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An eye-marker camera was used to record drivers' visual search and scan 
patterns under three levels of route familiarity (mediated by instructions) 
and two driving conditions (open driving and steady-state car following). 
The drivers drove on an expressway route for which they had memorized a 
set of directions. They were instructed on Trial 1 to read all road signs as 
a driver who is unfamiliar with the route must do; on Trial 2 to read only 
those signs necessary; and on Trial 3 to try not to read any signs as the 
driver who is very familiar with the route does. The results showed that 
for open driving the visual patterns shifted to the left and down and showed 
more compactness as a function of trials. In addition, the percent of time 
spent viewing road signs and the saccadic travel distance to fixations on 
other traffic, road and lane markers, and bridges and road signs decreased 
as the driver became more familiar with the route. For car following, the 
increase in compactness of the visual pattern over trials was pronounced but 
there was no change in the center of location of the visual pattern. Compared 
with open driving, the travel distances for car following were greater when 
looking ahead and at bridges, road signs, and other vehicles. However, 
drivers in the car-following condition spent less time reading road signs, 
indicating that they used the lead car as an aid for route guidance. Possible 
visual aids for decreasing the driver's visual workload under today's driving 
conditions are discussed. 

•A POSSIBLE WAY to relate visual workload to the driving task is to record eye 
movements the first time a driver is traveling on a particular route, and then again 
when he has become very familiar with the route. Differences between these two eye
movement records would then be reflective of changes in visual workload caused by a 
driver's increased familarity with his route. 

This type of information has particular relevance for highway designers. On a well
designed expressway, the visual workload of the unfamiliar driver should be as close 
to that of the familiar driver as possible. It is rather apparent that when an Interstate 
highway goes through almost any large city, the unfamiliar driver is at a distinct dis
advantage. Many out-of-state drivers make sudden maneuvers and stops as they at
tempt to find the correct route. Connolly (1) has also reported that many of today's 
traffic conditions overload a driver's psychological sensing ability. The present study 
will detail changes in drivers' visual sampling patterns as the drivers go from an over
loaded visual workload condition (Trial 1) to a condition that has moderate visual work
load (Trial 3). In addition, analysis of the eye-movement data will also disclose the 
sampling rates and physical locations of various visual cues used by drivers for vehicle 
control. As previously pointed out by Gordon (2), identification of the characteristics 
of drivers' visual sampling behavior will provide a rational basis for the design of 
driver aids and suggest improvements in highway design. 

APPARATUS 

The eye-marker camera used has been described in detail elsewhere (3) and only 
a brief description follows here. A cornea-reflection eye-marker camera (Polymetric 
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Figure 1. Eye-marker recording system. 

Products Model V-0165-1L4) was modified by using a specially designed stabilization 
head unit in order to achieve accurate calibration and alleviate subject discomfort 
(Fig. 1). A beam splitter optically combined an eyespot reflected from the cornea and 
the scene that was transmitted through a wide-angle lens. The combined image was 
photographed by a 16-mm camera operated at 16 frames per second. At the same time 
eye movements were filmed, vehicle velocity, gas-pedal movements, and steering re
versals were recorded on an oscillograph recorder. An instrumented 1963 Chevrolet 
was used as the test vehicle. 

RXPEFTMF.NT DESIGN 

Two independent variables, route fa.miliai'it-y a.nd ddv.1'.ng condition, were studied. 
Driving condition had two levels, open-road driving and steady-state car following. 
For the open-road situation the drivers drove in the normal freeway traffic. When 
car following, they tried to keep a fixed distance (75 ft) between their vehicle and a 
lead car traveling at 50 mph. In order to experimentally manipulate route familiarity 
over a short period of time, verbal instructions were given to the driver. This allowed 
all three trials to be run in one data collection session. Thus, the results were not 
affected by different weather conditions, highway improvements, and changes in the 
drivers ' physical and mental conditions. 

On Trial 1 the drivers were told to follow a particular route and to read all road 
signs on the route; on Trial 2 they were to follow the same route and read only those 
signs necessary to successfully complete the route; and on Trial 3 they were to try to 
complete the route without reading any signs. Thus, Trial 1 attempted to simulate the 
driver who was totally unfamiliar with the route and was searching for directions, 
whereas Trial 3 attempted to simulate the driver who was very familiar with the route 
and needed little guidance information. Two similar routes (described below) were 
used for counterbalancing purposes. The experiment design is shown in Figure 2. 

Routes 

The two routes were designated A and B. Both routes were on the Columbus, Ohio, 
innerbelt expressway system and could be followed by reading route guide signs. Each 
route had two long, straight sections separated by two curves, several oncoming merges, 



several overpass bridges, and 
dense traffic. Route A was 2.7 
miles in length and Route B was 
slightly shorter, 2.5 miles. 

Subjects 

Open-Road 
Driving 

Car Following 
The subjects were eight male (steady state) 

college students whose ages 

Trial 1 
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ROUTE FAMILIARITY 

Route A Route B 

Trial 2 Trial 3 Trial 1 Trial 2 Trial 3 

ranged from 21 to 31. All had 
valid operators' licenses and a Figure 2. Experiment design-eye-movement workload study. 

safe driving record. Seven of 
the subjects had at least 20- 30 
uncorrected vision. The eighth subject wore contact lenses that in no way distorted the 
eyespot or affected calibration accuracy. 

Procedure 

Each subject drove the vehicle for six trials. Three trials were open driving, and 
three trials were car following on a different route from the open driving. The order of 
presentation of driving conditions and routes was counterbalanced between subjects. 
The subjects drove the test vehicle and wore the eye-marker apparatus to the site of 
the trials. The eye-marker was calibrated by having the subject trace a target board 
that had two rows of three circular targets of 2-in. diameter. Adjacent targets were 
1 ft apart and the board was placed 10 ft in front of the subject's eyes with the middle 
target of the bottom row centered at eye level. After the calibration was recorded on 
film the driver was told to memorize the following directions for Route A or Route B: 

Route A 

You are to turn right onto Route 33-southeast. Once on Route 33, 
you are to enter the innerbelt by taking Route 71-south. After you 
are traveling south on the freeway, you are to take Route 70-east. 
Finally, you are to exit from the highway at the Fourth Street exit. 
Once you are on the exit ramp, we will instruct you where to pull 
over for a calibration. 

Route B 

You are to turn onto Third Street heading south and enter the free
way by taking Route 70-east. Once on the freeway, you are to take 
Route 71-north. Once on 71-north, you are to follow the freeway to 
Route 40-west or Olentangy Road. You are to exit from the freeway 
by taking the Fourth Street exit. Once on the exit ramp, we will in
struct you where to pull over for a calibration. 

Then the instructions for the particular trial about to be run were read: 

Trial 1 

During this trial you are to read all the road signs that you can, 
whether they pertain to the route you are to follow or not. 

Trial 2 

During this trial you are to read only the road signs that pertain 
to the route that you are to follow. 

Trial 3 

During this trial you are not to read any signs unless necessary 
to complete the route sucessfully. 
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Figure 3. Sixteen-mm projector with data reduction grid. 

For the open-driving condition, the subjects tried to travel approximately 50 mph. 
While car following, the subject tried to maintain a headway of about 75 ft with the lead 
car traveling at 50 mph. Calibrations were filmed at the end of each trial. 

Data Reduction 

The film was examined one frame at a time by using a Kodak Data Analyzer (LW 
Photo Model 224-A) and a rear-projection screen, which permitted viewing under nor
mal indoor lighting conditions. For a constant reference, the right-edge and center
lane markers on the film were lined up with the corresponding edge markers on a data
reduction grid, which was superimposed on the rear-projection screen. The eyespot 
was then classified as being in one square of the data-reduction grid (Fig. 3). The 
eyespot was also classified into various categories depending on what the driver was 
looking at. The various categories were road signs, bridges, vehicles, road and lane 
mar kers, looking ahead, and out of view. Computer programs then summarized the 
data by providing a sequential listing of all fixation location matrices with respect to 
road geometry, histograms of fixation and travel distances, and various summary 
statistics. 

TABLE 1 

OUT-OF-VIEW CATEGORY STATISTICS 
(One Subject) 

Time Percent of 
Eye Movement (sec) Total Time 

(sec) 

Looking in rear view mirror 10.8 6.9 

Looking in side mirror 3.9 2.5 

Monitoring speedometer 9.8 6.2 

Blinking 8,5 5.4 

Other 14.0 9.2 

Average Time 
per Look 

(sec) 

0 .61 

0 .66 

0.72 

0.16 
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RESULTS 

Because the out-of-view category represents the time when the eyespot is not on 
the film, it needs a special explanation. When large eye movements (greater than 10 
deg from center) are unaccompanied by corresponding head movements, the eyespot 
does not appear on the film. This could happen when the subject looks at his speed
ometer or in his rear view or side mirror. The eyelid closing, as when blinking, also 
results in no eyespot on the film because there is no corneal reflection. In order to 
record these events, a TV camera can be placed on the dashboard of the car and focused 
on the driver's eye. At the same time eye movements may be recorded on 16-mm 
film with the eye-marker camera. Reduction and integration of the two records for 
one driver on one trial (open driving, Trial 1) produced the results shown in Table 1. 
(The out-of-view category for that trial accounted for 30.2 percent of the driver's total 
available viewing time.) Note that it took the driver about two-thirds of a second to 
look at either of the mirrors or the speedometer. When traveling at 60 mph you go 
66 ft in two-thirds of a second. The large percent of time spent blinking (5.4) is partly 
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Figure 4. Percent of fixation time by location as 
a function of tria Is for open driving (one subject). 
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Figure 5. Percent of fixation time by location as 
a function of trials for car following (one subject). 
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compensated by the short blink duration (0.16 
second). These statistics clearly indicate that 
the above events must be considered when de
scribing the driver's visual task. 

Search and Scan Patterns 

A visual search and scan pattern may be rep
resented by the percent of time spent fixating in 
1 deg squares that are shown with respect to 
highway geometry. In Figure 4 is such a pattern 
for one subject for the three trials while open 
driving. If we disregard the trial effect for the 
moment, then 

1. It is apparent that the driver fixated on the 
road and edge markers oniy a small percent of 
time. 

2. The center portions of the patterns have 
th.e greatest percentages of time. 

3. The central point for the pattern of Trial 
3 is located about 1 deg above the driver's line 
of sight in the vertical and about 4 deg to the 
right side in the horizontal. This point is a good 
location in order to monitor lane position, other 
traffic, and vehicle velocity by using peripheral 
vision. 

The effect over trials is that the pattern moved 
down and slightly to the left. In addition, the 
dispersion of eye movements decreased over 
trials. 

In Figure 5 is the visual pattern for one sub
ject during three trials while car following. The 
effect over trials is a .marked decrease in dis
persion, but there appears to be little change in 
pattern location. Note two of the differences 
between the car-following and open-driving pat
terns: (a) on all trials the car- following pattern 
is lower and more concentrated than that of open 
driving; and (b) the percent of time spent out of 
view (OV) is less for all trials while car following. 

Although the above figures permit a qualitative 
analysis of viRual patterns, it is also necessary 
to describe the patterns in terms of quantitative 
measures if comparisons are going to be made 
of the combined data of several drivers. This 
was done by computing mean locations of the 

visual pattern (weighted by fixation duration) separately for the horizontal and vertical 
planes. Then, means of horizontal and vertical locations could be averaged for all 
subjects. In Figure 6 is the mean location of the visual patterns for all subjects shown 
as a function of trials for the open-driving and car-following conditions. For open 
driving, the shift downward in the vertical plane was most pronounced. For car follow
ing, there was almost no downward shift. In the horizontal plane the shift from the 
right to the left occurred between Trials 1 and 2 for open driving. Again there was 
little shifting in the car-following situation. 

In Figure 7 are the means of the location variances for the open-driving and car
following conditions as a function of trials. Note that a high variance is characteristic 
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of a dispersed pattern, whereas a low vari
ance is associated with a compact pattern. 
The following results are apparent: 

TRIAL I 

l~::;::::=;:J-2 .2 Road and Lane 
1. In the horizontal plane, the car

following variances are lower than those for 
open driving on all trials. 

Markers 
5.0 Vehicles 

2. In the vertical plane, the same effect 
holds but the magnitude of the differences is 
much less. TRIAL 2 

3. The variances decrease as a function 
of trials for all cases, with the decreases in 
the horizontal plane being twice those in the 
vertical plane. 

--~~::::::::~fa~e R~adr~enr~ 
4.0 Vehic les 

6_2 Road Signs 

Types of Information Sampled 
TRIAL 3 

Another effect of becoming familiar with 
the route can be seen from an examination of 
the percent of time the drivers visually fix
ated on each of the available information 
sources. In Figure 8 the viewing time per
centages by categories for the open-driving 
condition are shown as a function of trials. 
Between Trials 1 and 3, (a) the percent of 
time in the looking-ahead category increased 
7 .9 percent; (b) the percent of time in the out-

/'l'~=:::::;J.f.--2 .0 Road ond 
Lone Markers 

'- 5.4 Raad Signs 
6 7 Vehicles 

Figure 8. Viewing time percentages by 
categories-open driving. 

of-view category decreased 6.4 percent; (c) the percent of time looking at road signs 
decreased 2 .1 percent; and (d) the percent of time spent sampling road and lane markers, 
bridges, and other vehicles remained fairly constant. 

In Figure 9 the viewing time percentages by categories for the car-following condi
tion are shown as a function of trials. Between Trials 1 and 3, (a) the percent of time 

TRIAL I 

TRIAL 2 

TRIAL 3 

~~:::::::;;J-- 2.2 Rood and 
Lone Markers 

'-- 49 Rood Signs 
5.8 Bridges 

r:::-::-----=::---:1-- 4,3 Rood and 
Lone Markers 
4.3 Road Signs 

~~:=::::i.--1.e Road and 
Lane Markers 
2 5 Road Signs 

5 4 Bridges 

Figure 9. Viewing time percentages by 
categories-car following. 

in the lead-car category increased 5 .5 percent; 
(b) the percent of time in the out-of-view cate
gory decreased 1.8 percent; and (c) the percent 
of time looking at road signs decreased 2.4 per
cent. Thus, in both the open-driving and car
following conditions the same type of changes 
occurred as a function of trials, i.e., an increase 
in time spent in the central viewing area and a 
decrease in time spent looking at road signs and 
in the out-of-view category. 

However, there are differences between the 
open-driving and car-following conditions. A 
comparison of Trial 3 data shows that (a) for car 
following, 75 percent of the time was in lead-car 
and looking-ahead categories, whereas for open 
driving, only 58.3 percent was in the looking
ahead category; (b) for car-following, 5.2 percent 
less time was in the out-of-view category, 2.9 
percent less time was in the looking-at-road
signs category, and 1. 7 percent less time was in 
the looking-at-bridges category. Thus, the 
greater time spent in maintaining a constant 
headway in the car-following task resulted in less 
time being spent in the road-sign, bridge, and 
out-of-view categories. 
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TABLE 2 

MEAN FIXATION DURATION 
(seconds) 

Open Driving Car Following 
Category 

Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3 

Lead car 0.32 0.30 0.31 

Looking ahead 0.26 0.26 0.26 0.30 0.29 0.31 

Bridges 0.30 0,27 0.29 0.32 0.31 0.28 

Road signs 0.33 0.30 0.30 0,33 0.31 0.31 

Vehicles 0.28 0.26 0.25 0.36 0.30 0.33 

Road and 
lane markers 0.31 0.28 0.26 0.28 0.32 0.23 

Out of view 0.51 0.48 0.37 0.39 0.27 0.30 

Overall Means 0.27 0.26 0.27 0,32 0,30 0,30 

Fixation Durations and Travel Distances 

In Table 2 are the means of fixation duration by trial, driving condition, and cate
gory of object viewed. Although the overall mean fixation durations did not change over 
trials for either of the driving conditions, all the open-driving trials had shorter fixa
tion durations than the car-following ones. Over trials the fixation durations decreased 
for the categories of road and lane markers and out of view. 

In Table 3 are the means of travel distances by trials, driving condition, and cate
gory of object viewed. Travel distance is the length in degree that the eye traveled to 
get to the point of fixation. For open driving, the mean travel distance decreased as 
a function of trials for every category. For car following, although there was a de
crease in every category of Trial 2, two categories of Trial 3 (vehicles and road and 
lane markers) showed an increase. When considering only Trial 3, mean travel dis
tance is smaller for open driving than car following in all categories. 

Histograms of fixation durations are presented for the three trials as a function of 
open driv1.ng a...'ld car following in Fig-...1re 10. lVIost apparent are the differences be
tween the car-following and pen-dr'ving conditions. On every trial the percent of 
fixations that had durations between 1/10 and Ye sec was greater for open drivin.g than 
car following. In addition, again on every trial, the percent of fixations with durations 
between % and % sec was greater for car following than open driving. 

In an attempt to understand these differences, fixations between 1/10 and Ys sec were 
classified into categories for Trial 1 of the open-road and car-following driving condi
tions. In Table 4 are the number of fixations between 1/10 and % sec by category. 

TABLE 3 

MEAN TRAVEL DISTANCE 
(degrees) 

Open Driving Car Following 
Category 

Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3 

Lead car 2.10 2.09 1.67 

Looking ahead 2.08 1.98 1.80 2.42 2.16 1.91 

Bridges 1.80 1.85 1.68 2.40 1.97 1.97 

Road signs 2.32 1.97 1.92 2.60 2.25 2.10 

Vehicles 2.35 2.03 1.94 3.09 2.57 2.80 

Road and 
lane markers 2.57 2,30 2.08 2.32 1.83 2.45 

Overall means 2.10 1.99 1.82 2.29 2.12 1.89 
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Figure 10. Fixation duration by trials and driving conditions. 

TABLE 4 

NUMBER OF FIXATIONS BY CATEGORY 
BETWEEN '/10 AND '/e SECONDS 

(Trial 1 only) 

Category Open Ori ving Car Following 

Lead car 278 

Looking ahead 652 253 

Bridges 103 43 

Road signs 22 37 

Vehicles 56 

Road and 
edge markers 19 19 

Total 852 635 

15 

9 

2 

2 

The car-following situation had less fixations in the combined categories of lead car 
and looldng ahead (531) than the open-driving condition had in looking ahead (652). More 
than twice as many fixations were made on bridges when open driving, and more fixa
tions were made on road signs when car following, The greater number of fixations on 
vehicles while open driving is due to the lead car fixations being classified separately. 

DISCUSSION OF RESULTS 

For open driving, the most apparent differences between Trial 1 and Trial 3 were 
the shifting of the visual pattern down and to the left and the increasing of the pattern's 
compactness. This then resulted in more time being spent looking ahead, less time 
in the out-of-view category, and a decrease in visual travel distance. 

In the car-following situation, the increases in compactness over trials suggests 
that the degree of drivers' route familiarity plays an important role in determining 
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visual sampling strategies. During Trial 1, the drivers sampled a wide area in front 
of them, but on Trial 3, after gaining knowledge of their route, they confined their 
s ampling to a smaller area. 

Thus, it appears that the experience of becoming familiar with a route had a large 
effect on the visual sampling behavior of drivers. Because the driver who is familiar 
with the route spends more time looking ahead, he is better able to detect events that 
may possibly lead to situations that affect traffic flow or cause collisions. 

The results lend support to the hypothesis that the peripheral area of the eye is used 
to monitor other vehicles and the road lane markers in order to direct the fovea for 
closer examinations when the situation demands it. Previous experimentation (4) has 
shown that peripheral-vision stimulation plays a large role in vehicle-velocity estima
tion because angular velocity is much greater in U1e peripheral llian foveal areas. The 
s ame reason may be applied to the monitoring of other vehicles and road lane marker s 
with peripheral vision. Because peripheral vision is used to monitor the road edge 
markers and because the peripheral portions of the eye have poor visual acuity, it i s 
important to have good quality and easily detected lines. The slower visual sampling 
rate in car following may be due to visual sampling being confounded by judgment de
cisions. That is, because the drivers were asked to maintain a fixed distance between 
their vehicle and the lead car, they constantly had to judge whether they were too close 
or too far. Thus, the visual judging of too close or too far and/or the associated con
trol response of gas pedal and brake movements may be responsible for the increase 
in fixation duration while car following. 

These findings offer ideas that may lead to the development of visual aids for the 
unfamiliar driver. It is apparent that the searching for and reading of road signs by 
the unfamiliar driver r esults in more disper sed visual patterns than normal. One way 
to prevent this is to place route guidance information directly in the driver's line of 
sight. This may be done by using a head-up display. Because the messages pro
jected on the display are focused at infinity and appear superimposed on the driver's 
field of view, it is possible to simultaneously read the messages and monitor the 
normal visual stimuli needed for vehicle control. This should make the visual task of 
the unfamiliar driver more like that of the familiar driver. A description of a head
up display designed for longitudinal control aiding and its subsequent testing has re
cently been reported by the Systems Research Group (E_). 
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