
ANOVA Comparison of Simulator and On-Road Data 

n/a nla nja nla ++ ++ ++ ++ 
++ ++ + + ++ 

++ + + ++ ++ ++ 
n/a n/a n/a n/a n/a ++ 

G x C  1 + ++ 
n/a n/a n/a n/a n/a 
++ ++ ++ + 
n/a n/a n/a n/a ria 

C x T  nla n/a ria n/a ria 
(++: p< 0.01; +: Q< 0.05), n/a=not available 

I 

- .- 
Inter- IP # of IP 
button glance glances Steer. Std-ized Throt. Veh. 

RT Task time Fwd- angle lane pos. pos. speed 
completion viewing 

time time Standard deviation 

CONCLUSlONS There were few differences in secondary task times. 
The driving data was more variable in the simulator. 
(However roads were not matched and simulated roads 
were more difficult to drive.) 
The use of the simulator was acceptable for secondary control studies. 



EXPERIMENT 2 - EFFECT OF PRACTICE ON 
DRIVER PERFORMANCE IN THE SIMULATOR 

ISSUE Is data from a single RESULTS 
session in a driving simulator 10- 
adequate to examine secondary 
control usability? Are there OO0 

0 - 
interactions of performance with -8 (II 

V O o O O O o  practice? 8 O o o o O O  00 
0 

E V  
METHOD . o r3 

exponential decline 
U 
0 
3 - with practice 

Two young subjects drove the 
simulator for a short period of time 
for 20 days, A winding road from 

8- 
S 

Experiment 1 was driven. There 
were 3 test blockslday. 

0 
0 5 10 15 20 

Trials (day) 

ANOVA Simulator Learning Measures 

Block 1 
35 m i h  
25 button 
presses 

CONCLUSION There were no interactions between conditions and day and practice 
effects can be modeled as an exponential process, so 1 session is enough. 

Block 2 
50mi/hr 
none 

Subject (S) 
Condition(C) 
Day (D) 
S x C  
S x D  
C x D  

Block 3 
50mi/hr 
25 button 
presses 

(++: g< 0.01; +: QC 0.05), n/a = not available 

Hand movement 

++ ++ d a  d a  d a  ++ ++ 
d a  d a  d a  ++ ++ 

++ ++ nla nla nla ++ ++ ++ 
d a  nla d a  ++ ++ 

++ ++ nla nla d a  + + 
d a  nla d a  + 

inter 
RT 

task 
comp 

Eye fixation 
IP 

glance 

Lateral 
steer- 
ing 

for- 
ward 

Longitudinal 
lane 
pos 

#of 
glances 

throttle 
angle 

vehicle 
speed 



ISSUE While driving, how easy to use were various controls (number pad, knob, 
trackball, touchpad) for hierarchical menu systems as a function of menu depth and 
breadth? 

- - 3 1 - - -  1.Knob 

(on center armrest) 

How "824563" is entered for each of the 3 menu structures. 

67 Bac 84 + 



RESULTS ANOVA of Data from Experiment 3 

Age (A) 
Gender (GI 

Control (C) 
Menu (M) 

Hand movement 
inter 
RT 

Eye fixation Lateral hngitr~dinal 

Number Rotary Remote Touchpad 
keypad knob trackball 

task 
comp 

I 

s x c  
S x M  

Number Rotary Remote Touchpad 
keypad knob trackball 

# of steer- lane throttle vehicle 
glances ing 

IP 
glance 

++ ++ +t ++ + 
+ n/a n/a , nla n/a 

vii 

for- 
ward 



I I I I 

less 
difficult 

more 
difficult Keypad Knob Touchpad Remote 

trackball 
Control 

Ratings - Easy to .., 

Access Operate Drive 

Knob 7.9 7.6 6.5 
Trackball 7.7 6.9 6.3 
Keypad 6.6 7.7 6.1 
Touchpad 6.6 5.5 5.0 

1 =difficult 
1 O=not difficult 

CONCLUSIONS: 

1. A keypad is the best choice for a control and a knob is a second choice for the following reasons: 

A keypad 
had the smallest task completion times (113 less than knob), 
have relatively better performance as the number of menu items grew (Hick's Law result), 
needed fewer and shorter glances to use 
was rated as easiest to operate and most accessible 
led to the same driving performance as other controls. 

The recommendation depends on mounting location and other implementation factors. 
(So in practice, at times, other controls may be better.) 

2. There is no clear recommendation for a desired menu structure. 
Interbutton RTs were least for 2 x 6 menus (about 4 s) (vs. 5 s for 4 x 3, and 7 s for 8 x 2. 
Task completion times were 15 s for 4 x 3 and 8 x 2 menus, 25 s for 2 x 6. 
Glance durations were 1.0 s to 8 x 2, under 0.9 s for 4 x 3, and 0.8s for 2 x 6 but 
8 x 2 had fewest glances (7) followed by 4 x 3 (7.5) and 2 x 6 (1 1). 
The 2 x 6 was easiest to select menu structure for selecting one item, 
but that may not be important. 
The driving data did not distinguish among menus, but the results were confounded with practice. 

3. In future work, more baseline data is needed. 

4. In future work, HUDs and steering wheel controls should be examined. 

viii 
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1. INTRODUCTION 

The development of electronics has changed the motor vehicle. Electronic controls have helped 
reduce vehicle-related pollution (through the use of precision fuel injection), enhanced driver safety 
(through anti-lock braking systems and air bags), and made driving easier and more comfortable 
(through improved power steering and automatic transmission systems). The next major set of 
developments in improving motor vehicles is associated with Intelligent Transportation Systems 
(ITS). Features to be implemented include navigation, traffic information, and collision avoidance 
systems. Implementations of some of these features have already occurred, especially in Japan. 
Each of these systems is intended to interact with the driver, with controls for the driver to use and 
displays for the driver to see or hear. The proliferation of controls and displays poses a concern 
that both the new systems and the expanded functionality of existing systems could overwhelm 
drivers. Of concern are training requirements (you need to take a class to learn how to otperate this 
car), customer satisfaction (but I know how to operate a radio with five buttons), and driver safety. 

Safety could be compromised if drivers are diverted from the primary task of driving by operating 
and responding to either new (e.g., navigation) or more complex existing systems (e.g., audio, 
climate control). Driver inattention is widely recognized as a major cause of traffic accidents. 
Statistics in NHTSA Traffic Safety Facts (1994) indicated that 6 percent of all fatal crashes were 
caused by inattentiveness of drivers. When inattention is broadly defined (to include improper 
lookout, misperception and distraction), other studies have estimated 25 to 50 percent of all crashes 
are due to inattention (Zaidel, Paarlberg, Shinar, 1978). Thus, although there is debate as to what 
inattention is, how it is measured, and the validity of the statistics in the literature:, inattention is 
nonetheless an important issue. 

Driving is primarily a visual task (Sivak, 1996). While driving and concurrently performing a 
secondary task, drivers alternately look at the road scene and the vehicle interior (instrument panel, 

I center console, etc.), where the secondary task is located. The need to share visual input and 
central processing resources between tasks can degrade one or both tasks. Hence, to assure safe 
driving, it is necessary to minimize the visual and attentional demands from in-vehicle secondary 
systems and the intrusiveness of secondary tasks on driving. 

Several alternatives to the existing approach of dedicated controls and displays have been proposed 
to overcome potential driver overload. Two leading proposals are: (1) the use of voice (,primarily 
for presenting information to the driver) and (2) hierarchical menus with integrated controls. 

1.1 SPEECH INPUT AND OUTPUT 

Speech output to the driver and in-vehicle speech recognition systems could reduce the driver's 
visual demands, eliminating the need to see displays and visually guide their hands to clontrols. As 
an example, many contemporary route guidance systems provide turn-by-turn voice guidance, and 
some systems sold in Japan respond to commands spoken by the driver. The supporting rationale 
for this approach is multiple-resource theory (Wickens, 1992). The theory proposes that time- 
sharing is more efficient when the two tasks use different modalities. Thus, in theory, (drivers 
should find performing a spatial and a verbal task (looking and listening) in parallel easier than 
performing two spatial tasks (both looking). However, the auditory input channel is quite limited 
in bandwidth and supports only serial processing. Vision has a high bandwidth and alllows parallel 
processing. Thus, in some situations a driver may be able to get more information from a sampled 
visual channel than a continuous auditory channel. 

A second key distinction is that auditory information must be remembered, whereas visual 



information from secondary controls (in most cases) is always available, provided the driver can 
look at the display. 

A third consideration is instrument panel real estate. In brief, speech input and output requires 
essentially no additional front panel space, since output is typically via existing speakers. Input is 
via a microphone, often mounted in unused space in the A-pillar, or if mounted elsewhere, 
requiring a minimum of space. On the other hand, manual controls always occupy some additional 
space within the vehicle, be it a module on the center console or controls on a stalk mounted on the 
steering column. 

1.2 HIERARCHICAL MENU SYSTEMS 

In conventional in-vehicle secondary systems, controls and displays are grouped together (e.g., 
audio, climate control, navigation, etc.). To make space for additional controls and displays, one 
could reduce the size of existing controls and displays. Such an approach would have major 
negative consequences, such as labels too small to read, controls too small to grasp, or information 
in the wrong format (e.g., digital information where a scale is desired). The alternative is therefore 
to consider sharing some controls and displays. In that case, some means is needed to identify the 
function served by a control and the information presented by a display. If the functionality of the 
control provided is extensive, a collection of menus, usually hierarchically organized, may be 
needed. An early description of this idea appears in Green (1979). 

While examples of hierarchical menu systems are quite common for navigation systems, there are 
few well known examples that exhibit broader functionality. Figure 1.1 shows the menu structure 
of the Rockwell PathMaster (also sold by Zexel, Oldsmobile, and Siemens). 

I * routelmap - * option etc. 
enter address 
* street address select city, select street, enter address 
* intersection - select city, select 1st street, select 2nd street 
* points of interest - select point of interest type, select list mode, select choice 
* freeway entrancelexit select freeway, select entrancelexit, select choice - * guidance history select destination or delect (and select destination) 

Figure 1.1. PathMaster driver interface logic 

One example of an instrument cluster design employing hierarchical menu structures is the Delco 
Electronics Eyes Forward product (Figure 1.2). (See Heuchert, 1995). All controls were 
integrated into a single interface. Four steering wheel-mounted rocker switches activated the 
reconfiguration of the flat panel LCD in the speedometer/odometer cluster. The instrument cluster 
displayed labels for the buttons on the steering wheel, labels that changed depending on the 
position within the menu hierarchy. Consequently, drivers could operate the controls without 
moving their hands from the steering wheel, eliminating the need for a glance to guide the 
movement of their hands to a control. This interface style may be the trend for in-vehicle 
secondary systems in future cars. 



Figure 1.2. Delco Eyes Forward driver interface 
(four centrally grouped displays, reconfigurable switch labels appear at the edges of the figure) 

The most critical requirement for a display unit is its visibility. To minimize eyes-off-the-road 
time, the display unit should be located as high on the IP (instrument panel) as possible so that it is 
close to the driver's line of sight to minimize eye travel. The focal distance (from the driver to the 
display) should be as far away as possible to minimize the need to reaccommodate from the road. 
Over the past decade, car manufacturers have introduced Head-Up Displays (HUDs) into 
production vehicles, displaying limited information (speed, turn signals, warning symbols, etc.) 
on the windshield. Previous studies suggested that such displays improved driver's ability to 
detect hazardous situations in the forward scene (Kiefer and Gellatly, 1996). Although it is certain 
that HUDs contribute to safer driving, the high production cost has limited customer demand for 
this option. Further, the primary information element on contemporary HUDs is the speed; 
however, glances to the speedometer are sufficiently infrequent that the aggregate effect of 
reducing total speedometer glance time on the total time for all driving-related glances is minimal. 

The most important consideration for a control is its accessibility. The controls should be located 
as close to the driver as possible (within easy reach distance), and should be visible to the driver, 
especially if the driver is unaccustomed to the controls. However, satisfying both the v.isibility and 
accessibility constraints can be a challenge. For instance, the center console on the IP where 
conventional in-vehicle controls are located has fairly good visibility, but the reach distances for 
drivers can be large. The steering stalk and the steering pad are better choices for acceslsibility to 
minimize hand-reach distance, but they offer poor visibility, especially for older drivers, who 
struggle to focus on close objects. Furthermore, stalk controls may be obstructed by the steering 
wheel. 

One potential solution to the control location dilemma (locating the control high and far away 
optimizes legibility, but placing it low and close to facilitates access) is to make the conitrol so easy 
to locate and selections so apparent from the display that minimal visual guidance is needed, 
especially after practice. This is possible using steering wheel-mounted controls and a iremote 
display, as is the case for some hierarchical menu systems. 

There has been a fair amount of research on hierarchical menu systems. Miller (1980, 1981) 
presents a very straightforward analysis of hierarchical menus basing his approach on the work of 
Posner. Posner suggested that matching decisions can be categorized into three groups as 
suggested in the following table. The decision times listed are from various response time 
experiments in the literature (reviewed by Miller) involving common words and represent 
theoretical times for menu selection. 



Table 1.1. Posner's data on matchmg 

Most menu selections involve (1) determining which category an item is in for top level menus 
(category match) and (2) matching the final item (an identity match). Thus, in theory, the time to 
select an item from a hierarchical menu should be equal to the times for all the category matches 
plus the time for the final identity match. 

Match type 
Physical 
Identity 
Category 

In Miller's experiment, subjects were shown the goal item (e.g., horse), and then instructed to 
navigate through a series of menus until the matching term was located. At each level there were 
either 2,4, 8, or 64 choices, but the number of end nodes, 64, remained constant. The results 
showed that a menu hierarchy of two levels had the fastest task completion time, produced the 
fewest number of errors, showed the least amount of variability, and was the easiest to learn. 
Therefore, the recommendation for display design was that an expansion in breadth was better than 
an expansion in depth. 

Based on his experiment, Miller proposed the equations shown in Table 1.2 to predict 
performance. The differences in the identity match time parameters proposed by Miller and those 
based on the literature (Table 1.1) were small. While the parameters for category match times were 
somewhat different, the predicted times for short menus (3-5 items) were fairly close. For larger 
number of choices, some of the differences in category match time are offset by differences in 
identity match time. One must bear in mind that these data are from two different groups of people 
completing different protocols. 

Example of "same" match 
AA (same form of letter A) 
Aa (both letter A) 
Ab (both letters) 

Table 1.2. Decision times from Miller's data 

Decision time (s) 

-40 + .08 (# choices) 
.40 + .17 (# choices) 

Cateeorv i .80 t .035 (# choices) 

Match type 
Identitv 

In summary, the key elements of Miller's approach were that (1) the decision process had two 
aspects to it: identity and category, (2) decision times were a linear function of the number of 
choices, and (3) Miller's results agreed with the theoretical data of Posner. 

Decision time (s) 
.32 + . l l  (# choices) 

A second study was done by Landauer and Nachbar (1985). The study examined menu selection 
from a touch screen, where up to 4096 items could be presented. Landauer and Nachbar proported 
that menu selection should fit the well known Hick-Hyman expression in the literature, where 
decision time is proportional to log2 N (N being the number of choices). Averaging across levels 
of practice, Landauer and Nachbar reported the following results shown in Table 1.3. These times 
are somewhat larger than those reported elsewhere. The differences between experiments are most 
likely due to different presentation and response collection methods. 

Table 1.3. Decision times to select one item from a screen 

Item 
Number 
Word 

Decision time (s) 
0.77 + .73 (log2 (# choices)) 
1.25 + .56 (log2 (# choices)) 



While these predictions are somewhat different from those proposed by Miller, the larger constants 
probably reflected a more difficult decision task. Furthermore, when the number of choices was 
small, so too was log2 of the number of choices. 

As an example of more recent work, Musseler (1994) had subjects find names in a hierarchical 
menu. In the first experiment, subjects were instructed to find matching items using a graphical 
user interface (GUI) and a mouse. In the second experiment, subjects used a control ke:y paired 
with various letter keys to make a selection. 

The menu bar had six items. Each item on the menu bar was the title for a drop-down submenu of 
two to seven items. Submenus were drop down (activated when the cursor entered the field), not 
pull down (requiring the user to hold down the mouse button and position the cursor to where the 
submenu was to be selected). Three sets of variables were considered (Table 1.4). (Because of 
correlations of various characteristics, only item length was considered in the analysis 0.f individual 
item characteristics.) 

Table 1.4. Variables considered by Musseler (1994) 

Category 
Menu 

Variable 
position of item in 

structure 

grouping 

menu 
number of 
submenu items 

Cognitive 
structure of 
submenu 

DescriptionPrediction 
the farther to the right, the greater the selection time as predicted 
by Fitts' Law 
decision time was predicted by Hick-Hyman law, 
movement time by Fitts' Law 
action fanning (delete file, delete line, etc.) vs. object fanning 
(load file, delete file, etc.) 

fanning 

overt vs. covert overt (part of submenu name in menu name: load file under file) 
vs. covert (submenu name not in menu name: exit editor in file 
menu) 
present--submenu consists of print block, delete block, etc. and 
replace word, copy word, etc. or absent, more segmentation 
increases selection time 
more characters take longer to read 

more options take longer to read 
longest item in a submenu (more characters) takes longer to 
read 

Table 1.5. shows the selection time equation coefficients as can be best determined by the authors. 
For example, the selection time (ms) for a menu bar while using a mouse is given by the equation: 

time (ms) = 68 (position of item in menu) + 9 (# of submenu items) 
+ fanning effect + overtfcovert factor + 595 (# of subgroups) 
+ 93 (item length). 

In several cases, how variables should be coded is not explained, so what is shown reuresents the 
authors' best guess. For example, for position number i i t he  menu, items could havebeen coded 
1-6 or 0-5. 



Table 1.5. Regression coefficients (ms) 

Notice that the factors having the biggest impact on selection time were: (1) the number of 
groupings in the submenu and (2) whether the menu item was overt or covert. In the case of letter 
keys, several submenu characteristics affected menu bar item selection time. Subjects appeared to 
plan ahead, thinking about submenu choice while planning menu choices. 

Task 
Selection time for 
position number of item in 
menu (probably 1-6 or 0-5) 
position of item in submenu 
(1-7) 
number of submenu items 
(3-7) 
fanning - none 

action 
object 

number of groupings in a 
submenu 
overt vs. covert 

item length 
(number of characters) 

Thus, the lack of consistency across studies makes developing predictions for new applications 
quite difficult. All of the cited research used static computer menus. None required time-sharing 
as would be the case in a moving motor vehicle. It was for these reasons that new, automotive- 
specific data was required. 

1.3 OVERVIEW OF EXPERIMENTS CONDUCTED 

In light of the previously listed issues, three experiments were conducted to investigate the 
usability of hierarchical menu interface for secondary functions by drivers. During the initial 
project planning, there was concern that in-vehicle menu selection experiments might pose 
unacceptable risks to drivers and might be difficult to schedule because some experiments could 
occur during the winter months when driving conditions are poor in Michigan. Accordingly, an 
experiment was conducted to determine if data collected in the UMTRI driving simulator was 
comparable to data collected on the road. While Reed and Green (1995) report such a comparison 
for the UMTRI simulator, improvements had been made to the simulator since that study was 
conducted, so the expected performance differences were uncertain. 

Using a mouse 

The second experiment examined the effects of learning on driving and performing a secondary 
task concurrently in the simulator. At issue was how much practice was required to stabilize 
primary task performance and if secondary task data from the early phases of practice could be 
used to predict data from later phases when those tasks were well learned. 
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Using letter keys 

The third experiment, much larger in scope, examined the usability of alternative input devices and 
menu structures for hierarchical menu systems. Evaluation criteria included minimizing the visual 
demands of secondary control systems, minimizing interference with the primary steering task, and 
satisfying driver desires. 

submenu 
12 

125 

-25 

0 
3 3 

299 
-101 

0 
- 136 

15 

menu bar 
78 

-18 

-242 

0 
-30 
8 12 
426 

0 
-1524 

99 

submenu 
7 

-73 

197 

-0 
103 
115 
178 

0 
515 
2 1 



2. EXPERIMENT 1 - VALIDATION OF A DRIVING SIMU1,ATOR 
FOR SECONDARY TASK EVALUATION 

2.1 BACKGROUND AND ISSUES 

Although the use of driving simulators is increasingly popular in automobile human factors 
research (Green, 1995a), simulator validity should be established by comparing on-roacl 
performance with in-simulator performance. Driving simulators have several potential a~dvantages 
over on-the-road experiments. Studies that are too hazardous for the road can be conducted safely 
in a simulator, and the greater repeatability of experimental conditions lead to more consistent and 
reliable results. Furthermore, the range of experimental variations possible in a simulator maybe 
greater than that on the road. However, driving simulators have several disadvantages. Due to the 
lack of risk, drivers may drive in a less realistic and more erratic manner. In addition, due to the 
inadequate motion and visual cues, drivers are more likely to suffer from motion sickness. 
Furthermore, the: reduced field of view and short accommodation distance in simulators can limit 
the application of simulator research. 

To determine when these disadvantages are critical, validation of driving simulators is necessary. 
Blaauw (1982) mentioned two aspects of simulator validity examined in the previous studies. The 
first concerned the physical correspondence between the contexts (road geometry, vehicle motion, 
etc.). The second aspect focused on the correspondence between driver behavior (driving task and 
secondary task performance) on the road and in the simulator. The latter issue was assumed to be 
more important for simulator validity in human factors studies. 

Relatively few studies have dealt with the behavioral correspondence in simulators. Blaauw 
(1982) conducted a study comparing driving performance on the road and in the simulator. Both 
experienced and inexperienced subjects drove on straight roads in both contexts. The rc:sults 
suggested that the simulator offered good absolute (on-the-road vs. in-the-simulator) and relative 
(within individual contexts) validity for longitudinal vehicle control, but only good relative validity 
for lateral vehicle control. A lack of absolute validity for the lateral vehicle control was due to the 
diminished perception of lateral translations (absence of kinesthetic feedback in the fixed-base 
simulator). 

Reed and Green (1995) examined the effects of an in-vehicle secondary task (dialing a cellular 
phone) on driving performance, while driving on straight roads in both contexts. The results of 
absolute and relative validity of driving performance were consistent with that obtained from 
previous studies. Lateral (lane keeping) and longitudinal (speed keeping) controls were less 
precise in both contexts while performing the phone task, and secondary task performance 
decrement was greater in the simulator. 

Kurokawa and Wierwille (1990) compared the secondary task performance of 17 conventional 
automotive instrument panel (IP) tasks on the road and in the simulator. The results suggested that 
eye fixation measures (IP glance duration and number of glances) showed little significant 
difference (1 out of 17 secondary task categories) between driving on the road and in the simulator. 
Forward-viewing time was longer in the simulator than on the road, and task completion time was 
significantly longer (7 out of 17 secondary task categories) in the simulator than on the road. 

The experiment described in this report examined the simulator validity for secondary task 
evaluation. Both driving and secondary task performance were compared between a real vehicle 
and a driving simulator. In light of the above studies, the following issues were addressed in this 
experiment: 



(1) How should the UMTRI dnving simulator be configured to be an appropriate 
context for secondary task evaluation? 

(2) How does the secondary task affect driving performance in both contexts? 

(3) What is the absolute and relative validity of the driving simulator? 

2.2 TEST PLAN 

In this experiment, subjects drove both the UMTRI Driver Interface Research Simulator (1995 
version) and, on the road, an instrumented car (1992 Honda Accord station wagon). Subjects 
concurrently performed the same secondary in-vehicle secondary task while driving. Differences 
in driving and secondary task performance between contexts were examined. 

2.2.1 Subjects 

A total of eight licensed drivers participated in the context comparison (validation) experiment. 
Within each age group (young: ages 20 to 30; old: 65 and over) there were 4 experienced drivers, 2 
men and 2 women. All subjects were familiar with the test route for the on-the-road portion of the 
experiment. None of the subjects were familiar with the UMTRI driving simulator. 

2.2.2 Roads Driven 

Four different roads were selected in the Ann Arbor, Michigan (USA) area for the on-the-road 
portion of this experiment (Figure 2.2.1). The total time to drive through the whole route was 
approximately one hour. Table 2.2.1 provides a description of roads driven. 

Table 2.2.1. Road description for the on-the-road portion 

Road type Road description Speed limit Authors' estimate 
(milhr) of driving 

workload 
Rural road two-lane straight road with light and 40 low 

smoothly flowing traffic 
Residential road two-lane winding and hilly road with light 30 moderate 

traffic flow 
Suburban street four-lane straight road with heavy traffic, 45 high 

four traffic signals 
Expressway four-lane intersection with moderate but 5 5 low 

smoothly flowing traffic, two entrances and 
exits 



Figure 2.2.1. Test route for the on-the-road portion of the experiment 

The same two-lane winding road (consisting of straight and curved sections) was used for all 
simulator conditions. (See Figure 2.2.2 for a typical road scene). The road was perfectly flat, and 
there were no lead vehicles, pedestrians, intersections, stop signs, or traffic lights. For reasons of 
cost and time, no effort was made to build a simulated road that matched the actual road driven in 
geometry. Instead, workload was manipulated by varying the speed dnven in the simulator (35, 
50, and 75 m . )  . The total time to drive in the simulator was approximately one hour. See the 
Appendix for more detailed information. 



Figure 2.2.2. Typical simulated road scene 

2.2.3 Instrumented Car 

The test vehicle was a Honda Accord station wagon (Figure 2.2.4). Driving performance data 
(steering angle, lane position, throttle position, vehicle speed) were recorded by a computer in the 
vehicle at 30 Hz. Secondary task performance data (eye fixations, hand movements) were 
recorded on videotape using two CCD cameras. For a more complete description of the vehicle, 
see Sweet and Green (1993) and Katz, Green, and Fleming (1995). 



Headway sensor 
- Leica Odin II 

Transmission controller 

Electronic Control Unit (ECU) 

Right lane tracking camera 
-Phillips 56475 

Ali-Scout navigation unit 

Ali-Scout beacon transmitter 

Scene camera - Panasonic 
GP.KS152 with 1:1.4 3mm lens 

Left lane tracking camera 
- Phillips 56475 

Driver camera - Panasonic GP- 
KS152 with 1 :1.4 3mm lens 

PC compatible keyboard 
Color video monitor - 
Panasonic BT-S901Y 

(2) Camera controllers - 
Panasonic GP-KS152 

Super VHS VCR - Panasonic 
AG-5700 

Data collection computer - 
Gateway 2000 33MHz 486 with 

4 MBytes RAM, National 
Instruments AT MIO-16 and PC 

DIO-24 boards, Cortex-l video 
frame grabber, 16 bit SCSl card, 

and Ergo LCD display card 

Microphone mixer 
- Shure M267 

Quad splitter - Panasonic 
WJ-450 

Splitterlinserter - American 
Dynamics 1470A 

Custom signal conditioning 
module 

400 Watt inverter - Powerstar 
model UPG 400,12V power 

supply & t151-15V power supply 

Video converter - 
ADS VGA->TV Elite 

Conner 85MByte external 
hard drive 

Bernoulli drive - lomega 90 Pro 

Driver Interface Research Vehicle 
1991 Honda Accord LX Wagon 

Figure 2.2.4. UMTRI instrumented vehicle 



2.2.4 Driving Simulator 

Laboratory data was collected using the UMTRI Driver Interface Research Simulator, a low-cost, 
fixed-base system based on personal computers. The simulator cab is from a 1985 Chrysler Laser 
and has an instrumented steering wheel, accelerator pedal, brake pedal, and a simulated 
speedometer (Figure 2.2.5). The computer-generated road scene was projected onto a screen (2.5 
x 3.7 meters (8 x 12 feet)) located 6 meters (20 feet) in front of the cab. A sound system was used 
to simulate vehicle (engine) and driving noise (wind, off-road). Driving performance data was 
recorded by the main simulator computer. Secondary task performance data were recorded on 
videotapes using two CCD cameras. For a more complete description of the UMTRI driving 
simulator, see MacAdam, Green and Reed (1993) and Reed and Green (1995). 



Free-standing wall covered with 3M 
hi-white encapsulated reflective 
sheeting (8x12 ft) 
RCA model TC 1030/H10 low level 
light camera on tripod 
Hitachi model C5-LC2 5 inch LCD 
Kensington NoteBook keypad 
Panasonic model WJ-450 ~~liniature 
camera 
Sharp model QA- 1650 LCD computer 
projection panel 
3M model 9000 RJH overhead projector 
Macintosh PowerBook Duo 270C 
IBM model 5 160 personal computer 
with Orchid PC Turbo accelerator and 
Keytronic model KB 5 15 1 keyboard 
IBM model 5 15 1 Personal Computer 
display 
Power Macintosh 8 100180AV 
computer with Apple extended 
keyboard I1 and Apple Desktop Bus 
Mouse I1 
Bernoulli model B 190TM !9OMB Mac 
transportable drive 
Macintosh Quadra 840AV computer 
with Apple extended keyboard I1 and 
Apple Desktop Bus Mouse I1 
Macintosh model M1212 13" color 
display 
Apple model A9M0320 Imagewriter I1 
Audio system 
(from top to bottom) 
Kenwood model KX-48C stereo 

cassette deck 
Kenwood model KR-A40610 AM-FM 

stereo receiver 
Kenwood model GE-7030 stereo 

graphic equalizer 

Figure 2.2.5. Simulator setup for this experiment 



2.2.5 In-Vehicle Secondary Task 

A number-selection task was used to simulate in-vehicle secondary systems. The same secondary 
task was employed both on the road and in the simulator. The equipment used consisted of a 
Hitachi 5-inch Liquid Crystal Display (LCD), a Kensington Note Book number keypad, and a 
Macintosh Duo 270C portable computer (which ran the secondary task program). The display and 
the number keypad were located at the top and bottom of the center console respectively (Figure 
2.2.6). 

SAE 95th 

(All dimensions displayed are in millimeters) 

Figure 2.2.6. Locations of the LCD and the number display 

A Hypercard program controlled the numbers presented on the display. The display was divided 
into a 3 x 3 matrix of squares. The number arrangement on the display corresponded to the 
configuration of the keypad (Figure 2.2.7). Secondary task data (interbutton response time and 
task completion time) were recorded by the portable computer. 

Figure 2.2.7. configuration 
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2.2.6 Procedure Overview 

The experiment was conducted in two parts, on the road and in the simulator. The order was 
counterbalanced across subjects. Both parts contained four block sequences, each sequence lasting 
five minutes: one for each different road type for the on-the-road part, and one for each different 
speed condition for the simulator, plus a practice block prior to actual data collection. VVithin parts, 
the order for road types and speed conditions was fixed for all subjects. Subjects were instructed 
to drive in a normal and safe manner, to maintain speeds at or below the posted speed limits on the 
road, and to drive at steady speed for each of the speed conditions in the simulator. 

In both contexts, each subject completed a secondary task of entering five 5-digit sequences while 
driving in each road and speed condition (Figure 2.2.8). 

5 trials 
In-simulator portion 

Practice I (1) 3 5 m i h  I (2) 50rni/hr (3) 7 5 m i l h r I  
A A A A A  

c :: :: :: :: :; No secondary , g g task 
performed 

5 trials 

Figure 2.2.8. Procedure of the context comparison experiment 

When the experimenter triggered the secondary task, a random number between 1 to 9 appeared in 
1 of the 9 spatially compatible squares on the display, accompanied by a beep. Subjects pressed 
the button on the keypad corresponding to the number displayed. Immediately, another number 
appeared on the display and the subjects responded (Figure 2.2.9). 
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Eyes 

Figure 2.2.9. Secondary task timing and driver behavior 

2.2.7 Experimental Design 

I 

Independent variables examined in this experiment (Table 2.2.2) were subjects nested within age 
and gender as well as context and secondary task (both between-subject effects). The four road 
types on the road and three speed conditions in the simulator were combined into a single 
independent variable (context), to facilitate comparing the on-road environment with the simulator 
For the secondary task, all driving performance data was divided into two components: dual-task 
performance (driving with the secondary task), or single-task performance (driving without the 
secondary task). 

Table 2.2.2. A summary of independent variables 

I IP 

Independent variable Levels 
Age (A) young and old 
Gender (G) male and female 
Subject (S)-nested 8 participants 
Context (C) on-the-road (4): rural, residential, suburban, expressway 

simulator (3): 35,50,75 rnilhr 
Secondary task (T) present and absent 

.' 

As can be seen in Table 2.2.3, dependent measures were categorized into two groups: secondary 
task and driving performance. Eye fixation data was obtained from videotape and analyzed frame 
by frame (33 ms per frame). The driving performance variables were intended to measure input 
from the drivers (effort) and output from the vehicle (quality) to complete a closed-loop system. 



Table 2.2.3. A summary of dependent measures 

I I 
. , 

1 time I sequence to completion-of 

Explanation 
time between button presses 
total time from first beep of 

Task category 
Secondary task 
~erformance 

' eye fixation 

Data source 
decision and 
movement 

number of IP glances 
forward viewing time (s) 

2.3 RESULTS 

Dependent measure 
interbutton response time (s) 
task completion time (s) 

IP glance duration (s) 
display 
in a trial 
between successive glances to 
IP 

Driving 
performance 

An analysis of variance (ANOVA) test was used to investigate the effects of independent variables 
on secondary task and driving performance. Prior to the ANOVA tests, the histograms and 
various summary statistics (e.g., skew, kurtosis) of the acquired data were compared with those of 
the log (l+x) transformed data to verify the normality of distributions. The distributions of both 
the secondary task (excluding number of IP glances) and driving performance tended to be 
lognormal (Figures 2.3.1 and Figure 2.3.2), but the departure from normality was such that use of 
the untransformed data in the ANOVA model was appropriate. 
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Figure 2.3.1. Histograms of task completion time 

s.d. of steering angle (deg) 
s.d. of standardized lane 
position (%) 
s.d. of throttle position (%) 
s.d. of vehicle speed (mi/hr) 

-- 

percentages of vehicle position 
from road center to road edge - 
- 



Figure 2.3.2. Histograms of the S.D. of standardized lane position 

400 

The data were analyzed in two steps. First, the simulator and on-road data were pooled, and all 
main effects and one-way interactions were examined in a single ANOVA. For both contexts, 
within-context effects (three speed conditions for the simulator, four road types on the road) were 
ignored. In the second step, separate fixed-effect ANOVAs were computed for the simulator data 
and the on-road data. This approach was chosen for computation ease, allowing the within-context 
effects and their interactions to be readily computed. 
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2.3.1 Secondary Task Performance (Combined Comparison) 

From the ANOVA summary of combined comparison (Table 2.3. l), there were no significant 
differences in secondary task times between the two contexts, with on-road and simulator 
interbutton response times (RTs) and task completion times differing by one percent. The results 
indicated significant effects of age (g< 0.01), gender (g< 0.01) and significant age by gender 
interactions ( ~ ~ 0 . 0 1 )  on hand movement measures. These results indicated that the older age 
group required about 25 percent longer to respond and to complete the same secondary task than 
the younger age group (2209 ms vs. 1780 ms for the interbutton RT, 11.503 sec versus 8.961 sec 
for task completion times). Individual subject differences were also statistically significant 
(p< 0.01). 
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S.D. of standardized lane position (%) Log-S.D. of standardized lane position (9%) 

Skewness = 2.775 
Kurtosis = 9.670 y 



Table 2.3.1. ANOVA summary of combined comparison 

Age (A) 
Gender (G) 
Subiect ( S )  
Context (C) I 

\ ,  

Task (T) 

C x T  
(++: E< 0.0 1 ; 

- RT 1 comp I glance 1 ward 1 glances 1 ing I pos 
++ ++ ++ ++ ++ ++ ++ 

Hand movement 
inter I task 

Lon itudinal 
vedicc! 

++ ++ ++ ++ ++ ++ 
n/a n/a nla n/a nla ++ ++ ++ ++ 
++ ++ ++ + + ++ 

++ + + ++ ++ ++ 
n/a nla nla nla nla ++ 

+ ++ 

Eye fixation 
IP I for- I # of 

n/a nla n/a nla nla 
++ ++ ++ + 
nla nla nla n/a nla 

Lateral 
steer- I lane 

nla nla nla nla nla ++ ++ I 
+: Q< 0.05) 

In terms of the glance-related measures, the results indicated significant effects of context ( ~ ~ 0 . 0 1 )  
on IP glance duration and forward-viewing time (Figure 2.3.3). Subjects paid less attention to the 
IP and greater attention to the forward scene in the simulator than on the road. This occurred 
because no effort was made to match geometry of the simulated road (with a moderate number of 
curves) to read roads. No significant effect of context was found on the number of IP glances. 

IP glance duration 

On-Road Simulator 

Figure 2.3.3. Effect of context on IP glance duration and forward-viewing tiime 

The results indicated significant effects of age (g< 0.01) and gender (g< 0.01) on eye fixation 
measures. There was a significant age by gender interaction (g< 0.01) for IP glance duration and a 
marginally significant age by gender interaction (g< 0.05) for forward-viewing time. These results 
illustrated that the older age group needed to pay less attention to the IP and greater attention to the 
forward scene than the young age group. 



The results indicated significant age by context interactions (e< 0.01) on IP glance duration 
(Figure 2.3.4), and a marginally significant age by context interaction (QC 0.05) on forward- 
viewing time (Figure 2.3.5). For the IP glance duration, the differences between age groups were 
smaller in the simulator than on the road. For the forward-viewing time, the differences between 
age groups were larger in the simulator. These results indicated that IP glance duration and 
forward viewing time had an inverse relationship between two contexts. 

On-Road Simulator On-Road Simulator 

Figure 2.3.4. Age by context interaction Figure 2.3.5. Age by context interaction 
of IP glance duration of forward-viewing time 

To provide a sense of the nature of the differences found, the relative differences between the 
condition means ((simulator-road) / road)) for each secondary task measures are shown in Figure 
2.3.6. Positive values represented measures that were larger in the simulator than on the road. On 
the other hand, negative values represented situations where values were larger for the simulator. 
The results illustrated that hand movement measures (interbutton RT and task completion time) and 
the number of IP glances were unaffected by the differences between the contexts. However, eye 
fixation measures (IP glance duration and forward-viewing time) were influenced by the contexts 
and showed an inverse relationship. 



-.- 
Interbutton IP glance Number of 

RT duration IP glances 
Task Forward - 

completion viewing 
time time 

Figure 2.3.6. Summary effects of context on secondary task performance 

2.3.2 Driving Performance (Combined Comparison) 

As with the other measures examined (Table 2.3. I),  there were significant differences due to age 
(Q< 0.01) for the two lateral control measures (S.D. of steering wheel angle, S.D. of lane position) 
and the longitudinal control measures (S.D. of throttle angle, S.D. of vehicle speed), but there 
were gender and subject differences only for longitudinal control. The combined comparison also 
indicated significant effects of context (Q< 0.01) on the S.D. of steering angle (21.3 in the 
simulator versus 3.4 on the road), the S.D. of standardized lane position (simulator=20.9, 
road=5.9), the S.D. of throttle position (sirnulator=19.6, road=6.9), and the S.D. of vehicle speed 
(simulator=2.7, road=3.4). In brief, steering wheel angle variability and lane position variability 
were both greater on the road (as one would expect) because the simulated road had more curves. 
In contrast, throttle variance was greater on the road but speed variance was less. Figure 2.3.7 
shows the normalized differences. As before, positive values correspond to larger average values 
in the simulator. Again, readers should bear in mind that the conditions were not matched. In fact, 
the simulator data are for three different driving conditions and the on-road data are for four, very 
different roads. 
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Figure 2.3.7. Summary effects of context on driving performance 

There was a marginally significant age by context interaction (gc 0.05) for the S.D. of steering 
angle (Figure 2.3.8), and there were significant age by context interactions (p< 0.01) for the S.D. 
of standardized lane position (Figure 2.3.8), the S.D. of throttle position (Figure 2.3.10), and the 
S.D. of vehicle speed (Figure 2.3.11). Differences between age groups for the lateral and 
longitudinal control measures were considerable in the simulator. The older age group showed 
greater variance than the young age group. However, age group differences were minimal on the 
road. This age-related interaction may reflect the ease with which each age group can learn a task 
with new elements (in this case, a simulator). 
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I 

On-Road Simulator On-Road Simulator 

Figure 2.3.8. Age by context interaction Figure 2.3.9. Age by context interaction 
on S.D. of steering angle on S.D. of standardized lane position 



On-Road Simulator On-Road Sirnulator 

Figure 2.3.10. Age by context interaction Figure 2.3.1 1. Age by context interaction 
of S.D. of throttle position of S.D. of vehicle speed 

For two of the driving performance measures, S.D. of standardized lane position (Figure 2.3.12) 
and the S.D. of throttle position (Figure 2.3.13), there were significant context by secondary task 
interactions (gc 0.01) with the simulator appearing to accentuate the absolute magnitude of 
differences between task and no task conditions. These results suggested that the S.D. of 
standardized lane position in the simulator could be a sensitive measure for evaluating tlhe 
secondary task impacts. 

With 

On-Road Simulator On-Road Simulator 

Figure 2.3.12. Context by secondary Figure 2.3.13. Context by secondary 
task interaction of S.D. of standardized task interaction of S.D. of throttle 
lane position position 



2.3.3 Secondary Task Performance (Separate Analyses) 

From the separate ANOVAs of the road (Table 2.3.2) and in the simulator (Table 2.3.3) data, the 
results indicated significant effects of context (g< 0.01) on interbutton RT (Figure 2.3.14) and task 
completion time (Figure 2.3.15) on the road. In contrast to the combined analyses described 
earlier, road context effects refer to differences between roads (as opposed to the simulator versus 
the road in earlier analyses). There were no significant effects of context (between speed 
conditions) in the simulator. A Scheffe's test on interbutton RT showed significant differences in 
road types (g< 0.01) between rural road and suburban street, and between expressway and 
suburban street. A Scheffe's test on task completion time showed a marginally significant 
difference in road types (gc 0.05) between rural road and suburban street. On the suburban street, 
subjects needed less time to respond and to complete the secondary task. 

Table 2.3.2. ANOVA summary of individual comparison (on-road) 

Age (A) 
Gender (G) 
Subject (S) 
Context (C) 
Task (T) 
A x G  
A x C  
A x T  
G x C  
G x T  
s x c  
S x T  
C x T  
(++: QC 0.01; +: Q< 0.05) 

Hand movement 

++ ++ ++ ++ ++ 
++ ++ ++ 

++ ++ ++ ++ ++ t ++ 
++ ++ + ++ + ++ 
n/a n/a n/a n/a n/a ++ ++ ++ ++ 
++ ++ ++ ++ ++ + 
++ + + 
n/a n/a ria n/a n/a 

+ + + ++ 
n/a n/a n/a n/a n/a + 
++ ++ ++ 
n/a nta n/a n/a n/a 
n/a n/a n/a n/a n/a + 

inter 
RT 

task 
comp 

Eye fixation 
IP 

glance 

Lateral Longitudinal 
for- 
ward 

steer- 
ing 

throttle 
angle 

# of 
glances 

lane 
pos 

vehicle 
speed 



Table 2.3.3. ANOVA summary of individual comparison (simulator) 

Hand movement I Eye fixation I Lateral I Longitucllnal 
inter B task I IP I for- I #of I steer- I lane I throttle l vehicle 

I RT I comp I glance I ward 1 glances 1 ing I pos I angle I speed 

A x G  I + ++ ++ +t 
A x C  
A x T  

I 0 '  I I I I 

Rural Suburban 
Residential Expressway 

n/a n/a n/a n/a n/a ++ 
G x C 
G x T  
s x c  
S x T  
C x T  

0-+ 
Rural Suburbain 

Residential Expressway 

++ 
n/a n/a n/a n/a n/a -t + 
+ ++ ++ 

n/a n/a n/a n/a n/a + 
n/a n/a n/a n/a n/a 

Road type Road type 

(++: p< 0.01; +: p< 0.05) 

Figure 2.3.14. Effect of context on Figure 2.3.15. Effect of contexir on 
interbutton response time (on the road) task completion time (on the road) 

The results on the road showed a marginally significant effect of context (Q< 0.05) on IF' glance 
duration and no significant effect of context on forward-viewing time (Figure 2.3.16). The results 
in the simulator showed a significant effect of context (Q< 0.01) and a marginally significant effect 
of context (g< 0.05) on forward viewing time (Figure 2.3.17). A Scheffe's test on the road 
showed no significant difference between road types at this level on IP glance duration. A 
Scheffe's test in the simulator showed a marginally significant (Q< 0.05) difference between 35 
rnph and 75 rnph on IP glance duration, and a marginally significant difference (E< 0.015) between 
35 rnph and 50 mph, and between 35 rnph and 75 rnph on forward-viewing time. An j.nverse 



relationship between IP glance duration and forward-viewing time in the simulator was found as a 
function of the three speed conditions in the simulator. There were no significant effects of context 
on number of IP glances in both contexts. 

0 
.3 
Y Forward viewing time 
1 a 

- Rural I Suburban 1 
Residential Expressway 

Forward viewing time 
w 

c 1.0 
0 
Y ------- 

IP glance duration 

Road type Speed (mikr) 

Figure 2.3.16. Effect of context of Figure 2.3.17. Effect of context of IP 
IP glance duration and forward- glance duration and forward-viewing 
viewing time on the road time in the simulator 

2.3.4 Driving Performance (Separate Analyses) 

From the ANOVA summary of individual comparison on the road (Table 2.3.2) and in the 
simulator (Table 2.3.3), the results for the S.D, of steering angle indicated a significant effect of 
context @< 0.01) on the road (Figure 2.3.18) and in the simulator (Figure 2.3.19) . A Scheffe's 
test on the road indicated significant differences in road types (p< 0.01) between residential road 
and others road (rural, suburban, expressway). On the winding residential road, larger steering 
wheel angles were sometimes needed. A Scheffe's test in the simulator showed significant 
differences in speed conditions (g< 0.01) among all combinations. These results illustrated a linear 
relationship between steering wheel angle variability and speed in the simulator. 



Residential Expressway 

Road type 

3 5 5 0 7 5 

Speed (mi/hr) 

Figure 2.3.18. Effect of actual Figure 2.3.19. Effect of speed in. 
road driven on S.D. steering angle simulator on S.D. of steering angle 

The results for the S.D. of standardized lane position indicated no significant effect of context on 
the road (Figure 2.3.24) and a significant effect of context (p< 0.01) in the simulator (Figure 
2.3.25). A Scheffe's test in the simulator showed significant differences in speed conditions 
(pcO.01) among all combinations. The same linear relationship observed in the S.D. of steering 
angle was shown in drivers' lane-tracking performance in the simulator. 

Residential Expressway 

Road type 

3 5 50 75 

Speed (mi/hr)l 

Figure 2.3.20. Effect of actual road driven Figure 2.3.2 1. Effect of speed in sj.mulator 
on S.D. of standardized lane position on S.D. of standardized lane position 



The results for the S.D. of throttle position indicated marginally significant effects of context 
(pe0.05) on the road (Figure 2.3.22) and in the simulator (Figure 2.3.23). A Scheffe's test on the 
road showed a significant difference in road types (g< 0.05) between residential road and suburban 
street. A Scheffe's test in the simulator showed a significant difference in speed conditions 
(~<0.01) between 35 mph and 75 mph. 

Residential Expressway 

Road type Speed (milhr) 

Figure 2.3.22. Effect of actual road Figure 2.3.23. Effect of speed in simulator 
driven on S.D. of throttle position on S.D. of throttle position 

The results for the S.D. of vehicle speed indicated a significant (E< 0.01) differences between road 
types on the road (Figure 2.3.24) and speeds in the simulator (Figure 2.3.25). A Scheffe's test of 
the on-the-road data indicated significant (Q< 0.01) differences between suburban street (having the 
greatest speed variability) and other roads (rural, residential, expressway), and between rural road 
and expressway (E< 0.05). A Scheffe's test of the simulator data showed significant differences 
(Q< 0.01) between all combinations of speed conditions. 



Road type Speed (milhr) 

0 '  I I 
I 

Figure 2.3.24. Effect of actual road Figure 2.3.25. Effect of speed in simulator 
driven on S.D. of vehicle speed on S.D. of vehicle speed 

Rural 

The ratios of the driving performance measures with and without secondary task are su~nrnarized 
(Table 2.3.34). Positive values represented that the performance was worse (larger standard 
deviation) with a secondary task than without a secondary task. The results indicated that only the 
S.D. of standardized lane position in the simulator had a larger variance with a secondary task than 
without a secondary task. 

Suburban 

on road 

Residential Expressway 

simulator 

Steering Standardized Throttle Vehicle 
angle lane position position speed 

Standard deviation 

Figure 2.3.26. Summary effects of secondary task on driving performance 



2.4 DISCUSSION 

The results of secondary task performance showed no difference in task time measures (interbutton 
RT, task completion time) between the simulator and on-the-road driving. In both contexts, the 
time needed for the drivers to respond and to complete the secondary task was the same. This 
finding indicated that task completion time measures were robust. 

Competing visual demands between eye fixation measures (IP glance duration and forward- 
viewing time) existed in both contexts. The results in eye fixation measures showed an inverse 
relationship between IP glance duration and forward-viewing time. This relationship was 
consistent with the findings of Kurokawa and Wierwille (1990). When the driving task became 
more difficult (higher speeds), shorter IP glance duration and longer forward-viewing time were 
observed. 

Visual demands from the road scene were associated with the number of and radius of curves in 
the road, the field of view, and the sight distance (Hulse, Dingus, Fischer, and Wienville, 1989; 
Green, Lin, and Bagian, 1993). Small radius curves and limited field of view resulted in a shorter 
sight distance in the simulator than on the road, because of geometric considerations. Since the 
visual attention demand was high in the simulator, drivers had to pay more attention to the forward 
scene, and could not afford to spend much time looking at the IP. Hence, the driving workload in 
the simulator could be assumed to be much greater than the driving workload on the road. 

Driving performance showed poor absolute validity in the simulator. Lateral control measures (the 
standard deviation of steering angle and standardized lane position) showed that lane keeping was 
less precise in the simulator than on the road. These results were consistent with those obtained 
from previous studies (Blaauw, 1982; Reed and Green, 1995). The poor absolute validity in the 
simulator was due to three factors: the more complex (and unmatched) road geometry, the lack of 
risk in the simulator, and the absence of off-road cues. Since the degree of curvature of the 
simulated roads was larger than those on the road, keeping the vehicle centered in the lane was 
more difficult, and as a consequence, the standard deviation of the lateral control measures was 
much larger in the simulator than on the road. Since there was less risk involved in driving the 
simulator (a crash had minimal consequences), drivers were less strict in maintaining lane position. 
Moreover, the lack of off-road cues from the fixed-base driving simulator contributed to the large 
lateral excursions in the simulator. Drivers could go off the road without noticing such 
(particularly while attending to the secondary task). On the road, body and steering wheel shake, 
tire noise, and other cues would be immediately perceived. (Steering wheel shake and off-road 
sounds were added to the UMTRI simulator after this experiment was completed.) Since 
departures were less likely to be recognized immediately (and were more severe), recovery took 
longer in the simulator. 

In addition to the lateral control measures, the longitudinal control measures (the standard deviation 
of throttle position and vehicle speed) showed poor absolute validity in the simulator. The 
simulated road was perfectly flat and there was no headwind variability. Consequently, drivers 
could maintain a constant speed by keeping their right foot on the accelerator in a fixed position. 
This was not the case outside the laboratory where all of the roads had some slight grade to them 
and the wind was never perfectly still. (These weaknesses were also overcome in later upgrades of 
the simulator.) 

Driving performance showed good relative validity in the simulator. From the individual 
comparisons, results of the simulator showed a linear relationship between the three speed 
conditions and driving performance. This linear relationship indicated that as the driving speed 
increased in the simulator, the simulator became more difficult to control. Since driving speed was 
directly related to workload (high speeds were difficult to control and required more of the drivers' 
visual capacity), the simulator was sensitive to the workload of driving. Hence, varying levels of 



driving workload could be easily created in the simulator. This finding indicated that the simulator 
is an appropriate tool for evaluating secondary tasks, where workload is a critical issue. 

Driving performance was expected to degrade when subjects drove and performed the secondary 
task simultaneously, since drivers needed to focus more on the secondary task instead of on 
driving. However, from the results, driving performance was worse on the road while driving 
without a secontlary task than with secondary task. This result was inconsistent with that obtained 
by Reed and Green (1995). This unexpected result might be due to the road geometry selected for 
on-the-road driving. In the with-task condition on the road, only straight road sections were 
selected for safety reasons (it would be too dangerous for drivers to make a curve and perform the 
secondary task simultaneously with other vehicle around). However, in the without-task 
condition, drivir~g performance data from both straight and curve sections were collected. Since 
keeping the vehicle on the center lane during a turn was harder to do than on a straight section, the 
driving performance in the without-task condition was worse, and lane keeping in the with-task 
condition was much easier since the road sections were straight. 

The addition of a secondary task affected driving performance in both the simulator and on-the- 
road driving. From the results, the input measures (the standard deviation of steering angle and 
throttle position) were all greater in the without-task condition than in the with-task condition for 
both the simulator and on-the-road driving. This indicated that driving input was more constant 
while drivers performed secondary tasks. However, drivers' lane-keeping and speed-keeping 
performance might not necessarily be better in the with-task condition. The smaller deviation in 
input measures Knight be caused by the drivers' lack of visual attention on the driving task while 
they focused more on the secondary task. Since the drivers did not control the throttle as much 
while perf0rrnin.g the secondary task, vehicle speed (a direct output of throttle manipulztion) 
remained more constant in the with-task than the without-task condition. From the results, the 
standard deviation of steering angle for the simulator was smaller in the with-task condition, 
whereas the standard deviation of standardized lane position was greater in the same condition 
(lane position was a direct output of steering angle). This inverse relationship could be explained 
by the following driver behavior. Drivers tended not to steer as much while performing the 
secondary task. If the heading error was not very small, then not changing the steering would 
result in driving off the road, and hence the deviation in lane position. This problem w;as not 
apparent on the road, since drivers were more aware of the traffic (because of the risk of getting 
into crashes on the road), and their attention on steering was more acute. In addition, siince data 
collected on the road for the with-task condition was all from straight sections, and that collected 
for the without-task condition contained both straight and curve sections, lane deviation was 
greater in the without-task than the with-task condition because staying at the center of the lane was 
more difficult. 

The UMTRI driving simulator was concluded to be an appropriate context for evaluating secondary 
tasks. First, the simulator provided absolute safety that an experiment on the road could not 
achieve. In fact, no secondary task was given to drivers when driving on a curve on the road in 
this experiment due to safety reasons. Second, secondary task performance was robust as it was 
unaffected by the two different contexts. Hence, studies in secondary tasks could be run in either 
environment. In addition, the simulator was sensitive to driving performance changes related to 
workload. Since a linear relationship existed between driving performance and driving workload, 
different driving performance could be expected by changing the driving speed in the simulator. 
The 35 rnih condition in the simulator provided the closest match to the on-road conditions. 





3. EXPERIMENT 2 - EFFECT OF PRACTICE ON DRIVER 
P:ERFORMANCE IN THE SIMULATOR 

3.1 INTRODUCTION 

Prior to conducting evaluations of secondary controls in a driving simulator, it was first necessary 
to gain a better understanding of the effects of practice. For a perceptual-motor task involving 
skill, the time to complete a task gradually decreases with practice. This, by definition, is learning. 
In dual-task contexts, one learns both how to perform the individual tasks and how to integrate 
them together (Wickens, 1992). However, it was uncertain how much secondary task and driving 
performance improved with practice in the driving simulator. Also uncertain was how the process 
of completing the secondary task changed with practice. 

As is common knowledge, reinforced by the first experiment, differences in individual driving 
behavior and performance are quite large, and vary from situation to situation. For example, one 
person might drive a familiar vehicle every day for ten years, and remember how to operate every 
control (secondary task) without any additional visual references. In contrast, another person 
while driving an unfamiliar rental car in a strange city, may find turning on the radio baffling, even 
after numerous looks toward it. The difference between these two situations reflects both the 
differences between drivers and the effects of practice on task performance. 

Completion of a secondary control task by unfamiliar drivers while driving can be thought of as a 
six step process. 

1. Drivers locate the control grouping having the desired function. Visual landmarks nleed to be 
acquired. 

2. Drivers find the control to operate. Included in this step may be determining the distance to 
move, planning the movement to the control, determining how to grasp it, and baseld on 
direction-of--motion stereotypes and control affordances, determining how to move the control 

3. Drivers move their hands to the control. Drivers usually move their hands toward a desired 
control without any visual references. 

4. Drivers look at the control for final guidance of their hand to the control and grasping the 
control head. Practice might change this use of visual reference to tactile reference, where 
drivers only need to feel the control, rather than look at it to grasp it. 

5. Drivers actuate the control. 
6. Drivers monitor tactile, auditory, and sometimes visual feedback to determine when the 

opera.tion is completed. 

Drivers familiar with a vehicle perform secondary tasks quite differently from unfamiliar drivers. 
In step 1, location is retrieved from memory instead of being visually acquired. In step 2, active 
planning may be minimal, with the driver instead relying upon a stored motor program. While step 
3 may be relatively unchanged, step 4, final guidance, tends to rely much more on tactile feedback 
in familiar drivers. Steps 5 and 6 are relatively unchanged, except in step 6,  where the use of 
visual feedback is reduced. In brief, the task is highly automated in familiar drivers. 

Since the safety and usability of secondary functions to both first time users and experienced users 
is of interest, and task execution could change in fundamental ways with practice, practice effects 
were examined in detail in the second experiment. This experiment was conducted entirely in the 
driving simulator. 

In light of the previous discussion, the following issues were addressed: 



1. How does driving task and secondary task performance improve with practice? 
2. How does the structure of secondary task execution change with practice? 
3. Do the effects of practice interact with the difficulty of the driving task? 

This last issue has implications for the workload level that should be selected in driving simulator 
evaluations of secondary tasks. 

3.2 METHODS 

In this experiment, the effects of practice on an in-vehicle secondary task performed in the UMTRI 
driving simulator were examined. Subjects drove the simulator for 20 consecutive work days. 
Driver performance, both primary driving and secondary task measures for different speed and 
secondary task conditions was considered. 

3.2.1 Subjects 

For reasons of convenience, the first two authors of this report (a man and a woman) served as 
subjects. They were 26 and 22 years old respectively, and had little prior experience with the 
UMTRI driving simulator. 

3.2.2 Driving Simulator and Test Route 

The driving simulator and road driven were identical to that used for the simulator portion of 
experiment 1 (simulator validation). Only two speed conditions were examined (35 and 50 mi/hr). 
An example of a typical simulated road scene appears in Figure 2.2.3. 

3.2.3 Experimental Design and Procedure 

As shown in Table 3.2.1, there were three independent variables. Each subject participated for 20 
consecutive days (except weekends and holidays), at approximately the same time of day, though 
the simulator schedule for other studies forced some exceptions. The three test conditions chosen 
represented an economical means to examine speed (workload) and secondary task effects. The 
fourth condition, 35 mi1h.r without a secondary task, was eliminated to reduce the total running 
time for both subjects to fit within the constraints of simulator availability. 

Table 3.2.1. Independent variables in learning experiment 

Independent variable Levels 
Subiect (S) male and female 
~ a i @ ) '  ' 1 - 20 days 
Condition (C) (a) 35 mi/hr with secondary task 

(b) 50 m i h  with secondary task 
(c) 50 rni/hr without secondary task 

Each test block took approximately 5 minutes, with each subject taking about 20 minutes to 
complete each daily session. (See Figure 3.2.1 .) The order of the three conditions was partially 
counterbalanced across subjects and days. Subjects were instructed to maintain speed and 
complete the secondary task as quickly as possible. 



Figure 3.2.1. Procedure of the learning experiment 

35miJhr with task ( 50rni/hr without task1 50rni/hr with task 
A A A 1 4 A  

As can be seen in Table 3.2.2, all dependent measures in the driving task were identical to those in 
the simulator validation experiment except that eye fixation data was not analyzed since the 
emphasis was on performance data (and to save time). 

Table 3.2.2. Dependent measures in learning experiment 
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Prior to the main analysis, the histograms of the acquired data was compared with those of the 
log (l+x) transformed data to verify the normality of distributions prior to ANOVA tests. The 
distributions of both the secondary task and driving performance tended to be lognormal, though 
the departure from normality was not extreme. Hence, use of ANOVA was appropriate. 

Accordingly, a fixed effects ANOVA was used to investigate the effects of the independent 
variables on secondary task and driving performance. As before, the criterion for statistical 
significance was pe0.05. The levels of the condition variable examined depended on th.e 
dependent measure. For in-vehicle task completion measures, only two conditions were examined 
(35 milhr with secondary task and 50 rnilhr with secondary task). For lateral and longitudinal 
control, all three conditions were considered. 

3.3.1 Secondary Task Performance 

From the ANOVA summary'(Tab1e 3.3.1), the results indicated significant effects of diiy (~<0.01) 
on interbutton RT (Figure 3.3.1) and task completion time (Figure 3.3.2). These results showed 
significant performance shifts across the 20 consecutive days. A Scheffe's test showed significant 
time decrement in hand movement measures across the first four to five days. However, the size 
of decrement decreased over time though decrements continued to occur throughout the 
experiment. Also note that other than individual differences, there were no interactions with day, 
suggesting that initial performance would be indicative of long-term (practiced) perfomlance. 



Figure 3.3.1. ANOVA summary of learning experiment 

0 5 10 15 20 
Trials (day) 

Subject (S) 
Condition(C) 
Day (D) 
S x C 
S x D  
C x D  

0 5 10 15 20 
Trials (day) 

Figure 3.3.1. Effect of day on interbutton RT Figure 3.3.2. Effect of day on task 
completion time 

(++: p< 0.01; +: p< 0.05) 

A common finding in studies of perceptual-motor tasks is that task completion time decreases with 
practice, usually in an exponential manner. Buck and Cheng (1993) compared learning curves of 
power and exponential models for empirical data. The power model has been formalized as the 
Power Law of Practice and is shown below. Buck and Cheng report that power models provide 
greater simplicity, but sometimes exponential models provide better fits to human learning data. 
The Power Law postulates that the rate of time decrement is approximately proportional to a power 
of the amount of practice. The learning curve can be approximated by: 

Hand movement 

TN = Ti N-" 
where 

TN = estimated performance time on the Nth block of trials 
TI= estimated performance time on the first block of trials 
N =  trial block number, and 
a= an empirically determined constant. 

inter 

In this case, both models were fitted to the learning curves of interbutton RT and task completion 
time. The results from curve fitting (Table 3.3.2) showed much of the variance was accounted for 
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(r2>0.8) for both task time measures. The values of the empirically determined constant were 
similar for interbutton RT and task completion time, suggesting the underlying processes were 
similar. Differences between models in the quality of fit were small. 

Table 3.3.2. Learning curve fit (power and exponential) 

Power Learning curve equation r* 
Interbutton RT T~=1.816 N-0-10 0.895 
Task completion time T~z9.078 N-0.10 0.898 

Exuonential 
Interbutton RT y = 1.733 exp (-0.015)t 0.846 
Task completion time y = 8.699 exp (-0.016)T 0.856 

3.3.2 Driving Performance 

From the ANOVA summary (Table 3.3. l), the results indicated significant effects of coindition 
(p<0.01) and day (g<0.01) on the S.D. of steering angle (Figure 3.3.3) and the S.D. of 
standardized lane position (Figure 3.3.4). As a result of Scheffe's tests, significant differences in 
condition (g< 0.01) were found between 35 mi/hr and 50 rnifhr with-task, and between 35 rnithr 
and 50 mi/hr without-task. However, a regression analysis showed small coefficients of 
determination (r-square: less than 0.3) within trials. These results showed that the lateral control 
measures were primarily consistent across test days. Therefore, the lateral control measures 
seemed to be primarily influenced by speed conditions and secondarily influenced by the secondary 
task and the effect of practice. 

35rniIhr 50mi/hr 50mi/hr 
with with without 
task task task 

Figure 3.3.3. Effect of condition on 
S.D. of steering angle 

u I I I 

35mi/hr 5 0 m i h  50mihr 
with with without 
task task task 

Figure 3.3.4. Effect of condition on 
S.D. of standardized lane position 



The results indicated that the longitudinal control measures were inconsistent across days and no 
significant effects were found (Figure 3.3.5 and Figure 3.3.6). 

3 5 m i h  50mi/hr 5OmiJhr 
with with without 
task task task 

35mi/hr 50mifhr 50mi/hr 
with with without - -- 

task task task 

Figure 3.3.5. Effect of condition on Figure 3.3.6. Effect of condition on 
S.D. of throttle position S.D. of vehicle speed 

3.4 DISCUSSION 

The secondary task performance measures (interbutton RT and task completion time) showed 
significant performance shifts along the 20 days of the experiment. The results showed that the 
time to respond by pressing a button and to complete the secondary task decreased with practice. 
The performance time decrement was substantial in the first four to five days but continued to 
gradually decrease even on the last day of the experiment. The values of the exponent for the 
learning curves for interbutton RT and task completion time were the same. 

The lateral control measures of driving performance (the S.D.'s of steering angle and standardized 
lane position) showed significant differences between the two speed conditions (35 and 50 mih) 
and no significant difference between the presence and absence of secondary tasks. In addition, 
measures of longitudinal control of driving performance (the S.D.'s of throttle position and vehicle 
speed) showed no significant differences in speed conditions and in the presence and absence of 
secondary tasks. These results were so inconsistent across days that no significant effects of 
practice could be examined for driving performance. One way to explain the inconsistency in 
driving performance was that, since the simulator lacked any risk, some people drove in a more 
erratic manner. Hence, driving performance in the simulator seemed to be dominated by speed and 
less influenced by practice and the presence and absence of secondary tasks. 

To conclude, practice affected secondary task performance, not driving performance. As 
mentioned earlier, if driving performance in the simulator improved with practice, then secondary 
task performance in the simulator might not be a true indicator of such performance in a real 
vehicle. However, if dnving performance remained constant after practice, then the changes in 
secondary task performance in the simulator could reflect what would happen in a real vehicle, 
since driving performance in a real vehicle is constant. 



4. EXPERIMENT 3 - USABILITY OF HIERARCHICAL M:ENU 
INTERFACES 

4.1 INTRODUCTION 

In terms of the intrusiveness of secondary tasks on driving, Kurokawa and Wierwille (1 990) 
examined the effect of random crosswind on secondary task performance in a moving-base driving 
simulator. The results indicated that the strength of random crosswind influenced performance by 
increasing forward-viewing time while decreasing IP glance duration. Competing visual 
attentional demands existed between the IP and the forward scene. Zwahlen (1993) conducted a 
study to evaluate push button arrangements in automobiles. He concluded that the middle location 
on the P produced slightly more accurate pushing performance than either the top or bottom 
locations. These results indicated the importance of relevant hand reach distance on completing 
secondary tasks. 

More generally, minimizing the (1) visual and attentional demands and (2) the intrusiveness of 
secondary tasks on driving are essential criteria for driving safety. Given that the validity of the 
simulator had been established in the first experiment and that the second experiment est,ablished 
that minimal pra.ctice was required, this experiment examined the use of the driving simulator for 
the evaluation of menu-based secondary controls. This experiment focused on multipu~pose 
controls and hierarchical menu structures. Driving and secondary task performance datii were 
obtained as well as subjective ratings of drivers' preferences for controls and displays. In light of 
the previous research, the following issues were addressed in this experiment: 

1. Which multipurpose control-hierarchical menu combination minimized visual-attentional 
demands of the secondary task? 

2 .  Which multipurpose control-hierarchical menu combination minimized obstructiveness of 
secondary task on driving performance? 

3. Which multipurpose control-hierarchical menu combination was the most preferred bly subjects? 

4.2 METHODS 

In this experiment, all possible combinations of 4 controls (number keypad, rotary knob, remote 
trackball, and touchpad) and 3 hierarchical menu structures (2 x 6 , 4  x 3 , 8  x 2) were examined. 
Subjects drove the simulator while periodically performing secondary tasks using combinations of 
one specific control and one particular menu structure. Driver performance (driving and secondary 
task) and subjective ratings were obtained. 

4.2.1 Subjects 

A total of 16 licensed drivers (eight men and eight women) participated in this experiment. Each 
age group (young: age 20 to 30; old: 65 and over) consisted of 8 subjects (4 men, 4 women). All 
subjects were experienced drivers, but none of them were familiar with the UMTRI drrving 
simulator. 



4.2.2 Test Route 

The same road selected for the simulator portion of the context comparison experiment was used in 
this experiment. Only two speed conditions were examined (35 and 50 m.i/hr). An example of a 
typical road scene of the simulator can be found in the simulator validation section of this report 
(experiment 1). 

4.2.3 Equipment and Materials 

To simulate a typical in-vehicle secondary task, a number selection task was carried out in the 
UMTRI driving simulator. The task required the use of one of the four controls and a display. 
The equipment consisted of a Hitachi 5-inch LCD, four input devices (number keypad, rotary 
knob, remote trackball, and touchpad) that could appear in future vehicles, and a Macintosh Duo 
270C portable computer which generated the secondary task program. The display was located at 
the top of the center console. The number keypad (Kensington Notebook) was located at the 
bottom of the center console. A custom-made rotary knob was located on the steering column, 
behind the right side of the steering wheel. The remote trackball (Microspeed MicroTRAC) was 
held by the subject when driving, so no permanent location was assigned. The touchpad (ALPS 
Glidepoint) was located at the button of the center console to the right of where the shift lever 
would be located (Figure 4.2.1). Because they were the most likely places for control and display 
elements in production vehicles, these locations were chosen as an attempt to maximize practical 
applications of the results. 

(All dimension displayed are in hlimeters) 
I 

Figure 4.2.1. Location of the LCD and four multipurpose controls 

The controls selected (number keypad, remote trackball, rotary knob and touchpad) differed in 
terms of how they were operated, how selection occurred, how visible the control was, and the 
ease of reaching the control (Table 4.2.1). Selection means was the method to select numbers on 
the display. The remote trackball and the touchpad were used to move a cursor to a location to 
select it. The cursor was free to move anywhere on the display. The square was chosen by 
pressing the select button on the devices. The rotary knob used a sequential selection method (12 
positions (stops) per rotation). When the knob was turned one notch clockwise, the highlighted 
square on the display moved one square over in the same direction. Turning the knob 



counterclockwise had the opposite effect. The knob was to be rotated until the desired square was 
highlighted. Pressing the select button selected the square. The number keypad selected numbers 
directly. When a number was pressed on the keypad, the square on the display corresponded to 
the same location as the key on the keypad. 

The selection procedure was determined by the number of steps to complete a selection task. The 
number keypad could complete the selection task with one step (press one button), whereas the 
remote trackball, touchpad, and rotary knob required two steps (move the cursor or highdight and 
press a button). The visibility and accessibility of the input devices were determined by their 
locations from the drivers and the obstructions in between. 

Table 4.2.1. Controls used in the experiment 

Control 
Configu- 
ration 

Operation 

Access- 1 ibility 

-- 

Number keypad 
selection buttons 

(Kensington) 
1. press the 

selection button 
corresponding to 
the location of 
the number 
displayed 

direct 

fair (ordinary IP 
location) 
fair 

Rotarv knob I Remote trackball I Touchuad 
-- 

selection 
button 

(custom-made) 

1. rotate the dial 
until the target 
square was 
highlighted 

2. press the 
selection button 

sequential 

1. hold control in 
the palm 

2. put thumb on the 
trackball 

3. roll the ball to 
move the cursor 
on the display 

4. locate the cursor 
on a target 
square 

5. Dress the 
selection button 

infinite 

sklection buttons 
(ALPS GlidlePoint) 

1. put finger on the 
touchpacl 

2. drag the finger 
to move the 
cursor om the 
display 

3. locate the cursor 
on a target 
square 

4. press the: 
selection button 

4.2.4 Hierarchical Menu Structures 

poor (behind the 
steering wheel) 
good 

Three different menu structures (2 x 6 , 4  x 3 ,8  x 2) were examined in this experiment. They were 
classified by depth (the number of menu levels) and breadth (the number of choices per menu), 
shown in Figure 4.2.2. The design selected equalized the number of digits to be read. 

good (possible to 
move anywhere) 
good 

poor (greater look- 
down angle:) 
good 



current 
menu 

el 

(All dimensions are in mm.) 

Figure 4.2.2. Display configurations for the three menu structures 

A Hypercard program running on the portable computer generated numbers on the display. 
A series of 6 digit numbers were presented to subjects equalizing the number of digits to be read. 
In the 2 x 6 menu, 2 squares were displayed each time, with each square containing 1 digit. In the 
4 x 3 menu, 4 squares were displayed each time, with each square containing 2 digits. In the 
8 x 2 menu, 8 squares were displayed each time, with each square containing 3 digits. In 
addition, a BACK square in the middle of the display allowed subjects to go back one level in the 
menu structure if they made any incorrect selections. (See Figure 4.2.3 for an example entry 
sequence.) The back label did not appear at the top level, indicating the main menu. 
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6 Back 3 m 
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Figure 4.2.3. An example of selecting "824563" using different menu structurles 

4.2.4 Procedure 

The experiment consisted of three parts: (1) a practice segment prior to data collection (learning to 
operate each of the four controls in static and dynamic driving simulator conditions), (2) a test 
segment at 35 mifhr, and (3) a test segment at 50 rnilhr. Each part contained 4 blocks, one for each 
control. Each test block contained six trials, two trials for each menu structure. The orders of the 
speed conditions, controls and menu structures were counterbalanced across subjects (Figure 
4.2.4). 
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Figure 4.2.4. Procedure of the control comparison experiment 

Depending upon the condition, subjects were instructed to maintain at constant speed (35 or 50 
milhr) while driving the simulator. In each trial, subjects were verbally cued by a series of six 
numbers from the Hypercard program, and the identical numbers appeared at the upper left-hand 
comer of the screen. Once the auditory cue was finished, a specific menu structure appeared on 
the display, and subjects selected the numbers recited using a specific control while driving. An 
example using the 4 x 3 menu is shown in Figure 4.2.5. 
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Figure 4.2.5. Mechanism of the secondary task and dnver behavior (4 x 3 menu structure) 

After each block, subjects completed a short evaluation to rate the different aspects of the menu 
structures and controls. After the last trial of the experiment, subjects completed a find evaluation. 
(See Appendix D.) 

4.2.6 Experimental Design 

Five independent variables were examined in the control interface experiment (Table 4.2.1). The 
within-subject variables were age and gender nested within subject. The between-subject variables 
were speed (2 levels), control (4 types), and menu (3 types) for a total of 384 responses/subject. 

Table 4.2.1. Summary of independent variables 

As can be seen in Table 4.2.2, all dependent measures in the driving task category were identical to 
those in the simulator validation experiment. Subjective ratings were examined to identify 
preferences for control type and menu structure. 

Independent variable 
Age (A) 
Gender (G) 
Subject (S) 
Speed (SP) 
Control (C) 
Menu (M) 

- 
Levels - 
young, old 
men, women 
16 participants 
35,50 rm/hr 
number keypad, rotary knob, remote trackball, touchpad 
2 x 6 , 4 x 3 , 8 x 2  - 



Table 4.2.2. A summary of dependent measures 

Task category 
Secondary task 

Driving task 

Data source 
hand movements 

eye fixations 

subjective evaluation 

lateral controls 

longitudinal controls 

Dependent measure 
interbutton response time (sec) 
task completion time (sec) 
IP glance duration (sec) 
number of IP glances (time) 
forward-viewing time (sec) 
control type preference 
menu structure preference 
overall preference 
s.d. of steering angle (deg) 
s.d. of standardized lane position (%) 
s.d. of throttle position (%) 
s.d. of vehicle speed (mph) 

4.3 RESULTS 

An analysis of variance (ANOVA) test was used to investigate the effects of independent variables 
on secondary task and driving performance. The criterion set for statistical significance was 
~ ~ 0 . 0 5 .  The effect of menu on driving performance was not investigated, due to the constraints of 
experimental design (subjects operated all three menus by a control within a block). The 
histograms of the acquired data were compared to those of the log (l+x) transformed data to verify 
the normality of the distributions prior to the ANOVA tests. The distributions of secondary task 
(excluding number of IP glances) and driving performance tended to be lognormal and the 
distribution of the subjective ratings was normal (Figure 4.3.1). In contrast, the overall subjective 
ratings collected after the entire experiment were analyzed by non-parametric tests (Kruskal-Wallis 
and Wilcoxon rank-sum). 

1 2 3 4 5 6 7 8 9 1 0  
Subjective ratings 

Figure 4.3.1. Distribution of subjective ratings 

4.3.1 Secondary Task Performance 

From the ANOVA summary (Table 4.3. l), the results indicated significant effects of control 
(~<O.01) on interbutton RT (Figure 4.3.2) and task completion time (Figure 4.3.3). A Scheffe's 



test on interbutton RT indicated significant differences in controls (g< 0.01) between the number 
keypad and other controls (rotary knob, remote trackball, touchpad), and between the rotary knob 
and two controls (remote trackball, touchpad). A Scheffe's test of task completion time indicated 
significant differences in controls (p< 0.01) between the number keypad and other cont:rols (rotary 
knob, remote trackball, touchpad). These results suggested that the number keypad required less 
time to respond and to complete the same secondary task than other controls. 

Table 4.3.1. ANOVA summary of evaluation experiment 

++ ++ 
S  eed (S ) ++ ++ 
Control (C) ++ ++ 
Menu (M) ++ t+ 

A x  SD 
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++ ++ +t 
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Number Rotary Remote Touchpad Number Rotary Remote Touchpad 
keypad knob trackball keypad knob trackball 

Figure 4.3.2. Effect of control on Figure 4.3.3. Effect of control on 
interbutton RT task completion time 

The results indicated significant effects of menu (gc 0.01) on interbutton RT (Figure 4.3.4) and 
task completion time (Figure 4.3.5). A Scheffe's test of interbutton RT indicated significant 
differences in menus 0.01) among all menu combinations. A Scheffe's test on task completion 
time indicated significant differences in menus (gc 0.01) between the 2 x 6 menu and other menus 
(4 x 3 , 8  x 2), and a marginal difference (gc 0.05) between the 4 x 3 and 8 x 2 menus. These 
results suggested that interbutton RT increased with the number of selections (menu breadth), and 
task completion time decreased with the number of levels (menu depth). 

Figure 4.3.4. Effect of menu on 
interbutton RT 

Figure 4.3.5. Effect of menu on 
task completion time 

Hick and Hyman used information theory to quantify the uncertainty of stimulus events (Wickens, 
1992). They found that choice RTs increased linearly with stimulus information as shown in the 
equation that follows. Here the Hick-Hyman Law (sometimes referred to as Hick's Law) was 



used to relate interbutton RT to the number of menu choices (menu breadth) at each 1eve:l. 

where RT = choice response time (sec) 
a = constant (sum of processing latency unrelated to the reduction of uncertainty) 
b = constant (added processing timehit of stimulus information to be processed) 
H =log2N ( 2 x 6 =  1 , 4 x 3 = 2 , 8 ~ 2 = 3 )  
N = number of alternatives 

Given the interaction between control type and menu, as described below, separate Hick's Law 
equations were developed for each control type using the means for each control-menu 
combination. Figure 4.3.6 shows the relationships for all four controls along the r2 values. 
Notice that the fits are highly linear. The percentage of the variance accounted for is at least 97 
percent in all cases, 99 percent in all but one. Interestingly, the points for the three continuous 
controls (knob, remote trackball, and touchpad) were all grouped together and differences between 
them were small. Further, their times are consistently greater than the keypad, the only discrete 
control device. This hints at a general advantage of discrete selection devices for menus of this 
tY Pe. 

0 

Ll 
L.. r 

0 

keypad 
knob 
remote 
touchpad 

keypad RT = 1.798 + 1 .I31 * Hs; RA2 = ,993 
knob RT = 1.322 + 2.127 * Hs; RA2 = .972 
remote RT = 2.201 + 1.746 * Hs; RA2 = .999 
touchpad RT = 2.667 + 1.642 * Hs; RA2 = .993 

Figure 4.3.6. Hick-Hyman Law predictions for each control 

When the predictions are made across control type, the r2 value drops to 0.736, with the resulting 
equation (useful for making rough estimates) being RT = 1.997 + 1.622 * Hs. Thus, each 
additional bit of information adds 1.6 seconds with the minimum response time being 2 seconds 
for this task. 

Further information on the relationship between controls and menus, a significant inters~ction 
(Q< 0.01) for both interbutton RT (Figure 4.3.7) and task completion time (Figure 4.3.8), 
follows. Notice the consistent ordering of the controls for all menu structures except for the knob 
for the 8 x 2 menu for interbutton RTs, and that same menu when task completion time was 



considered. 

Number Rotary Remote Touchpad Number Rotary Remote Touchpad 
keypad knob trackball keypad knob trackball 

Figure 4.3.7. Control by menu 
interaction for interbutton RT 

Figure 4.3.8. Control by menu 
interaction for task completion time 

With regard to the glance data, the results were similar to the task time data. There was a 
significant effect of control (g< 0.01) on IP glance duration (Figure 4.3.9) and the number of IP 
glances (Figure 4.3.9). A Scheffe's test on IP glance duration showed significant differences 
(g< 0.01) in controls between the number keypad and two controls (remote trackball, touchpad), 
and between the rotary knob and the same two controls. In addition, a marginally significant 
difference (g< 0.05) was found between the remote trackball and the touchpad. A Scheffe's test of 
the number of IP glances showed a significant difference in controls (pe0.01) between the number 
keypad and the remote trackball, and a marginally significant difference (~<0.05) between the 
number keypad and the touchpad. These results suggested that the number keypad and rotary 
knob required a shorter IP glance duration and the number keypad showed fewer number of IP 
glances among all controls. 



IP glance duration 

Number Rotary Remote Touchpad Number Rotary RemoteTouchpad 
keypad knob trackball keypad knob trackball 

Figure 4.3.9. Effect of control on Figure 4.3.10. Effect of control 
IP glance duration and forward- on number of IP glances 
viewing time 

The results indicated significant effects of menu (gc 0.01) on IP glance duration, forward-viewing 
time (Figure 4.3.1 1 )  and the number of IP glances (Figure 4.3.12). A Scheffe's test of: IP glance 
duration and the number of IP glances showed significant differences in menus (g< 0.01) among 
all menu combinations. A Scheffe's test on forward-viewing time showed a significant difference 
(p< 0.01) between the 2  x  6 and 8  x 2 menus. These results showed an inverse relationship 
between IP glance duration and forward-viewing time. 

Forward-viewing time lT---l 

2 x 6  4 x 3  8 x 2  2 x 6  4 x 3  8; x 2  

Menu Menu 

Figure 4.3.1 1 .  Effect of menu on Figure 4.3.12. Effect of menu on 
IP glance duration and forward- number of IP glances 
viewing time 



The number of IP glances decreased with the number of levels in the whole menu hierarchy 
(depth). In theory, the minimum number of IP glances should be identical to the number of menu 
depth hierarchy. For example, for the 2 x 6 menu, the drivers had to glance at the display at least 
six times to complete the secondary task. In this experiment, the ratios between the ideal and actual 
number of IP glances were calculated (Table 4.3.2). The table showed that the increased amount 
of displayed information (per menu) required more IP glances from drivers as expected. These 
results suggested that an inverse relationship between menu depth and the number of IP glances 
existed. 

Table 4.3.2. Number of IP glances on each menu structure (per screen) 

Menu Mean number of IP glances 
( ~ e r  screen) 

In addition, the results indicated marginally significant control by menu interactions (gc 0.05) on 
IP glance duration (Figure 4.3.13) and forward-viewing time (Figure 4.3.14). A combination of 
the number keypad and the 2 x 6 menu required the shortest IP glance duration and the longest 
forward-viewing time. 

Number Rotary Remote Touchpad Number Rotary Remote Touchpad 
keypad knob trackball keypad knob trackball 

Figure 4.3.13. Control by menu 
interaction for glance duration 

Figure 4.3.14. Control by menu 
interaction for forward-viewing time 

The results indicated a significant age by speed interaction (g< 0.01) on IP glance duration (Figure 
4.3.15) and a significant age by control interaction (g< 0.01) on IP glance duration (Figure 
4.3.16). The young age group performed with a shorter IP glance duration than the old age group. 
Both young and old age groups performed with a shorter IP glance duration at the higher speed 
condition (50 mi/hr) than at the lower speed condition (35 mi/hr). These results suggested that 



speed conditions affected IP glance duration. The age by control interaction on IP glance duration 
showed that the difference between age groups was small when the number keypad was used. 
These results showed that the number keypad was effective for both young and old age groups to 
reduce IP glance duration. 

I o 1  I I 

Young Old 

Figure 4.3.15. Age by speed 
interaction for IP glance duration 

Number Rotary Remote Touchpad 
keypad knob trackball 

Figure 4.3.16. Age by control 
interaction for number of IP glances 

4.3.2 Driving Performance 

From ANOVA summary (Table 4.3. l), the results indicated a significant effect of contirol (g<0.01) 
on the S.D. of steering angle (Figure 4.3.17) and a marginally significant effect of control 
(~'0.05) on the S.D. of vehicle speed (Figure 4.3.18). A Scheffe's test of the S.D. of steering 
angle showed a marginally significant difference (p< 0.05) between the remote trackball and the 
touchpad. A Scheffe's test of the S.D. of vehicle speed showed no significant difference at this 
level. The remote trackball showed that the S.D. of steering angle was smaller than the touchpad. 
However, these results showed that the obstructiveness of secondary task on driving performance 
was small. Drivers tended to maintain the driving task and allocate limited resources to secondary 
task. 



Number Rotary Remote Touchpad Number Rotary Remote Touchpad 
keypad knob trackball keypad knob trackball 

Figure 4.3.17. Effect of control Figure 4.3.18. Effect of control 
on S.D. of steering angle on S.D. of vehicle speed 

Differences in menu structure were not examined for the driving performance measures as the three 
menu structures were presented in a fixed order within blocks, and there was no clear demarcation 
in the driving data file as to when use of one menu structured ended and another began. 

4.3.3 Post-Trial Subjective Ratings of Menu Usability 

Two groups of ratings were obtained, ease of use (Appendix C, part 1) and driver preferences 
(Appendix C, part 2). The ease of use ratings--selection difficulty, accessibility of each control, 
difficulty of operating each control, and difficulty of driving the simulator--were collected after 
each menu-control combination test block. Each of these four dependent measures was analyzed 
separately. Data were utilized from all subjects who participated including one subject who did not 
complete all parts of the experiment. In several cases, the addition of partial data from subjects had 
a minor impact on the ratings obtained, not reflected in the statistical significance of outcomes. 

Figure 4.3.19 shows the distribution of the selection difficulty ratings. In general, the ratings tend 
to reflect lower levels of difficulty (10=not difficult at all, l=extremely difficult, mean=6.3). 



Selection difficulty 

Figure 4.3.19. Selection difficulty ratings 

Ratings of selection difficulty were examine in a partial factorial model involving subject. factors 
(age, sex, the subject by sex interaction, and subjects main effects nested within age andl sex), the 
device and condition factors (control, menu, and speed, as well as all combinations of th~em with 
each other), and interactions of age and sex with the three device and condition factors. Other 
factors were not included in the model as they were unlikely to be significant, and even if they 
were, would be difficult to interpret. Table 4.3.3 shows the resulting ANOVA summary, 

Table 4.3.3. ANOVA summary of ratings of selection difficulty 

Source 
Age (A) 
Gender (G) 
Subject (s) 
Speed (SP) 
Control (C) 
Menu (MI 

-nested (AxG) 

(Probability values of less than 0.05 are shown) 

E 
+++ 
+++ 
+++ 
+++ 
+++ 
+ 

All of the main effects were significant. In general, young subjects offered higher ratings than 
older subjects (7.0 versus 5 . 3 ,  and the ratings from men were slightly greater than those from 
women (6.4 versus 6.2). Figure 4.3.20 shows the age by sex interaction, one of the three 
significant interactions. 

Source 
A x G  
A x  Sp 
A x C  
A x M  
G x  Sp 
G x C  
G x M  
C x M  
Sp x M 
Sp x C 
S p x M x C  

E. 
+++ 
++ 
++ 
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Figure 4.3.20. Effects of age and gender on ratings of selection difficulty 

With regard to design factors, knobs were rated as less difficult to operate than keypads, 
trackballs, and keypads in that order (means of 6.9,6.7,6.1, and 5.6, respectively). (See Figure 
4.3.21.) This pattern was consistent across all other factors except age (as indicated by the 
significant age by control interaction, Figure 4.3.22) with younger subjects favoring the knob and 
older subjects favoring the keypad. There is no evidence as to why this occurred. Of the menu 
structures, 2 x 6 was rated as least difficult (6.7) followed by 4 x 3 (6.4) and 8 x 2 (6.0). See 
Figure 4.3.21. 
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Figure 4.3.21. Effect of control type and menu structure on selection difficulty 
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Figure 4.3.22. Age by control interaction for selection difficulty 
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Interestingly, as speed increased from 35 to 55 milhr, ratings of selection became more {difficult 
(from 6.5 at 35 to 6.2 at 55). However, there were no interactions of interface design factors 
(control or menu) with speed, suggesting that in future studies testing at one speed shot~ld be 
adequate. (There was, as shown in Figure 4.3.23, an interaction with gender.) 
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Figure 4.3.23. Speed by sex interaction for selection difficulty 



4.3.4 Post-Trial Subjective Ratings of Control Usability 

Questions 2 through 4 (accessibility, operation difficulty, and driving difficulty) of part 1 of the 
subjective evaluation were analyzed similarly, with age, sex, speed driven (35 or 50 rnih), and 
control (touchpad, keypad, trackball, and knob) being included in a full factorial model, and 
subjects used for replications. All factors were fixed effects. All interactions with more than two 
terms were pooled into the error variance as preliminary analysis showed they were not significant. 

Figure 4.3.24 shows how accessible drivers reported the controls were (question 2). In that 
ANOVA there were significant differences due to age (p<.0002) and control (pc.0095) as well as 
age by gender interaction (p<.0345). No other effects were significant. On a 1 to 10 scale 
(l=hardly accessible, 10=easily accessed), younger drivers rated the controls much more 
accessible (mean=7.9) than older drivers (6.5). The knob was rated as slightly more accessible 
than the trackball/remote (7.9 versus 7.7), which was somewhat greater than the ratings for the 
touchpad and keypad (both 6.6). The age by sex interaction is due to the younger men and older 
women offering the lowest and highest ratings respectively, potentially reflecting their capabilities. 
(At younger ages, men generally perform better. In the older groups, the women usually perform 
better. Figure 4.3.25 and 4.3.26 show these significant effects. 

Accessibility rating 

Figure 4.3.24. Control accessibility ratings 
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Figure 4.3.25. Effect of Control Type and Driver Age on Accessibility Ratings 
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Figure 4.3.26. Effect of age and gender on accessibility ratings 

Also examined were ratings of the difficulty of operating controls (question 3, part 1). Only the 
effects of age (p=.0088) and control (p=.0002) were significant. Ratings for young drivers 
(mean=7.5) were much greater than those for older drivers (6.5), where l=extremely difficult to 
operate and lO=not difficult at all to operate. The two best rated controls were the keypad 
(mean=7.7) and the knob (7.6). Ratings for the trackballlremote (6.9) and touchpad (5.5) were 
much lower. Figure 4.3.27 shows the results. 
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Figure 4.3.27. Differences due to age and control in ratings of operating difficulty 

The model for ratings of difficulty of driving the simulator while operating controls was similar to 
that for the previous two ratings. Significant effects included age (p=.0017) and control 
(p=.0372). Consistent with previous measures, younger drivers rated the task less difficult than 
older drivers (6.7 versus 5.4), where l=difficult to drive and lO=not difficult at all. Knobs were 
rated as least difficult to use while driving. 

Combining these last three ratings, one can see that the pattern is consistent (Table 4.3.4). Overall, 
the knob was rated as the most usable control. 

Table 4.3.4. Ratings of control usability in part 1 

Accessible 

5.0 
Mean 7.3 7.0 6.8 5.7 

4.4 DISCUSSION 

The first experiment established that the UMTRI driving simulator was a reasonable context for 
assessing the use of secondary controls. Secondary task time measures from both contexts were 
remarkably similar. However, while there were some differences in the absolute values of driving 
measures between the two contexts, relative differences were consistent. 

The second experiment examined the role of practice in in-vehicle interface evaluations. That 
experiment showed significant improvements in performance with practice for almost all measures. 
However, there were few interactions with practice, suggesting that data from early in practice 



could be used to make decisions as to which of several alternative interfaces was easiest: to use. As 
a consequence of these two experiments, the UMTRI driving simulator was used for an experiment 
concerning hierachical menu system design. Given the results of the second experiment, there 
was only one test session. 

From the results of the third experiment, the number keypad seemed to be the best control for 
secondary systems, with the knob being a second choice. Of the secondary task perforrnance 
measures, the keypad always had the smallest interbutton RT and task completion time among the 
four controls, with times being about 113 less than those for knobs, the second choice. 
Furthermore, the Hick's Law analysis indicated that the gap between the keypad and other 
alternatives increased as the number of menu options increased. 

The glance data also favor the keypad. The number keypad had the shortest number of (glances to 
the IP and glances to the interface were shorter, on average, than for other alternatives. The 
second choice was the knob. Differences were on the order of several percent. A short IP glance 
duration was desired since drivers could spend more time looking at the forward scene. If the IP 
glance duration required by the secondary task was long, time pressure and uncertainty would 
build up and the drivers would be compelled to look forward again (Wierwille, 1993). 

Prior to the experiment, the keypad was expected to require the greatest visual demand, since the 
drivers had to look at two displays (both the LCD and the control interface) to complete the 
secondary task. However, results from the experiment showed that the keypad actually required 
the smdlest IP glance duration and task completion time. The small IP glance duration ;and task 
completion time might be due to the different selection procedures of the keypad. The k.eypad was 
an open-loop system and required direct manipulation. When a stimulus appeared on th~e display, 
drivers selected the item with one button push. This minimized the time needed to complete the 
task. On the other hand, the other three controls were closed-looped systems and they required 
multiple manipulations to complete one selection. For all of those controls, the drivers followed 
the cursor or the highlight constantly to make sure they were heading in the correct direction. 
Since multiple moves of the cursor or the highlight were usually required to make a selection, 
much longer IP glance durations and task completion times were needed. 

As for the subjective ratings of selection difficulty, the keypad was preferred by the o1de:r age 
group. The younger age group voted it second. Younger drivers preferred the rotary knob, but no 
significant difference existed between their preferences for the rotary knob and the keypad. 

For other ratings, preferences were mixed. The knob (mounted in this experiment near the right 
hand) was rated as most accessible, while the keypad and touchpad (located on the center console), 
were rated as least accessible. This problem could be easily solved by moving the keypad to a 
more accessible location such as the steering wheel, or higher up and at an angle on the center 
console to avoid awkward wrist angle. The accessibility rating results suggest that both control 
type and location need i:o be considered when selecting a control. 

In terms of ease of operation, the keypad was rated as easiest to operate, with the knob being the 
second choice. For ease of use while driving, the knob was the first choice and the keypad was 
the third choice. 

The final sets of measures of interest were for driving performance. In brief, there were no 
practical differences between controls with regard to driving performance. 

Thus, these data suggest that the number pad was the preferred control with the knob being a 
second choice. The keypad led to significantly shorter task times than alternative controls and had 
lower visual demands in terms of fixation durations and number of fixations. This was due, in 
part, to the direct mapping between the number presented and the location of the numeric keys, a 



characteristic that may not be present in real products. Subjective ratings were mixed, sometimes 
favoring the keypad, sometimes favoring a knob. The subjective results emphasized the 
importance of context on the final selection of a control for a particular real product. For example, 
the knob was both accessible and easy to operate because the location was well chosen (behind the 
steering wheel on a stalk) and tactile feedback was provided (minimizing visual demands). The 
outcome might have been different had another location or a knob with poor tactile feedback been 
evaluated. 

The remote trackball and touchpad did not do as well with regard to interbutton RT, IP glance 
duration, and subjective ratings. The two controls required complicated manipulations (hence the 
increase in interbutton RT), and they were hard to control in the simulator. Since both controls 
were positioning devices, the visual demand from the highly spatial requirements competed with 
driving, another spatial task. There were not enough spatial resources to share between both tasks. 
In addition, system instability could be a problem with the remote trackball and the touchpad. 
Either a high or a low gain in the controls would complicate control by drivers. In a situation 
where the drivers had to share their attention between driving and the secondary task already, 
increasing the secondary task demand was not wise. 

As for the menu structures, the choice of the best menu structure is open to debate. For example, 
interbutton RTs were shorter for 2 x 6 menus (typically about 4 seconds) than for 4 x 3 (about 5 
seconds) and 8 x 2 menus (about 7 seconds). Since only two choices were presented in each menu 
in the 2 x 6 menu, selections could be easily made. However, in terms of task completion times, 
there was almost no difference between 4 x 3 and 8 x 2 menus (both about 15 seconds), although 
both were considerably faster than 2 x 6 menus (about 25 seconds). For reasons of safety, the 
desire is to minimize both the total task time and the time required for each epoch of the in-vehicle 
task (when the driver is not attending to the road). 

In terms of glance measures, glances to the 8 x 2 display (about 1.0 second) were longer than 
those to the 4 x 3 (under 0.9 seconds) and 2 x 6 (about 0.8 seconds) displays. The amount of 
information presented on each 2 x 6 menu was less than other menu structures, minimizing visual 
demand and subsequent mental processing. Hence, drivers did not need to spend too much time 
looking towards the IP at one time. This was advantageous since long IP glance durations can be 
unsafe. The most desirable condition would be to have the drivers spend as much time on the 
forward scene as possible. However, the 8 x 2 menus required far fewer glances (about 7) than 4 
x 3 menu hierarchies (about 7.5) or 2 x 6 menu hierarchies (about 11). Hence, the total glance 
time away from the road was much greater for 2 x 6 menus, an undesired result. The tradeoff 
between the duration of individual glances and the number of glances on aggregate risk is 
unknown. 

With regard to ratings of selection difficulty, the 2 x 6 menu was clearly easiest and the 8 x 2 menu 
was clearly most difficult. More overall measures of usability for menus should also have been 
considered. Additional, more detailed analysis of driving performance that examined the impact of 
menu structure was beyond the scope of this project. 

These results do not support any definitive conclusions as to which menu structure is best across 
all of the measures. Depending on the results are viewed, there is support for either 2 x 6 , 4  x 3, 
and 8 x 2 menu structures. This issue may be resolved by further analysis of the driving data. 

In contrast, these data indicate that a keypad was best type of the control for menu selection in a 
moving vehicle, with a knob being a strong second choice. The recommendation for a particular 
context will vary with mounting location and other implementation details. Not explored, but 
having an important bearing on menu recommendations, are how shortcuts might be implemented 
to provide ready access to commonly used menu functions buried in a tree. 
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APPENDIX A - CONSENT FORM 

- Multiple Switch Study - 
Participant Consent Form 

We are working on new designs for multiple switches on instrum.ent panel 
that will make them easier to use. Well designed car multiple switches can be used 
at a glance, so people can concentrate on driving. Responses from typical drivers 
such as you, will help identify the best multiple switch design. 

You will be driving a simulated car in the laboratory at UMTRI. Your task 
will be to select the six numbers on a display using four different controls, such as a 
keypad, a trackball, a touchpad, and a rotary knob. The numbers will be :instructed 
verbally. 

The entire study will take about 2 hours to complete. You will be pa.id $35 for 
your participation. You should be aware that you can withdraw from the study at 
any time and for any reason. You will be paid regardless. 

We will videotape the session with your permission. We will not release any 
identifying information, so your responses will remain confidential. 

Thank you for your help with our study. If you have any questions, plea~se do not 
hesitate to ask the experimenter before signing this form. 

I have reviewed and understand the information presented above. My participation 
in this study is entirely voluntary. 

Subject Name (PRINTED) 

Subject Signature 

it is OK to videotape me: Yes 

Investigator: Minoru Sumie 763-2485 

Date 

Witness (Experimenter) 

no (circle one) 





AlPPENDIX B - BIOGRAPHICAL FORM 

University of Michigan Transportation Research Institute Subject: 
Human Factors Division 
Multiple Switch Study Biography Form Date: -1 

Name: - 
Male Female (circle one) Age: 

Occupation: 

> 

What kind of car do you drive the most? 

year: make: model: - 

Annual mileage: 

Have you ever driven the driving simulator at UMTRI? yes no 

How susceptible are you to motion sickness? 

never get moderately don't neutral moderately frequsntly get 
motion sick get motion sick motion sick motion sick 

Titmus Vision: (Landolt Rings) 

Vision Correction: Yes (Eye Glasses, Hard Contact Lens, Soft Contact Lens), No 

1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4  
T  R  R  L T B L R L B R B T R  

201200 201100 20170 20150 20140 20135 20130 20125 20122 20120 20118 20117 20115 20113 





APPENDIX C - DIFFICULTY RATING F0R.M 

Experiment Difficulty Rating (1) 
Name: 

Driving Simulator - 35 mi/hr - 50 mi/hr 

1. On the scale below, circle the numbers that best describe how difficult it was to 
select numbers from the three menu displays. 

Menu (1) Menu (2) Menu (3) 

Menu (1): 
e x t r e m e l y  not at all 
d i f f i cu l t  dificicult 

Touchpad 1 2 3 4 5 6 7 8 9 10 
Keypad 1 2 3 4 5 6 7 8 9 10 
Trackball 1 2 3 4 5 6 7 8 9 10 
Knob 1 2 3 4 5 6 7 8 9 10 

Menu (2): 
e x t r e m e l y  not at all 
d i f f i cu l t  d f l i c u l t  

Touchpad 1 2 3 4 5 6 7 8 9 10 
Keypad 1 2 3 4 5 6 7 8 9 10 
Trackball 1 2 3 4 5 6 7 8 9 10 
Knob 1 2 3 4 5 6 7 8 9 10 

Menu (3): 
e x t r e m e l y  not at all 
d i f f i cu l t  d f l i c u l t  

Touchpad 1 2 3 4 5 6 7 8 9 10 
Keypad 1 2 3 4 5 6 7 8 9 10 
Trackball 1 2 3 4 5 6 7 8 9 10 
Knob 1 2 3 4 5 6 7 8 9 10 

Name: 



2. On the scale below, circle the numbers that best describe how accessible the 
controls were. 

h a r d l y  easy  
accessible accessible 

Touchpad 1 2 3 4 5 6 7 8 9 10 
Keypad 1 2 3 4 5 6 7 8 9 10 
Trackball 1 2 3 4 5 6 7 8 9 10 
Knob 1 2 3 4 5 6 7 8 9 10 

3. On the scale below, circle the number that best describe how difficult it was to 
operate the controls. 

e x t r e m e l y  not at all 
d i f f icul t  d i f f icul t  

Touchpad 1 2 3 4 5 6 7 8 9 10 
Keypad 1 2 3 4 5 6 7 8 9 10 
Trackball 1 2 3 4 5 6 7 8 9 10 
Knob 1 2 3 4 5 6 7 8 9 10 

4. On the scale below, circle the numbers that best describe how difficult it was to 
drive the simulator while operating the controls. 

e x t r e m e l y  not at all 
d i f f icul t  d i f f icul t  

Touchpad 1 2 3 4 5 6 7 8 9 2 0 
Keypad 1 2 3 4 5 6 7 8 9 10 
Trackball 1 2 3 4 5 6 7 8 9 10 
Knob 1 2 3 4 5 6 7 8 9 10 



Experiment Difficulty Rating (2) 
Name: 

1. On the scale below, circle the numbers that best describe your preferences for the 
three menu displays. 

Menu (3) 

not at all e x t r e m e l y  
preferable average preferable 

Menu (1) 1 2 3 4 5 6 7 8 9 10 ' 
Menu (2)  1 2 3 4 5 6 7 8 9 10 
Menu (3) 1 2 3 4 5 6 7 8 9 10 

2. On the scale below, circle the numbers that best describe your preferences for the 
four controls. 

not at all e x t r e m e l y  
preferable average preferable 

Touchpad 1 2 3 4 5 6 7 8 9 10 
Keypad 1 2 3 4 5 6 7 8 9 10 
Trackball 1 2 3 4 5 6 7 8 9 10 
Knob 1 2 3 4 5 6 7 8 9 10 

3. On the scale below, circle the numbers that best describe how safe you felt when 
driving the simulator and operating the controls. 

not at all e x t r e m e l y  
safe average s a f i  

Touchpad 1 2 3 4 5 6 7 8 9 10 
Keypad 1 2 3 4 5 6 7 8 9 10 
Trackball 1 2 3 4 5 6 7 8 9 10 
Knob 1 2 3 4 5 6 7 8 9 1 0 

Thank you for your cooperation! 





APPENDIX D - DATA SUMMARY 

Table 5.1. Data summary of simulator validity experiment (hand movement measures) 
- 

Interbutton RT (s) Task completion time - (s) - 
Age Young 1.780 8.961 

old 2.209 1 1.503 - 
Gender male 1.960 10.045 

female 1.950 9.952 - 
Context on-road 1.946 9.956 

simulator 1.967 10.067 - 
(On-road) rural 2.053 10.63 1 

residential 1.969 
suburban 1.792 
expressway 1.976 9.878 

7 

(Simulator) 35 mi/hr 1.893 9.872 

75 mikr 2.058 10.561 - 
Mean 1.105 10.232 - 

Table 5.2. Data summary of simulator validity experiment (eye fixation measures) 

IP glance duration Forward viewing time # of IP glances 
(s) 6) 

Age Young 1.125 1.045 5.575 
old 0.966 1.227 6.793 

Gender male 1.003 1.176 6.272 
female 1.115 1.073 5.789 

Context on-road 1.100 1.021 6.106 
simulator 0.987 1.276 5.984 

(On-road) rural 1.074 1.037 6.450 
residential 1.109 1.087 5.952 
suburban 1.131 0.965 5.767 
expressway 1.087 1.002 6.267 

(Simulator) 35 mi/hr 1.026 1.166 6.308 
50 mi/hr 1.014 1.312 5.860 
75 mi/hr 0.9 14 1.366 5.814 

Mean 1.046 1.136 6.184 



Table 5.3. Data summary of simulator vahdity experiment (driving performance) 

S.D. of S.D. of S.D. of S.D. of 
steering angle lane position throttle position vehicle speed 

(deg) (%) (%I (mi/hr) 
Age Young 10.988 10.4 10.092 2.7 16 

old 14.013 16.9 17.525 3.151 
Gender male 13.141 13.2 12.676 2.744 

female 11.366 12.9 13.593 3.038 
Context on-road 3.363 5.9 6.905 3.047 

simulator 2 1.374 20.5 19.58 1 2.738 
(On-road) rural 2.359 5.8 4.294 2.199 

residential 4.962 6.1 4.446 1.892 
suburban 3.910 5.8 5.298 4.238 
expressway 2.258 5.8 4.890 1.589 

(Simulator) 35 rnilhr 1 1.825 10.3 16.619 0.357 
50 milhr 20.366 18.9 30.229 0.803 
75 rm/hr 32.562 33.0 3 1.649 2.0 13 

Task with task 10.442 13.5 13.616 2.802 
without task 13.734 12.7 12.752 2.972 

(On-road) with task 2.325 4.8 3.445 1.270 
without task 4.229 6.7 5.820 3.499 

(Simulator) with task 18.743 22.4 21,349 0.689 
without task 23.603 18.9 29.933 1.340 

Mean 12.501 13.65 13.809 2.934 

Table 5.4. Data summary of learning experiment (hand movement measures) 

Interbutton RT (s) Task completion time (s) 
Subject subject A 1.607 8.057 

subject B 1.369 6.841 
Condition 35 mph with task 1.467 7.348 

50 mph with task 1.507 7.537 
Mean 1.488 7.449 

Table 5.5. Data summary of learning experiment (driving performance) 

S.D. of S.D. of S.D. of S.D. of 
steering angle lane position throttle position vehicle speed 

(deg) (%I (%) (mi/hr) 
Subject subject A 20.576 13.3 0.504 0.291 

subject B 19.761 10.4 0.582 0.268 
Condition 35 mi/hr with task 15.971 10.6 0.472 0.309 

50 rnithr with task 22.498 12.9 10.553 2.83 1 
50 mi/hr without task 22.1 16 11.9 10.055 2.878 



Table 5.6. Data summary of compatibility experiment (hand movement measures) 

Interbutton RT (s) Task completion time (s) 
Age Young 4.158 16.1 17 

old 5.609 22.467 
Gender male 4.706 18.393 

female 5.042 20.001 
Speed 35 mi/hr 4.832 18.884 

50 rnilhr 4.903 19.453 
Control keypad 3.760 14.756 

knob 4.948 19.794 
trackball 5.332 19.862 
touchpad 5.628 23.019 

Menu 2 x 6  3.843 25.147 

8 x 2  7.226 15.164 
Mean 4.884 19.292 

Table 5.7. Data summary of compatibility experiment (eye fixation measures') 

IP glance duration Forward-viewing time # of IP glances 
(s) (s) 
\ - I  \-, 

Age Young 0.808 1.059 8.088 
Old 1.069 1.288 9.183 

Gender Male 0.920 1.039 8.456 
Female 0.891 1.252 8.442 

Speed 35 mdhr 0.985 1.083 8.330 
50 rnih 0.830 1.197 8.572 

Control Keypad 0.779 1.111 7.676 
Knob 0.858 1.129 8.486 

Touchpad 1.02 1 1.159 8.705, 
Menu 2 x 6  0.848 1.146 11.187 

Mean 0.939 1.174 8.636 



Table 5.8. Data summary of compatibility experiment (driving performance) 

S.D. of S.D. of S.D. of S.D. of 
steering angle lane position throttle position vehicle speed 

(deg) ('w (%) (m) 
Age Young 20.88 1 25.5 1.916 1.359 

old 24.48 3 85.3 5.577 3.257 
Gender male 22.836 76.8 4.1 19 2.095 

female 22.326 28.7 3.146 2.444 
Sueed 35 mi/hr 19.855 66.5 2.376 1.885 

I 

50 mi/hr 25.615 40.1 5.070 2.676 
Control keypad 22.423 95.4 3.103 2.138 

knob 22.640 45.2 4.3 15 2.447 
trackball 2 1.442 19.3 3.696 2.074 
touchpad 23.873 54.8 3.509 2.383 

Mean 22.647 55.4 2.713 2.308 



APPENDIX E - ANOVA TABLES 

Table 5.9. ANOVA summary of task time measures 
7 

Interbutton RT (s) Task completion time (s) . . 

Source d f F E F 12. - 
Age (A) 1 131.335 0.0001 132.884 0.000:1 
Gender (G) 1 7.835 0.0052 7.068 0.0083 
Subject (S) -nested 4 28.641 0.0001 19.578 0.000:1 
Context (C) 1 
A x G  1 19.912 0.0001 8.844 0.003:! 
A x C  1 
G x C  1 
S x C  5 3.933 0.0007 

(Probability values of less than 0.05 are shown) 

Table 5.10. ANOVA summary of eye fixation measures 

IP glance duration Forward-viewing Number of IP 
(s) time (s) glances - 

Source d f F P F E F 12 
Age (A) 1 112.936 0.0001 30.593 0.0001 76.509 0.0001 
Gender (G) 1 26.743 0.0001 31.540 0.0001 23.346 0.0001 
Subject (S) -nested 4 38.851 0.0001 32.580 0.0001 16.072 0.0001 
Context (C) 1 36.788 0.0001 61.647 0.0001 
A x G  1 60.005 0.0001 6.170 0.0131 7.235 0.0076 
A x C  1 8.782 0.0031 6.147 0.0133 
G x C 1 
S x C  5 6.324 0.0001 6.297 0.0001 2.496 0.0228 

(Probability values of less than 0.05 are shown) 



Table 5.1 1. ANOVA summary of lateral control measures 

S.D. of steering angle S.D. of lane position 
Source d f F P F E 
Age (A) 1 28.93 1 0.000 1 34.063 0.0001 
Gender (G) 1 
Subject (S) -nested 4 
Context (C) 1 1171.488 0.0001 493.042 0.000 1 
Secondary task (T) 1 35.859 0.0001 7.522 0.0063 
A x G  1 
A x C  1 4.510 0.0342 64.276 0.0001 
A x T  1 6.855 0.009 1 
G x C  1 
G x T  1 
s x c  1 
S x T  5 
C x T  3 1 1.250 0.0009 

(Probability values of less than 0.05 are shown) 

Table 5.12. ANOVA summary of longitudinal control measures 

S.D. of throttle position S.D. of vehicle speed 
Source d f F P F e 
Age (A) 1 7.691 0.0057 29.691 0.000 1 
Gender (G) 1 24.123 0.0001 8.308 0.004 1 
Subject (S) -nested 4 13.623 0.0001 7.635 0.0001 
Context (C) 1 343.667 0.000 1 328.804 0.0001 
Secondary task (T) 1 30.72 1 0.0001 55.626 0.0001 
A x  G 1 5.01 1 0.0256 77.439 0.000 1 
A x C  1 12.917 0.0004 40.098 0.0001 
A x T  1 
G x C  1 4.858 0.0279 7.37 1 0.0068 
G x T 1 4.442 0.0355 
S x C  1 14.301 0.000 1 22.922 0.0001 
S x T  5 
C x T  3 7.636 0.0059 

(Probability values of less than 0.05 are shown) 



Table 5.13. ANOVA summary of interbutton RT (individual) 

On-Road Sirnulator 
Source d f F E d f F E 
Age (A) 1 99.47 1 0.0001 1 39.129 0.000 1 
Gender (G) 1 1 5.658 0.0177 
Subject (S) -nested 4 19.259 0.0001 4 16.380 0.0001 
Context (C) 3 9.044 0.0001 1 
A x G  1 21.748 0.000 1 1 5.726 0.0 170 
A x C  3 7.988 0.0001 1 
G x C  3 1 
S x C  15 2.696 0.0002 10 2.082 0.0 163 

(Probability values of less than 0.05 are shown) 

Table 5.14. ANOVA summary of task completion time (individual) 

On-Road Simulator 
Source d f F €2 d f F E 
Age (A) 1 77.059 0.0001 1 59.540 0.000 1 
Gender (G) 1 1 4.272 0.0412 
Subject (S) -nested 4 14.671 0.0001 4 9.363 0.000 1 
Context (C) 3 5.570 0.0012 1 
A x G  1 10.336 0.00 16 1 
A x C  3 3.332 0.02 14 1 
G x C  3 1 
S x C  15 10 

(Probability values of less than 0.05 are shown) 

Table 5.15. ANOVA summary of IP glance duration (individual) 

On-Road Simulator 
Source d f F B d f F e 
Age (A) 1 105.947 0.0001 1 26.375 0.10001 
Gender (G) 1 21.370 1 9.270 0.10024 
Subject (S) -nested 4 14.373 0.0001 4 32.229 0.10001 
Context (C) 3 3.419 0.0169 1 4.964 0.0072 
A x G  1 30.34 1 0.0001 1 29.928 0.10001 
A x C  3 1 
G x C 3 3.476 0.0156 1 
S x C  15 2.359 0.001 1 10 

(Probability values of less than 0.05 are shown) 



Table 5.16. ANOVA summary of forward-viewing time (individual) 

On-road Simulator 
Source d f F P d f F P 
Age (A) 1 9.806 0.00 18 1 26.153 0.0001 
Gender (G) 1 39.422 0.0001 1 5.972 0.0148 
Subject (S) -nested 4 38.568 0.0001 4 5.603 0.0001 
Context (C) 3 1 3.439 0.0327 
A x G  1 21.854 0.0001 1 
A x C  3 1 
G x C  3 3.120 0.0254 1 
S x C  15 3.054 0.0001 10 

(Probability values of less than 0.05 are shown) 

Table 5.17. ANOVA summary of number of IP glances (individual) 

On-road Simulator 
Source d f F E d f F P 
Age (A) 1 95.50 1 0.000 1 1 17.186 0.000 1 
Gender (G) 1 11.987 0.0007 1 13.878 0.0003 
Subject (S) -nested 4 22.072 0.0001 4 3.598 0.0050 
Context (C) 3 3.357 0.0209 1 
A x G  1 1 
A x C  3 3.668 0.0140 1 
G x C  3 1 
S x C  15 10 

(Probability values of less than 0.05 are shown) 

Table 5.18. ANOVA summary of S.D. of steering angle (individual) 

On-road Simulator 
Source d f F E d f F B 
Age (A) 1 4.456 0.0357 1 46.377 0.000 1 
~ e n d e r  (G) 1 1 
Subject (S) -nested 
Context (C) 
Secondary task (T) 
A x G  
A x C  
A x T  
G x C 
G x T  
s x c  
S x T  
C x T  



Table 5.19. ANOVA summary of S.D. of standardized lane position (individual) 

Source d f F e d f F P 
Age (A) 1 1 103.564 0.1000 1 
Gender (G) 1 1 
Subject (S) -nested 4 3.484 0.0 164 4 
Context (C) 3 2 96.670 0.1000 1 
Secondary task (T) 1 52.037 0.0001 1 
A x G  1 1 
A x C  3 2 
A x T  1 1 
G x C  3 2 
G x T  1 1 
S x C  15 10 
S x T  5 3 2.630 0.0173 
C x T  3 1 

(Probability values less than 0.05 are shown) 

Table 5.20. ANOVA summary of S.D. of throttle position (individual) 

On-road Simulator 
Source d f F E! d f F E 
Age (A) 1 1 24.325 0.1000 1 
Gender (G) 1 1 27.508 0.10001 
Subject (S) -nested 4 9.902 0.0001 4 1 1.946 0.1000 1 
Context (C) 3 3.287 0.02 13 2 4.237 0.0 156 
Secondary task (T) 1 43.955 0.0001 1 
A x G  1 13.318 0.0003 1 28.949 0.0001 
A x C  3 2 
A x T  1 1 
G x C 3 2 
G x T  1 1 4.58 1 0.0333 
S x C  15 10 4.085 0.0001 
S x T  5 3 
C x T  3 1 

(Probability values less than 0.05 are shown) 



Table 5.21. ANOVA summary of S.D. of vehicle speed (individual) 

On-road Simulator 
Source d f F E d f F E 
Age (A) 1 1 58.05 1 0.000 1 
Gender (G) 1 1 12.098 0.0006 
Subject (S) -nested 4 4 13.913 0.0001 
Context (C) 3 20.247 0.0001 2 29.891 0.0001 
Secondary task (T) 1 126.885 0.000 1 1 15.559 0.0001 
A x G  1 6.437 0.01 18 1 99.5 10 0.0001 
A x C  3 2 
A x T  1 1 
G x C  3 2 18.066 0.000 1 
G x T  1 1 6.201 0.01 35 
S x C 15 10 2.309 0.0084 
S x T  5 3 
C x T  3 3.142 0.0258 1 

(Probability values of less than 0.05 are shown) 

Table 5.22. ANOVA summary of secondary task performance 

Interbutton RT Task completion time 
Source d f F E F E 
Subject (S) 1 117.835 0.000 1 504.473 0.0001 
Condition (C) 1 4.635 0.0377 
Day (D) 19 35.803 0.000 1 35.245 0.0001 
s x c  1 
S x D  18 3.835 0.000 1 4.168 0.0001 
C x D  19 

(Probability values of less than 0.05 are shown) 

Table 5.23. ANOVA summary of lateral control measures 

S.D. of steering angle S.D. of lane position 
Source d f F P F P 
Subject (S) 1 82.899 0.000 1 60.59 1 0.000 1 
condition (C) 2 2561.947 0.000 1 15.021 0.0001 
Day (Dl 19 3.107 0.0019 3.078 0.002 1 
S x C  2 19.713 0.0001 28.201 0.0001 
S x D  18 
C x D  38 2.162 0.0124 

(Probability values of less than 0.05 are shown) 



Table 5.24. ANOVA summary of longitudinal control measures 

S.D. of throttle position S.D. of vehicle speed 
Source d f F E F 42 - - 
Subject (S) 1 
Condition (C) 2 
Day (Dl 19 3.201 0.00 15 
s x c  2 
S x D  18 2.087 0.03 16 2.513 0.0101 
C x D  38 

(Probability values of less than 0.05 are shown) 

Table 5.25. ANOVA summary of task time measures 
- 

Interbutton RT Task completion time 
Source d f F P F 12 
Age (A) 1 85.254 0.0001 170.228 0 . 0 0 ~ ~  
~Gnder  (6) 1 24.262 0.0OCll 
Subject (S) -nested 12 5.330 0.0001 15.414 0.000 1 
Speed (SP) 1 12.136 0.0005 22.749 O.OOC11 
Control (C) 3 32515 0.0001 43.007 0.0001 
Menu (M) ' 2 190.646 0.0001 140.097 0.0001 
A x G  1 
A x Sp 1 
A x C  3 2.769 0.04 1 1 
A x M  2 
G x Sp 1 
G x C 3 4.104 0.0065 
G x M  2 
S x Sp 13 3.442 0.0001 
S x C  39 1.937 0.00 13 
S X M  26 1.539 0.044.3 
Sp x C 3 
S p x M  2 
C x M  6 3.991 0.0006 3.070 0.0058 

(Probability values of less than 0.05 are shown) 



Table 5.26. ANOVA summary of eye fixation measures 

IP glance duration Forward-viewing Number of IP 
time glances 

w 

Source d f F B F e F P 
Age (A) 1 15.482 0.0001 87.076 0.0001 20.526 0.0001 
Gender (G) 1 4.108 0.0427 61.736 0.0001 
Subject (s) -nested 12 24.291 0.0001 23.612 0.0001 9.585 0.0001 
Speed (SP) 1 10.832 0.0010 5.842 0.0157 
Control (C) 3 34.622 0.0001 4.446 0.0043 
Menu (M) 2 18.580 0.0001 5.722 0.0033 136.784 0.0001 
A x G  1 4.617 0.0321 
A x Sp 1 7.777 0.0053 
A x C  3 4.484 0.0038 
A x M  2 
G x Sp 1 6.887 0.0087 
G x C 3 3.844 0.0092 
G x M  2 
S x Sp 13 4.288 0.0001 2.244 0.0170 
S x C  39 4.371 0.0001 2.077 0.0005 1.748 0.0094 
S x M  26 
Sp x C 3 6.365 0.0003 
Sp x M 2 
C x M  6 2.706 0.0127 2.107 0.0493 

(Probability values of less than 0.05 are shown) 

Table 5.27. ANOVA summary of lateral control measures 

S.D. of steering angle S.D. of lane position 
Source d f F P F B 
Age (A) 1 112.771 0.0001 21.113 0.0020 
Gender (G) 1 
Subject (S) -nested 12 22.939 0.0001 4.990 0.0001 
Speed (SP) 1 293.683 0.0001 
Control (T) 3 5.700 0.0024 
A x G  1 10.126 0.0028 
A x Sp 1 
A x C  3 
G x Sp 1 
G x C 3 
S x Sp 12 2.591 0.01 20 
S x C  3 9 2.056 0.0128 
Sp x C 3 

(Probability values of less than 0.05 are shown) 



Table 5.28. ANOVA summary of longitudinal control measures 
- 

S.D. of throttle position S.D. of vehcle speed 
Source d f F e F P 
Age (A) 1 30.839 0.0001 33.745 0.0001TT 
Gender (G) 1 14.53 1 0.0005 
Subject (S) -nested 12 16.382 0.0001 12.060 0.0001 
Speed (Sp) 1 67.888 0.0001 26.988 0.000 1 
Control (T) 3 2.903 0.0465 
A x G  1 1 1.998 0.00 13 
A x Sp 1 
A x C  3 
G x Sp 1 14.440 0.0005 6.808 0.0 127 
G x C  3 
S x Sp 12 
S x C  3 9 
SD x C 3 

- - -  

(Probability values of less than 0.05 are shown) 

Table 5.29. ANOVA summary of selection difficulty ratings 

Subjective ratings 
Source d f F 12 
Age (A) 1 103.626 0.0001 
~ i n d e f  (G) 
Subject (S) 
Speed (Sp) 
Control (C) 
Menu (M) ' 
A x G  
A x Sp 
A x C  
A x M  
G x Sp 
G x C 
G x M  
Sp x C 
S p x M  
C x M  

(Probability values of less than 0.05 are shown) 




