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ABSTRACT

An experiment was performed in which two 
different dial designs were compared to see which type 
could.be read more accurately» One scale was a 
specially designed configuration scale with a specific 
methology for decimal reading of the position of the 
pointer on the scale. The other scale was a typical 
interval scale which required interpolation for decimal 
reading. The pointer was set very precisely to one- 
hundredth values of a marked interval on either of the 
two scales, while subjects read the dial to one-tenth 
values of a scale interval. the results of this 
experiment showed that the special configuration scale 
was superior to the interval scale for accurate reading



CHAPTER I 
INTRODUCTION

In any complex system involving both men and 
machines» problems arise as to how best to provide men 
with information needed about the system. A human operator 
needs information about the states of the machines he 
controls, and a human observer of the total system needs 
information about the output of the system if he is to 
evaluate the performance of the system and its components. 
The human takes this needed information in through one 
or more of his senses; therefore, the machine needs a 
devices to gather and translate the needed information 
into an output form that is perceivable by the human and, 
in fact, should attempt to form an optimal communication

l '' ’

link between the men and machine.
Such a device that conveys information about the 

states and outputs of a machine to a man can use any one 
or more of several sensory modes that the human being 
possesses. Vision is considered to be man’s most 
versatile sensory input channel because of the unique 
properties of the eyes that make them more suited than 
other sense organs for receiving the variety and complexity



of information needed by him. For this reason visual 
presentation of information is the method most commonly 
used in a device to provide a man with information about 
a machine. Such as visual device forming a communication 
link from machine to a man is called a display.

There are many forms of visual displays, the 
design for which is governed by the specific function or 
putpose of the display and the limitations or character
istics of the eyes. A common element found on many ' ‘
displays is a mechanical indicator which is commonly in 
the form of a dial. A dial is a specific type of. 
mechanical indicator constructed with a plate or disk 
upon which is a graduated scale and a pointer.

Reading is the process of interpreting the 
meaning of observed symbols or signs. While the term 
"reading” has many definitions, in this report "reading” 
will be restricted to mean the combined visual and mental 
activity of interpreting specific information presented' 
symbolically on a dial. Information can be in a variety 
of form, but usually has a numerical representation if a 
dial is to be.used for quantitative presentation. In 
Human Factors, considerable effort has been applied to 
the problem of designing a dial which symbolically 
presents numerical data in a form that can most easily 
and correctly be read by men.



Historically many studies have been performed to 
investigate the factors associated with the speed and 
accuracy of setting, reading, and checking dials on 
instruments. The purpose of all this work has been to 
reduce the errors of human operators using dials. This 
work was primarily initiated with the development of 
aviation and its important role in World War II. The 
design of instruments that-could be read quickly and 
accurately with high precision by airplane pilots became 
critical for the man and the aircraft to function as an 
affective systems

Some of the experimental work found in the 
literature deals simply with a comparison between various 
dials and meters to see which type could be read with 
the highest degree of accuracy and speed. Then more 
fundamental experimental work was performed to find the 
basic factors that influence, dial reading performance.



CHAPTER II 
HISTORY AND LITERATURE

INTERPOLATION
Kappauf (1951a) in a discussion of scale-reading 

habits listed most of the errors that can occur in reading 
dials. One of the most important reading errors by man 
--as well as a common error in dial setting--is the inter
polation. error.' Interpolation is the act of estimating 
the numerical value indicated by.the position of a pointer 
between two scale marks. Interpolation is an important.: 
requirement of most dial reading activity. This is 
because, whether the pointer falls on a scale graduation 
mark or between marks, the scale reader must decide how 
many significant figures he should retain in his reading. 
If a high degree of precision is not necessary then only 
a rounded-off approximation of the true setting will be 
needed, but if greater precision is required then some 
method of gaining this precision is needed.

These methods for gaining greater precision 
include the addition of vernier scales, the addition of - 
more lines within scale intervals, and interpolation.
For several reasons interpolation is the usual method 
used to gain precision.



Thus the reader of dials is normally expected to obtain, 
readings of greater precision than that provided by the 
graduation marks by means of interpolation. Because 
of the judgmental nature of interpolation experimenters 
have been' led to investigate the many possible factors 
that might influence the speed and accuracy of linear 
interpolation.

These experiments can generally be classified as 
looking at two aspects of the problem of interpolation: 
(1) dial design* and (2) human reading behavior,

DIAL SHAPE AND SIZE
Sleight (1948) studied the effect of various dial 

shapes on quick accurate linear scale reading. He found 
that a horizontal scale of restricted length was superior 
to circular, semi-circular or vertical scales for dial 
reading, Graham (1956) found that a horizontal scale was 
better also for.both speed and accuracy of dial setting 
when compared to circular and vertical scales. Both 
investigators noted the influence of other factors on 
performance of dial reading and setting which will be 
discussed later,

Kappauf; Smith, and Bray (1947), running a pre
liminary study on the effects of dial size, dial design, 
reader attitude9 individual differences* and reader 
practice* used drawings- of circular dials of three -



diameter sizes (2.8, 1.4 and 0.7 inches), they found that 
the speed and' accuracy of dial reading increased with a 
larger, more finely graduated dial, but individual 
differences and other factors were also important 
influences on performance. Grether and Williams (1949) 
and Kappauf and Smith (1950b) found from their work that 
dial size, as such, had no effect on interpolation errors 
if the design factors of graduation mark width (i.e. 
stroke thickness) and pointer width are held constant. 
Kappauf and Smith (1950b) concluded that experimental 
differences that occurred in the results between large 
and small dials with the same scale interval lengths 
were not due to dial size differences, but due to 
different scale graduation mark.widths. They found that 
dial reading time is decreased with increased dial size 
and with decreased scale numerical range (i.e. the number 
of major and minor graduation marks).

INTERVAL SIZE
One of the variables that might be a function of 

scale reading accuracy is the scale interval size, or 
the separation distance between scale graduation marks.
A number of different experimenters have investigated the 
effects of interval length upon the accuracy of inter
polation within the interval. Grether and Williams (1949) 
studied the influences of several design variables and



reading conditions— circular dial diameter, angular 
separation of scale divisions, and illumination conditions. 
They found that the relative errors of interpolation 
decreased as the graduation interval increased up to 
about 0.5,inches, then remained constant for larger 
intervals. ■ Relative errors are the errors of estimation 
expressed .as a percentage of the interval length. They 
found, however, that the absolute errors of interpolation 
increased very nearly as a linear function of the lengthI
of the marked interval. In their experiments they used 
a pointer of constant hairline width (0.094") for a 
range of Intervals from 0,32 to 1.309 inches. The results 
of their work appears to imply that the optimal scale 
interval for interpolation for reading in tenths of the 
interval at a viewing distance of 30 inches is 0.5 inches. 
Leyzorek (1949) also reported a critical interval of 
0.5 inches for circular scales. Kappauf and Smith (1950b) 
stated that the accuracy of interpolation between marks 
of a given width is dependent upon the size of the 
interval between those marks and essentially independent 
of other display design factors, such as the size, 
arrangement, or form of the dial display. Other 
investigators including Carr and Garner (1952) and 
.Baker (1954) confirm the finding that the error of 
estimating the position of a pointer between two markers 
(i.e. visual interpolation), decreases as the interval



increases up to'some critical interval beyond which no 
change in interpolation accuracy occurs.

Miller (1950) had subjects estimate in tenths the 
position of an inner line between two other similar 
lines. The three lines were, printed on a series of 
cards with the two outer lines separated at intervals of 
ls 2, 3, 5 and 10 mm. and with the inner line falling on 
various, exact tenths of the interval. He reports that 
individual differences among subjects were a far more 
significant factor in causing errors than interval size; 
and in-fact8. .could find no optimum interval length. He 
did find that subjects generally required longer reading 
time as the interval size decreased, but no decrease 
in absolute accuracy was noted and even appeared to get 
better with reduced interval, size. Levett (1952) in a 
series of experiments on.both setting and reading linear 
■dials concluded that results using Miller'8s printed • 
card technique were not necessarily the same as results 
found from using a real dial.

Ford (1949) studying various types of errors that 
can occur in dial reading found that smaller interval 
sizes produced mofe errors of confusion than large 
intervalsg but Kappauf and Smith (1950b) showed that the 
speed of dial reading is reduced when the number of mark 
intervals is increased. They also found that the number 
of reading errors increased as the numerical range of.



the' scale is increased, In other words, as more digits or 
graduation marks are added to a scale, reading time is 
increased and the likelihood of error is increased 
because of the increased complexity of the scale,

Kappauf and Smith (1950b), in a series of 
experiments looking at the effects that graduation schemes, 
scale ranges, and dials sizes have on dial reading errors, 
state that relatively simple scaling without fine scale 
subdivisions is more desirable for speed dial-reading 
because of the reduced clutter and confusion, but a simple 
graduation scheme is not necessarily the best rule to 
follow if subjects are permitted unlimited reading time. 
They recommended fine graduation schemes for the reduction

tof errors associated with interpolation. After a review 
of the experimental work of others, Kappauf and Smith 
(1950b) concluded that the accuracy of visual interpolation 
in tenths of the interval is at its best when the scale 
mark intervals are 0,5 inches or more for reading distances 
of 24 to 30 inches and a hairline stroke width (i,e, marks, 
were equal to .015 inches)« Kappauf and Smith (1951) 
reported minimum reading errors for an arc-length of

f
about 0,05 inches per scale interval, although the 
numbering scheme for graduation marks might influence 
this value. Their experimental work involved circular 
dials 2,8 inches and 1.4 inches in diameter which were
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photographed for various pointer settings; The subject 
did not view the actual dials but photographic prints.
The scale intervals on the dials ranged from 0.073 to 
1.76 inches in length with a constant pointer width 
of 0.12 inches on 2.8-inch dial and 0.06 inches on the 
1.4-inch dial. They not only noted that errors in scale 
reading were effected by interval size, but that the 
thickness of graduation marks had a minor effect.

Weaver (1954) reviewing the work of Backstrom 
reports that he found that the absolute accuracy of 
interpolation in tenths of an interval decreased when 
the size of the interval is longer than two millimeters. 
Carr and Garner (1952) used marked intervals which ranged 
in size from 0.5 mm. to 25.0 mm. in 13 steps with the 1 
three different marker and pointer widths (i.e. 0.1, 0.2, 
and 0.4 mm,). The subjects were to estimate the position 
of the pointer to the nearest hundredths of the interval. 
They found that' the average relative error of inter
polation (i.e. error measured as a percentage of interval) 
decreased as the size of the marked interval is increased 
up to 15 mm. were it becomes constant, but the absolute 
error is decreased as the interval is decreased even 
down to 0.5 mm. This supports the findings of Grether 
and Williams (1949). Leyzorek (1949) suggested that the 
absolute error is constant for marked intervals smaller 
than 0.5 inches.



Churchill (1956, 1959) in a series of experiments 
reported an optimal interval length of 1.0 to 1.5 inches 
which is three times longer than most other values * but 
in a later report$ Churchill (1960) suggested that an 
optimal interval for scale interpolation can only be 
defined in terms of other design factors such as pointer 
and marker width as well as viewing distance from the 
scale. The suggestion that viewing distance might have 
a direct effect on optimal interval length was contrary 
to Churchill's (1959) earlier work. Baker (1954) found 
that viewing distance had no effect upon interpolation 
accuracy for polar coordinates. Baker (1954) also found 
that the error of interpolation was constant for a range 
of scale-ring separation intervals from .25 to 4 inches 
and for viewing distances up to 40 inches from the polar 
coordinate scale. Baker and Vanderplas (1956) again 
using polar coordinate scales found that the errors 
of interpolation decreased as the number of scale rings 
increased, but reading time and gross errors also in- ■ 
creased. Cohen, Vanderplas, and White (1953) and Murrell. 
(1955, 1962) have reported that viewing angle is the 
factor that is really effecting accuracy of reading dials. 
As can be seen from this brief review of the literature 
with respect to the existence of an optimal scale interval
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for dials, there is considerable conflict of findings, 
Different, investigators have gotten quite different 
results by simply altering experimental conditions.

INTERVAL MARKERS AND POINTER
As mentioned several investigators noted that 

the width of the scale markers (i.e. stroke width) and 
the width of the pointer might have an affect on the 
accuracy of scale reading.

Kappauf and Smith (1950b) reported that the width 
of the markers had an influence on interpolation, but 
did not attempt systematically to investigate this one

H  91factor. Topmiller (1955) reports that Backstrom also 
noted some effect when scale marks of different widths 
were used. Backstrom used three different marker sizes 
(i.e. stroke widths 0.10, ,24, and .35 times that of the 
scale interval size) and concluded that the optimal 
width of a scale mark is one-tenth of the scale interval 
length. Wider or narrower widths than the optimal tend 
to increase.reading errors.

Carr and Garner (1952) concluded from their work 
that the width of the marker and the pointer affects 
interpolation accuracy only when the marked interval is 
less than 2.0 mm. and even this effect is slight 
compared to the effect the size of the interval.
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Topmiller (1955) examined more closely the effect 

of marker width upon linear interpolation than most of 
the previous studies that had looked only at marks of 
hairline and one or two other widths. Topmiller 
used six different slide-rule type scales each having 
exactly a ten millimeter interval between the two end- 
markSg but varied these end-mark widths (hairline, 1mm., 
2mm., 3mm., 4mm., and 5mm.). He used a hairline pointer 
for all six scale mark conditions. All subjects were 
instructed to set the pointer to various interval values 
after first being trained to use the slide-rule scale.

It M
Topmiller8s experiment was similar to work by Backstrom 
except Backstrom used readings from scales printed on 
cards. Backstrom required his.subjects to read to the 
nearest tenth of a two millimeter interval with the 
pointer set to the nearest hundredths of the interval. 
Topmiller (1955) on the other hand used ten millimeter 
intervals set to the nearest tenth of the interval by 
the subjects. Topmiller got different results from

91 Hthose reported by Backstrom. Topmiller reported that the 
wider the marker width, the greater the accuracy of 
interpolation for the constant interval used in his 
experiment. He found that the three and four millimeter 
marker widths were superior to the one millimeter width 
which corresponded to the recommended optimal width of 
Backstrom.



Churchill (1960) suggested that the various 
discrepancies between results for an optimal interval 
for interpolation might be explained by an analysis 
of the ratio of the pointer width to the scale~unit=width. 
He defined one scale-unit-width as equal to one-tenth 
the interval when interpolation is in tenths,. Churchill 
suggested that this ratio might be more - important factor 
than just scale interval size. In this experiment, he 
used three different interval lengths (0.5, 1.5, and
3.0 inches), three pointer widths (0.25, 1,0, and 4.0 
scale-units), and two scale mark widths (0.25, and 1.0 
scale-units). His conclusion was that pointer width of
1.0 scale-units (i.e. one-thenth the interval size) 
yields fewer errors ‘-than narrower or wider pointers. Also 
that the accuracy increased when both the pointer and ■ 
scale mark widths were one scale-unit width. These

It 99results were similar to those found by Backstrom, but did 
not agree with Kappauf and'Smith (1950b) who reported 
that interval size (i.e. separation between scale marks) • 
was the only factor that effected the accuracy of 
interpolation.

Even with the quite different findings in the 
scientific literature, the various human factors engineer
ing handbooks--Woodson (1954) and Morgan (1963)--make

: , - many specific design recommendations with respect to the
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many different problems related to vision and visual 
presentation of information. They recommend that dial 
scales be designed so that the human reading the dial 
can read it to the precision required for the given 
task, but to no greater precision than that which is 
actually needed. If possible scale interpolation between 
graduation marks should be eliminated, Kappauf (1951a) 
found that reading a scale to the nearest mark is 
preferable over, reading to an interpolated value from 
the standpoint of reading time and gross errors.

For normal illumination the following measurements 
are recommended for scales "designed to be read at a 
distance of 13 to 28 inches - Morgan et al. (1963);

1, The width of the major graduation marks 
should not be smaller than 0,0125 inches,

2, The separation distance between graduation 
marks should not be smaller than, 0,035. inches 
and this interval should always be at least 
as big as the graduation mark width for 
black marks on a white dial face,

3i The distance between major-scale graduation 
marks should not be smaller than 0,5 inches.
For low. illumination these minimum dimensions 
are larger.
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INDIVIDUAL DIFFERENCES

Most experimenters have found that the number of 
errors of interpolation in a given dial reading task 
varies greatly among subjects. Kappauf, Smith, and 
Bray (1947) after studying a number of factors important 
to dial reading accuracy concluded that subject differences 
were the principle factor for different numbers of errors 
between subjects. Leyzorek (1949) studying interpolation 
between scale markers on circular dials, and Miller (1949) 
studing interpolation between two lines both also found 
that individuals differ significantly in thei ability 
to perform visual interpolation. Miller reported that 
individual differences was a far more important factor" 
than interval size. Kappauf, Smith and Bray (1947) 
and Kappauf (1951b) found that if subjects, who are 
instructed to make speed rather than just-accurate 
readings, have a 301 increase in the number, of errors 
they make which implies that subjects9 reading attitudes 
are important. • ■ . ' ; '

BIAS
The position of the pointer on the scale has an 

effect on the accuracy by producing a non-random 
distribution of errors across the scale interval, A 
perceptional phenomenon causing bias has been noted by 
many investigators. Persons making repeated scale
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reading? do not use all final digits with equal frequency* 
but have a preference for certain digits even if all the 
digits (i.e. 0 to 9) are represented in equal numbers.
The, scale reader is interpolating in a non-random biased 
manner.

Chapanis (1947) found that the position of a point 
was.under or overestimated systematically with location. 
Bartletts Reed and Duvoisin (1949) using polar coordinate 
plots discovered that the accuracy of interpolation 
between scale marks is a function of the numbering system 
used. Miller (1950) found that some subjectsinter
polating between two lines, had a- small bias to read 4s 
and 3s as 3s and Is, and to' read 6s and 7s as 7s and Ss, 
but a.more apparent occurrence was that some subjects - 
.consistently overestimated values and some underestimated 
over the whole interval. Leyzorek (1949) noted this bias 
perception.phenomenon during his study on concentric 
rings. Miller (1950) reports Ba'ekstrom found that biases 
were a greater influence than random errors. Topmiller 
(1955) and Leyett (1952) found:,,,,a. tendency in subjects to 
think of Is, 2s, 8s, and 9s as being closer to the end. 
lines of an interval and 3s, 4s, 6s, and 7s as being 
closer to the imaginary center line of the interval. This 
bias trend remained consistent with respect to individuals 
oVer a series of readings. There were fewer errors 
.associated with- Is, 5s, and 9s than with other positions



which indicates that the ends as well as the unmarked 
center of a scale are more easy to judge. Chapanis 
and Leyzorek (1950) working with concentric rings to
simulate a radar screen found a tendency to read targets

>closer to the midpoint of the interval than the true 
position for intervals of one inch. It appears that the 
concentric rings caused an illustion that the target- 
point was more toward the center.than it actually was.
They also found as had Bartlett„ Reed, and Duvoison 
(1949) 'that certain scale numbering schemes were better 
than others. It is easier to interpolate intervals 
that are one unit or ten units in length, than intervals • 
that are two or five units long.

Kappauf and Smith (1950b) found no evidence of 
scale reading errors more likely to occur in one region 
of a circular scale than any other region.

Barber and Garner (1951) also discovered that there 
was an influence on reading accuracy due to the scale 
numbering system. In their experiments they used an 
interval twenty millimeters in length. They noted a 
central tendency which means, that the subjects used the 
middle as well as the ends of the interval as references 
and had fewer errors when dial reading at these reference 
points even when the middle was unmarked.



Kappauf (1951a) reporting on a 1913 paper by 
Bauch states that Bauch found that readers were biased 
in the direction of graduation marks when interpolating 
in tenths of the interval (i.e. the mid-interval numbers 
3 to 7 are reported less than the other digits). As 
has been noted, Bartlett, Reed and Duvoisin (1949),
Chapanis and Leyzorek (1950), and Barber and Garner (1951) 
all.found the bias away from the graduation marks.
Kappauf (1951a) attributes the conflicting results to 
different sizes of interpolation interval used by the 
experimenters. He concluded that bias is away from the 
ends and the unmarked middle for intervals over 0.25 
inch, but toward the end-marks and middle for shorter ■ 
intervals,. Kappauf also suggested that when digits are 
used with upequal likelihood in scale interpolation, this 
number perference is probably due to how the scale is 
graduated and to how close the graduation marks are apart, 
and not to a subjective liking of one digit over another.

Carr and Garner (1952) also found that subjects 
interpolate between scale markers differently for larger 
and smaller marked intervals. When the interval is longer 
than 7.5 millimeters, the ends and unmarked midpoint are 
used as references, but for shorter interval only the ends 
are used. Subjects also round-off their readings more 
for shorter intervals. Carr and G&rner found that subjects
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overestimated the pointer postion in the lower part of 
longer intervals and underestimated in the upper part, 
but for shorter intervals the reverse bias was true 
(i.e the pointer position is underestimated in the lower 
part of the marked interval and overestimated in the. 
upper)o' In other words, these results mean that subjects 
read toward the middle for long intervals, but toward 
the.ends for short interval interpolation,

Sehulbextand Jenkins (1956) investigating the 
effects of training on linear interpolation concluded . 
that bias could be corrected temporarily, but that the 
benefits of the training quickly faded with time,

Graham (1956) in' a study in which subjects were 
to read scales of different shapes after a brief exposure, 
recorded a greater number of errors at the ends of long 
horizontal and vertical scales than in the middle.
Peterson and Peterson (1963) concluded that this was 
not bias, but just reflected the fact that the ends of 
the scale require more reading time.

Sorenson (1962) studying the ability of subjects 
to estimate to the nearest tenth of the position of a line 
within an interval that ranged from two to four millimeters 
concluded that the most important influence on inter
polation is the position of the end-points of the interval. 
Decimal digits near the end of the interval were selected



at the expense of the values in mid-interval. All these 
findings imply that the problem of accurate dials in 
systems needs additional work especially in the area of 
the perceptual effect different scale^pointer designs 
have on dial readers„



CHAPTER III 
EXPERIMENTAL PROCEDURE

PURPOSE OF EXPERIMENT
The purpose of the experiment discussed in this 

thesis is to compare two dial designs to see which dial 
can be read more accurately when reading speed is not 
critical. The two dials have linear, horizontal scales 
and are identical in all respects, except for the design 
and specifications of the graduation marks on the 
scales. One of the two scales is used as an experimental 
control.

DESCRIPTION OF THE TWO SCALES
The experimental or C scale is one designed 

especially to increase the accuracy of reading values 
from a dial when the pointer is free to move and to stof> 
at any point on the scale (Weldon, 1965). On this 
scale.the unit marks-are specified as being precisely 
1/5 the width of the unit interval (see Figure 1). At 
the center of the unit interval is a shorter scale mark 
of exactly the same width. The dial pointer is specified 
to be precisely 1/10 the width of the unit interval. The 
relative positions of any one scale mark and the pointer

22 .
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can be arranged in five possible visual configurations:
1. pointer is left of mark; 2. pointer covers left edge 
of mark; 3,„ pointer is within mark; 4. pointer covers 
right edge of mark; and 5„ pointer is right of mark.
A methology for reading the C-scale to a high precision 
has been developed to be used with this pointer-scale 
configuration arrangement0 When the C-scale is used 
with its method for reading, the reader is required to 
make only two distance estimates. To distinguish between 
a reading of .2 and .3, or between .7 and .8 he must

t
•judge which of the two scale marks the pointer is closer. 
Otherwise, his task is to identify visual patterns or 
configurations formed by the pointer and scale. These 
configurations are assigned final decimal values with 
respect to the pointers position along a scale interval.
In other words the dial reading task is largely simpified 
from interpolation to identification. The experimental 
hypothesis is that this task of configuration identifica
tion will yield more accurate readings then the task of 
interpolation. Figure 1 shows an enlarged drawing of one 
scale interval of the C-scale. Superimposed on the scale 
interval are series of pointers labeled with their 
corresponding final,decimal values. Figure 1 shows the 
correct tenth of the interval (i.e. decimal) to 
associate with each pointer-scale configuration.



Pointer Positions

.0 .1 .4 .5 .7

.2____ 3

Unit Interval

.8

Figure 1
Method of Configuration Reading of C-Scale Decimals
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CRITICAL FEATURES FOR READING THE C-SCALE

The subjects reading the C-scale were instructed 
to use the following technique to determine the final 
decimal (i.e. tenth position of pointer within a marked 
scale interval) for each reading:

0. If the pointer falls within an interval end- 
mark, such that both edges of the mark protrude from 
under the narrower pointer, then the final decimal 
reading is .0,

1. If the pointer falls upon an interval end-mark, 
such that only the left edge of the mark is visible, 
because the right edge is covered by the pointer, then 
the final decimal is .1,

2. If the pointer falls between the left end- 
mark and the mid-interval mark, such that the white 
interval space between these two scale marks is visible 
on both sides the pointer, but the white space on the 
left side is less than on the right, then the final 
decimal is .2,

3. If the pointer falls between the left end- 
mark and the mid-interval mark, such that the white . 
interval space between'these two scale marks is visible 
on both sides of the pointer, but the white space on the 
right side is less than on the left, then the final 
decimal is .3,
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4. If the pointer falls upon the mid-interval 

mark, such that only the right edge of the mark is 
visible, because the left edge is covered by the pointer, 
then the final decimal is .4, ,

5» If the pointer falls within the mid-interval 
mark, such that both edges of the mark protrude from 
under the pointer, then the final decimal is ,5,

6, If the pointer falls upon the mid-interval • 
mark, such that only the left edge of the mark is visible, 
because the right edge is covered by the pointer, then 
the final decimal is .6,

7. If the pointer falls between the mid-interval 
mark and the right end-mark, such that the white interval 
space between these two marks is visible on both sides
of the pointer, but the white space on the left side 'is 
less than on the right side, then the final decimal is 
.7,

8„ If the pointer falls between the mid-interval 
mark and the right end-mark, such that the white interval 
space between these two marks is visible on both sides 
of the pointer, but the white space on the right side is 
less than on the left side, then the final decimal is .8,

9. If the pointer falls upon an interval end- 
mark, such that only the right edge of the mark is visible, 
because the left edge is covered by the pointer, then the 
final decimal is .9.



The control, or I-scale, could have been any 
customary scale with open intervals with the same inter
val unit as the C-scale. In the experiment the same 
pointer was. used on both scales and the interval marks 
on the I-scale were exactly 1/10 the unit interval.

CONSTRUCTION OF SCALES
The I-scale (see Figure 2 and Figure 4) is a linear, 

horizontal scale exactly 20 millimeters in total length.
It is divided into 10 intervals with graduation marks 
separated by 2 millimeters (measured from the center of 
each graduation mark). Graduation marks have associated 
numerical values stating at 10 on the left and increasing 
by one unit step to a value of 20 for the right most ' 
graduation mark. To read a value on the dial, the 
observer reports the numerical value associated with the 
nearest graduation mark to the left of the pointer and 
then interpolate the final decimal for the pointers 
position within a scale interval. The pointer and scale 
graduation marks have the same width, 0.2 millimeters 
which is one-tenth the size of one scale' interval. These 
sizes for scale widths reflect the recommendations 
mentioned in the literature for optimal accuracy of 
interpolation of scales.



28

10 20

Figure 2 
I-Scale

Figure 3 
C-Scale



The C-scale (see Figure 3 and Figure 5) is also a 
linear, horizontal scale exactly 20 millimeters in total 
length, and somewhat similar to the I-scale in appearance. 
It also is divided into 10 major intervals with major 
graduation marks every 2 millimeters. These major 
graduation marks have numerical values running from 10 
to 20 along the length of the C-scale. In addition to 
major graduation marks for unit intervals, there are also 
minor graduation marks which divide each scale interval 
in half. The pointer is the same pointer use with the 
I-scale, which is 0.2 millimeters wide. The major 
and minor graduation mark widths are 0=4 millimeters 
and thus are twice the width of the pointer. The 
separation distance between major and minor graduation 
marks is 1.0 millimeters (as measured from the center 
of each mark) or a separation distance of 0.6 millimeters 
measured from the left edge of one mark to the right 
edge of the next mark.

Accurate 20-inch drawings were made of both scales, 
then by a photographic process these 20-inch scales were 
reduced to 20 millimeter film copies. A series of copies 
for each scale of slightly varying sizes were made, so 
that the correct size of 20 millimeter for the entire 
scale could be selected once the film had dried. Mylar 
film was used for the copy of the scales because of its
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Figure 4
Dimensioned Section of I-Scale with Pointer
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Figure 5
Dimensioned Section of C-Scale with Pointer
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favorable properties. Mylar ..film has great dimensional 
stability,-, so that it will not alter its length, with the 
passage of time or with changes in temperature.

Both scales were fixed to a mirror which in turn 
.was fixed to a strip of metal. The mirror was used as 
a reader aid to reduce parallex problem associated with 
dial reading. The dial readers were instructed to read 
the dial with one eye and to align the true pointer with 
its image reflected off the mirror.

INSTRUMENT '
.To perform this dial reading experiment, a special 

instrument was constructed to make very accurate settings 
on the dials. It was housed in a wooden box with the . . 
dimensions of twelve inches long, nine inches high, and 
3,5 inches wide. On the front face or 12x9 side of the 
box was cut a small rectangular opening fitted with a 
recessed glass window through, which, the scales were . 
read. This recessed window is one inch long and 2.4 
inches high. Either of the scales could be correctly 
positioned behind the window for reading. The single 
pointer which was used with both scales, was independently 
mounted to move laterally across the window as will be 
described. The accuracy of setting was obtained by 
controlling the pointer with a 1/100mm micrometer.
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2.1

Window

1it

1 .6'

9" CD

1/ 2"

12"

Figure 6
Dimensioned Front View of Instrument



The pointer was positively controlled by the 
micrometer in the following way. The pointer was-fixed 
to a metal bar, which was sandwished between two grooved 
metal blocks. The bar when lubricated moved easily 
between the blocks without play. This allowed the 
pointer to move freely across the window but always in 
an accurately vertical position. The micrometer pushed 
the bar through the blocks against a spring load and 
thus controlled the pointer to ,01 mm, or ,00039 inches, 
when consistently set in one direction.

The two scales were photographically reproduced 
on mylar film so that the scale intervals under a 
magnifying glass were 2 mm wide, and each total scale of 
10 intervals was; 20 mm. The scales were fixed to a 
mirror with white cement which gave a sharp set of black 
lines on a white background. These mirrors were then 
fixed to a metal strip pivoted at one end so that the 
scales (i.e. Oscale and X-scale) could be swung in plac 
behind the pointer and the window. Because of the 
restrictive size of the window, when correctly aligned, 
only one scale could be viewed at a time.

With this arrangement9 any micrometer setting 
produces a corresponding unique scale and pointer read
ing for each of the two scales.
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Figure 7 
Labeled Back View of Instrument

1. Adjustable plate with two scales
2. Three lights
3. Viewing window and pointer
4. Grooved blocks and spring
5. Sliding bar
6. Micrometer •



Illumination for the instrument is provided by two 
light sources: (1) the over-head lights in the lab, and
(2) tĥ ree small, lights inside the housing arourid the 
window, •

CALIBRATION
In order to determine the correspondence between 

micrometer settings, to be made by the experimenter, and 
the precise position of the pointer along the two scales, 
to be read by subjects, it is necessary to calibrate the
instrument. Advantage was taken of the fact that certain

1 ■■ points on both scales can be read more accurately than
others; this is true of the points at the center of the 
interval marks and these points are also convenient. 
Calibration therefore was made at .these points. Micro
meter ' values for other dial settings were found by 
interpolation, upon the assumption that the relationship 
between the micrometer and the dial is linear. The 
calibrated values were also used to check on the stability 
of the instrument to make sure the proper relationship 
between micrometer and dial settings was maintained. The 
calibrated values are. shown in Appendix A, The calibrated 
values at the center of the scale marks were determined 
by using a bracketing technique. One person set the 
micrometer to the several values known to be close to a 
selected dial reading. These values were 1/100 mm apart.
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Another person using a magnifying-glass as an aid, 
reported the corresponding positions of the pointer on 
the scale whether high, low or closely on the selected 
mark. The resulting sequences of micrometer settings with 
their evaluation of "high", "low" or "on mark" provided 
a micrometer setting which positioned the pointer. These 
settings were repeated if there was any doubt or question 
until a stable calibration value was determined for a 
particular graduation mark on one of the scales. This 
process was repeated for all major graduation marks on 
one scale and then for all major graduation marks on the. 
other-scale. The viewer using the magnifying-glass reached 
a high degree of consistency in pin-pointing the central 
alignment of the pointer upon major graduation marks.
It can be seen (see Appendix A) that the calibration values 
are nearly linear with an increase of two units on the 
micrometer scale corresponding to a decrease of one unit 
interval on either of the scales which was the planned 
relationship. Interpolation then.provided micrometer 
settings for all the readings■shown in Appendix B,

Due to the resolution power and precision control 
the experimenter has over the pointer position through 
micrometer settings, it became-possible to set the pointer 
to any ,01 about ,005 of a scale interval. Although 
the subjects in the experiment had.the task of reading 
both scales to only one-tenth of an interval, to



38
simulate a free moving pointerp, all positions to one- 
hundredths of an interval were set during the course of 
the experiment (i.e. not just exact one-tenths of interval 
values).

NUMBERS
The dial readings used in this experiment were 

established by the following developmental process. The 
universe of one-hundred numbers from .00 to .99 were 
printed individually on one-hundred card. To each of 
these one-hundred decimal values was assigned one of 
seven units values from 12 to 18. This new set of one- 
hundred numbers was divided into two sets of fifty 
numbers in a random manner except for the following 
restriction:

1. every tenths place digit (i.e. .0 to .9) was 
represented an identical number of times in each set--- 
five times9

2 o every hundredths place digit (i.e. ._0 to 
. 9) was also represented an identical number of times 
in each of the two sets---five times.

The two sets of fifty different numbers printed on 
cards were ordered, such that no two consecutive numbers 
had the same units value. These, two ordered number sets 
were the dial settings to be read on both scales and 
were called Deck A and Deck B (see Appendix B).
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In order to set the micrometer properlys so that 

any one of the deck numbers- can be set on either of the 
two scales for reading, it was required' that these deck 
numbers be translated into their corresponding micro
meter values for each of the two scales. This translation 
was performed by interpolation of the calibration values 
for both scales for the one-hundred scale values. These 
translated values were the numbers set on the micrometer 
to. position the pointer on a given interval on a given 
scale to one-hundredths of that, scale interval.

SUBJECTS •
Thirty-two volunteers participated as subjects.in 

this experiment. These thirty-two subjects were randomly 
divided into two groups of sixteen individuals in each 
group (i.e..Group 1 and Group. 2). The subjects were all. 
males associated with the Systems Engineering Department ; 
of the University (i.e. upper-diyision students, graduate 
students, staff, and faculty members). - The subjects 
ranged in age from twenty up. While no eye tests were 
performed On the subjects, all subjects reported normal, 
average or better than average vision. A few subjects 
wore glasses. All of the subjects because of their 
engineering backgrounds had had previous experience 
reading and interpolating scales on slide-rules and other 
instruments. Some of the subjects had.had extensive



experience, in job situations -using dials. All subjects 
were fully informed as to the experimental procedure 
that was to be used. During the experiment, a relaxed 
and unhurried atmosphere was maintained, so that the 
dial reading task would simulate a typical work situation 
free of undue pressure. The subjects were free to talk 
and, in fact, were encouraged to make comments and 
suggestions.

PROCEDURAL OUTLINE ' •
Each of the thirty-twcs subjects, individually, 

read both scales (I and C) and all one-hundred different 
settings divided between the scales. A subject on his 
first run read one deck of fifty settings on one scale, 
then later on a second run read the other deck of fifty 
number settings on the other scale. The order of the 
numbers, within a deck (i.e. the sequence of presenting 
settings per run) remained fixed throughout the experiment 
for all subjects (see Appendix B). The order of present
ing the two decks of numbers was alternated among subjects 
as was the scales upon.which the decks were read.

The .subjects were divided into two groups, (i.e. 
Group 1 and Group 2) of sixteen subjects each. All 
sixteen subjects in Group 1 read the fifty numbers in 
Deck A on scale I and the fifty numbers in Deck B on 
scaip C, All sixteen subjects in Group 2 read the fifty
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numbers in Deck A on scale C and the fifty numbers in 
Deck B on scale I. Half the subjects in Group 1 (i.e. 
eight) ready Deck A on scale I first, then at a later 
time read Deck B on scale C. The other half of Group 1 
(i.e. eight subjects) reversed this order. A similar 
procedure was used with the subjects in Group 2. These 
procedural steps for the order of runs per group are 
shown in Table 1,

SPECIFIC DETAILS OF DATA COLLECTING PROCEDURE
One.subject at a time read the dial instrument.

The subject and the experimenter sat in chairs at opposite 
sides.of a table with the instrument between them. The 
instrument was placed on the. table at a height, such that 
the dial window was at about eye-level for a seated subject. 
The height remained fixed throughout the experiment for 
al$ subjects. The subjects had a straight-on view of the 
front of the instrument, but could not see the micrometer
settings and were given no information as to the settings

. . ' - '
being made or the accuracy'of their responses. The 
subjects were permitted free head.movement, and so viewing 
distance and viewing angles were not controlled. Subjects, 
however, were instructed to select their own most com
fortable viewing distance for reading the dial. While 
no actual measurements were made, it was observed by the 
experimenter that most -subjects read the dial at a distance
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Table 1
General Schedule of Experimental Controls

Group Number of 
Subjects

First Run Second Run

8 Read Deck A on 
Scale I

Read Deck B on 
Scale C

Read Deck B 
Scale €

Read Deck A 
Scale I

Read Deck B on 
Scale I

Read Deck A on 
Scale C

Read Deck A 
Scale C

Read Deck B 
Scale I

on

on

on

on
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of only three to six inches from the dial. Subjects were 
also instructed to minimize parallax problems by reading 
with only one eye (i.e, keeping one eye closed) and to 
align the pointer with its reflected image in the scale 
mirror so that viewing was nearly perpendicular to the 
dial fade. This freedom of head movement was permitted 
the subjects so that the deal reading task would more 
truly simulate a normal dial reading condition in a 
typical work situation.

Subjects were shown both scales and informed in 
general terms about the nature of the experiment (i,e,• 
to test the ease and accuracy of reading the two different 
type of pointer-seale configurations). They were next 
instructed how to read the particular scale to be used 
in the run. For the I-seale, subjects were told to 
read the unit to one decimal place by interpolating 
in tenths of the interval. For the C-scale* the subjects 
were taught the method.reported earlier in this thesis 
and instructed that they were to use this method and 
only this method for identifying the tenths decimal 
place for a given pointer setting.

After a brief training and instruction period, 
the experimenter went through the sequence of fifty 
numbers in one deck on one scale by setting the correspond
ing calibration numbers on the micrometer. The 
experimenter recorded all subject responses in tenths



of the interval until all fifty settings in a run.had 
been -completed with respect to one scale„ The second 
run by the subject using the other deck of fifty numbers 
on the other scale was run at a later time„ The average 
run time to read fifty dial settings on either scale 
was about half'an hour with wide individual differences 
with respect to reading time. There did not appear to 
be any correlation between reading time and dial reading 
accuracy, or between reading time and dial reading 
experience, but reading times were generally better .with 
the Oscal^, These are just experimenter impressions 
because no specific time measurements were made.



CHAPTER IV 
DISCUSSION OF RESULTS

RESULTS
The thirty-two subjects in this experiment each 

read to one-tenth of a given interval two different scales 
that had been set to one-hundredths of the interval by the 
experimenter. There were fifty of these readings per 
scale per subject. The subjects? exact response was. 
recorded and later scored as correct or in error depending 
on whether the subject rounded-up or down in the standard 
way (i.-e. round up for all values of __._5 or larger and 
round down for values below _o__5. Other possible error 
scoring systems would be some form of weighted errors 
depending on the specific scale setting-digits involved, 
but they were not used in this study. Total errors were 
then counted with respect to several possible influencing 
factors.

A total of 3104 readings were recorded for the 
thirty-two subjects (i.e. 1552 on each scale.) This 
breaks down to 49 settings per subject for Deck A and 48 
settings for Deck B---one setting (17.62) on Deck A and 
two settings (18.28 and 14.80) on Deck B were not counted 
due to calibration errors. Out of the 3104 readings a '

'- . 45 ' - 1
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total of 923 were counted as in error on the basis of 
the above mentioned criteria (i.e. standard rounding-off 
procedure from two decimal places to one decimal place). 
This means that about 341 of the readings were not 
accurate (see Appendix C).

To simplify the task of a statistical analysis of 
this data a number of assumptions were made about the 
possible factors influencing inaccurate dial reading 
performance.

1. It is assumed that the fifty numbers in Deck A 
are equivalent$ with respect to their use as settings in 
this experiment„ to the fifty numbers in Deck B. This 
appears like a logical assumption from the stand point 
of the way these numbers were sorted between the two 
decks. It is assumed-that number preferences were 
balanced-out, so that this is not an influencing factor 
that biased results. Total errors per deck (including 
both scales and both groups of subjects) were 400 out 
of 1560 readings on Deck A and 523 out of 1536 readings 
on Deck B (see Table 2). A chi-squared test on these 
values shows that there is a significant difference 
between Deck A and Deck B. This implies that the 
Decks are not identical with respect to their application 
in this experiment, thus the first assumption is not 
proven.
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Table 2

Contingency Table of Decks and Readings

Decks

Expected

Chi-squared Test

Readings 
Correct Error

A(49 nos.) 1168 400 1568

B(48 nos.) 1013 523 1536

2181 923 3104

1091 462

2 * C-62)2^(61)2
462

1091 462

2For one-degree of freedom ^  = 3.841
Therefor there is a significant difference between the
two decks.



2„ While there is significant differences between 
subjects with respect to their ability to read dials, it 
is. assumed that there is no difference between .the collect
ive ability of the sixteen subjects in Group 1 and the 
sixteen subjects in Group 2. This assumption again appears 
logical because the subjects were selected and grouped 
in a purely random manner< The total errors per subject 
(see Appendix G - Table 5) ranged from 18 to 44 out of 
a total of 97 readings per subject. The total errors 
per group (see Table 3) were 419 for Group. 1 and 504 
for Group 2 where each group read 1552 settings. A 
chi-squared test on these values shows a significant 
difference between the groups with respect to their dial 
reading ability.

3. It is assumed that there is no order effect 
within decks of numbers or between decks of numbers.
This assumption implies that no learning occurs as a 
subject progresses with a series of setting and no 
learning occurs from the first run of fifty numbers to 
the second. The subjects were not informed whether a 
particular readings was correct or not, also a period 
of a Jialf a day or more passed between the two runs 
for every subject. It was assumed that this procedure 
minimized any ordering effect. A chi-square test on the
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Table 3
Contingency Table of Groups and Readings

Groups

Expected

Readings 
Correct Error

1
(16 subjects) 1133 419 1552

2
(16 subjects) 1048 504 1552

2181 923
1091 462.

Chi-squared Test

X2 s, (42)2»i 
1091

(-43)2»(42)2
462

3613 . 3613 •
1091

For one»degree of freedom X

461

2 = 3,0,05
Therefore there is a significant difference between the 
two groups.
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relationship between trial orders and readings (see 
Table 4)„ shows no significant difference between the 
first run and the second run,

4, It is assumed that there is no interaction 
between these various factors., so that the above factors 
are all independent of the.number of errors in reading 
and independent of each other. Because of the nature
of these factors and the procedural balance, the assumption 
of no confounding appears to be logical,

5, It is assumed that the nature of the two 
different scales is the primary influencing factor on 
dial accuracy, so that the number of. reading errors is 
direptly dependent on the particular scale used, A total 
of 598 errors were made by the subjects on scale I and 
325"on scale C with a total of 1552 readings made on each 
scale, A chi-squared test was applied to the two-by-two 
contingency table for these values to test the null 
hypothesis that the accuracy of ieading the two scales 
was the same (see Table 5), The test yields the results 
that this hypothesis should be rejected. This implies 
that, scale € is significantly better than scale I, The 
assumption that the two Decks and two Groups were nbt 
significantly different could not be proven, but the 
significance between scales remained within each Deck's 
results and each Group's results when analyzed separately.
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Table 4

Contingency Table of Trial Orders and Readings

Readings

1091 462

25 25

Correct Error

Order
First Run 1087 465 1552

Second Run 1094 458 , 1552

2181 923 3104

Expected 1091 462

Chi-squared Test

X2 . (-0;t(,u2 * C3)2^ :-4)2

1091 462
2For,one-degree of freedom X Q 3,8410,05

Therefore there is no significant difference between the 
Trial Orders,



Table 5

Contingency Table of Scales and Readings:

Readings 
Correct Error

c 1227 325 1552

I , 954 598 1552

2181 923 3104
Expected 1091 462

Chi-squared Test

X2 - (136) 2-»(-137) 2  ̂ (-137) 2»(.13.6)2 
1091 462

. 37265 * 37265 A 84
1091 462

2For one-degree of freedom = 3.841

Therefore there is a major significant different between 
the scales.



A chi-square test on high and low errors with 
respect to each scale showed no significant difference 
between these type of errors on the C-scale, but 
significantly more low errors on the I-scale. .A total 
of 178 high errors and 147 low errors were recorded 
for the C-scale, but on the I-scale, 126 high errors 
were made by the subjects and 472 low errors. This 
bias on the I-scale toward low errors could not be 
explained by a re-evaluation of either calibration and 
checking procedure, or data-taking procedure.

■ The errors are grouped with respect to various 
factors, in Appendix C - Tables 6, 7, 8 and 9. • These 
tables show that while group and deck influence may, 
effect errors, the C-scale produced few errors than the 
I-scale no matter how the results are analyzed.

All subjects were questioned after reading both 
scales. In general, they stated a preference for scale-C 
over scale-I. They thought the methology developed 
for scale-C made it easier to read (i.e. required less 
time and less concentrated judgment) than interpolation 
on scale-1, A number of subjects noted a possible bias 
on scale-C due to the variation in the heights of graduation 
marks 1 It was felt that this caused a visual illustibn 
that the pointer was closer to the higher mark than might 
be true.



CONCLUSION
Previous experimental work reported in the 

literation on the factors influencing dial reading per
formance are filled with conflicting results. The 
experimental work reported in this thesis indicates that 
a configuration scale presenting a patterns for identifi
cation is preferable for dial reading than a scale that 
relies solely on interpolation. These results were 
determined by comparing the readings on an experimental 
scale (scale-C) with the readings on a control scale 
(scale-I), A statistical analysis using chi-square tests 
produced the conclusion that the C scale is significantly 
better than I scale.



APPENDIX A

Instrument Calibration Values

Pointer-Seale Micrometer Setting When Reading
Setting on C
or I Scale C-Scale I-Scale

12 o 00 19.37 19o 40
13 o 00 17.38 17.40
14.00 15.38 15.41
15.00 13.39 13.42
16.00 11.38 11.42
17.00 9.38 9.42
18.00 7.38 7.41
19.00 5.38 5.40

55



APPENDIX B

Values set on scale to be read to nearest decimal*5

Number Deck A Number Deck B
18,98 15,74 18.28
17.09 14.17 16.33
18.56 15.81 18,14
17.34 14.59 17.06
18.07 13.72 16.12
16,19 14.66 17.48
18.77 12.29 18,99
16,89 14.38 17.69
18.42 12.85 18.63
16.96 14,24 16,47
18,49 15.53 18,84
17.41 13.44 17.76
18.91 15.04 16.40
16,75 13.93 18.35
17.62 12.08 16.61
16.29 13.02 18.21
17.13 12.78 16,05
16.68 13.30 17.97
17.20 12,57 16.82
15.32 13.23 17,27
17.83 12,36 18.70
15,11 13.51 16.54
14,45 12.00 17.55
15.60 13,65 14,73
14.81 12.15 15,67

&Shown in order presented to subjects.

14,03
15,46
14,31
15,95
14,52
15,88
14.10
15,18
14,80
15,25
14,94
12.01
15,39
12.50
13.09
12.22
13.37
12.71
13.86
12.92
13.58
12.43
13,79
12,64
13.16
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This is the data recorded for the thirty-two 
subjects for all one-hundred dial settings« This data 
is presented in a series of tables for the various 
experimental conditions of Decks, Scales» Readings, 
Subjects„ Trial Order, and Groups„ Only errors are 
recorded where L « low round-off error and Hs high 
round-off error. The last tables are a summation of 
these recorded error scores on a group basis.

All errors are recorded for decimal readings 
missed by one-tenth of a scale interval except a 
few errors of two-tenths of a scale interval which 
were counted as two errors = Errors in reading whole 
numbers were not recorded. All readings are
denoted with a star in tables. Crossed-out readings 
were omitted from analysis.
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APPENDIX C
Table 1

Errors Per Subject Per Reading6
Readings Run 1 Run 2
Subjects 1 2  3 4 5 6 7 8 9 10 11 12 13 14 15 16
18.98 I L L

.91 H H

.77 L L L

.56 H I L L L  L' L

.49 L I , L L- L L

.42. L L I L L L L

.07 L L L L L L
17.90 H L

.83 H H H H H H

.62

.41 L L  L L  L L L L L  ' L

.34 L H

.20 L L

.13 L L
16.96 L L L ■ L ' L L L L

.89 L L L

.75* • L L L L L L

.68 L H H L L H L

.26 L L L L L L L L  L L L  L L L

.19 L L L  H 2L
15,.'81 H L L

.74 H H H H H H H

.60 H

.53 H H

.32 L L L

.11 L L L  L

.04
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Table 1 Continued
Readings
Subjects 1 2

Run
3 4

1
5 6 7 8 9 10

Run 
11 12

2
13 14 15 IS

14.87 . L L L L L L
. 66 H L L L L L L
.59 H
. 45* L L L L L L L L , L L L L L L
.38 L L L , L L L L L L
.24 H H H H
.17 L L L L L L L

13.93 H H H
.72 H
.65* L L L L L H L
.51 L L
.44 L L L
.30 L L H L L L
.23 L L
.02

12.85* L L L L L L L L L L
.78 L L i
.57 I L L
.36 L L L L L2L L L L L L L 2L L L
.29 L L L L L L
.15 L L L L L L L L L L L
.08 L L L
.00

L« Low Error H= High Error
by rounded-off tenths place

^Conditions
Deck A 
Scale I 
Group 1
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Table.2
Errors Per Subject Per Reading* .

Readings Run 1 Run 2
Subjects 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
18.98

.91

.77

.56
,49
.42 ■
.07

17.90
.83 H H H H H H H  H H H H H H H H H  
"r&S"
.41
.34 H H H H H H H  H H H H H H
.20 H H
.13 H H H

16.96 L L L  L L L L L  L L
.89
.75* L L L L L
.68
,26 L L
,19

15.81 H H H
.74 H H H H H H
.60 H
.53 H H H H H H  H H H H H
.32 H H H H H H H H H H
.11 H
.04 H H H H  H H H H  H H H H H
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Table 2 Continued

Readings Run 1 Run 2
Subjects 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
14 o 87

o 66 L L  L L L L L L L L  L ■
.59
,45* L L L L L L L L L L L L
o 38
.24 H H H H
.17 L L L

13,93 
.72
.6S& L L L L L  L L L L  L L
.51 H
.44
,30 H L H H
.23
.02 H H

12.85*
.78
.57
,36 L
.29 L
.15* L L L L  L L
.08 L
00'

L® Lois? Error H® High Error
by rounded-off tenths place

^Conditions
DBck A 
Scale C 
Group 2
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Table 3

Errors Per Subject Per Reading*

62

Readings Run 1 Run
Subjects 1 2  3 4 5 6 7 8 9 10 11 12
18.99 L

o 84 H H H H H H H H  H H H H
.70
.63
.35* L 
rM-
.21
.14 H H

17.97 L L L L
.76 L
.69 
.55*
.48 L 1 L ■
.27 L L ' H
06

H H H H

H H H H H H H H  H H H H  
L L L

H H H H H H  H H

L L L L L L L L  L L L L

L L L L L L L L  L L
L L L L L L L L  L L

L L L L L  L L L
L L L

2
13 14 15 16 

H H H H  

H

H H

L

H

H H H H
L

H H 
H H H

L L L L

L
L L L L  

L L
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Table 3 Continued

Run 1 - Run 2
1 2 3 4  5 6 7 8  9 TO 11 12 13 14 IS

H

H H
L H H  H H H H  H H H
H

H
H H H  H H  H H H H H H H

L

L
L L L L L

H

L L
H H H H H

H

Ls Low Error H® High Error
by rounded-off tenths place

^Cohdi&lons
Deck B 
Scale € 
Group 1
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Table 4
Error Per Subject Per Reading*

Readings Run 1 Run 2
Subjects 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 3:
18 o 89 L L L

.84 H H H H H H H H H

.70 H H L

.63 H H H H H H H H H

.35* L 1 L L L L L L 2L L 2L L L L 2L L

.21 H H H H H H H H H H 2H H H H

.14 H
17.97 L L L L L L L L

.76 L H L L
' .69 H L
. .55* L L L L L L. L ■ L L L
.48 L L L L L L L
.27 L L 1 L L\ L L L L L L L
.06 L L L L L L L L L L L L L

16.82 H H - H H
.61 H H H H
,59 H H H H
.47 L L L L L L L L L L ,L L L
.40 L L L L L L L L L L L L
.33 H H L H
.12 -L L L
.05* L L L L L L L L L L L L L L L L

15.95* L L L L L L L L L L
.88 L L L L L L L
.67 L L L H L
.46 L L L L L L L ■ L L L L L L 2L 1
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Table 4 Continued

Readings
Subjects 17 18

Run 
19 20

1
21 22 23 24 25 26

Run 
27 28

2
29 30 31 32

15.39 L L L L L L L L L L L L
. 25* L L L L L L L L L L L L L
.18 L L L L L L L L

14.94 H H H H H
7-8-6-

.73 H H H H H H H H H

.52 H L

.31 L L L L L L L L

. 10 L

.03
13.86 , L L L L L L L L L

.79 H H

.58 H L

.37 L L. L L L L L L L L L L L L L

.16 L L L L L L L L L L L L L L

.09 L
12.92 H H H

.71 H H L H L

.64 H H H H H H H H H H H

.50 L L L L L I L L L L

.43 L L L L L L

.22 ' L L L
.oi

^Conditions
Deck B 
Scale I 
Group 2

Low Error Hs High Error
by rounded-off tenths place



66

APPENDIX C
Table S'-.

Total Errors Per Subject

Group 1 Deck A Deck B Total
Errors

1 14 11 25
2 17 11 28
3 ..6 14. 20
4 : 14 11 25
5 10 10 20
6 30 14 44
7 16 7 23
8 20 11 31

127 89
9 16 11 27
10 16 7 23
11 17 16 33
12 10 8 18
13 11 9 20
14 20 10 30
IS 9 12 2.1
16 21 • • 1.0.. 31

120 83
247 172
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Table 5 Continued
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Group 2

17
18
19
20 
21 
22
23
24

25
26
27
28
29
30
31
32

Deck A Deck B Total
Errors

7 25 32
7 21 28
9 19 28
4 21 26
16 19 35
9 22 31
10 22 34
9 24 33

71 173
1.2 25 37
13 25 38
9 31 40
7 17 25
7 18 25
11 20 29
14 24 38
9 . ' 18 27

82 178 504

153 351

419
504
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A on I 
Group

B on I
Group

APPENDIX C 

Table 6 Grouped Errors

Error
1
Run 1 (sub-group 1)

HE
23

LE
104

Total
127

Run 2 (sub-group 2) 15 105 120
Total Error 38

247

209

Table 7 Grouped Errors

2
Run 1 (sub-group 3)

Error
HE
44

LE
129

Total
173

Run 2 (sub-group 4) 44 134 178
Total Error 88 263

351
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A on C 
Group

B on C 
Group

Table 8 Grouped Errors

Error 
HE LE

Run 2 (sub-group 3) 39 32
Run 1 (sub-group 4) 50 32
Total Error 89 64

153

Table 9 Grouped Errors

Total
71
82

Error
HE LE Total

Run 2 (sub-group 1) 37 52 89

Run 1 (sub-group 2) 52 31 83
Total Error 89 83

172
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