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A most significant contribution of the AASHO Road Test to the rationalization 
of pavement design is the pavement serviceability-performance concept de
scribed by Carey and Irick {3). · This pavement rating procedure has gained 
widespread acceptance in pavement studies, specifically in the Canadian pave
ment evaluation studies. Hutchinson (8) has pointed out some of the deficiencies 
of this subjective rating procedure and recommended the execution of further 
experimental studies to establish the significance of these deficiencies. 

This paper examines the concept of pavement unserviceability and explores 
alternate techniques for measuring the serviceability characteristics of high
way pavements. The requirements of a serviceability criterion are formally 
established and existing knowledge on human response to motion is reviewed 
in the light of these requirements. The results of an experimental program 
that involved the measurement of human tracking behavior are given and com
pared with parallel subjective ratings and measures of road roughness. 

•THE PRINCIPAL features of the operating behavior of highway pavements that are of 
immediate interest to pavement design and evaluation studies are changes in the serv
iceability of a pavement throughout its life, and the limiting value of serviceability at 
which pavement failure occurs. A suitable model of pavement performance can be ex
pressed in terms of three variables: the pavement unserviceability U, the unservice
ability level U* at which pavement failure occurs, and the failure age A at which U* 
occurs. The essence of this model is conveyed by Figure 1. The term unserviceability, 
rather than servic.eability, is used in this paper since it results in a more convenient 
scaling of these characteristic's. Higher unserviceabilities are associated with higher 
roughness characteristics. 

PAVEMENT UNSERVICEABILITY 

It is well known that when a vehicle travels along a pavement, motions are generated 
in the body of a vehicle that are a ' function of the vehicular suspension characteristics, 
the vehicle speed and the magnitude and configuration of pavement roughness. This 
motion and vibration lead to discomfort and fatigue in driving operations, and Magid (9) 
points out that serious physiological disorders may result from protracted exposure -
to this vibration. 

While there is a general consensus that the measurement of pavement unservice
ability involves assessing some aspect of human response to motion, pavement unserv
iceability has not yet been defined explicitly in operational terms. A primary require
ment in the measurement of any variable is the development of an operational definition 
of the variable. 

The moving highway vehicle may be considered as an ensemble of two components, 
a man and a vehicle. The man reacts to certain inputs to him such as pavement mark
ings, highway signs, other vehicles, weather conditions and the like. From his reac
tions to these stimuli, the man controls certain inputs to the vehicle (such as steering, 
throttle, brakes and so on) to produce a desired output which is ordered vehicle move
ment. The output of this subsystem of man and vehicle can only be evaluated relative 
to the objectives of the overall system which is highway transportation. 
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Figure l. Pavement performance model. 

The objectives of this system and many 
other large engineering systems can only 
be stated in broad and general terms. The 
development of an objective technique for 
evaluating the output of these systems be
comes extremely difficult, if not impos
sible. In fact, the interactions between an 
engineering system and its environment 
may be too complex to measure in any other 
manner than by the judgments of experts. 
Such an approach was pursued in the AASHO 
Road Test formulation of pavement unserv
iceahility, 

At the present time, the objectives of 
highway transportation can only be defined 
in very general terms such as the provi
sion of safe, comfortable, convenient, and 
economical highway transportation. An 
approach frequently used in engineering to 
overcome this type of problem is to decom
pose the system into its components and to 
develop measurable subcriteria for these 
components that seem to be compatible with 
the ultimate objectives of the total system. 

In the absence of a more complete understanding of human behavior in highway vehi
cles it is impossible to isolate with certainty the critical human variables ofthe highway
vehicle-driver system. The only realistic approach at the present time is to define a 
human response characteristic that appears to be related logically to the overall objec
tives of highway transportation and one which is particularly sensitive relative to the 
objectives of highway transportation. 

REQUIREMENTS OF AN UNSERVICEABILITY CRITERION 

Since it is only feasible to estimate pavement unserviceability magnitudes indirectly 
through the use of a secondary variable, it is necessary to establish the requirements 
of this criterion in order to guide the selection of the most appropriate criterion. These 
requirements are as follows: 

----~1 .-'l'he-critetion_,,'llusLbC-Cbjectiv:e-unless-the-f.easible---Gl::ijaGti¥e-measuttls-assess----
only trivial attributes of the system. It is well known that subjective estimates are sus
ceptible to large systematic errors. 

2. The measurement technique required to establish magnitudes of the criterion 
must be operational for widely dispersed pavement sections and must provide estimates 
of pavement unserviceability that are universally applicable and invariant. 

3. The unserviceability criterion should reflect maximum sensitivity in discrimi
nating between unserviceability magnitudes, but should minimize the differences in the 
measure between individuals. 

4. The criterion measures should achieve at least interval measurement scale status 
because of the manner in which the measures are used in pavement design and evaluation. 

HUMAN RESPONSE MEASURES 

A fundamental problem in assessing human response to any type of stimulus is to 
establish exactly how human sensation magnitudes vary with intensities of the stimulus. 
It is not possible to measure sensory magnitudes directly and these must he e8tima.ted 
by observing an external verbal or symbolic response by a subject. In addition, the 
relation between these sensory magnitudes and the ability of an operator to perform a 
particular task is not well understood. Hutchinson (8) has pointed out that for concep
tual clarity exi8ting pRychnphyRical theory presupposes the existe!lce of f!. judgme!lt 
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continuum, paralleled by a sensory continuum, and through this relationship, the judg
ment or response continuum is also related to the stimulus continuum. 

Guilford (7) provides an exhaustive review of psychophysical scaling procedures that 
have been developed and used to establish functional relations between these continua. 
While they differ in detail, all psychophysical scaling methods may be considered as 
the combined effect on the response of a subject of an experimenter's operations of 
stimulation and instruction. Instruction refers to the response that is elicited from a 
subject, and the major differences in scaling methods are due to the difference in the 
response elicited and the particular methodology used. The present status of psycho
physical measurement and other techniques for measuring human response character
istics may be summarized as follows: 

1. It has not been rigorously established what behavioral observations of a subject 
constitute a valid measure of a subject's sensation. 

2. A variety of psychophysical scaling procedures have been developed for eliciting 
verbal reports from subjects, which all have as their objective the minimizations of 
distortions between the judgment and sensory continua. 

3. A number of relations have been generated between numerical estimates obtained 
in the above manner and the magnitudes of associated physical stimuli. However, the 
usefulness of these relations in predicting human behavior under general environmental 
conditions has not been adequately demonstrated. 

4. A number of recent investigations suggest that objective physiological measures 
of sensation may be developed in the future, but at the present time, little is known 
about their relation to human performance. 

5. The majority of recent work in engineering psychology has been somewhat more 
pragmatic. It has been oriented toward establishing decrements in the performance of 
a task by a subject when the subject is exposed to various levels of a particular stim
ulus. The task is either the real world task of interest, or some abstraction of the task 
that closely parallels it. 

HUMAN RESPONSE TO MOTION 

Human response to whole body vibration and motion has been assessed in the past by 
many criteria such as subjective tolerances, mechanical body response and the like. 
In this section, the implications of current knowledge on human response to motion are 
briefly reviewed. This knowledge and the previously established requirements for the 
unserviceability criterion are then used to select the most appropriate criterion. 

Mechanical Body Response 

When humans are subjected to motion, the vibrations first of all have a mechanical 
effect on the body. The magnitude of this mechanical body response depends on the 
dynamic properties of the body and the magnitude and nature of the motion. Physio
logical and psychological effects are known to result from the mechanical effects de
pending on the magnitude and duration of the motion. 

Coermann (4) suggests that one approach to the study of mechanical body response 
is to consider It as a complex system of masses, elastic elements, and viscous dampers. 
He has pursued these studies by measuring mechanical impedance. This is a technique 
that is used to describe the transmission of mechanical energy within a complex me
chanical system. Coermann has developed a mechanical analog of the human body 
(Fig. 2) which illustrates the natural frequencies of various portions of the body. 

Figure 3 illustrates some of Coermann's experimental observations in which the 
impedance is plotted against frequency for a subject in various situations. For purposes 
of comparison, the mechanical impedance of a 150-lb mass is shown along with the im
pedance characteristics of a simple one mass-spring system. The important features 
of these experimental results are the fact that the body responds like a pure mass at 
low frequency vibrations up to 2 cps and the high impedance at about 6 cps. 

The mechanical properties of the body cannot be viewed in isolation with respect to 
the problem at hand, and are only important with respect to the responses that they 
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Figure 3. Mechanical impedance of several systems. 

elicit. The significance of these findings will be discussed after the nature of subject 
response measurements is examined. 

Subjective Response 

A number of investigations have been undertaken in an attempt to assess the magni
tude and nature of subjective judgments to motion. Various subjective responses from 
the threshold of perception to the feeling of pain have been defined and used to classify 
these sensations to motion. 

Goldman (6) reviewed much of the early data and averaged response data from a 
number of investigations and has interpreted and classified information in terms of 
three types of subjective response: perceptible, unpleasant and intolerable. The results 
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Figure 5. Short-term subjective tolerance data. 

of his compilation are shown in Figure 4. 
A greaJ deal of variation is apparent in 
these trends as conveyed by Figure 4, and 
the relations must be considered to be in
dicative of general trends only. Goldman 
suggested that much of this variation re
sulted from variations in experimental 

procedures as well as the difficulties inherent in explicitly defining subjective response 
classes. 

More recent studies have been undertaken by Parks (11) and Magid (9). The impor
tant feature of both of these experimental programs was the reinforcement of Goldman's 
observations. 

Probably the most significant experiments are those carried out by Coermann (4) in 
which both mechanical body response and short time tolerances were measured simul
taneously. Figure 5 summarizes Coermann's data, and the findings of Parks andMagid 
are also shown in the graph. The information contained in this graph indicates the de
pendence of subjective tolerances and mechanical body response measurements. 

Stevens (14) has argued that for physical continua such as vibration and motion that 
involve changes in intensity, the sen~ory scale value S obtained from verbal reports 
is to a close approximation a power function of the physical energy p of a stimulus for 
a large number of stimuli 

(1) 

Stevens has shown that for a variety of modalities the exponent b is a reproducible 
quantity, while the parameter a depends on the units of both the physical and response 
scales. Stevens has suggested a technique of subjective measurement which has been 
used by Versace (15) to measure the subjective responses of passengers to automobile 
motion. It is a procedure in which a subject equates the apparent strengths of the sen
sations produced in two different modalities. Suppose that the values of two scales are 
p1 and P:!, and the subjective magnitudes are related to the physical stimuli by thepower 
functions 

c P2d 
(2) 
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and that cross modality matching is defined as meaning equal subjective values; that is, 
Pi = P2 if Si = S?. and 

(3) 

Consequently, if one of the power functions, say for pi, has been established in the 
laboratory for a particular subject, then the nature of the other power function relating 
S:i and P2 may be readily established from experimental cross modality data and Eq. 3. 

Versace (15) has reported some experimental results in which passengers were re
quired to adjust a continuous sound intensity to match their subjective estimates of the 
intensity of automobile motion generated by various road roughness configurations. 
While Versace has generated a limited amount of systematic data, the fundamental 
question that remains unanswered involves the meaning that can be attached to the verbal 
responses that a subject emits to a stimulus. This question is fundamental to all scaling 
procedures that rely on verbal reports. 

Tracking Tasks 

An alternate approach to assessing human response to physical stimulation is to 
measure the ability of subjects to perform various tasks when exposed to different in
tensities of a physical stimulus. The use of tracking tasks to measure human response 
has gained most impetus from the area generally known as human factors engineering. 

The conventional type of tracking task usually requires a subject to track some type 
of externally generated input function using a specific type of control mechanism in 
which the experimenter is interested. The control mechanism generates an output 
function, and the difference between the input and output function is usually referred to 
as the tracking error. The goal of the subject exposed to such a task is to minimize 
the tracking error under the various environmental conditions. 

While tracking tasks have been used extensively in an engineering context, they have 
never been defined other than by convention. At the present time, no adequate theory 
of tracking behavior exists, and the use of tracking tasks to assess human behavior re
mains an arbitrary procedure. However, their contribution lies in the fact that the task 
of the subject is the actual task of interest, or some task that closely approximates the 
essential features of the real task. In addition, these tracking tasks yield reliable data 
when they are executed under carefully controlled test conditions, and the measure
ments are objective. 

SELECTION OF CRITERION 

Each of these procedural classes for assessing human response was reviewed in the 
light of the previously established requirements for an unserviceability criterion in 
order to isolate the most appropriate criterion. A tracking task was selected for the 
following reasons: 

1. The primary task of the driver of a highway vehicle involves tracking; the opera
tor must react to a variety of stimuli such as pavement markings, signs and other ve
hicles to produce an ordered movement in his vehicle. 

2. The more sophisticated subjective estimate procedures that have been developed 
to minimize the influence of systematic errors on judgments depend on an ordered se
quential application of stimuli to a subject. This requirement excludes the use of these 
techniques for field experiments on dispersed pavement sections. 

3. The cross -modality matching technique provides a means for overcoming the 
problem mentioned in 2. However, the significance of these measurements can only 
be judged relative to their ability to predict changes in driver performance. 

4. Tracking la1::1k1::1 111 whit:h procedural variables have been properly selected can 
be used to assess human response on any pavement section independently of other pave
ment sections. 



5. Tracking tasks eliminate many of the systematic errors to which subjective 
estimate procedures are susceptible. 
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6. Subjective responses arise from the mechanical reaction of the body and tracking 
tasks measure a combination of mechanical response and the influence of sensory re
sponses on motor behavior. 

EXPERIMENTAL EQUIPMENT AND PROCEDURES 

The tracking task that was developed is shown in Figure 6. The mechanism consists 
of an electrically driven paper chart feed that can be easily mounted in a variety of 
highway vehicles. The input function is drawn on the chart paper, and each subject is 
required to track this input signal with a hand-held felt pen while attempting to null the 
tracking error. 

Adams (1) points out that the variables which influence human tracking behavior may 
be classified into two groups: task variables and procedural variables. Task variables 
concern those factors which are equipment centered, and relate to the physical attri
butes of the tracking task. The procedural variables relate to the human subject and 
involve such factors as instructions to the subject and the number of practice runs. 

Task Variables 

The first task variables established were those dealing with the properties of the 
input function. Morgan (10) has reviewed human tracking response characteristics as
sociated with step, ramp-:-sine and complex wave inputs. Human operators are most 
capable of tracking ramp input s with little error after a small amount of training. The 
most desirable frequency range for an input function is % to Y2 cps, and in view of the 
comments by Young (17) regarding the slope of the input function, a triangular wave 
form of 1. 2-cm amplitude, 30-cm wavelength, and a chart speed of 6 cm/ sec was 

Figure 6. Tracking device. 
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Figure 8. Arrangement of tracking task. 

selected for the input function. The prop
erties of the input function are shown in 
Figure 7. The selection of these input 
function parameters was guided by the 
previbusly established requirement that 
differences between the performance of 
subjects should be minimized. 

The tracking device was rigidly attached 
to the instrument panel of the test vehicle 
(Fig. 8). The tracking device was located 
opposite the front passenger seat, and 
positioned such that a subject's elbow rested 
on the arm rest of the door, and no contact 
existed between a subject's forearm and 
body. 

The felt pen was held by a subject at a 
point two inches from the felt nib and in 
the normal writing position. No part of the 
subject's hand was in contact with the track
ing mechanism and each subject was con
strained by a seat belt. The relationship 
of vehicle, tracking task and subject is 
shown in Figure 9. The test vehicle was 
a 1963 Pontiac Laurentian sedan. The ve
hicle speed during all test runs was main
tained at 60 mph. 

Direct tracking of the input signal by a 
subject, in preference to the use of an in
tervening control mechanism, was selected 
for two reasons. The first reason was to 
insure that human responses were not 
distorted by the response characteristics 
of any control mechanism. Second, Morgan 
(10) points out that a subject's motivation 
inthe execution of a task depends on the 
degree to which an operator exercises 
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Figure 9. General arrangement of subject, tracking device and vehicle. 

control over an output signal, as well as the speed with which an operator obtains feed
back on his performance. 

Procedural Variables 

Eight male university students were selected from the summer students employed 
by the Department of Highways of Ontario. The students were right-handed and their 
ages ranged from 20-25 years. The primary procedural variable examined concerned 
the orientation and training of subjects. 

A great deal of experience with tracking tasks has indicated that the abilities of sub
jects to perform a tracking task improve rapidly with training. Simple tasks performed 
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under good working conditions result in small performance errors that are reduced very 
little with practice. In complex tasks, performance ability may increase over a long 
period of time, but the majority of improvement will take place during initial practice 
sessions. 

The orientation and training program consisted of general instruction in the task as 
well as initial practice runs on pavement test sections. Two training test sections were 
established in the vicinity of Metropolitan Toronto and were similar in layout to the reg
ular test sections. Each subject was required to perform the tracking task during six 
trials on each of the two test sections. Previous studies carried out during the develop
mental period had revealed that performance ability became asymptotic at about 4 or 5 
test runs. 

Each pavement test section was 1500 feet in length and was preceded by a 1000-ft 
long initial section and succeeded by a 200-ft long runout section. The tracking task 
was activated belore tl1e total test section con1plex and each subject was inst1°ucted to 
commence tracking as the test vehicle crossed the start line. The subject performed 
the task for the complete 2700 feet. A .subject performed the tracking task at each test 
section three times in succession. To minimize the systematic errors associated with 
procedural influences (the time between test runs, tracking instability at the start of 
test runs and so on), a number of procedural precautions were taken. A subject's per
formance was only evaluated from his behavior during the second and third test runs, 
and tracking errors were scored only for the central 1500 feet of the test section layout. 

Ten pavement test sections were located throughout the Ontario provincial highway 
system possessing a range of roughness characteristics. The test sections were clus
tered in two groups of five sections. The pavements within each test section were lo
cated within a radius of about 10 miles so that randomization in the order with which 
test sections were traversed could be accomplished. The group of pavements at which 
each subject began his circuit of the test sections was selected randomly. Five ran
domly selected subjects repeated the task on all test sections. 

SCORING TRACKING ERROR 

Poulton (12) has examined methods of scoring tracking error and points out that two 
types of tracking error must be examined: errors of position and errors of timing. An 
error in position may be regarded as arising from an operator not reversing his track
ing action sufficiently quickly. An error in timing refers to the fact that the operator 
may reproduce the input function faithfully but the output function may be displaced by 
a constant amount. Figure 10 conveys the nature of these two error types. The prob
lem that arises in assessing tracking behavior is concerned with what error should be 
measured, and then how should the error be measured? 

Figure 10. Types of tracking error. 
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TABLE 1 

MEAN SQUARE TRACKING ERROR-REPLICATION NO. 1 

Subject Pavement Section 

No. 0 1 2 3 4 5 6 7 8 9 

1 2. 1 3.1 2.1 3. 2 1. 9 1. 9 1. 6 3.4 2.8 1. 7 46 . 7 
1. 7 2.9 2.1 3. 3 1. 3 2.1 1. 6 2. 8 3.6 1. 5 

2 2.0 2. 1 1. 8 2. 3 1. 6 1. 2 1. 9 3.4 3.9 1. 6 42.4 
1. 6 1. 9 1. 7 2.6 1. 6 1. 3 2.0 3.3 3.0 1. 6 

4 1. 3 2.7 2. 6 2. 8 1. 7 1. 2 1. 5 4. 1 2.9 2. 1 43 . 0 
1. 2 2.0 2.2 2.8 1. 6 1. 0 1. 3 3.7 2.6 1. 6 

5 1. 7 2.6 2.0 3. 5 2. 1 1. 6 1. 6 3.0 2.6 1. 5 45.1 
1. 4 3.2 1. 6 3.9 2.2 1. 8 1. 6 2.7 2.9 1. 6 

6 1. 6 2.7 2.3 2.2 1. 6 1. 6 1. 9 3.0 2.9 1. 9 46.1 
1. 6 2.7 2.2 3. 2 1. 4 2.2 2.0 3.9 3.5 1. 7 

7 1. 8 2.9 2.0 2.6 1. 9 1. 3 1. 6 3.6 3.0 2.3 46.2 
1. 8 2.9 1. 9 3. 2 1. 5 2.5 2.0 2.1 3.. 8 1. 5 

8 2.0 2.8 2. 1 3.4 1. 7 1. 4 1. 4 4.5 3.8 1. 7 50.2 
2.5 2.3 2.2 2. 7 2.0 1. 4 2.2 4.4 3.3 2.4 

9 1.0 2.6 1.4 2. 7 1. 3 1. 5 1. 4 3.2 4.6 2.1 45. 7 
1. 0 3.0 2.4 3.3 1. 6 1. 7 1. 9 3. 0 3.9 2.1 

26.3 42.4 32.6 47 . 7 27.0 25.8 27.5 54. 1 53. 1 28.9 365. 4 

Mean 1. 65 2.65 2.03 2. 98 1. 69 1. 61 1. 72 3. 38 3. 30 1. 80 45 . 7 

TABLE 2 

MEAN SQUARE TRACKING ERROR-REPLICATION NO. 2 

Subject 
Pavement Section 

No. 0 1 2 3 4 5 6 7 8 9 

1 1. 0 3.4 1. 6 3. 3 2.6 1. 5 1. 6 3.5 3.1 1. 4 43.9 
2.0 2.5 1. 6 2. 5 2.5 1. 0 1. 6 3.3 2.5 1. 4 

5 1. 4 3.2 1. 9 2. 6 2. 0 2.0 1. 7 2.8 2.2 2.0 42.5 
1. 4 3.0 2.2 2.9 1. 5 1. 5 1. 3 3.0 2.2 1. 7 

6 2.1 2.3 1. 9 3.5 1. 8 1. 8 1. 9 3.4 3.4 1. 6 47.5 
1. 9 2.7 1. 3 3. 2 1. 7 1. 5 2.0 4.2 3.9 1. 4 

7 1. 2 2.2 2.2 2. 7 1. 9 1. 6 1. 7 3.4 3.8 1. 9 48.1 
1. 4 2.9 3. 1 3. 6 1. 6 1. 5 2.0 4.0 3.7 1. 7 

8 2.2 3.5 1. 3 4.0 1. 8 1. 8 2.0 4.3 3.0 1. 7 52.2 
1. 6 3.7 2.0 3. 9 1. 9 1. 7 1. 8 4.6 3.4 2.0 

16.2 29.4 19.1 32. 2 19.3 15.9 17.6 36.5 31. 2 16.8 46.8 

Mean 1. 62 2.94 1. 91 3. 22 1. 93 1. 59 1. 76 3.65 3.12 1. 68 
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TABLE 3 

PRESENT PERFORMANCE RATINGS 

Pavement Section 
Rater 

0 1 2 3 4 5 6 7 8 9 

1 8.0 4.0 7.3 6.9 7.7 6.0 9.0 3.1 4.2 7.8 
2 8.9 6.2 6.0 6.3 7.0 7.5 8.5 3.6 3.9 8. 5 
3 8.0 4.6 6.6 4.8 6.6 4.5 7.2 3.6 5. 0 7. 8 
4 7. 9 6. 1 7.8 6. 8 7.5 6.0 8.0 4.0 5.0 7.0 
5 7.0 5.5 6.6 6.0 7.0 4.8 7.5 4.7 5.0 6.0 

'ln o '1<! A 'lA 'l 'ln o .,., 0 '10 0 An "I 1n n "l'l 1 'l '7 1 
""· u ""V• ":I ... ":II: ..... '-'Ve U uu.u .:..u. u "'%.V . £# .1..:1. v '-IVo .L U Io.&. 

PPR 8.0 5.3 6.9 6.2 7.2 5.8 8.0 3.8 4.6 7.4 

The major component of highway vehicle motion is vertical and in view of the com
ments by Poulton (12) on the response strategies of subjects, the mean square error in 
position was selected as a criterion of human performance . The mean square error in 
position was obtained by calculating the mean and mean square deviation within each 
half wavelength, and then correcting the mean square deviation to a zero mean devia
tion. The performance of each subject on each test run was expressed as the mean 
square error in position for the central portion of each tracking record. The raw track
ing scores for each subject on each test section are given in Table 1 and 2 for the two 
replications. 

SUBJECTIVE ESTIMATES 

The regular pavement rating team of the Department of Highways of Ontario also 
assessed the serviceability characteristics of each pavement test section according to 
the standard procedure of the Canadian Good Roads Association (2). This procedure is 
an adaptation of the AASHO Road Test procedure and it uses a ten-point rather than a 
five-point rating scale. The pavement ratings reported by this panel are given in Table 3. 

ANALYSIS OF EXPERIMENTAL RESULTS 

The tracking task described ear lier, which has been used to obtain measures of hu -
man response under the various environmental conditions , was based on the following 
premises: 

1. The human response measure is a reliable criterion and the major systematic 
errors to which the measurement procedure is susceptible have been removed by the 
selection of appropriate task and procedural variables. 

2. The measure of human response is a valid criterion for estimating pavement 
unserviceability. 

3. The human performance measure is systematically related to parallel measures 
of pavement roughness. 

The validity of these premises is examined in this and the succeeding sections of the 
paper. 

The mean square tracking errors listed in Table 1 were subjected to an analysis of 
vn.rin.nce and the results of this analysis are given in Table 4. This table shows that 
the source of variation in the mean square tracking error due to pavements is signifi
cant as well as the pavement x subject interaction. Table 5 contains the results of the 
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TABLE 4 

ANALYSIS OF VARIANCE TABLE-REPLICATION NO. 1 

Sources 
Sum of Degrees of Variance F 

Squares Freedom Ratio Significance 

Pavements 75.519 9 8.391 73.61 
Subjects 2.010 7 0.287 2.52 
Pavements x Subj . 14.949 63 0.237 20.8 
Observations 9.130 80 0.114 

Total 151. 36 159 

aSignificant at I percent level. 
bNot si gni ficant. 

TABLE 5 

ANALYSIS OF VARIANCE TABLE-BOTH REPLICATIONS 

Sources Sum of Degrees of Variance F Significance Squares Freedom Ratio 

Pavements 98.002 9 10 . 889 93.07 a 

Subjects 3.072 4 0.768 6.56 a - b Replications 0 1 
Pavements x Subj . 10.053 36 0.279 2. 38 a 

Pavement x Rep. 1. 344 9 0.149 1. 27 _b 

Subject x Rep. 0.604 4 0. 151 1. 29 _b 

Observations 11. 645 100 0.117 
Total 189.991 

aSignificant at 1 percent level. 
bNot significant. 

analysis of variance for both replications. To simplify the analysis, only the results 
common to the five subjects were included. This analysis also revealed that the sources 
of variation due to both pavements and subjects as well as the. pavement x subject inter
action were significant. 

It is important to note that both the pavement x replication and the subject x replica
tion interactions were found to be nonsignificant. The nonsignificance of these two 
sources of variation indicate that the systematic errors to which this type of experi
mental technique is susceptible have been removed by the appropriate selection of task 
and procedural variables. 

An important factor now arises in connection with the interpretation and use of the 
mean square tracking errors as estimates of pavement unserviceability. This involves 
the treatment of the sources of variation due to subjects and due to the pavement x sub
ject interaction. A requirement of the formulation is that it is necessary to be able to 
express the individual response measures on a common scale of measurement. 

Ghiselli (5) points out that under many circumstances measurements of human character
istics cannotutilize an absolute zero as a reference point and that equal differences in raw 
scores may not be indicative of equal differences in the traitbeing measured. Consequently 
the raw scores of individuals must be treated in some way so that the transformed scores can 
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TABLE 6 

STANDARDIZED TRACKlliG ERRORS-REPLICATION NO. 1 

Subject 
Pavement Section 

No. 0 2 ~ 4 t> ti 7 8 9 

-0.27 1. 10 -0 . 27 1. 23 -0.55 -0.55 -0. 96 1. 51 0. 68 -0 . 82 
-0.82 0.82 -0.27 1. 37 -1. 37 -0 . 27 -0. 96 0.68 1. 78 -1. 10 

2 -0 . 13 0 -0.79 0.26 -0.66 -1. 18 -0.26 1. 71 2. 37 -0 . 66 
-0 . 66 -0.26 -0. 53 0.66 -0.66 -1. 05 -0. 13 1. 58 1. 18 -0 . 66 

4 -1. 05 0. 58 0. 47 0. 70 -0. 58 -1. 16 -0.81 2.21 0.81 -0 . 12 
-1. 16 -0.23 0 0.70 -0.70 -1. 28 - 1. 05 1. 74 0.47 -0.70 

5 -0. 80 0.40 " '" 1.60 " n~ n no n no 0.93 0.40 -1.07 - u . "t:V -u, £.iU -u . .,.., - v ~ i:JV 

-1. 20 1. 20 -0. ()3 2. 13 -0. 13 -0.67 - 0. 93 0. 53 0. 80 -0.93 

6 -0.99 0.56 0 -0. 14 -0.99 -0.99 -0. 56 0.99 0. 85 -0. 56 
-0 .99 0.56 - 0. 14 1. 27 -1. 27 -0. 14 -0.42 2.25 1. 69 -0.85 

7 -0.69 0. 83 -0.42 0.42 -0.56 -1. 39 -0.97 1. 81 0. 97 0 
-0 . 69 u. 83 -0 . 56 1. 25 -1. 11 -0.28 -0.42 -0. 28 2. 08 -1. 11 

8 -0 . 61 0.20 -0. 51 0. 82 -0.92 -1. 22 -1. 22 1. 94 1. 73 -0. 92 
-0. 10 -0.31 -0.41 0. 10 -0.61 -1. 22 -0.41 1. 84 0. 71 -0 . 20 

9 -1. 31 0.30 -0.91 0.40 -1. 01 -0. 81 -0.91 0,91 2.32 -0 . 20 
-1. 31 0. 71 -0. 10 1. 01 -0 . 71 -0.61 -0.40 0. 71 1. 62 -0 . 20 

-12 . 78 7.29 -5.77 13.78 -12.09 -13.19 -11. 34 21. 06 20.46 -10.10 

Mean -0 . 80 0.41 -0 . 36 0. 86 -0. 75 -0.82 -0 . 70 1. 32 1. 28 -0.63 

TABLE 7 

STANDARDIZED TRACKING ERRORS-REPLICATION NO. 2 

Subject 
Pavement Section 

No. 0 2 3 4 5 6 7 8 9 

-1 4!1 1. 4~ -0. 72 1. 33 0. 48 -0 . 84 -0 . 72 1. 57 1. 08 -0 . 96 
-0.24 0.36 -0. 72 0. 36 0.36 -1. 45 -0. 72 1. 33 0.36 -0.96 

5 -1. 17 1. 83 -0.33 o. 83 -0. 17 -0. 17 -0.67 1. 17 0. 17 -0. 17 
-1. 17 1. 50 -0. 17 1. 33 -1. 00 -1. 00 -1. 33 1. 50 0. 17 -0 . 67 

6 -0 . 33 -0. 11 -0. 56 1. 22 -0 . 67 -0 . 67 -0.56 1. 11 1. 11 -0 . 83 
-0. 56 0.33 -1. 22 0.89 -0.78 -1. 00 -0.44 2. 00 1. 67 -1. 11 

7 -1. 32 -0.22 -0.22 0.33 -0 . 55 -0. 88 -0.77 1. 10 1. 54 -0. 55 
-1. 10 0.55 0. 77 1. 32 -0 . 88 -0.44 -0.99 1. 76 1. 43 -0.77 

8 -0 . 38 0.85 -1. 23 1. 32 -0. 75 -0 . 75 -0 . 57 1. 60 0. 38 -0 . 85 
-0.94 1. 04 -0. 57 1. 23 -0.66 -0.85 -0. 75 1. 89 0. 75 -0. 57 

-8.66 7.58 -4.97 10. 16 -4.62 -8.05 -7. 52 15. 03 8.66 -7.50 

Mean -0 . 87 0.76 -0. 50 1. 02 -0 . 46 -0. 81 -0 . 75 1. 50 0. 87 -0 . 75 

Grand 
Mean -0. 82 0.57 -0.41 0.92 -0 . 64 -0. 82 -0. 73 1. 39 1. 12 -0.68 
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be directly compared. Ghiselli points out that a convenient technique for observations 
of this type is to transfor!ll the raw observations into standardized variables. A stand
ard score expresses an individual's score in units that are given as standard deviations 
of scores of his group. The mean square tracking errors contained in Tables 1 and 2 
have been transformed into standard tracking errors with a zero mean value and unit 
standard deviation, and are given in Tables 6 and 7, respectively. The conversion of 
each individual's behavior to a common continuum assumes that the individual's units of 
measurement of behavior are made comparable by equating their variabilities. 

The subjective pavement ratings of Table 3 could also be transformed into standard 
ratings. However Guilford (7) has suggested that linearity assumptions are not valid in 
connection with ratings, particularly in respect to the central tendency effect. 

Ghiselli (5) points out that a useful numerical index of the reliability of an experi
mental technique is to compute the correlation coefficient obtained from separate ap
plications of the test. Correlation coefficients have been computed for the five subjects 
for which replicated data were obtained and these are 

Subject No. 1 5 6 7 8 

r 0. 80 0.85 0.97 0. 89 0.86 

The mean reliability index for the five subjects is 0. 87 indicating that the test-retest 
reliability of the technique is quite good. 

Sources of unreliability may arise because of several factors. A major source of 
unreliability is probably the instability of the test environment. Variations in the path 
and speed of the test vehicle, the influence of passing trucks and cars on the motion of 
the vehicle may all contribute to the random fluctuations in the test results. In addition, 
the performance of the individual being assessed will fluctuate as a function of the tem
porary variations in the state of the subject. Factors such as the individual's motiva
tion, emotional state, and susceptibility to fatigue may have an important influence on 
the stability of a subject's performance. 

It must be recognized that the tracking qehavior reported in this paper is for a rela
tively homogeneous group of subjects and for one type of highway vehicle. Consequently 
any generalization's of the experimental observations to a larger population must be un
dertaken with extreme caution. The use of a wider range of test subjects could be handled 
through standardization of their observed responses providing the linearity assumptions 
are still valid. Nevertheless the experimental program reported in this paper has in
dicated that the measurement technique is a reliable procedure for field conditions. 

COMPARISON OF SUBJECTIVE RATINGS AND TRACKING BEHAVIOR 

Figure 11 shows the relationship between the mean present performance rating and 
the mean st~ndard tracking error for each pavement section. The equation relating 
these two val-iables is 

PPR 6.307 - 1.352 T (4) 

where 

PPR mean present performance rating, and 
T mean standard tracking error. 

It is interesting to note that the relationship is linear at least for the pavements exam
ined in this investigation. It was previously mentioned that Coermann (4) observed an 
essentially linear relation between mechanical body response and reported subjective 
magnitudes in the low frequency range of vibration. In fact, Coermann suggests that 
relative displacements of the effective body mass can be calculated with sufficient ac
curacy from the mechanical impedance of the subject and then used to estimate subjec
tive tolerance. 

Figure 11 indicates that only two pavement sections, Nos. 5 and 3 differ greatly from 
the trend line. Test section 3 possessed a high degree of surface distortion although it 
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Figure 11. Present performance rating vs mean standard tracking error. 

was located on a highway whose overall geometric properties were quite good. Sec
tion 5, on the other hand, was located on a highway whose overall geometric charac
teristics were of a lower standard, and whose surface contained areas of cracking that 
did not influence the motion of the vehicle. These observations suggest that raters are 
influenced by their overall impression of the highway section, rather than solely by the 
attributes of the pavement itself. Hutchinson (8) has pointed out that this type of sys
tematic error, the halo effect, is a common source of distortion in subjective ratings. 
These observations on the presence of the halo effect are confirmed by the relations 
established in the next section between the human response measures and pavement 
roughness. Recent studies of pavement ratings reported by Yoder (16) have also indi
cated that significant systematic errors are present in pavement ratings that cannot be 
explained by the roughness characteristics of pavements. 

The previously described requirements for a pavement unserviceability demand that 
the criterion measures be scaled on an interval scale. Only when such a scale status 
is achieved is the calculation of an average human response valid. Implicit in the use 
of the mean standard tracking error is that this measure achieves interval scale status. 
Measurements on interval scales should remain invariant under linear transformations 
of the scale. The question remains as to whether the mean standard tracking errors 
would remain invariant under changes in the task variables and the use of a more het
erogeneous group of subjects. These questions can only be answered by further em
pirical investigation. 

A most significant problem that remains unanswered is under what conditions are 
equal increments in the mean standard tracking error reflected as equal increments in 
the underlying pavement ratings. Unfortunately, this question cannot be answered at 
the present time until a more fundamental understanding of human response to motion 
is developed and the appropriate varial.Jles uI the driver-vehicle system isolated. 

The apparent linear relation between the mean standard tracking error and the mean 
present performance rating implies that either criterion is equally valid as an estima
tor of pavement unserviceability. The criterion that is least sensitive to extraneous 
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environmental influences yet sufficiently sensitive to the influence of motions induced 
by pavement roughness should be selected. 

RELATION BETWEEN TRACKING ERROR AND PAVEMENT ROUGHNESS 

The roughness content of each pavement section was sampled by recording the outer 
wheelpath surface elevation profile at 1-ft intervals. The spectral density character
istics of each profile were examined and they indicated that the total variance charac
teristics of roughness amplitudes were sufficient to define the roughness content of a 
profile. Quinn (13) has pointed out that the longest wavelengths of interest to vehicle 
performance areof the order of 100 feet. 

The roughness content of each profile was expressed by sampling 100-ft long sections 
of the profile and fitting a straight line to the roughness amplitudes. The roughness con
tent of the short length of profile was expressed by means of the residual sum of squares 
divided by the number of pieces of data. Table 8 contains the calculated variances and 
the average variance for each profile. 

Figure 12 shows the relationship observed between the mean standard tracking error 
and the mean amplitude variance associated with 100-ft long segments of the profile; it 
indicates that a well defined linear relation exists between these two variables which 
may be defined by 

T 0. 038 R - 1. 732 (5) 

where 

T mean standard tracking error, and 
R = roughness amplitude variance >< 104

• 

TABLE 8 

VARIANCE OF ROUGHNESS AMPLITUDES 

Section Variance Estimates x 104 Mean No . 

0 24 , 2, 68, 22, 31 , 53 , 33, 2, 33 , 5, 27 

1 34, 23, 36 , 32, 147, 24 , 94, 44 , 55 , 114 , 56 
30, 41, 97, 41, 36 , 

2 13, 18, 10, 40 , 15, 112, 41 , 105, 41, 14, 37 
21, 2, 47 , 66, 28 

3 11, 73, 44, 19 , 16 , 28, 31 , 65, 247, 16, 72 
56, 210, 207, 33 , 35 

4 15, 54, 5, 11 , 11, 66, 25 , 59 , 14, 47, 27 
18, 5, 36, 21 , 16, 

5 52 , 11 , 4, 68, 16, 13 , 68, 8, 10, 27, 31 
12, 4, 53 , 97, 23 

6 17, 16 , 36 , 13 , 14, 8, 27, 9, 29, 84 , 23 
51, 10 , 15 , 24 , 8 

7 77, 122, 66 , 30 , 38, 56, 41 , 40, 134, 136, 83 
139, 60, 136, 95, 77 

8 46, 29, 15, 18, 113, 231, 43 58, 164, 41, 73 
47, 64, 71, 71 , 61 

9 3 , 11, 18, 16 , 63 , 35, 67, 8, 3, 54, 24 
4, 24, 35, 14, 123 
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For ease of description, the term R might be called the roughness amplitude variance. 
Eq. 5 was fitted to the data according to the least squares criterion. 

Figure 13 shows the relationship observed between the mean present performance 
rating and the roughness amplitude index. A linear relation has been fitted to the data 
and the equation of this line is 

PPR 8. 730 - 0. 053 R (6) 

where 

PPR mean present performance rating, and 
R mean roughness amplitude index. 

It has already been pointed out that the performance ratings associated with pavement 
sections 5 and 3 apparently contained halo effects. The presence of these systematic 
errors is confirmed by the relation shown in Figure 13. 

SUMMARY AND CONCLUSIONS 

1. The AASHO Road Test formulation of pavement unserviceability is based on the 
philosophy that the structural performance of a highway pavement can best be measured 
through a consensus of experts using a subjective rating scale as a basis for measure
ment. Several well-known systematic rating errors are known to distort ratings. 

2. The structure of the pavement rating scale is such that failure levels of unserv
iceability cannot be established independently of the serviceability unit. 

3. An examination of available knowledge on human response to motion suggests 
that a more rational and reliable approach to the measurement of pavement unservice
ability is to measure decrements in human tracking behavior. 

4. A portable tracking task has been designed which can be readily mounted in any 
highway vehicle. The task variables associated with the tracking technique were se
lected on the basis that differences in the ability of subjects to perform the task should 
be minimized by selecting a relatively simple task. The input function consists of a 
triangular wave form of 1. 2-cm amplitude, and 30-cm wavelength. The speed of move
ment of the input function is 6 cm/ sec. A subject is required to track the input function 
manually from a specified position in the test vehicle. 

5. Subjects can be readily oriented and trained in the task, and the observations 
obtained in this investigation indicate that the major systematic errors are removed 
after about 6 trials. 

6. A subject's performance can easily be measured by calculating the mean square 
error in position of his output and then transforming this to a standard tracking error. 

7. The relation observed between the standard tracking error and the present per
formance rating confirms the existence of halo effects in the subjective pavement ratings . 

8. A high degree of correlation was observed between the mean standard tracking 
error and parallel measures of pavement roughness. 

9. In the absence of a more complete knowledge of driver behavior and human re
sponse to motion the validity of the mean standard tracking error as a criterion of pave
ment unserviceability can be established objectively. However, the relationship of the 
standard tracking error to the subjective ratings and the support of previous studies of 
mechanical body response would suggest that the validity of this criterion is quite high. 

10. The reliability of this tracking technique, the ease with which the human re
sponse measures can be obtained for widely dispersed pavement sections, and the ab
sence of any major systematic distortions would suggest that this procedure, or some 
modification of it, could easily be adopted as a standard technique assessing human 
response to vehicle motion. 
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