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Figure 10: Close-up view of VCR remote control used during video analysis segments 
of the study. 
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Experinlental Design 

The experimental design used in this study was a mixed-factor, 6 x 3 x 3 complete 

factorial. The three factors were Subject, human servo Method, and in-car manual task 

Duration. Because Subject (six levels corresponding to six subjects) served as one of the 

independent variables, each cell of the experimental design contained ten "replications" of a 

particular type of in-car manual task. Thus, rather than Task being a within-subject 

variable, Subject was a within-task variable. Method was also a within-task variable, and 

it contained three levels: on-road servo, real-tinle video servo, and slow-motion ("slo-mo") 

video servo. As for Duration, it was a between-task variable containing three levels: short 

tasks (expected to take less than 5 seconds to perform), medium tasks (expected to take 

between 5 and 10 seconds to perform), and long tasks (expected to take greater than 10 

seconds to perform). The experimental cell design is illustrated in Figure 11. 

This study contained three dependent variables. The frrst dependent variable was raw 

performance error, a measure of response bias. The operational definition of raw 

performance error is the difference between the duration measurement made by a subject 

for a given task and the "true" duration of that task based upon frame-by-frame analysis. 

There were ten of these error scores in each experimental cell, summing to 30 in-car tasks 

that a subject was required to time using each of the three human servo methods. Since 

each subject had to use all three human servo methods, and six subjects participated in the 

study, the total number of data points was 540. 

The second dependent variable was absolute performance error. This measure of 

response accuracy was obtained by taking the absolute value of each of the 540 raw 

performance error data points. Finally, the third dependent variable was squared 

performance error. This is a measure of response consistency. The data corresponding to 

this variable were derived by squaring each of the 540 raw performance error data points. 
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KEY: S = Subject, D = Duration, M = Method, T = Task 

Figure 11: Experimental cell design. 
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The three dependent variables will be discussed in more detail in the Results section of this 

paper. 

Each of the six subjects was randomly assigned to a Subject level prior to the 

collection of any data. As a result of this random assignment, Subjects 2, 3, and 5 were 

males and Subjects 1, 4, and 6 were females. 

The presentation order of both within-task factors was designed to avoid any 

differential transfer effects. A completely balanced latin square design was used to 

counterbalance presentation order of the three human servo Method levels across the six 

Subject levels. This design was composed of a standard latin square design for the first 

three subjects (1, 2, and 3) and a non-standard latin square design for the second three 

subjects (4, 5, and 6). Table 1 shows how counterbalancing of human servo Method 

presentation order was accomplished. Critical path charts used to schedule subjects based 

upon this counterbalancing scheme are portrayed in Figure 12. Since there was at one 

point a possibility of only having time to use three subjects, the first three subjects were 

completely run before the second three subjects were run. 

Differential transfer effects of the in-car task Duration factor were controlled through 

the randomization of task presentation order for each on-road run. In other words, tasks 

were randomly chosen from the three different levels of the Duration factor and randomly 

assigned to a presentation position for every run. This design eliminated the need for any 

sort of complicated counterbalancing scheme. 

Procedure 

Experimental tasks. Each subject in this study measured in-car manual task 

durations using three different techniques. The first technique (on-road servo) involved 

measuring in-car task durations while serving as an observer in the back seat of the 
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Table 1 

Counterbalancing of human servo Method presentation order. 

BLOCK 1 ON-ROAD VIDEO VIDEO 
Standard SERVO SERVO SERVO 

Latin Square (REAL-TIME) (SLOW-MO) (REAL-TIME) 

SUBJECT 1 1 2 3 

SUBJECT 2 2 3 1 

SUBJECT 3 3 1 2 

BLOCK 2 ON-ROAD VIDEO VIDEO 
Non-standard SERVO SERVO SERVO 
Latin Square (REAL.TIME) (SLOW.MO) (REAL-TIME) 

SUBJECT 4 1 3 2 

SUBJECT 5 2 1 3 

SUBJECT 6 3 2 1 

NOTE: In the above counterbalanced blocks, the numbers 1 - 3 represent the within­
subject presentation order of the Human Servo Method levels. 



KEY: 
1 = Subject 1, on-road servo 
2 = Subject 2, on-road servo 
3 = Subject 3, on-road servo 
l(r.t.) = Subject 1, video servo (real-time), 3's on-road run 
2(r.t.) = Subject 2, video servo (real-time), 1 's on-road run 
3(r.t.) = Subject 3, video servo (real-time), 2's on-road run 
l(s.m.) = Subject 1, video servo (slo-mo), 2's on-road run 
2(s.m.) = Subject 2, video servo (slo-mo), 3's on-road run 
3(s.m.) = Subject 3, video servo (slo-mo), 1 's on-road run 

Figure 12: Critical path charts for scheduling subjects. 
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KEY: 
4 = Subject 4, on-road servo 
5 = Subject 5, on-road servo 
6 = Subject 6, on-road servo 
4(r.t.) = Subject 4, video servo (real-time), 5's on-road run 
5(r.t.) = Subject 5, video servo (real-time), 6's on-road run 
6(r.t.) = Subject 6, video servo (real-time), 4's on-road run 
4(s.m.) = Subject 4, video servo (slo-mo), 6's on-road run 
5(s.m.) = Subject 5, video servo (slo-mo), 4's on-road run 
6(s.m.) = Subject 6, video servo (slo-mo), 5's on-road run 

Figure 12 (continued) 
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research vehicle. The second technique (real-time video servo) involved timing in-car tasks 

while watching a real-time videotape of driver performance in the Vehicle Analysis and 

Simulation Laboratory. The third technique (slow-motion video servo) required subjects to 

time in-car manual tasks while watching a videotape of driver performance at one-sixth 

speed in the laboratory. As shown in Table 1, these three conditions were counterbalanced 

across subjects to avoid any differential transfer effects. 

For the on-road servo technique, the subject sat in the back seat of the research 

vehicle while the driver and an experimenter sat in the front seat. The front-seat 

expetimenter was stationed in the passenger seat to the driver's right, and the subject was 

positioned directly behind the experimenter. During an experimental run, the experimenter 

was responsible for (1) providing verbal commands for the driver to follow; (2) activating 

console-mounted buttons (controlling the LED lights) at the beginning of a verbal 

command, the end of the verbal command, and the completion of the task; (3) setting 

controls to appropriate positions between commands; (4) manning an additional safety 

brake; and (5) ensuring that the vehicle was safely operated. The subject was required to 

(1) measure the hand-off-wheel time for each of the in-car manual tasks using an electronic 

stopwatch and (2) record these hand-off-wheel times on a log sheet (See Appendix A). 

The experimenter gave all commands slowly and clearly. The driver began all tasks 

upon completion of the instructions for that task and kept both hands on the steering wheel 

at all times that a task was not being performed. As mentioned earlier, each of the 30 tasks 

performed by the driver was classified into one of three categories, depending on the 

expected duration. There were ten tasks presented under each of the three duration 

categories during an experimental run, and these tasks were randomly distributed. Each 

task was separated in time by a one-minute rest period. The 30 in-car manual tasks are 

presented in Appendix B. 
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The subject was instructed to initiate timing of a task at the instant he or she saw the 

driver~ s hand "lose contact" with the steering wheel. As soon as the subject saw the 

driver's hand lose contact with the wheel, that subject pressed the button on the top of the 

handheld stopwatch. The subject was told to "react and move as quickly as possible" 

whenever activating the pushbutton control. When the driver completed the task and the 

hand "made return contact" with the steering wheel, the subject once again pressed the 

stopwatch timing button. The elapsed time appearing on the face of the stopwatch was then 

recorded by the subject on a log sheet, and the reset button was pressed to prepare the 

stopwatch for the next trial. If the subject made an error in timing the task (as one subject 

did), the error was recorded on a separate error log sheet (Appendix A). 

All on-road trials were performed along a stretch of U.S. Highway 460 between 

Blacksburg and Pembroke, Virginia. This is an improved, divided route with good 

visibility and low-to-moderate traffic density. Experimental runs took place only in 

weather that did not adversely affect visibility or road adhesion. Trials were performed 

while running both to Pembroke from Blacksburg and back. 

Five practice tasks were performed at the very beginning of each on-road run, so that 

the subject could become acquainted with the timing technique and could ask any questions 

that may have arisen. These five tasks were chosen to represent the range of tasks that the 

subject would be required to time. They are presented in Appendix B along with the 30 in­

car manual tasks. 

For the real-time video servo technique, subjects were brought into the Vehicle 

Analysis and Simulation Laboratory and seated in front of the video analysis system. A 

videotape of driver task performance from an unfamiliar research vehicle run was shown to 

the subject at normal playback speed, and that subject timed and logged all 35 tasks that the 

driver performed (once again, the first five tasks were practice trials). The basic timing 
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procedure was the same as that described for the on-road trials. In addition, the subject 

could rewind the videotape whenever he or she made a mistake. 

For the slow-motion video servo technique, subjects again had to time tasks while 

stationed in the Vehicle Analysis and Simulation Laboratory. As with the real-time video 

servo technique, a videotape of driver task performance from an unfamiliar research vehicle 

run was shown to the subject. However, the subject was required to switch the video 

cassette player to one-~ixth regular speed when the verbal instructions preceding a task 

were coming to an end. While playing the tape at one-sixth regular speed, subjects timed 

and logged the five practice tasks and 30 experimental tasks that the driver performed. The 

subject could rewind the videotape whenever he or she made a mistake and play the tape at 

normal speed to move quickly from the end of one task to the end of the instructions for the 

next. 

A subject was not exposed to the same research vehicle run more than once during the 

course of his or her participation in this study. This means that the two videotapes played 

for the subject were each recorded from different on-road trials than the one in which the 

subject had participated or was to participate. Additionally, even though the 30 tasks were 

the same under each of the three timing conditions, their presentation order differed from 

condition to condition. Only the five practice trials were identical in presentation order 

from condition to condition. 

There was only one driver for all six of the on-road experimental sessions. This 

driver was responsible for operating the research vehicle and performing the in-car tasks. 

The use of a single driver eliminated any confounding effects that could have arisen as a 

result of having several individuals with different experience levels or driving styles operate 

the automobile and perform the required tasks. 
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An additional experimenter analyzed the six videotapes from the on-road trials using 

the frame-by-frame technique. For each of the 35 tasks on a videotape (including the five 

practice tasks), the experinlenter recorded (1) the tinle code for the first frame in which the 

driver's hand was no longer in contact with the steering wheel, and (2) the time code for 

the first frame in which the driver's hand made return contact with the steering wheel. The 

first time reading was then subtracted from the second time reading to obtain the "true" 

measure of task duration. These true durations were recorded on a log sheet (see Appendix 

A) for comparison with the task durations obtained using the three different human servo 

methods. 

Experbnental protocol. Each subject participated in three separate sessions over three 

days. The three days were not necessarily consecutive. On the first day, the subject 

reported to the Vehicle Analysis and Simulation Laboratory, where he or she was 

immediately screened for both near and far visual acuity. If the subject passed the vision 

test, he or she was asked to read the general instructions for the experiment and the 

informed consent form. These forms are displayed in Appendices C and D, respectively. 

The subject then signed the informed consent form if he or she agreed to the conditions of 

the study. Once the subject signed the informed consent form, the experimenter verbally 

reviewed the instructions for the fust experimental session and answered any questions the 

subject may have. The fust session required the subject to time driver performance of in­

car manual tasks using either the on-road servo technique, the real-time video servo 

technique, or the slow-motion video servo technique, depending upon the subject's 

position in the counterbalancing scheme. 

The remaining sessions followed the same basic protocol. After the entire experiment 

had been completed, the subject was debriefed and was given the opportunity to ask any 
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questions that may have arisen during the course of the study. The subject was then paid 

for the time spent performing the experiment. 

Research Hypotheses 

For both the raw-error-score ANOV A and the absolute-error-score ANOV A, it was 

hypothesized that the human servo Method effect would be significant (the results of the 

squared-error-score ANOV A were unpredictable~ so no research hypotheses were 

formulated). Specifically~ use of the slow-motion video servo technique was expected to 

result in raw error scores approximating zero, and use of the two real-time servo techniques 

was expected to result in significantly greater raw error scores (more positively biased). 

There are two primary reasons why the raw error scores for the slow-nl0tion video 

servo technique were expected to be so small. First, any simple reaction delays which 

might be produced by subjects in the timing of slow-motion tasks would be reduced to one­

sixth their values when the duration measurements were converted to real time. Simple 

reaction foreperiod research suggests a second reason why the raw error scores for the 

slow-motion video servo technique were expected to be close to zero. At the end of a 

slow-motion video servo task, the timing analyst~s simple reaction foreperiod (preceding 

the return contact of the driver's hand) will generally be considerably longer than the simple 

reaction fore period occurring at the end of a real-time task (on-road or video). This is due 

to the longer time period between the driver's hand leaving the task controls and making 

return contact with the steering wheel. According to studies performed by Drazin (1961), 

Mo and George (1977), Nickerson (1965), and Polzella et al. (1989), simple reaction time 

will decrease with foreperiod length when variable foreperiods are involved. Since the 

ending foreperiods for the tasks in this study were variable in length, simple reaction times 

at the ends of the slow-motion tasks were expected to be smaller than those at the ends of 
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the real-time tasks. Furthermore, simple reaction times at the beginnings of the slow­

motion tasks were also expected to be small, since the subjects were permitted to set the 

video cassette player to slow speed toward the end of the initial foreperiod. In essence, 

once the subjects set the video cassette player to one-sixth real speed, they knew that the 

reaction stimulus was soon to follow and were prepared for it. Assuming that the 

beginning and ending simple reaction delays were to be short and relatively equal in 

duration, there were not expected to be any considerable bias or accuracy problems 

associated with using the slow-motion video servo technique. 

As stated above, use of the on-road servo technique and the real-time video servo 

technique was expected to result in significantly greater raw error scores than those found 

through use of the slow-motion video servo technique. This result was anticipated for two 

primary reasons: (1) there was to be no reduction of simple reaction delays to one-sixth 

their values once all of the data had been collected, and (2) the variable foreperiod research 

cited in the previous paragraph suggests that simple reaction times should have been longer 

at the ends of tasks timed using these techniques than at the ends of tasks timed using the 

slow-motion technique. For the real-time techniques, the ending simple reaction times 

were expected to be longer than the beginning simple reaction times, since the ending 

fore periods were considerably shorter than the beginning foreperiods. As a result, true 

task durations were expected to be overestimated when using these two techniques. 

Two studies on foreperiod length led to the hypothesis that there would be a 

significant task Duration effect for both the raw error data and the absolute error data. 

Specifically, it was hypothesized that the short tasks would lead to significantly greater 

performance error scores (more positively biased) than either the medium or the long length 

tasks. It is possible to consider the warning interval for the second pushbutton actuation in 

a set to start at the end of the first pushbutton actuation in the set. Hence, the observer of a 
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short task is provided with a fairly short warning interval (in comparison with medium and 

long tasks) before the driver's hand makes return contact with the steering wheel. The 

previously mentioned research of Nickerson (1965) and Possamai' et al. (1973) suggests 

that, as a result of such a relatively short warning interval, a subject might not have as 

much time to prepare to respond as he or she would have when observing a medium- or 

long-duration task. Therefore, simple reaction time could suffer. Although this problem 

might be alleviated somewhat by the ability of the subject to follow the driver's hand 

movement and predict the exact moment of return contact with the steering wheel (Simon 

and Slaviero, 1965), the warning interval is still relatively short enough to support the 

hypothesis that subject performance would differ. Again, no hypotheses were formulated 

for the squared error data. 

A significant Subject effect was hypothesized for all three ANDV As. Discussions by 

Boff and Lincoln (1988), Sanders and McCormick (1987), and many others (Huchingson, 

1981; Johnson, 1923; Teichner, 1954; and Wickens, 1984) point to an assortment of 

factors which can affect a timing analyst's simple reaction times. Several of these factors 

are related to human performance, such as motivation and fatigue. Because the dependent 

variables in this study reflected errors attributable to simple reaction time delays, it was 

expected that individual subject performance differences would reveal themselves in the 

form of a significant Subject main effect 

It was also hypothesized that there would be a significant effect of Task for the raw­

error-score ANDV A and the absolute-error-score ANDV A. This follows from the 

hypothesis of a significant Duration effect for the same two ANDV As. Since Task is 

nested within the Duration factor, a significant Duration effect would mean that tasks of 

different durations would also be significantly different. 
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There was no concrete evidence to suggest that there would be any significant Subject 

x Method or Subject x Duration interactions in this study. It was hypothesized that, even 

though subjects would most likely differ from one another in terms of bias, accuracy, and 

consistency, each would exhibit the same general performance relationships across the 

three human servo techniques and across the three different task lengths. No hypotheses 

were formulated for the Method x Duration interaction or the Subject x Method x Duration 

interaction. 

Finally, there was expected to be no significant effect of Gender on any of the 

dependent variables. This hypothesis was based on the fact that there is no known research 

suggesting that males are different from females in terms of simple reaction time. 

Additionally, the lack of any obvious strength or skill components required to use the 

human servo techniques would lead one to predict that there would not be a significant 

Gender effect. 



RESULTS 

When the 540 recorded times were examined, it was discovered that some of the 

medium-length tasks had taken the driver more than 10 seconds to perform. As a result, 

the definitions for medium- and long-length tasks had to be redefined so that all 54 cells in 

the experimental design would still contain an equal number of values. By setting the 

break-point between medium- and long-duration tasks at 12.15 seconds (rather than 10 

seconds), only four medium tasks ended up being too long, and only one long task ended 

up being too short. It was decided that the four "long" medium tasks would still be 

considered to be of medium duration~ and the one umedium" long task would still be 

considered to be of long duration. The final breakdown of Duration levels was as follows: 

short tasks took less than 5 seconds to perform, medium tasks took from 5 to 12.15 

seconds to perform, and long tasks took more than 12.15 seconds to perform. 

One data point was missing out of the final 540, since a subject using the on-road 

servo technique failed to stop the handheld timer at the end of a task. To avoid having to 

perform an unequal-cells analysis on account of only one missing data point, a substitute 

value was used. This substitute value was derived by averaging the recorded times for that 

same task across the remainder of the subjects. Although this substitution technique had 

the potential for reducing the variance between subjects and/or increasing the variance 

between tasks, there were enough data points to guard against any considerable effect. 

The first step in analyzing the data was to convert all the recorded times into raw 

performance error scores. As mentioned earlier, these raw error scores were obtained by 

subtracting each task's "true" duration (based upon frame-by-frame analysis) from the 

duration that was recorded by a subject. Thus, 90 raw error scores were derived for each 

subject (there were 30 tasks that were timed using each of the three human servo methods), 

and a total of 540 error scores were obtained across all six subjects. Because of the way 
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the error scores were calculated, a positive error score indicated an overestimation of true 

hand-off-wheel time and a negative error score indicated an underestimation of true hand­

off-wheel time. 

Three Analyses of Variance (ANDVAs) were conducted on the data. The first 

ANDV A compared the ten raw performance error scores in each experimental cell to 

determine if there were any biases in subject performance as a function of the independent 

variable(s) under consideration. Positive biases are indicative of a tendency to overestimate 

hand-off-wheel times, while negative biases are indicative of a tendency to underestimate 

hand-off-wheel times. In short, this analysis was used to establish the effect(s) of the 

variables of interest on the general direction of timing errors. 

The second ANDV A compared the absolute values of the ten performance error 

scores in each cell. This nleasure made it possible to determine the accuracy of subject 

performance given all of the independent variable combinations of interest. Clearly, error 

scores which are close (or equal) to zero indicate accuracy of performance, whereas error 

scores which are greater or less than zero signify less-than-accurate performance. By 

concentrating on mean absolute error, this ANDV A took into account both the central 

tendency and the variance of the ten performance error scores in a cell. 

Finally, the third ANDV A compared the squared values of the ten performance error 

scores in each experimental cell. This analysis was used to ascertain whether or not there 

was consistency in subject performance given different independent variables and 

combinations of these independent variables. The squaring process served to suppress the 

values of error scores which were close to zero and inflate scores which were farther away 

from zero. As a result, a relatively large squared error mean in a cell corresponded to 

relatively large timing variability, whereas a relatively small squared error mean signalled 

relatively inconsequential variability in timing of in-car tasks. 



60 

In ANOV As which include random variables other than the dependent variable, 

certain main effects and interaction effects may, at first glance, seem unanalyzable due to 

missing denominators for their F ratios. In such cases, Quasi-F ratios can be constructed 

which combine several component mean squares to derive appropriate denominators. 

Since one of the independent variables analyzed in this study was random (Subject), Quasi­

F ratios were used to test for main effects of Duration and Method, and for the interaction 

effect of Duration x Method. In addition, the Satterthwaite correction was used to adjust 

the tabled degrees of freedom for each Quasi-F ratio. Table 2 shows the component terms 

that were used to compose these ratios, as well as the equation used to calculate the tabled 

degrees of freedom (Satterthwaite correction) associated with each Quasi-F ratio. The 

ANOV A sumnlary tables presented designate these Quasi-F ratios with an F'. 

Post-hoc analyses of significant main effects and interaction effects were performed 

using the Newman-Keuls pairwise comparison technique (for the main effects) and the 

Tukey Honestly Significant Difference test (for the interactions). These "unplanned data­

snooping" procedures were used to determine exactly how the independent variable levels 

affected the dependent variables. Additionally, post-hoc analyses were performed to 

determine if there was any Gender effect on subject performance error. These Gender 

analyses were performed using Student t-tests. 

Analysis of Raw Error Scores 

As shown in Table 3, the ANOV A performed on the raw error scores revealed a 

significant main effect of Method F'(2,10) = 13.254,p.= 0.002. This effect indicates that 

timing analysts demonstrate differential biases depending upon which human servo 

technique they are using to time in-car manual tasks. Post-hoc analysis using the Newman­

Keuls technique (0: = 0.05) revealed that the slow-motion video servo technique 
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Table 2 

Construction of Quasi-F ratios and calculation of their tabled degrees of freedom. 

Quasi -F Ratio Numerator Component Denon1inator Component 

F'duration MSduration 
(MStask) + 

(MSsubject x duration) -

(MSsubject x task) 

F'method MSmethod 
(MSsubject x method) + 

(MSmethod x task) -

(MSsubject x method x task) 

(MSmethod x task) + 

F'duration x method MSduration x method (MSsubject x duration x 

method) -

(MSsubject x method x task) 

Calculation of tabled degrees of freedom (Satterthwaite correction): 

P' = (a) / (b + c - d) 

dfnumerator = dfa 
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Table 3 

ANOV A summary table for raw error scores. 

Source df SS MS F P 

Between 

Duration (D) 2 0.1118 0.0559 * 
TasklDuration (f1D) 27 1.6747 0.0620 2.48 0.0003 

Within 

Subject (S) 5 0.2019 0.0404 1.61 0.1606 
SxD 10 0.4370 0.0437 1.75 0.0767 
SxTID 135 3.3787 0.0250 

Method (M) 2 1.5118 0.7559 ** 
MxD 4 0.0300 0.0075 *** 
MxTID 54 1.0951 0.0203 1.12 0.2791 

SxM 10 0.5487 0.0549 3.03 0.0012 
SxMxD 20 0.4962 0.0248 1.37 0.1372 
SxMxTID 270 4.8935 0.0181 

Total 539 14.3794 

* F'(2, 19) = 0.693, p > 0.05 

** F'(2,10) = 13.254, P < 0.01 

*** F'(4, 18) = 0.278, P > 0.05 
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(mean = 0.078 s) resulted in significantly higher-valued errors than both the on-road servo 

and the real-time video servo techniques (means = -0.00006 s and -0.051 s, respectively). 

The mean timing error for each of the three human servo techniques, as well as the results 

of the post-hoc test, is depicted graphically in Figure 13 . 

The raw-error-score ANOV A also uncovered a significant interaction of Subject x 

Method, F(10, 270) = 3.03, p = 0.0012. This interaction is illustrated in Figure 14. Post­

hoc analysis of the Subject x Method interaction was restricted to unconfounded pairwise 

comparisons to limit the inflation of alpha error as much as possible. To perform this 

analysis, the Cicchetti Table for Unconfounded Comparisons (Cicchetti, 1972) was used to 

adjust the Tukey Honestly Significant Difference test critical difference equation «l = 

0.05). The significant differences discovered by applying the Tukey Honestly Significant 

Difference test are presented in Table 4. 

In addition to the aforementioned effects, the ANOV A performed on the raw error 

scores showed a significant effect of Task, F(27, 135) = 2.48, p = 0.0003. Mean timing 

error as a function of Task is presented in Figure 15. Since there were so many levels 

comprising the Task factor, post-hoc pairwise comparisons were not performed. 

However, it was decided that chi-square analyses should be performed to determine if there 

were any significant biases as a function of type of task that was timed (Le., hub tasks, 

dash tasks, HV AC tasks, and radio tasks). The results of these chi-square analyses are 

presented in Table 5. These results show that (1) the hub-based task times were 

significantly biased in the negative direction, X2(1, N = 15) = 8.33, p < 0.01, and (2) the 

dash-based task times were significantly biased in the positive direction, X2(1, N = 15) = 

5.56, p < 0.02. The chi-square analyses did not reveal any significant biases associated 

with the HV AC or radio tasks. Additionally, application of the binomial test revealed 

significant negative biases for hub-based, radio task times (p = 0.016) and significant 
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Table 4 

Significant results of unconfounded pairwise comparisons for the raw-error-scores Subject 
x Method interaction, using the Tukey Honestly Significant Difference test. 

Critical DifferenceT = 0.11356 (a = 0.05) 

Comparison Difference Between Means 

Subject 1: 
Slow-Motion Video vs. Real-time Video 0.18533 
(mean = 0.13133) (mean = -0.05400) 

Subject 5: 
Slow-Motion Video vs. Real-Time Video 0.20267 
(mean = 0.10133) (mean = -0.10133) 

Subject 5: 
Slow-Motion Video vs. On-Road 0.12800 
(mean = 0.10133) (mean = -0.02667) 

Subject 6: 
Slow-Motion Video vs. Real-Time Video 0.17133 
(mean = 0.06967) (mean = -0.10167) 

Subject 6: 
Real-Time Video vs. On-Road 0.15233 

(mean = -0.10167) (mean = 0.05067) 

Slow-Motion Video: 
Subject 1 vs. Subject 3 0.11367 

(mean = 0.13133) (mean = 0.01767) 
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Table 5 

Results of chi-square analyses of Task means. 

Number of 
Tasks with 
"'+" Means 

Number of 
Tasks with 
"-" Means 

Number of 
Tasks with 
"+" Means 

Number of 
Tasks with 
"-" Means 

HUB TASKS 

Observed Expected 

1 6 

11 6 

x2 = 8.33 
0.01 > p > 0.001 

DASH TASKS 

Observed Expected 

14 9 

4 9 

x2 = 5.56 
0.02> p > 0.01 



Table 5 (continued) 

Number of 
Tasks with 
"+" Means 

Number of 
Tasks with 
H_" Means 

Number of 
Tasks with 
"+u Means 

Number of 
Tasks with 
"_H Means 

69 

HVACTASKS 

Observed Expected 

6 7.5 

9 7.5 

x2 = 0.6 
0.5> P > 0.3 

RADIO TASKS 

Observed Expected 

9 7.5 

6 7.5 

x2 = 0.6 
0.5> P > 0.3 
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positive biases for dash-based, radio task times (p = 0.002). The results of the binomial 

tests are presented in Table 6. 

Last, an a posteriori test of Gender, t(538) = 2.28, p = 0.0232, demonstrated a 

significant effect. The results of this Student t-test are presented in Table 7-a. Specifically, 

male subjects (mean = -0.007 s) made considerably lower-valued errors than female 

subjects (mean = 0.0232 s). Another way of looking at this is to say that males tended to 

slightly underestimate hand-off-wheel times, and females tended to overestimate hand-off­

wheel times. 

Analysis of Absolute Error Scores 

As shown in Table 8, the ANDV A performed on the absolute error scores revealed 

a significant effect of Subject, F(5,135) = 2.91, p = 0.016. This result suggests that some 

individuals will tend to be more accurate than others when it comes to timing in-car manual 

tasks. Post-hoc analysis using the Newman-Keuls technique (n = 0.05) revealed that 

Subject 1 (mean = 0.141 s) was significantly less accurate than Subjects 3 and 4 (means = 
0.090 sand 0.081 s, respectively) when it came to measuring hand-off-wheel times. The 

Subject main effect is illustrated in Figure 16. No additional effects included in this 

ANDVA were significant. Furthermore, a post-hoc test of Gender failed to demonstrate 

any significant effect (Table 7 -b). 

Analysis of Squared Error Scores 

Finally, the ANDV A performed on the squared error scores failed to demonstrate any 

significant main effects or interaction effects. In fact, the lowest p value in the entire 

analysis was for the Subject main effect, and this value was 0.09. Additionally, no 



71 

Table 6 

Results of binomial tests of Task means (control combinations). 

Control Combination 

HVAC, HUB 

HVAC,DASH 

RADIO,HUB 

RADIO,DASH 

# of Positive Means 

1 

5 

o 

9 

# of Negative Means 

5 

4 

6 

o 

p 

0.109 

0.500 

0.016 

0.002 
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Table 7 

Results of Student (-tests (all three dependent variables). 

a. RA W ERROR SCORES 

Gender N Mean Std. Dev. Std. Error 

F 270 0.02489 0.18471 0.01124 

M 270 -0.00700 0.13721 0.00835 

Student ( = 2.2772 
p = 0.0232 

b. ABSOLUTE ERROR SCORES 

Gender N Mean Std. Dev. Std. Error 

F 270 0.10770 0.15198 0.00925 

M 270 0.10544 0.08783 0.00535 

Student t = 0.2115 
p = 0.8326 

c. SQUARED ERROR SCORES 

Gender N Mean Std. Dev. Std. Error 

F 270 0.03461 0.24706 0.01504 

M 270 0.01880 0.03195 0.00194 

Student t = 1.0427 
P = 0.2976 
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Table 8 

ANOV A summary table for absolute error scores. 

Source df SS MS F p 

Between 

Duration (D) 2 0.0219 0.0110 * 
TasklDuration (TID) 27 0.4099 0.0152 1.07 0.3806 

Within 

Subject (S) 5 0.2057 0.0411 2.91 0.0159 
SxD 10 0.0897 0.0090 0.63 0.7825 
SxTID 135 1.9100 0.0141 

Method (M) 2 0.1128 0.0564 ** 
MxD 4 0.0261 0.0065 *** 
MxTID 54 0.9533 0.0177 1.20 0.1776 

SxM 10 0.2538 0.0254 1.72 0.0752 
SxMxD 20 0.3314 0.0166 1.13 0.3225 
SxMxTID 270 3.9746 0.0147 

Total 539 8.2892 

* F'(2, 5) = 1.095, p > 0.05 

** F'(2, 11) = 1.992, p > 0.05 

*** F'(4, 18) = 0.335, p > 0.05 
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significant Gender effect was found (Table 7-c). The results of this Analysis of Variance 

are presented in Table 9. 

Analyses oJWinsorized Data 

When a scatterplot of the raw error scores was created, four data points appeared as 

outliers. This scatterplot is shown in Figure 17, and the outlying data points are shown as 

solid dots. Since these outliers could most likely be attributed to nonrandom error 

associated with the subjects, the decision was made to perform a second complete set of 

analyses on a trimmed set of data. 

The Winsor technique was applied to eliminate the outlying data points. Since three 

of the outliers were positive and only one was negative, the three highest and three lowest 

data points in the distribution were removed. These trimmed values were then replaced by 

the most extreme values remaining in each tail of the distribution. A scatterplot of the 

trimmed (Winsorized) data is depicted in Figure 18 . 

As with the untrimmed data, three Analyses of Variance were conducted on the 

Winsorized data. The frrst ANOV A compared the ten raw performance error scores in each 

experimental cell to determine if there were any independent variable effects on response 

bias. The second ANOV A compared the absolute values of the ten performance error 

scores in each cell to investigate effects of the independent variables on response accuracy. 

Finally, the third ANOV A compared the squared values of the ten performance error scores 

in each cell to establish whether or not the independent variables of interest had any effect 

on response consistency_ Summary tables for all three ANOV As are presented in 

Appendix E, Tables E.I-E.3. Three post-hoc tests were performed along with the 

ANOV AS to determine if there were any significant effects of Gender. The results of these 

Student t-tests are presented in Appendix E, Table E.4. 
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Table 9 

ANOV A summary table for squared error scores. 

Source df SS MS F P 

Between 

Duration (D) 2 0.0288 0.0144 * 
TaskIDuration (TID) 27 0.7812 0.0289 0.95 0.5476 

Within 

Subject (S) 5 0.2950 0.0590 1.93 0.0937 
SxD 10 0.2324 0.0232 0.76 0.6673 
SxTID 135 4.1314 0.0306 

Method (M) 2 0.0150 0.0075 ** 
MxD 4 0.1094 0.0273 *** 
MxTID 54 1.7536 0.0325 1.03 0.4219 

SxM 10 0.2243 0.0224 0.71 0.7122 
SxMxD 20 0.6609 0.0330 1.05 0.4033 
SxMxTID 270 8.4951 0.0315 

Total 539 16.7271 

* F'(2, 5) = 0.667, p > 0.05 

** F'(2, 7) = 0.320, p > 0.05 

*** F'(4, 14) = 0.803, p > 0.05 
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The ANOVAs and t-tests performed on the Winsorized data revealed the same 

significant effects as the ANOV As and t-tests performed on the untrimmed data. Thus, the 

outliers did not affect the previous results. However, there was one additional significant 

interaction that deserves special mention. When the Winsorized raw error scores were 

converted to absolute error scores and analyzed with an ANOV A, the Subject x Method 

interaction was significant, F(10, 270) = 3.38, p = 0.0004. This interaction is illustrated in 

Figure 19. As in the case of the untrimmed data, post-hoc analysis of the Subject x Method 

interaction for the Winsorized data was restricted to unconfounded pairwise comparisons to 

limit the inflation of alpha error. Once again, the Cicchetti Table for Unconfounded 

Comparisons (Cicchetti, 1972) was used to adjust the Tukey Honestly Significant 

Difference test critical difference equation (ex = 0.05). The significant differences 

discovered by applying the Tukey Honestly Significant Difference test are presented in 

Table 10. 

Determination of Limits for Subject Responses (10th to 90th Percentile) 

While it is undoubtedly important to understand how the independent variables in this 

study affected the bias, accuracy, and consistency of subject performance, it is equally 

important to predict the limits within which the raw performance error scores can be 

expected to fall when hand-off-wheel durations are measured in an applied environment. 

These response limits provide valuable, additional engineering data for use in future 

automotive studies. 

To determine the limits for subject responses, the raw error scores were first divided 

into three groups of data corresponding to the three variations of the human servo technique 

that were used in this study. For each of the three techniques, the data were grouped into 

four categories representing the four different control cOlnbinations used to perform a task 
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Table 10 

Significant results of unconfounded pairwise comparisons for the absolute-error-scores 
Subject x Method interaction (Winsorized data), using the Tukey Honestly Significant 
Difference test. 

Critical DifferenceT = 0.06228 (ex = 0.05) 

Comparison Difference Between Means 

Subject 2: 
Slow-Motion Video vs. On-Road 0.07800 
(mean = 0.06833) (mean = 0.14633) 

Subject 3: 
Slow-Motion Video vs. On-Road 0.07100 
(mean = 0.03767) (mean = 0.10867) 

Subject 3: 
Slow-Motion Video vs. Real-Time Video 0.08667 
(mean = 0.03767) (mean 0.12433) 

Slow-Motion Video: 
Subject 3 vs. Subject 5 0.06700 

(mean = 0.03767) (mean = 0.10467) 

On-Road: 
Subject 1 vs. Subject 4 0.06667 

(mean = 0.14300) (mean = 0.07633) 

On-Road: 
Subject 2 vs. Subject 4 0.07000 

(mean = 0.14633) (mean = 0.07633) 
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(Radio/Hub, Radio/Dash, HV AC/Hub, and HV AC/Dash). For each of these four 

categories, the mean raw error value and the standard deviation of the raw error values 

were calculated. Based upon this data, the 10th percentile and 90th percentile raw error 

values were obtained. 

The means, standard deviations, 10th percentile raw error scores, and 90th percentile 

raw error scores for the four types of tasks are presented in Table 11. These descriptive 

statistics are divided into three tables representing each of the three human servo 

techniques. Based upon these numbers, one can predict how observers can be expected to 

perform using vru.iations of the human servo technique. 

Time Requirements for Manual Timing Techniques 

During the course of this study, accurate records were kept of the time required for 

the experimenter to use the frame-by-frame technique and for the subjects to use each of the 

three human servo techniques. These records reflected the amount of time involved from 

the beginning of the instructions for the first practice task to the end of the hand-off-wheel 

period for the last experimental task. The time requirements for each of the four manual 

timing techniques were averaged across sessions, and the following results were obtained: 

38.20 minutes for the on-road servo technique, 38.96 minutes for the real-time video servo 

technique, 78.63 minutes for the slow-motion video servo technique, and 71.57 minutes 

for the frame-by-frame technique. According to these results, the frame-by-frame 

technique required about 87% more observation time than the on-road servo technique and 

approximately 84% more observation time than the real-time video servo technique. As for 

the slow-motion video technique, it required about 106% more observation time than the 

on-road servo technique and around 102% more observation time than the real-time video 

servo technique. 
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Table 11 

Means, standard deviations, 10th percentile raw error scores, and 90th percentile raw error 
scores for four different task types (in seconds). 

ON-ROAD SERVO 

Control Combination N Mean Std. Dev. 10th %ile 90th %ile 

RADIO, HUB 36 -0.0933 0.1360 -0.2674 0.0808 

RADIO, DASH 54 0.0463 0.1211 -0.1087 0.2013 

HVAC, HUB 36 -0.0389 0.2460 -0.3538 0.2760 

HVAC,DASH 54 0.0417 0.1559 -0.1579 0.2413 

TOTAL 180 -0.0001 0.1739 -0.2227 0.2225 

REAL-TIME VIDEO SERVO 

Control Combination N Mean Std. Dev. 10th %ile 90th %ile 

RADIO, HUB 36 -0.1006 0.1410 -0.2811 0.0799 

RADIO, DASH 54 -0.0167 0.1073 -0.1540 0.1206 

HVAC, HUB 36 -0.0928 0.1193 -0.2455 0.0599 

HVAC,DASH 54 -0.0241 0.1336 -0.1951 0.1469 

TOTAL 180 -0.0509 0.1295 -0.2167 0.1149 
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Table 11 (continued) 

SLOW -MOTION VIDEO SERVO 

Control Combination N Mean Std. Dev. 10th %ile 90th %ile 

RADIO, HUB 36 0.0561 0.0790 -0.0450 0.1572 

RADIO, DASH 54 0.1089 0.2636 -0.2285 0.4463 

HVAC, HUB 36 0.0514 0.0738 -0.0431 0.1459 

HVAC,DASH 54 0.0787 0.0712 -0.0124 0.1698 

TOTAL 180 0.0778 0.1578 -0.1242 0.2798 



DISCUSSION 

Interpretation of Results 

According to the Analysis of Variance performed on the raw error scores, subjects 

made significantly higher estimates of task lengths when they used the slow-motion video 

servo technique than when they used either the real-time video servo technique or the on­

road servo technique. In fact, the results of this study indicate that slow-motion video 

servo timing resulted in duration estimates that were generally greater than the true task 

durations, and the other two timing methods lead to duration estimates that were generally 

equal to or less than the true task durations. This result was unanticipated. Use of the 

slow-motion video servo technique was expected to result in raw error scores 

approximating zero, and use of the other techniques was expected to result in more 

positively biased error scores than those revealed from using the slow-motion video servo 

technique. 

It is speculated that subjects using the slow-motion video servo technique took 

advantage of the technique's apparent accuracy by either (1) starting the hand-held timer at 

the instant they saw the driver move his hand by the slightest amount, or (2) hesitating to 

stop the hand-held timer until they were absolutely certain the task was complete. This 

would account for the positive raw error mean associated with this technique. There also 

appears to be a reasonable explanation for the negative raw error mean associated with 

using the real-time video servo technique. Simple reaction times preceding initial button­

presses are believed to have been greater than simple reaction times preceding terminating 

button-presses. It is proposed that subjects could not time their initial button presses to 

coincide with the driver's hand-off-wheel movements as easily as they could time their 

ending button-presses to coincide with the hand-on-wheel movements, since the return of 

the driver's hand to the steering wheel served as a "countdown timer" for predicting when 
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it would make contact. As a result, task durations measured with the real-time video servo 

technique were generally underestimated. This same reasoning would suggest that the raw 

error mean for the on-road servo technique should have been more negative, because this 

was also a real-time measure. However, when subjects used the on-road technique, they 

may have taken special care to make sure their time recordings were accurate since they 

knew that they could not "rewind" a task like they could with the video techniques. 

Additionally, the fact that subjects could see the driver's hand movements better in real life 

than on videotape (due to the resolution limitations of the videotape) might help to account 

for the minimal error scores obtained from using the on-road technique. 

Although the raw error means suggest that the slow-motion video technique will lead 

to positive biases, the real-time video technique will lead to negative biases, and the on­

road servo technique will not lead to any appreciable biases, it must be remembered that 

there was no significant difference between the two real-time techniques. Had a larger 

sample size been used, however, a significant difference between the two real-time 

methods might have been revealed. If this was shown to be true, then it could be said with 

greater confidence that the on-road technique is the most bias-free. 

While it is not surprising (in light of the research hypotheses) to learn that there was 

no effect of Method on response consistency, the fact that there was no significant effect of 

Method on response accuracy was quite unexpected. As before, it was postulated that use 

of the slow-motion video servo technique would result in significantly smaller absolute 

error scores than use of the other two human servo techniques. Why there was no effect at 

all, either as hypothesized or as witnessed for the raw error score data, is puzzling. 

As anticipated, there was a significant main effect of Subject in the ANOV A that was 

performed on the absolute error scores. This result demonstrates that some individuals 

were more accurate in timing in-car manual tasks than others. This variability between 
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subjects can most likely be attributed to differences in simple reaction time. In fact, it 

would have been surprising if all subjects had been equally accurate in their ability to 

measure in-car task durations. Human factors research (Boff and Lincoln, 1988; 

Huchingson, 1981; Johnson, 1923; Sanders and McCormick, 1987; Teichner, 1954; 

Wickens, 1984) points to a broad assortment of human-perfonnance-related factors which 

can affect simple reaction time. Because individuals differ in terms of such variables as 

motivation, fatigue, and attention, to name a few, these differences can be expected to 

exhibit themselves through measures of human perfonnance. 

It is interesting to note that the mean absolute perfonnance errors of subjects in this 

study ranged from 0.08 seconds to 0.14 seconds. These values are meaningful in light of 

the fact that a simple reaction to a strong, anticipated signal takes from 0.10 seconds to 

0.20 seconds (Grandjean, 1986; Huchingson, 1981; Keele, 1986; Sanders and 

McCormick, 1987; Van Colt and Kinkade, 1972). The mean absolute performance errors 

demonstrate that subjects were generally able to keep the differences between their starting 

and ending simple reaction times below the duration of a single simple reaction. 

Considering the lengths of the tasks that were being timed and the inherent variability of 

hand-off-wheel times, such error values are probably acceptable in most analysis 

situations. 

An unforeseen result of this study is the lack of a significant Subject effect for either 

the raw performance error scores or the squared perfonnance error scores. For the same 

reason cited previously (simple reaction time variability), it was anticipated that the Subject 

effect would be significant for these two additional dependent variables. It is difficult to 

find an explanation for these unexpected experimental outcomes. 

The raw-error-score Subject x Method interaction indicates that subjects differed in 

terms of (1) the extent to which the three human servo methods they used resulted in 
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response bias, and (2) the bias they demonstrated for a particular method. Although slow­

motion video servo timing resulted in duration estimates that were generally greater than the 

true task durations and the other two timing methods lead to duration estimates that were 

generally equal to or less than the true task durations, some subjects showed more of a 

distinction between their performance with alternate human servo techniques than other 

subjects. Additionally, two subjects differed with regard to the amount of positive bias 

they demonstrated when using the slow-motion video servo technique. 

The absolute-error-scores Subject x Method interaction demonstrates that subjects 

differed in terms of (1) the extent to which the three human servo methods they used 

affected their response accuracy, and (2) the accuracy they demonstrated for a particular 

method. All subjects were equally accurate in their performance with the two real-time 

servo techniques. However, two subjects showed significantly greater accuracy when they 

used the slow-motion technique than when they used the other two techniques. 

Furthermore, a few subjects differed with regard to their accuracy in using the on-road 

servo technique, and two subjects differed with regard to their accuracy in using the slow­

motion video servo technique. 

The fact that the ANDV A performed on the untrimmed absolute error scores did not 

reveal a significant Subject x Method interaction is interesting. If the p-value for the 

absolute-error-score Subject x Method interaction (Winsorized data) had been close to the 

established alpha level of 0.05, this interaction could have been "explained away" as being 

an artifact of the Winsor technique. However, since the p-value for the absolute-error­

score Subject x Method interaction (Winsorized data) was only 0.0004, the potential 

significance of the interaction effect for the untrimmed data was obviously obscured by a 

relatively small number of outliers. 
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Both of the significant Subject x Method interactions were unanticipated. It was 

hypothesized that, even though subjects would most likely differ from one another in terms 

of bias, accuracy, and consistency, each would exhibit the same general performance 

relationships across the three human servo techniques. This hypothesis was based on the 

absence of empirical evidence arguing otherwise. As a result, it is surprising that the 

results turned out as they did. 

Although the ANDV A performed on the raw error scores demonstrated a significant 

Task effect, this result is not necessarily favorable. As discussed earlier, the study was 

designed to include three different types of tasks: short duration, medium duration, and 

long duration tasks. Since one of the original hypotheses was that there would be a 

significant effect of task Duration for at least two of the three ANDV As, it was also 

assumed that there would be significant differences between tasks of different durations for 

those same two AND V As. There was no significant Duration effectl> however. As a 

reSUlt, there should have been no significant differences between individual tasks. The fact 

that 'there was a significant Task effect for the raw error score data suggests that there was 

nonequivalency of tasks; the ten tasks in each experimental cell may not have necessarily 

been replications of a particular treatment combination. FortunatelyI' a significant Task 

effect existed for only one of the three ANDV As. 

According to the non-parametric analyses performed on the 30 Task means (raw error 

scores)l> there were significantly more underestimations of hub-based task durations than 

overestimations. There were also significantly more overestimations of dash-based task 

durations than underestimations. Furthermore, the data indicate that subjects tended to 

underestimate the durations of hub-based radio tasks and overestimate the durations of 

dash-based radio tasks. 
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The discussion of foreperiods presented in the literature review suggests that the 

aforementioned results should have gone in the opposite direction. At the end of a hub­

based task, the observer's simple reaction foreperiod will generally be shorter than the 

simple reaction fore period occurring at the end of a dash-based task. This fact is due to the 

shorter travel distance required for the driver's hand to move from the hub to the steering 

wheel. As already established, simple reaction time will decrease with forepedod length 

when variable foreperiods are involved (as they are in this study). Thus, simple reaction 

time for the second button press on a hub-based task should be greater than that for the 

second button press on a dash-based task. Assuming the beginning simple reaction times 

for both types of tasks are similar, this would lead one to predict larger estimations of hub­

based task durations than dash-based task durations. Additionally, because of such short 

warning intervals occurring at the ends of hub-based tasks, observers would be expected to 

have inadequate response preparation time, and simple reaction time should supposedly 

suffer. This would also lead one to predict larger estimations of hub-based task durations 

than dash-based task durations. Since the results obtained from the non-parametric 

analyses of Task means are not what the literature would predict, there must be some other 

explanation. 

It is speculated that subjects perceived the ending foreperiods for dash-based tasks to 

be relatively longer than the ending foreperiods for hub-based tasks, which they were, 

since the travel distance from the dash controls to the steering wheel was farther than the 

travel distance from the hub controls to the steering wheel. If this speculation is true, they 

may have been "liberal" about stopping the timer at exactly the right instant when timing 

dash tasks, for they were not as rushed to do so. When they were timing hub-based tasks, 

however, they may have felt rushed, and so they stopped the timer "conservatively" (early) 
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to avoid making too great an error. This would explain the overestimations of dash-based 

task durations and the underestimations of hub-based task durations. 

Another potential explanation for the subjects' underestinlations of hub-based task 

durations has to do with expectancy. Most drivers are accustomed to using their right hand 

to perform in-car manual tasks. They seldom have to use their left hand to perform a 

secondary task. However, this experiment required the driver to use his left hand to 

perform certain hub-based tasks. At times, subjects may have been expecting the driver to 

use his right hand to perform a particular hub-based task, and so they watched that hand to 

see when it would begin to move. If it was actually a left-handed task that was to be 

performed, there would be a simple reaction time delay as the subjects refocused their 

attention from the driver's right hand to his left hand and then commenced timing. If 

simple reaction time is greater at the beginning of a tinling period than at the end, the task 

duration will be underestimated. 

The significant effect of Gender on error bias (untrimmed raw error data) was 

completely unanticipated. Considering that nothing in the reviewed reaction time literature 

suggests that females are any different from males in terms of simple reaction time, there 

was no reason to believe that there would be a difference between the two groups of 

subjects. Why females overestimated task durations and males made slight 

underestimations may be answered only by undertaking further research. 

As stated above, and contrary to what was predicted, there was no significant effect 

of Duration on any of the dependent variables of interest. As for the hypothesis of no 

significant Subject x Duration interaction, this hypothesis was supported. There was also 

no statistically significant evidence of any Method x Duration interaction or Subject x 

Method x Duration interaction. 
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Analysis of the time requirements for the four manual timing techniques (frame-by­

frame technique and three human servo techniques) revealed that the on-road servo 

technique and the real-time video servo technique each demand approximately the same 

amount of observation time. The slow-motion video servo technique requires 

approximately twice as much observation time as the on-road and real-time servo 

techniques, and the frame-by-frame technique requires a little less than twice as much 

observation time as the on-road and real-time servo techniques. It was expected that the 

slow-motion video servo technique and the frame-by-frame technique would demand far 

more observation time than they actually did. The fact that these two techniques did not 

require nearly as much time as expected was a welcome finding; this implies that the 

Hslower" methods are more usable than they were presumed to be. 

Lastly, in analyzing the time requirements for the frame-by-frame technique, an 

interesting phenomenon was identified. As the experimenter performing the frame-by­

frame analyses worked through the six videotapes, his analysis time decreased. In fact, the 

first videotape required 96.39 minutes to analyze, and the last videotape required only 

58.21 minutes to analyze. These results suggest that practice can lead to considerably 

reduced analysis time when using the frame-by-frame technique. 

Difficulties with Experimental Apparatus and Procedures 

While this study was being run, two issues relating to difficulties with the 

experimental apparatus and procedures arose which may (or may not) have had a 

considerable impact on the final results. When considering the results, one is advised to 

take these difficulties into account. Furthermore, if this study is to be replicated, it is 

highly recommended that the problems be rectified. 
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First, when using either of the two video servo techniques, subjects occasionally 

complained of trouble identifying the exact task start and stop points because of excessive 

washout on the video images. Varying outdoor lighting conditions were undoubtedly the 

cause of this problem. Fortunately, there are a few potential solutions to this predicament. 

For one, on-road trials can take place in the late afternoon when the sunlight is not too 

intense, provided that there is a lack of excessive traffic congestion on the test route. 

Additionally, the camera images can be periodically monitored by the timing analyst while 

the experiment is occurring, so that he or she can make iris adjustments at the instant a 

washout problem occurs. Finally, one subject suggested using a color camera to record 

hand movements off and onto the steering wheel rather than a monochrome camera. It is 

speculated that the color contrast might make it easier to distinguish the hand from its 

background. 

Subjects also complained of trouble identifying exact task start and stop points at 

times when the driver's fingers were obscured by the steering wheel rim. As previously 

mentioned, each subject was told to start the timer at the instant the driver's hand lost 

contact with the steering wheel and to stop the timer at the instant the driver's hand made 

return contact with the steering wheel. Occasionally, though, the driver would not remove 

his hand in one discrete movement. Rather, he would start by lifting his fingers off the 

back of the steering wheel rim (which a subject could not see), and he would then lift his 

palm off the side of the rim. Furthermore, the driver would not always make return contact 

in one discrete movement. He would first hit the side of the steering wheel rim with his 

palm, and he would then wrap his fingers around the back of the rim. Although it would 

be extremely obtrusive to instruct a driver to grip the steering wheel in a particular manner, 

and it would be difficult to find a camera position that would alleviate the problem, three 

alternative solutions might serve to remedy this difficulty. 
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For one, a touch-sensitive strip could be attached to the steering wheel and serve as 

an on/off switch for an electronic timer. This technique was discussed in some detail at the 

beginning of this paper. Although the use of a touch-sensitive strip may alleviate the 

problem of identifying exact task start and stop points, it may also create new problems 

(such as false activations and deactivations). Clearly, this technique must be subject to 

further investigation to determine if it is truly more accurate than any variations of the 

human servo technique. 

Second, it might be beneficial to redefine hand-off-wheel time. For example, rather 

than instructing a timing analyst to begin timing at the instant the hand loses contact with 

the steering wheel and to end timing at the instant the hand makes return contact with the 

steering wheel, the analyst can be told to begin timing when the hand clears the wheel and 

to end timing once any part of the hand touches the wheel. By redefining hand-off-wheel 

time to include easily observable start and stop points, it may be possible to eliminate some 

of the biases associated with using the human servo technique. 

Third, and possibly most important, observers can be trained prior to measuring the 

durations of in-car manual tasks. This training period might even be designed to 

encompass an alternative operational definition of hand-off-wheel time, such as the one 

mentioned in the preceding paragraph. By undergoing a period of detailed instruction and 

practice, it is hypothesized that an observer might be able to discern task start and stop 

points with considerably greater ease. In addition, the negative biases associated with 

timing hub-based tasks and the positive biases associated with timing dash-based tasks 

might be reduced (or even eliminated) through proper training. In short, if the human 

servo technique is to be implemented in future automotive studies, it is strongly suggested 

that extensive timing analyst training be provided. 
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Conclusions 

Frame-by-frame video analysis is commonly accepted as being the most precise way 

of measuring the durations of in-car manual tasks. Unfortunately, this technique requires a 

considerable investment in money, equipment, and time (although not as much as originally 

anticipated) to be used properly. The present experiment was primarily designed to 

compare the accuracy, bias, and consistency of three variations of the human servo 

technique, and to determine whether any of these variations approach the preciseness 

associated with the frame-by-frame video analysis technique. 

The results from this study indicate that the three human servo techniques differ little 

in terms of accuracy and consistency. However, tasks timed using the slow-motion video 

servo technique will show positive biases (the task lengths will tend to be overestimated) in 

comparison to the other techniques. Since mean raw error using the on-road servo 

technique was the closest to zero in this experiment, it is suggested that this human servo 

method be used when timing in-car tasks. In addition to approaching the preciseness of the 

frame-by-frame video analysis technique, this method requires minimal commitnlent of 

time, money, and resources. Furthermore, results of using the on-road servo technique are 

instantly available for analysis; no further data reduction is required. 

If an automotive study is being conducted that demands an extremely high level of 

accuracy in the measurement of in-car manual task durations, the frame-by-frame technique 

is still a feasible alternative to the on-road servo technique. The present study indicates that 

a trained observer can use the frame-by-frame technique with only a moderate commitment 

of time. If the equipment is available/affordable for performing task duration 

measurements in this manner, and if the task duration data is not needed instantly, then it is 

recommended that the frame-by-frame technique be used. However, it must be emphasized 

that this technique is only recommended when close to the highest level of accuracy is 
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demanded. Under any other conditions, the on-road servo technique is considerably more 

cost-effective and practical. 

This experiment also reveals that observers can be expected to time in-car manual 

tasks with varying degrees of accuracy. This finding leads to the suggestion that only one 

observer be used to time all in-car manual tasks using the on-road human servo technique. 

By having just one individual perform all of the timing, the accuracy of the recorded times 

will be consistent throughout the entire study. As long as this accuracy is consistent, it 

should not serve as a confound for the rest of the results. It is further recommended that 

observers be pre-screened on the basis of simple reaction time so that accuracy can be 

maximized in the actual study (assuming that simple reaction time will be related to human 

servo error). 

The significant Gender effect and the significant Subject x Method interactions also 

signify that only one individual should be used to time all in-car manual tasks using the on­

road human servo technique. The use of only one observer will prevent between-observer 

variations in bias and accuracy from having an effect on the results of the study being 

conducted. 

This research reveals that the length of a given in-car manual task has no effect on the 

bias (if any), accuracy, or consistency with which it is timed. Nonetheless, in-car tasks 

should be carefully chosen if they are to serve as replications for a particular treatment 

combination in an experiment. The study indicates that pairs of tasks can differ with regard 

to the bias with which they are timed; pre-testing of tasks may be the only way to ensure 

that they are fit to serve as replications. Moreover, the results from this study reveal that 

hub-based task durations might be underestimated and dash-based task durations might be 

overestimated when using a valiation of the human servo technique. If timing analysts are 
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carefully trained prior to participating in a study, they may be able to reduce some of the 

biases associated with timing hub- and dash-based tasks. 

Finally, this research led to the derivation of a body of additional engineering data 

which can be used to predict analyst error in timing various types of in-car manual tasks 

(Table 11). These data can also assist future experimenters in determining which variation 

of the human servo technique is most appropriate for a given study, as well as the costs 

associated with a given technique. In addition, the data on observer error variability can be 

used in interpreting the results of future automotive studies which involve the timing of 

dri ver tasks. 

Transportation research studies are commonly known to require a large commitment 

of time and money. Expensive experimental apparatus, payments made for subject 

participation, and time involved in data analysis can all be guaranteed to consume research 

resources in one way or another. Anything that can be done to save researchers dollars 

and/or hours is usually welcome. Using the on-road servo technique to time in-car manual 

tasks, rather than the frame-by-frame video analysis technique, is just one way to increase 

the overall efficiency of transportation research studies without compromising the accuracy 

of the empirical data. 

Suggestions for Future Research 

Based on the findings of this study, several areas for future research have been 

identified. These potential research areas are listed below: 

(1) Analyze the accuracy of the three human servo techniques when they are applied 

in alternate experimental settings. Since the measurement of human behavior 

durations is so common in human factors research, there are likely to be 
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additional situations in which one (or more) of the human servo techniques 

might be used in place of frame-by-frame video analysis. 

(2) Detennine the effects of timing analyst position on performance while using the 

on-road servo technique. Specifically, con1pare analyst performance while 

sitting in the front seat of a research vehicle with performance while sitting in 

the back seat. 

(3) Derive a set of equivalent in-car manual tasks that can be used as replications for 

a particular treatment combination in a related study. Data from the tasks used 

in this study might provide a basis for developing the new set of tasks. 

(4) Examine the differences between males and females in terms of accuracy in 

timing human behaviors. 

(5) Compare frame-by-frame measuren1ent of hand-off-wheel time with 

computerized measurement of hand-off-wheel time using a touch-sensitive strip 

mounted on the steering wheel. Determine if one technique is any more 

accurate than the other, and if not, where the differences lie. 
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TASK DURATION LOG SHEET 

Subject Number: ____ Subject I.D. ____ Date ___ _ 

TIMING TECHNIQUE: ________ _ 

Practice Trials 

1 _____________ _ 

2 _____________ _ 

3 _____________ _ 

4 ____________ _ 

5 ____________ _ 
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TASK DURATION LOG SHEET 

Subject Number: ____ Subject I.D. ____ Date ___ _ 

TIMING TECHNIQUE: ________ _ 

Actual Trials 

1 16 

2 17 

3 18 

4 19 

5 20 

6 21 

7 22 

8 23 

9 24 

10 25 

11 26 

12 27 

13 28 

14 29 

15 30 
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ERROR LOG SHEET 

Subject Number: ____ Subject I.D. ____ Date ___ _ 

TIMING TECHNIQUE: ___________ _ 

Practice Trials 

1 ________________________ _ 

2 ________________________ _ 

3 ________________________ _ 

4 ________________________ _ 

5 ________________________ __ 
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ERROR LOG SHEET 

Subject Number: ____ Subject 1.D, ____ Date ___ _ 

TIMING TECHNIQUE: ________ _ 

Actual Trials 

1 16 

2 17 

3 18 

4 19 

5 20 

6 21 

7 22 

8 23 

9 24 

10 25 

11 26 

12 27 

13 28 

14 29 

15 30 
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(NOTE: Parentheses surround preparatory settings) 

PRACTICE TASKS 

Use the dash controls to set the radio to preset five. (preset three) 

Use the dash controls to tune the radio up to 97.9 FM. (87.9 FM) 

Use the dash controls to put the HV AC system in the upper mode, then decrease the fan 
speed to low. (auto mode, fan at level ten) 

Use the hub controls to put the HV AC system in the bi-Ievel mode. (auto mode) 

Use the hub controls to set the radio to preset two, then decrease the volume until it is no 
longer audible and increase the volume to a comfortable level. (preset three, volume at 
level five) 

SHORT TASKS 

Radio Tasks 

Use the dash controls to set the radio band to AM. (PM) 

Use the dash controls to set the radio band to preset one. (preset 3) 

Use the dash controls to seek the next available higher frequency radio station. (preset 
three) 

Use the hub controls to set the radio band to FM. (AM) 

Use the hub controls to seek the next available lower frequency radio station. (preset 
three) 

HVAC Tasks 

Use the dash controls to increase the temperature by one degree. (72 degrees) 

Use the dash controls to decrease the fan speed by one level. (fan at level three) 

Use the dash controls to put the HVAC system in the bi-Ievel mode. (auto mode) 

Use the hub controls to decrease the temperature by one degree. (72 degrees) 

Use the hub controls to increase the fan speed by one level. (fan at level one) 
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MEDIUM TASKS 

Radio Tasks 

Use the dash controls to tune the radio up to 1070 AM. (570 AM ) 

Use the dash controls to decrease the radio volume until it is no longer audible, then 
increase the radio volume to a comfortable level. (volume at level five) 

Use the dash controls to set the radio to preset three, then tune down to 87.9 FM. 
(107.9 FM) 

Use the hub controls to increase the radio volume to a comfortable level, then 
decrease the radio volume until it is no longer audible. (volume at level one) 

Use the hub controls to set the radio to preset five. (preset one) 

HVAC Tasks 

Use the dash controls to increase the fan speed to high. (fan at level one) 

Use the dash controls to decrease the temperature to 65 degrees. (72 degrees) 

Use the dash controls to scroll through all of the HVAC modes. (auto mode) 

Use the hub controls to decrease the fan speed to low. (fan at level ten) 

Use the hub controls to increase the temperature to 79 degrees. (72 degrees) 

LONG TASKS 

Radio Tasks 

Use the dash controls to tune the radio down to 570 AM. (1570 AM) 

Use the dash controls to tune the radio up to 107.9 FM. (87.9 FM) 

Use the dash controls to set the radio to preset five, then tune down to 87.9 FM. 
(97.9 FM) 

Use the hub controls to set the radio to preset five, then increase the volume to a 
comfortable level and decrease the volume until it is no longer audible. (volume 
at level one, 87.9 FM) 

Use the hub controls to seek the next available lower frequency radio station, then 
decrease the volume until it is no longer audible and increase the volume to a 
comfortable level. (volume at level five, 97.9 FM) 
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HVAC Tasks 

Use the dash controls to put the HVAC system in the bi-Ievel mode, then increase the 
fan speed to high. (auto mode, fan at level one) 

Use the dash controls to decrease the temperature to 65 degrees, then increase the 
temperature to 72 degrees. (72 degrees) 

Use the dash controls to determine the outside temperature, then adjust the inside 
temperature to equal the outside temperature and increase the fan speed to high. 
(72 degrees, fan at level one) 

Use the hub controls to increase the temperature to 79 degrees, then decrease the 
temperature to 72 degrees. (72 degrees) 

Use the hub controls to put the HV AC system in the lower mode, then decrease the 
fan speed to low. (auto mode, fan at level 10) 
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MANUAL MEASUREMENT TIMING STUDY 

INSTRUCTIONS GIVEN TO SUBJECT 

PRIOR TO OBTAINING INFORMED CONSENT 

The purpose of this experiment is to compare the accuracy of three different methods 

for gathering data. In automotive human factors research it is often necessary to detennine 

the length of time that the driver has a hand off the wheel while performing in-car tasks. 

Such tasks might include adjusting the radio or the air conditioning, for example. You will 

be asked to perfonn timing of such events, both in an actual vehicle while riding as a 

passenger in the back seat and observing a driver, and in the laboratory by viewing 

videotapes of a driver. 

This study is being conducted by the Vehicle Analysis and Simulation Laboratory, 

Department of Industrial and Systems Engineering, Virginia Polytechnic Institute and State 

University, Blacksburg, Virginia, telephone number: (703) 231-9084. The research team 

will include Barry Grant, a graduate student and research assistant in Industrial and 

Systems Engineering, and Dr. Walter W. Wierwille, principal investigator and P.T. Norton 

Professor of Industrial and Systems Engineering. 

In the study you will be asked to time, using an electronic stopwatch, the hand-off­

wheel intervals of a driver, driving on U.S. Route 460, north of Blacksburg. The driver 

will be an experimenter, and the individual in the front passenger seat will also be an 

experimenter. The experimenter in the passenger's seat will issue commands to perfonn 

in-car tasks that the driver will execute. Your job will be to time and record hand-off-wheel 

time for each of these commands. The in-car task you will perfonn will take about one 

hour, including training. 



Its 

The research vehicle used for this research will be a late model American car with 

instrumentation allowing the videotaping of the subject's hands. There will be additional 

instrumentation in the vehicle that will not be used in this experiment. 

You will also be asked to perform two similar runs in the laboratory. In one run you 

will detemline the hand-off-wheel times from a videotape that is played in real time (normal 

speed). In another run, you will perform the same task, but with the tape played in slow 

motion. The two tapes that you will view in the laboratory will be similar to the run you 

will experience in the vehicle. The real-time laboratory run is expected to take about one 

hour of your time (including training), and the slow motion laboratory run is expected to 

take about two hours (including training). Thus, your total participation time in this 

experiment will be about 4 hours. However, this is an estimate, and your actual 

participation time may be somewhat longer or shorter. 

The three runs in which you will participate (one in the car and two in the lab) will be 

administered in an order that is predetermined. Thus, depending on your subject number, 

you will experience the three conditions in a specified order. 

If during the study you feel that you cannot continue for any reason, you have the 

right to terminate your participation; you will be paid for your participation up to that time. 

This includes the right to withdraw at any time after you have read and signed the attached 

informed consent form. If you withdraw during the in-car session, one of the 

experimenters will drive you back to Blacksburg. (You should be aware that your data 

cannot be used for analysis if it is incomplete.) 
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If you have any questions about the experiment or your rights as a participant after 

reading the attached informed consent form, please do not hesitate to ask. We will answer 

your questions as openly and honestly as possible. 

There are some risks inherent in this study. They are outlined in the following 

informed consent form. 
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PARTICIPANT'S INFORMED CONSENT 

1. You are being asked to volunteer to be a subject in a research project whose purpose 
and description are contained in the document entitled Manual Measurement Timing 
Study, which you have already read. 

2. There are some risks to which you expose yourself in volunteering for this research. 
The risks are: 

a. The risk of an accident normally associated with being a passenger in an 
automobile in light or moderate traffic, as well as on straight and curved 
roadways. 

b. The slight additional risk of an accident that might possibly occur while the 
driver is performing instructed tasks. Past research indicates that this risk is 
minimal. 

The following precautions will be taken during the in-car run: 

a. You will be required to wear the lap and shoulder belt restraint system anytime 
the car is on the road. 

b. The vehicle will be equipped with a fire extinguisher, first-aid kit, and a CB 
radio (or cellular phone). 

c. The front-seat experimenter will have an override brake pedal. 

There are no known discomforts in this experiment. 

3. The data gathered in this experiment will be treated with anonymity_ Shortly after 
you have participated, your name will be separated from your data. 

4. While there are no direct benefits to you from this research (other than payment), you 
may find the experiment interesting. Your participation, along with that of other 
volunteers, should make it possible to improve the accuracy and efficiency of data 
gathering in automotive human factors. 

5. You should not volunteer for participation in this research if you are under 18 years 
old, or if you are not in good health, or if you are pregnant. 

6. You should know that the principal investigator of the research project and his 
associates will answer any questions that you may have about this project, and you 
should not sign this consent form until you are satisfied that you understand all of the 
previous descriptions and conditions. 

You should further be aware that you may contact Dr. Ernest Stout, Chairman of the 
University's Institutional Review Board, if you have questions or concerns about this 
experiment. His phone number is (703) 231-9359. 
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7. You should know that at any time you are free to withdraw from participation in this 
research program without penalty. 

8. You will be paid at a rate of $5.00 per hour for the time you actually spend. Payment 
will be made shortly after you have finished your participation. 

9. Signature of the volunteer and date: 

I have read and understand the scope of this research project and I have no other 
questions. I hereby give my consent to participate, but I understand that I may stop 
participation if I choose to do so. 

Signature _______________ _ 

Date _________________ _ 

10. Signature of a member of the research team and date: 

Signature _______________ _ 

Date _________________ _ 

11. Signature of a witness, not a member of the research team and date: 

Signature _______________ _ 

D~e ________________ _ 



APPENDIXE 

Analyses of Winsorized Data 

120 



12'1 

Table E.l 

ANOV A summary table for Winsorized raw error scores. 

Source df SS MS F P 

Between 

Duration (D) 2 0.1548 0.0774 * 
TasklDuration (TID) 27 1.2255 0.0454 2.73 0.0001 

Within 

Subject (S) 5 0.1207 0.0241 1.45 0.2099 
SxD 10 0.3460 0.0346 2.08 0.0300 
SxTID 135 2.2445 0.0166 

Method (M) 2 1.3039 0.6519 ** 
MxD 4 0.0228 0.0057 *** 
MxTID 54 0.6561 0.0121 1.39 0.0475 

SxM 10 0.5103 0.0510 5.85 0.0001 
SxMxD 20 0.2141 0.0107 1.23 0.2320 
SxMxTID 270 2.3569 0.0087 

Total 539 9.1556 

* F'(2, 20) = 1.222, p > 0.05 

** F'(2, 11) = 11.974,p < 0.01 

*** F'(4, 22) == 0.403, p > 0.05 
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Table E.2 

ANOV A summary table for Winsorized absolute error scores. 

Source df SS MS F p 

Between 

Duration (D) 2 0.0541 0.0270 * 
TasklDuration (TID) 27 0.2604 0.0096 1.60 0.0433 

Within 

Subject (S) 5 0.0849 0.0170 2.81 0.0189 
SxD 10 0.0624 0.0062 1.03 0.4178 
SxTID 135 0.8145 0.0060 

Method (M) 2 0.1439 0.0720 ** 
MxD 4 0.0455 0.0114 *** 
MxTID 54 0.3607 0.0067 1.23 0.1507 

SxM 10 0.1844 0.0184 3.38 0.0004 
SxMxD 20 0.1446 0.0072 1.33 0.1612 
SxMxTID 270 1.4711 0.0054 

Total 539 3.6265 

* F'(2~ 12) = 2.744, p > 0.05 

** F'(2, 11) = 3.659, p > 0.05 

*** F'(4, 20) = 1.346, p > 0.05 
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Table E.3 

ANOVA summary table for Winsorized squared error scores. 

Source df SS MS F p 

Between 

Duration (D) 2 0.0029 0.0014 * 
TaskJDuration (TID) 27 0.0255 0.0009 1.27 0.1850 

Within 

Subject (S) 5 0.0084 0.0017 2.26 0.0518 
SxD 10 0.0066 0.0006 0.89 0.5446 
SxTID 135 0.1001 0.0007 

Method (M) 2 0.0138 0.0069 ** 
MxD 4 0.0010 0.0002 *** 
MxTID 54 0.0350 0.0006 1.05 0.3850 

SxM 10 0.0124 0.0012 2.01 0.0325 
SxMxD 20 0.0159 0.0007 1.29 0.1829 
SxMxTID 270 0.1661 0.0006 

Total 539 0.3877 

* F'(2, 9) = 1.668, p > 0.05 

** F'(2, 9) = 5.453, 0.05 > P > 0.01 

*** F'(4, 16) = 0.292, P > 0.05 



124 

Table E.4 

Results of Student t-tests for Winsorized data. 

Gender 

F 

M 

Gender 

F 

M 

Gender 

F 

M 

N 

270 

270 

N 

270 

270 

N 

270 

270 

RAW ERROR SCORES 

Mean 

0.01756 

-0.00737 

Student t = 2.2303 
P = 0.0261 

Std. Dev. 

0.12495 

0.13458 

ABSOLUTE ERROR SCORES 

Mean Std. Dev. 

0.09800 0.07926 

0.10463 0.08472 

Student t = -0.9390 
p = 0.3482 

SQUARED ERROR SCORES 

Mean Std. Dev. 

0.01586 0.02586 

0.01810 0.02775 

Student t = -0.9683 
p = 0.3333 

Std. Error 

0.00760 

0.00819 

Std. Error 

0.00482 

0.00516 

Std. Error 

0.00157 

0.00169 



VITA 

Barry Steven Grant 

Barry Steven Grant was born in West Palm Beach, Florida on December 7, 1968. 

He graduated from the University of Miami Honors Program with a Bachelor of Science 

degree in Psychology in May of 1990. Barry is currently studying Human Factors 

Engineering within the Industrial and Systems Engineering Department at Virginia 

Polytechnic Institute and State University. After graduating with a Master of Science 

degree, he hopes to work in either the aerospace industry or the automobile industry 

investigating issues related to human-machine interaction, workplace layout, control and 

display design, and/or vehicle simulation. Barry intends to eventually return to Virginia 

Tech to pursue a Ph.D. degree in Human Factors Engineering. 

~. }JAcuVt-
S. Grant 

125 




