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CALIBRATION OF SIXTY-FIVE 35-YELLOW LOVIBOND
GLASSES 1

By Irwin G. Priest, Deane B. Judd, K. S. Gibson, and Geraldine K. Walker 2

ABSTRACT

This report deals with 65 nominally 35-yellow Lovibond glasses collected from

members of the American Oil Chemists' Society, submitted to the Bureau of

Standards in August, 1927, by H. P. Trevithick, and identified by AOCS numbers

engraved on the glasses. It is understood that Mr. Trevithick has a key to these

numbers showing the ownership of each glass.

The fundamental standard to which the values here reported are referred is

contained implicitly in a particular set of glasses obtained directly from the

Lovibond establishment (The Tintometer (Ltd.)) in 1912, kept at the Bureau of

Standards, and designated as B. S. 9940 for purposes of identification. The

units of the red and yeUow scales effective in the present calibration are as derived

from this set of glasses by Priest and Gibson in 1927 after adjusting the incon-

sistencies among the different glasses in the set.

The data reported include, for each glass: (1) The equivalent in terms of

standard Lovibond yellow and red; (2) the sunlight transmission.

Explicit directions are given for using the equivalents in practice. Special

comments are made on seven glasses having strikingly abnormal transmissions or

badly marred surfaces. Also, to aid in the possible identification of the origin of

the glasses, detailed information is given as to engraved marks found on the

glasses, thickness of the glasses, and character of the edges.

The average equivalent for all of these glasses is 32.3 yellow 0.17 red. The

average sunlight transmission is 3.5 per cent higher than the transmission adopted

as standard for 35 yellow. It is, however, only 0.6 per cent higher than the

standard transmission proper to the average yellow numeral (32.3) found for

these glasses, which shows that, in the average, the data for sunlight transmissions

i This is one of a series of papers dealing with standardization of Lovibond glasses by the Bureau of Stand-
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1. Gibson, Harris, and Priest, A Spectrophotometry Analysis of the Lovibond Glasses, B. S. Sci. Paper
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and yellow-scale numerals are in accord. The maximum errors found in the

collection are:

Yellow numeral : About 7

Red numeral..: .1? About 0.3

Sunlight transmission- _ .— !'_ About 14 per cent

The sunlight transmission of one of the glasses (AOCS No. 125) is quite remark-

ably higher (12 per cent) than the standard transmission for 35 yellow. The
sunlight transmissions of six glasses (AOCS Nos. 27, 31, 41, 97, 125, and 131)

depart notably (9 to 14 per cent) from the transmissions proper to the yellow

numerals assigned to them in this calibration.

It is clear that the average equivalent of these 65 glasses is not in precise

accord with the standard 35 yellow derived by Priest and Gibson from the

Bureau of Standards set (B. S. 9940) obtained from the Lovibond establishment.

On the other hand, the discrepancy is certainly not more than two or three times

the least difference perceptible with certainty by the best observers under the

most favorable conditions of observation. The idea occurs that it might seem

reasonable to adopt the average as standard instead of the standard which has

been adopted. There are, however, grave objections to this proposal, as explained

in the report.

Of course, if their own average were taken as standard instead of the standard

arbitrarily adopted, the " errors'' for most of the glasses would be notably

decreased. With a very few possible exceptions, the uniformity of these glasses

is quite as good as could be required or expected in order to comport with the

purposes and methods of use for which they were intended by the makers. The
irregularities found and reported here have only been discovered by methods

of observation greatly exceeding in sensibility and accuracy the methods of color

matching contemplated by the makers, and the methods actually used by the

oil chemists in grading oils.

The surfaces of three glasses (AOCS Nos. 41, 97, and 119) were so badly

marred that it might seem advisable to discard them. With the possible excep-

tion of these badly marred glasses, all of the glasses are considered fit to be

regarded as equivalent to standard 35 yellow under the present customary

conditions of grading oils. The point to this recommendation is not that the

glasses are perfect from the point of view of precision calibration, but that the

errors found are negligible in comparison with the uncertainties inherent in the

customary methods of using the glasses. When more reliable and precise methods

of grading are adopted, it will be in order to consider using the precise equivalents

which are given for each glass. Of course, even under present conditions, the

glasses which approach more nearly standard 35 yellow may perhaps be regarded

with somewhat greater satisfaction and respect by those who use them. The
detailed data given in Table 1 of the report will enable such glasses to be identified.

An outstanding result of this investigation is the conclusion that the discrepan-

cies of color grading which have troubled the oil trade can not be charged to lack

of uniformity among the 35-yellow glasses. The sources of these troubles are

rather to be sought in the following factors:

1. Unstandardized, nonuniform, and insensitive methods of comparing the oil

samples with the glasses.

2. Grading of oil by observers having abnormal color sense or low power of hue

discrimination.

3. Errors in the red glasses.

It seems just to assume that this rather large collection of glasses constitutes a

fair sample of 35-yellow glasses issued by the Lovibond establishment and in use

in the oil trade in the United States. If this be admitted, it seems superfluous to
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test individual 35-yellow glasses further under present conditions. The chance

of finding one with an error great enough to be of consequence in comparison with

the other uncertainties just mentioned is very small. After the above-mentioned

sources of error have been eliminated in nractice, it will be due season to recon-

sider the calibration of 35-yellow glasses u it then appears necessary. In the

meantime it may well be considered legitimate to accept on faith the 35-yellow

glasses as issued by the Lovibond establishment,
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I. DESCRIPTION OF GLASSES

These glasses were submitted by H. P. Trevithick, president of the

American Oil Chemists' Society, in August, 1927. They are to be

identified by the engraved initials, AOCS, followed by a number
which refers to the individual glass, as shown in Column I of Table 1.

It is understood that nearly all of these glasses were collected from

members of the A. O. C. S., and that Mr. Trevithick has preserved a

key by which the ownership of each glass can be found from its

identification number. Nearly all of these glasses had been in use

for some time. Very few new glasses were included. Engraved
marks found on the glasses have been carefully noted and are cited as

precisely as possible in Column IX of Table 1. It will be noticed

that there are four distinctly different styles of labels and many
minor variations. As further information, which might be of interest

and possible service in resolving questions as to the origin, age, and

history of the individual glasses, we give also in Table 1 the thick-

nesses of the glasses (Column X) and notes on the character of the

edges (Column XI),
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Table 1.

—

Summary

AOC
Ho

Color Juallty Sunlight Transmission Engraved
Marks

'

(Refer Vo
next pa^e)

Thickness
in

milli-
metere

Character Remarks
(See
notes
below)

T TD
TU- TD ^^Std^S 'u - VRigorous

Equivalent
H" nr

Quasi-
Equivalent

n,
I
1
I 1per cent

TStd35
per cent per cent

'/ III IV V VI VII VIII IX Z XI XII

I
12

32

31.2Y+0.13R
30.4 .18
30.0 + .26
31.4 + .14
33.4 + .19

35T+0.05R
+ .02
+ .16
+ .06
» .15

0.636
.643
.615
.637
.607

°:iPco
.6183
.6288
.6146

+0.5
+2.1
-0.5
+1.3
-1.2

*

++a
+1.9
+5.§
+0.6

+1.4
+1.7
-3.2
+1.8
-1.0

A
A

A
1

*2

2.12
3.00
2.92
2.13
3.06

X

X

X
X

X
X

U
22
23
27

31.0 + .22
31.5 + .10
33.6 + .15
33.2 + .09
39.2 + .06

+ .14
+ .04

.13
+ .05
+ .14

.609

.642

.629

:8

.6344

.6362

.6257

.6362

.6505

-4.1
+0.9

-0.2

+0.9
+6.4
+4.3

+7
6
:?

-3.1
+2.7
+2.7
+4; 9

+11.4 s

2.99
2.17
2.99
3.99
2.85

X
X

X

X

X

<r

31
32

11
42

37.4 + .04
33.5 + .11
28.9 + .22
32.8 + .12
29.6 + .19

+ .08
.09

+ .10
+ .08
+ .09

.663

:8
.- 662S
.6307
.€313
.6449
.6270

0.0
-0.3
-2.9

-14.1
+0.3

tt:|
+1.6

+4." 3

+11.9
+2.6
-4.7
-9.6
-1.4

B b

A
1

J
1

2.92
2.64
2.36
2.90
1.96

X
X

X

X

"»3

50

11

30.0 + .22
31.9 + .27
30.8 * .22
32.7 .25
30.2 + .27

.12

.21
+ .14
+ .21
+ .17

.624

.607

.598

.607

.605

.6245

.6028

.6202

.5367

.6103

-0.1
+0.7
-3.6
+1.7
-0.8

+3-4
+0.6
-0.9
+0.6
+0.3

-1.8
-2.5
-5.1 C*

D
*1

2.64
2. 28
2.11
2.42
3.03

X

*
X *

X

a
62
63
71

30.3 + .20
30.5 + .14
32.6 .08
29.2 .14
34.3 .13

+ .10
+ .04
+ .04
+ .02

.11

.637

:8K
.644
.643

.6226

.6300

.6214

.6294

.6266

+2.3
+1.1

+2'3

+3.4 +7.4

+0.6
+0.8
4.8
+0.6
+6.5

A
A
A
A

*5 °

2.83
2.79
1.90
3.21
3.12 X

x

X

X

63

35.1 + .08
34.3 .26
31.2 + .26
32.2 + .26
30.5 + .24

+ .08
* .24
+ .18
+ .20

.14

.633
• 590
.609
.594
.615

.6263

.5923

.6078

.6075

.6214

+1.1
-0.4
+0.2
-2.2
-1.0

+4.9
-2.2
+0.9
-1.5
+1.9

+4.9
-2.8
-2.9
-4.3
-2-7

A
1 d

1

3.02
3.20
3.07
2.80
2.41

X

X

X
X

X

84
91
97
98
99

30.0 + .24
31.1 + .26
32.4 + .02
32.6 .11
33.8 .11

+ .14
.18

- .04
.07
.09

:&M
.641

.6189

.6047

.6H06

.6368

.6304

+2.3
+2.5

-13.7
1.8
+1.7

+4.9
+2.8
-8.0

in

-0.3
-1.3
-ip.3
+4.8
+4.9

2.87
2.59
2.13 -

2.65
2.85

X
X

X

X X
V

«.Qt

100
101
102
103
109

29.8 + .23
34.5 .11
33.3 .26
36.7 + -12
28.8 + .20

.13

.09
+ .22
+ .16
+ .08

.622

.631

.605

.612

.635

.6078

.6282
• 5892
.6127
.6270

+2.3
+0.4
2.5
-0.1
+1.3

ll:\

if*
5.3

f-3+4.0
-1.4
3.1
-1.3

9
2.63
2.84
3.04
3.11
2.55

X
X

X

* X

X

110
114
115
116
119

31.5 + .19
34.6 » .13
29.2 .20
30.0 + .23
33.9 + .U

+ .13
+ .13

.08

.13

.09

.632

.612

.635
- .60S

.617

.6164

.6164

.6294

.6214

.6276

3:1
+0.9
-2.1
-1.7

+4.8
1.4

:n
+2.3

+1.1
+1.0
-0.9

D 2.56

m
3.35

X

X

X

X

»

*

6
125

3
131
135

37.4 - .01
29.9 + .15
30.1 + .20
27.9 .18
35-2 + -18

+ .03
+ .05
+ .10

.04
+ .18

.676

J?
.6573
.6270
.6189
.6270
.6300

+3.0

3:|

41

+12.1
+7.2
+2.3
-1.9
+6.1

+14.0
+1.8
-2.8
-9.2
+6.1

B

9*10
D2

3.02
2.85
2.80
2.55
2.98 X

X

X

X
X

l4o
141
146
148

34.1 + .11
31.4 + .21
34.0 + .19
33.-0 + .19
33-5 .03

.09

.13

.17

: ill

.64s

.604

.636

.619

.638

.6300

.61C3

.6263

.6115

.6331

+2.4
-1.0
+1.6
+1.2
+0.3

+6.9
+0.1
+5.4
+2.6
+5.8

+5.3

P+d.s
+4.1

B

a
1

2.91
2.88
2.86
3.3-7

3-35/
X

X

X

X

X

150
1528

ill
157

31-1 + .05
33.4 + .20
32.6 + .07
29.9 + .25
33.6 .10

;:S
.03

+ .15
.08

.651
• 60S
.657
.607
.632

.6381

.6034

.6399

.6158

.6257

+ 2.1
-0.1

+1.0

+7.9
+0.8
+S.9
+0.6
+4.8

+3.7
-0.3
+6.2
-4.6
+3.2 B 3

1.64
2.77
2.69
2.29
3-37

X

X

X

X
7.

X

153
162
165
166
191

31.2 .30
33.9 .18
36.7 + .12
30.6 .23
32.2 .15

.22

.16

.16

.15
+ .09

.619

.635

.608

.616

.639

.6022

.62S2

.6171

.6134
•6257

+2.7
+1.1

+o.'5
+2.1

+2.6

2.1
+5.9

+4.0
+2.4
-2.A
+2.9

n
2

f
2.64
2.96
2.92
2.93
1.87

'
X

X

z

Alg.Vean 32.26 *.i67 + .112 +0.13 +3.5 +0.62 2.77

a Reject In critical work on eeceunt of large difference between Tn and In.
« Reject In critical work on account of badly scratched, ha2y surface.
,r Reject In critical work on account of laige departure from normal transmission. for given value of H".
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Notes referred to in Column IX of Table 1

ENGRAVED MARKS ON THE GLASSES
(Presumably Engraved by the Maker)

A
LociVena's

Colou-r Scilc
Colour Stale

si o NT 3S.0
£' 5 10 NT 3&0
& Low ifeoni's Colour Scale Si NT 3S0 £Vk? 1a ni
A,3 Louibonto Colour Scale si o NT L3S.0
& Loutboni'5 Colour Scale 5 10 NT 3s:o F
4* Louiooril'S Colour Scale Si o NT A.3SO
46 Lojibon&s Colour Scale Si o NT 3S0C

Ci3S.OJ 3S
A, LowiVoTll'* Colour Scale. Si NT
K Lcc/t'konA Colour Scale Si NT

Si O NT
Encjlcirti

Al Lovitona. Col our Scale &3V.0
3SOK Lo/ioortis C olour Scale Si A/T Er>J?4n<t J.f

4 Loylkoni'3 Colour Scale SI NT &3SO
fit UovcTsoni's Colour Scale SI NT 3*k

3 JV0 /V7" 3S.0
B, SI NT 3S0 +
Ba SI NT ,3S0 y LovOoonXs ColourScale

k
SI NT &3S.0
S/O A/T 3 SO z

c Lovibo-nd'S Colour Scale s/ o nr 3S.0C
3S0t£< Lowitonl's Colour Scale s i o riT

Ci LovttoriA's Col our Scale S/O JIT 3S0

!
fiVgVi. I/O. *l 0C3 / S/O NT 3SO

5< T?eg'd. th
Pej'd m.

4-1 0b3 I S/O A/T
SI Q A/T

3S-07?
e» # 4 / o(>3 I 3S0 £r,<>74r><i.

Notes

"IT in "Louibonl" a.T\l "C" no "Colour" chipped
"S"in "570" chipped off. "
"£"in "Scale" chipped off.
Additional -maW (over "Lo^lonl's") '<31>Q

"e" in Scale" an<TT" m "DT" chipped off.
Tart ot"T" chipped Off rr

off.
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All of these glasses depart, many quite markedly, from one or more
of the following ideal conditions which are highly desirable for pre-

cision color standards: (1) Planeness of surfaces; (2) parallelism of

surfaces; (3) freedom from haze, pits, and scratches on the surfaces;

and (4) freedom from striae and bubbles.

The following glasses were particularly bad in the respects noted:

(1) Haze, AOCS Nos. 41, 97, 119; (2) scratches, AOCS Nos. 15, 41,

97, 98, 103, 116, 119; (3) strise, AOCS Nos. 27, 31, 43, 98; and (4)

waviness of surface, AOCS No. 114.

The type of spectral transmission with which we are dealing and the

extent of its variation among the present lot of glasses are shown in

Figure 1. The much-confused and widely divergent continuous

curves were plotted from the data on spectral transmission of 23

individual glasses, about half of which are included in the present

lot. The circles and X marks indicate, respectively, the maximum and

minimum transmissions found among the present lot of 65 glasses.

II. RELATION OF CHARACTER OF THE GLASSES TO
ACCURACY OF CALIBRATION

With glasses having such imperfections as these, the highest degree

of precision and reliability in calibration is out of the question. An
analogous situation would arise if we should attempt a precision cali-

bration of an ordinary wooden foot rule with its crudely marked
divisions. No amount of tedious scientific measurement could make
of the wooden rule a length standard comparable with a finely ruled

steel, quartz, or platinum-iridium precision standard. In the present

instance we have done our best to calibrate the glasses submitted, but

in considering this report one must not lose sight of the character of

the material concerned. The uncertainties remaining in the present

results are largely inherent in the nature of the glasses themselves;

to attempt to reduce them by further measurements or observations

would be quite futile.
3

III. STANDARDS AND UNITS

1. STANDARD GLASSES AND DERIVATION OF UNITS

The fundamental standard to which the values here reported are

referred is contained implicitly in a particular set of glasses obtained

in 1912 directly from the Lovibond establishment (The Tintometer

(Ltd.)), now kept at the Bureau of Standards, and designated as

B. S. 9940 (Bureau of Standards inventory number). 4 The units

3 These remarks are not to be interpreted as an unqualified condemnation of the Lovibond glasses. The
scratches, pits, and haze have probably resulted from careless usage. As supplied by the Lovibond

establishment, these glasses serve a useful purpose to the extent that their characteristics permit; but,

as implied above, they are comparable to the common weights and measures of trade rather than to the

precision weights and measures of the scientific laboratory.

« See B. S. Sci. Paper No. 547.
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of the red and yellow scales effective in the present calibration are

as derived from this set of glasses by Priest and Gibson in 1927

after adjusting the inconsistencies among the different glasses in the

set. For the purposes of the present report, these units are suffi-

ciently well specified in terms of the actual glasses by Table 2, which

gives the numerals (N") assigned by Priest and Gibson to selected

glasses designated by the numeral (N) engraved on the glasses by
the Lovibond establishment. 6

Table 2.

—

Bureau of Standards Lovibond glasses, B. S. 9940

[Numerals (N") assigned by Priest and Gibson to glasses assigned the numeral (N) by the Lovibond
establishment]

Yellow glasses Red glasses

N" N N" N

1.19 1.0 0.104 0.02
2.07 2.0 .199 .13
5.07 5.0 1.17 1.0
10.05 10.0 ,

20.86 20.0

The meaning of 35 yellow on the scale established by Priest and

Gibson is as follows:

Theoretically (neglecting, for the moment, the possible cumulative

effect of small errors and practical difficulties of the test), a 35-yellow

glass would match 35 unit glasses combined so as to avoid all loss of

light at the interfaces (for example, cemented by a nonabsorbing

medium having exactly the same refractive index as the glasses).

However, it is not feasible to make an experimental demonstration

of such an extreme case of additivity.

Practically, it is true that a 35-yellow glass will be matched by
combinations as follows (surface reflection being eliminated)

:

30 and 5

20 and 15

10 and 10 and 15. 6

* All red and yellow numerals given in this paper refer to the scale of Priest and Gibson, except where

it is clearly apparent from the context that Lovibond's engraved numeral, the nominal grade, is being

referred to.

6 In general, the principle on which the scale is constructed may be expressed by the additivity condition,

Si=S2

where Si and Si are the sums of the scale numerals attached, respectively, to two combinations of glasses

such that (1) they contain equal numbers of glass plates (glasses of zero absorption being introduced if

needed), and (2) they evoke the same color under like conditions. In this form of statement, specifying

that the two combinations shall contain equal numbers of plates takes the place of specifying the elimination

of surface reflections.
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2. COLORIMETRIC SPECIFICATION OF STANDARD 35 YELLOW

The colorimetric specifications (with Abbot-Priest sun 7 as neutral)

adopted by Priest and Gibson to represent the 35Y derived from the

above-mentioned set of glasses are as follows:

Trilinear Coordinates 8
(r, g, b) on the basis of excitations 9 given

by the 0. S. A. colorimetry committee: 10

r = 0.5017

# = 0.4611

6 = 0.0372

Sunlight transmission (T) on the basis of visibility recommended by

Gibson and Tyndall: u

T= 0.6033

3. PHYSICAL SPECIFICATION OF STANDARD 3S YELLOW

The above-described standard would be realized to a very close

approximation by a glass having the spectral transmission given in

Table 3. The degree of approximation in colorimetric terms is shown
as follows:

Ideal
From
Table 3

r 0. 5017
.4611
.0372
.6033
.931

575. 66

0. 5018
.4611
.0371
.6033
. 9315

575. 66

g _

b. .

Transmission for sunlight
Purity
Dominant wave length i_.m/*_

i These values of dominant wave length are given to the nearest hundredth of a millimicron, not because
they may be computed via the O. S. A. excitations with this absolute accuracy (which is not possible),

but because they may be (and have been) computed with this relative accuracy.

The scale numeral of the glass having the spectral transmission

shown in Table 3 would be 35.1. One-tenth of a unit is a negligible

amount at this point on the yellow scale, inasmuch as the least

difference perceptible with certainty has been found to be greater

than one unit.

7 Phys. Rev. (2), 11, p. 502; 1918. J. Opt. Soc. Am. and Rev. Sci. Inst., 12, p. 479; 1926.

8 J. Opt. Soc. Am. and Rev. Sci. Inst., 9, pp. 506-508; 1924. This paper gives the definition of "trilinear

coordinates."
9 The excitations used are essentially those referred to in the following footnote. The actual values used

are those extrapolated by Priest and Gibson (J. Opt. Soc. Am. and Rev. Sci. Inst., 10, p. 230; 1925).

i° J. Opt. Soc. Am. and Rev. Sci. Inst., 6, p. 549; 1922.

» B. S. Sci. Paper No. 475, p. 174, Table 3, last column.

30442°—29 2
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Table 3.

—

Spectral transmission of hypothetical glass approximating closely to

standard Lovibond 85 Y adopted by Priest and Gibson

Wave Trans- Wave Trans-
length mission length mission

TTlfl TUfl

450 0.0001 600 0. 6618
460 .0016 610 .6294
470 .0202 620 .6018
480 .0795 630 .5777
490 .1786 640 .5610

500 .2958 650 .5490
510 .4215 660 .5471

520 .5219 670 .5598
530 .5998 680 .5769
540 .6535 690 .5810

550 .6882 700 .5924
560 .7075 710 .6135
570 .7110 720 .6391
580 .7036
590 .6869

SI

4. ACTUAL GLASS STANDARD FOR 35 YELLOW

We have not been able to find a glass fulfilling the ideal specifica-

tions for standard 35Y. We have, however, a two-glass combina-

tion, the spectral transmission of which is given by multiplying each

transmission in Table 3 by the constant 0.93386. The trilinear

coordinates, dominant wave length, and purity are consequently the

same as computed from this table; and the sunlight transmission is

0.93386X0.6033 = 0.5634. This combination consists of the two

glasses, 35YB . s . 10239c and 1YB . s . te8t 41950-

IV. FUNDAMENTAL PRINCIPLES AND METHODS OF
CALIBRATION

The results to be given must be considered in terms of certain

fundamental ideas which will now be presented.

A complete description of the color evoked by one of these glasses

must comprehend three items (or their equivalents)—hue, saturation,

and brilliance. 12 A perfect standard 35Y would be correct in all

three of these attributes of color and would be characterized by
certain values of

—

Trilinear coordinates (r, g, b)

Dominant wave length (A)

Purity (P)

Sunlight transmission (T) n

13 Report of the Colorimetry Committee, Optical Society of America, J. Opt. Soc. Am. and Rev. Sci.

Inst., 6, pp. 534-535; August, 1922. Separate copies of this report may be purchased at 50 cents per copy
of Prof. F. K. Richtmyer, business manager, J. Opt. Soc. Am. and Rev. Sci. Inst., Cornell University,

Ithaca, N. Y.
13 For definitions of these terms, see following papers by Priest: Apparatus for Determination of Color

* * * J. Opt. Soc. Am. and Rev. Sci. Inst., 8, pp. 174-176; January, 1924. Computation of Colori-

metrip Purity
;
J. Opt. Sop, Am. and Rev, Spi, Inst., 9, pp. 503-505; November

;
1924,
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However, the Lovibond yellow scale is primarily a saturation

scale, running from neutral to a very saturated yellow. The out-

standing colorimetric variable is purity. The preeminent signifi-

cance of the yellow numeral is that greater numerals indicate greater

saturation determined chiefly by colorimetric purity. Nevertheless,

it is also true that dominant wave length and sunlight transmis-

sion both change with the yellow numeral. On the scale estab-

lished by Priest and Gibson certain values of purity, dominant
wave length, and sunlight transmission appertain to each value of

the yellow numeral.

The fundamental method u of calibrating a yellow Lovibond glass

consists essentially of the following steps:

1. The trilinear coordinates (r, g, b), the dominant wave length (A),

the purity (P), and the sunlight transmission (T) are computed from

the spectral transmission of the glass.

2. The glass is assigned a yellow-scale numeral proper to its colori-

metric purity. 16

3. The difference between the actual dominant wave length of the

glass and the dominant wave length proper to the numeral which
has been assigned it is then considered. If this difference is zero,

the glass may be regarded as standard in hue. If the difference does

not exceed a certain tolerance, the glass may be regarded as practically

standard in hue. If the difference is very small but not negligible,

it may sometimes be advantageously stated in terms of Lovibond red,

as described later.

4. The difference between the actual sunlight transmission of the

glass and the transmission proper to the numeral which has been

assigned it is then considered. If this difference is zero, the glass is

standard in transmission and brilliance. If this difference is not zero,

due account may be taken of it in using the glass.

V. SPECIAL METHODS OF CALIBRATION USED IN THE
PRESENT CASE

As has been pointed out in the preceding section, the fundamental

method of calibration requires the complete determination of spectral

transmission throughout the visible spectrum followed by elaborate

computations. For a large number of glasses (as in the present

case), this would be a very laborious and time-consuming task; there-

fore, certain short-cut methods have been used. These short cuts

are based on certain empiric formulas and methods which will now
be described briefly.

14 As developed by Priest and Gibson.
l » The parameter actually used by Priest and Gibson for finding the correct numeral was 1/6. The pro-

cedure, however, is equivalent to assigning the glass a numeral in accord with its colorimetric purity.



804 Bureau of Standards Journal of Research

1. EMPIRIC FORMULA FOR SUNLIGHT TRANSMISSION

[Vol.2

Adopt symbols as follows:

T is transmission for Abbot-Priest sunlight computed from complete

spectral transmission on basis of visibility recommended by Gibson

and Tyndall;

T510 is transmission for wave length 510 mju (millimicrons);

T550 is transmission for 550 mju; and

Tm is transmission for 610 m/i.

The following formula 16 has been shown to hold to a close approxi-

mation for 15 nominal 17 35Y glasses previously investigated:

T=0.0070 + 0.2456(r510 + 2r55o+r610) (1)

Considering all of the data for the 15 glasses from which it was
derived (by least-square adjustment), the average error of this formula

is 0.0012 T, and the maximum error in the 15 cases is 0.0029 T.

As a further check on this formula we have determined the com-
plete spectral transmission for eight glasses in the present lot and
have computed the values shown in the following table:

AOCS
No.

T
from com-
plete spec-
tral trans-
mission
data

0.0070-|-0.2456(T6io
+2T56o+Toio)

For Tsio,

T550, and
Tm from
complete
spectral
transmis-
sion data

For pre-
liminary
values of

T510, T550,

and Tm

71. 0. 6442
.6355
. 6005
.6268

.6190

.6159

.6419

.6168

0.644
.635
.600
.628

.618

.617

.641

.616

0.648
.633
.590
.631

.612

.612

.640

.608

75
76_
101

103
114-
135 .

165

The second column of the above table gives the sunlight transmis-

sion as computed by rigorous methods from the complete data on

spectral transmission. The two results by the formula (third and

fourth columns of above table) are derived from two sets of values

for T5l0 , T550 , and T610 , namely:

1. Preliminary isolated measurements of T at wave lengths 510,

550, and 610 made before the complete spectral transmission data

were obtained (fourth column). These results have the same status

as all of the values given in Column IV of Table 1.

18 Derived and verified by Priest and Judd, July-August, 1927,

*7 That is, 35 according to engraved marks,
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2. Final values as read from the final curve for spectral transmis-

sion (third column).

It happens that 3 of the glasses in the present lot of 65 were also

included in the lot of 15 previously investigated, and data on their

spectral transmission obtained about January, 1927, are thus available.

Using these data and the present independent values for T510 , T550)

and Tm , the values given in the following table have been computed

:

AOCS
No.

T
from

complete
spectral
transmis-
sion data

0.0070+0.2456(T5io+
2T550+r6io)

For Tm,
Two, and
Tm from
complete
spectral
transmis-
sion data

For inde-
pendent
values of

Tm, T550,

and Tm
found in

present in-

vestigation

156 0. 6114
.6346
.6224

0.611
.634
.621

0.607
.632
.619

157
158

In either of the two tables just preceding, the differences between

the second and third columns show merely specimen errors of the

formula itself when using only one set of data. The average error is

less than 0.0013 T. The differences between the second and fourth

columns show the magnitude of errors which may be expected in the

values of T given in Column IV of Table 1. The average error is

about 0.0078 T.

From the foregoing presentation it is evident that the error of this

empiric formula for sunlight transmission (equation (l)) is negligible.

2. EMPIRIC FORMULA FOR THE YELLOW-SCALE NUMERAL

Adopt symbols as follows:

N" is the yellow-scale numeral as found (via 1/b) by the fundamental

method;

Tm is the transmission for wave length 480 un*; and
T550 is the transmission for wave length 550 m/x.

The following empiric formula was derived 18 from a study of the

15 above-mentioned nominal 35Y glasses previously investigated:

N"= -37.04 lbg10(ZWTB5o) (2)

Considering ail of the data for the 15 glasses from which it was derived

(by least-square adjustment), the average error of the formula is

0.23 ; and the maximum error in the 15 cases is 0.83.

i8 By Priest and Judd; August-September, 1927.
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As a further check on this formula we have also made computations

from the complete spectral transmission data for eight glasses from

the present lot (the same eight as mentioned in the preceding section).

In the following table the results are shown in a manner analogous

to the results for transmission in the preceding section (V, 1):

AOCS
No.

N"
from com-
plete spec-
tral trans-
mission
data via

1/6

-37.04 logio(T48o/T5so)

For r48o

and Tm
from com-
plete spec-
tral trans-
mission
data

For pre-
liminary
values of

Tm and
T650

71__ 34.3
35.4
34.2
33.8

35.9
33.9
34.3
36.4

34.4
35.3
33.5
34.1

36.5
34.4
34.9
36.6

34.3
35.1
34.3
34.5

36.7
34.6
35.2
36.7

75
76
101

103
114
135
165

Here again the numerals in the second column are those obtained

by the more rigorous computation; the third column gives numerals

computed by equation (2) taking values of jT480 and TbbQ from the final

complete spectral transmission data; and the numerals in the fourth

column (from preliminary values of T480 and TbbQ ) have the same status

as all values of N" in Column II of Table 1.

Likewise, the 3 glasses in the present lot of 65, also included in the

lot of 15 previously investigated, afford spectral transmission data

from which the values given in the following table have been

computed

:

AOCS
No.

N"
from

complete
spectral
trans-
mission
data via

lib

-37.04 logio(7WT65o)

For T4so

and Tmo
from

complete
spectral
trans-
mission
data

For inde-
pendent
values of

T480 and
Two found

in the
present

investiga-
tion

156 30.0
33.1
31.6

29.8
33.3
31.4

29.9
33.6
31.2

157
158-.

In either of the two tables just preceding the differences between

the second and third columns show merely specimen errors of the

formula itself when using only one set of data. The average error

is 0.34. The differences between the second and fourth columns

show the magnitude of errors which may be expected in the values
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of the yellow numerals (N") reported in Column II of Table 1.

The average error is 0.44; the maximum error is 0.9.

Since the least difference in yellow perceptible with certainty on
the 35Y + 7iR scale has been found to be greater than one unit, it

appears, from the foregoing presentation of data, that this empiric

formula is sufficiently accurate for determining the yellow numeral

for all practical purposes.

3. APPARATUS AND METHODS FOR DIRECT COMPARISON OF THE
COLORS OF THE STANDARD AND THE GLASSES BEING TESTED

The findings which are of chief interest in the present report are

derived from the immediate visual comparison of the test glasses

with standard glasses. The essential features of the apparatus and
method used in this comparison are as follows

:

1. The observer conducting the calibration sees, by looking into

the Martens photometer, 19 an illuminated circular field subtending

an angle of about 6
G and divided by a vertical diameter.

2. The illumination of both halves of the field is produced by
natural north skylight which has been diffused by transmission

through a plate of milk glass.

3. Lovibond glasses can be inserted so as to color either half of

the field. By placing one glass in the path of the light illuminating

one half and another glass in the path of light illuminating the other

half, the colors of the two glasses may be compared in immediate

juxtaposition.

4. The two halves may be matched in brightness at the will of

the observer. If the two glasses are alike in dominant wave length

and purity, the adjustment of the brightnesses of the two halves to

equality will cause the dividing line to vanish. If, by matching the

brightness, by making first one side and then the other brighter, by
looking back and forth from one side to the other, and by reversing

the positions of the glasses, the observer can perceive no difference in

saturation or hue, he concludes that the glasses may be accepted as

duplicates in color except that they may have different transmissions.

4. DETERMINATION OF RED CORRECTION

As pointed out above, one of the ways in which a 35Y glass may
depart from normal is in regard to its hue. Experience has, indeed,

shown that this is the most important error from the practical point

of view. The practical import of this circumstance is that the

equivalent of a nominal 35Y glass must usually be given in terms of

yellow and red. Thus, of a nominal 35Y which does not have the

» The apparatus and methods used have been described in a previous paper, Oil and Fat Industries,

5, pp. 16-18; January, 1928. Naturally, the yellow glass used over the ocular in the previous calibration

of red glasses was not used in the present case.
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standard hue for 35Y, but is otherwise normal, we may say that it is

equivalent in hue and saturation to 35Y + nR or 35Y— nR, where

n is some fraction usually less than 0.3. The meaning of the first

equivalent would he that the glass in question was matched (bright-

ness being independently equated) by a standard 35Y combined with

a red glass of numeral n. The meaning of the second equivalent

would be that the standard 35Y was matched (brightness being

independently equated) by the glass in question combined with a red

glass of numeral n. In the first case, the error of the glass in question

consists in its being reddish relative to the standard. In the second

case, the error consists in its being greenish relative to the standard.

The determination of equivalents in this form is, however, compli-

cated by the approximate empiric equivalence of small amounts of

red and yellow at 35Y. This equivalence will be discussed later

(Section VI, 2).

Let us now consider more closely the problem of finding the yellow

and red equivalent of an unknown nominal 35Y which is not exactly

a true 35Y. Let it be assumed that we have a standard 35Y with

which to compare it. The problem will then consist of finding the

yellow and red which must be added to (or subtracted from) the

standard in order to match the unknown. The following cases may
be distinguished:

1. It will be necessary to add only 3^ellow.

2. It will be necessary to add only red.

3. It will be necessary to add both j^ellow and red.

In the present lot of glasses approximate matches could be found in

all cases by adding only red 20 (''Quasi equivalents," nQ , Column III,

Table l).
21 It was realized, however, that in some cases we were

dealing only with quasi ("make-believe") matches forced by the im-

posed condition that only red glasses were being added, with the

object of obtaining the best practical match that could be obtained

subject to this condition. It was apparent that, in these cases, a more
satisfactory match would have been obtained by adding yellow (in

2° The striking differences among these glasses appeared to he hue differences:

21 The quasi equivalents were determined by direct comparison, as just described, independently by two
observers (DBJ and GKW), and ail glasses for which these two values differed by more than 0.05R (11 out

of the 85) were retested. Then the quasi equivalents were checked independently by a different observer

(IGP) using a different method and different apparatus. (For a description of this apparatus, see J. Opt.

Soc. Am. and Rev. Sci. Inst., 8, pp. 173-200; January, 1924.) In this method the dominant-wave-length

difference between the standard 35Y glass and each test glass was determined and then converted into Lovi-

bond red difference by multiplying by the proper factor (0.5) as determined by previous investigation.

Although each final dominant-wave-length difference was the average of 20 independent settings of the

difference, which is about as many settings as entered into the direct determination (by DBJ and GKW)
of the quasi equivalents, it was found that the values of quasi equivalent obtained via dominant wave
length were not as reliable as those determined directly, due to uncertainties inherent in the method.

Hence, in combining the two sets of data, the values of quasi equivalent from direct comparison were given

three times the weight of those obtained via dominant wave length. The resulting average values, influ-

enced slightly by the values of rigorous equivalent (to be discussed presently), are recorded in Column
III, Table 1,
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addition to the red) either to the standard or to the glass being

tested; and these cases were recorded as observations were being

made. 22 However, to have selected by trial and error both the yellow

and red requisite to obtain the best match would have been an exceed-

ingly laborious and time-consuming task, almost impossible of

accurate execution because of the approximate empiric equivalence

of small differences in yellow and small differences in red (Section

VI, 2).

This difficulty was circumvented by use of the above-mentioned

empiric formula (2) for finding the yellow-scale numeral (Section V, 2).

The yellow components (N") in the "rigorous equivalents " (iV"Y
n rR) given in Column II of Table 1 were obtained by this formula

from measured values of Tm and T55Q .

23 The red components, n T ,

in the "rigorous equivalents" (iV"Y n rR) are to be understood in

experimental terms as follows:

1. Direct comparison of glasses is made by means of the Martens
photometer as before.

2. The standard 35Y is placed to cover one half of the field and

the glass being calibrated to cover the other half.

3. On the basis of the yellow-scale numeral already computed for

the glass being calibrated (N" of equation (2)), standard yellow

glasses 24 are combined with the standard or with the glass being

tested so that the sums of the yellow-scale numerals pertaining,

respectively, to the two halves of the field are equal.

4. The field is then scrutinized (brightness being independently

adjusted by the observer).

5. If the two halves of the field should seem perfectly matched in

all respects, this direct comparison of colors would merely serve as

a check on the computed value of N"', and no red correction would

be required. (No such glass was found, however.)

6. If red glasses are required to complete the match, they are

added, by trial and error, to one side or the other until a match is

found. This correction in Lovibond red units is the red component

(n T) of the rigorous equivalent (N"Y n rR) recorded in Column II of

Table 1.

22 In most of these cases (34 out of 38) it seemed that more yellow should be added to the glass being tested.

23 In finding the quasi equivalents, notes were made concerning the saturation equivalence (the neces-

sity of adding yellow as mentioned before) of the standard 35Y and the glass combination being tested.

Subsequent analysis of these notes showed them to be in close agreement with the values of N" from

formula (2); that is, whenever the note was to the effect that the test combination was more saturated

than the standard 35Y, it was also true that N" was considerably greater (greater by at least three units)

than 35; and whenever the note was to the effect that the test combination was less saturated than the

standard 35Y, it was also true with but two exceptions that N" was smaller (by at least three units) than

35. Furthermore, in obtaining (by the method about to be described) the rigorous red equivalent, n T , no

saturation differences could be detected in any case. Hence, it may be said that, although 2V" was not

determined by direct experimentation, the formula from which it was determined has been verified by
extensive direct comparison.

24 Carefully selected to have practically a aero hue error.
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The foregoing six steps constitute an idealized description of the

procedure leading up to the rigorous red equivalent (n T). The
values which appear in Column II of Table 1 are not quite the same

as those obtained experimentally by this procedure but have been

influenced by the experimental values of the quasi red equivalents

(nq), thus:

In comparing the experimental values of n r (designated n' r) with

the experimental values of nq (designated n'q) it was found that

n'\ could be computed from n'Q with good approximation according to

the relation:

nTr^n'^f (35- N")/50 -0.06

where N" is the yellow component of the rigorous equivalent. It

was also found true (though not with such good approximation) that

n' r
= AA/2+(35-iV")/50-0.13

where AA is the difference in dominant wave length in millimicrons

between each test glass and the standard 35Y glass.

It is apparent that neither of these two relations which hold approx-

imately for the experimental values (n' T} n\, and AA/2) can apply

at all closely to the adopted values (nx and nQ), because, from its

definition, the quasi equivalent (nQ) is equal to the rigorous red

equivalent (n T) when the yellow component of the rigorous equivalent

(iV") is equal to 35. We attribute the constants, —0.06 and —0.13,

which should be zero if the true standard 35Y had been available for

all three comparisons, largely to the fact that the standard 35Y was
in these three cases evaluated via three different working standards. 25

If these three working standards had been correctly evaluated, the

constants which actually turned out to be —0.06 and —0.13 would
have been nearly zero ; hence, it seems reasonable to conclude that the

grades of these working standards found by computation from their

spectral transmissions are relatively somewhat in error.
26 This con-

clusion has been verified independently as follows:

25 To obtain the values of n'T , 35Y B. S. msec 1Y B. S. test 41900 was used; for n\, 35Y Trevithiok b, Gibson

No. b; and for AA/2, 35Y B. S. test 41950.

26 The extent of the error is not greater than might be accounted for by (1) the measurement of the working

standards at different times at unnoted room temperatures, and (2) their imperfect optical nature.

1. A 25° C. change in temperature has been shown (Judd, B. S. Jour. Research, 1 (RP31), p. 865;

November, 1928) to change the color of 35 yellow by an amount equal to 0.2R+3Y. The three glasses were

measured spectrophotometrically at different times, and experience has shown that a 5° C. change in the

room where the measurements were made often occurs from one day or week to another.

2. Only by repeated extensive measurements can a perfect optical sample be guaranteed correct in spec-

tral transmission to better than 1 per cent throughout. The spectral transmissions of any of these three

35-yellow glasses (except possibly B. S. test 41960, which has been more carefully measured than the other

two) may well be uncertain by 1 or 2 per cent. The total selectivity in a 0.13R glass (that is, the difference

between maximum and minimum transmission) is but 3 per cent. Furthermore, the spectrophotometric

data refer to unidirectional illumination of a small area near the centers of the glasses, while the illumination

under which these glasses were used as working standards was diffuse and affected a somewhat different
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1. Direct comparison of 35

Y

B . s. test 4i9eo with 35

Y

B . s. 10289c 1YB . s .

test 41960 by two observers gave an average value of —0.12 as the error

in the red correction of the latter relative to the former.

2. A somewhat more indirect comparison of these two standards

was afforded by some previous experimental measurements of domi-

nant wave length. By this method the corresponding relative error

in the red corrections was obtained as —0.175.

Although both of these independent determinations (— 0.12R and
— 0.175E-) of the relative error are in good agreement with the error

(
— 0.13) determined indirectly from the grading of these 65 test

glasses, neither one is comparable to it in reliability, because neither

involves nearly so many readings. The less reliable independent

determinations are of value, however, as a closing check.

The relation which the adopted values of n v and nQ should follow

is, therefore

—

n r
= n Q +(d5-N")/50 (3)

We have, then, three experimental evaluations of the red component

of the rigorous equivalent:

(a) n' T

(b) n'Q +(35-iV")/50, and

(c) AA/2+(35-iV")/50.

However, from the relations already given, we know that the average

value from (a) for the 65 glasses is lower than the average value

from (b) by 0.06, which, in turn, is lower by 0.07 than the average

value from (c), these differences being ascribable mostly to uncer-

tainty in the evaluation of the working standards. Accordingly, the

(a) values (n' T) were all raised, for the purpose of averaging, by 0.06,

while the (c) values (via AA) were lowered by 0.07.

As to the question of weights in taking this average, the (a) values

were taken as of two-thirds the importance of the (b) values, because,

while the (a) values resulted from an experimental method roughly

twice as reliable (due to absence of saturation difference) as that

resulting in the (b) values, only about one-third as many readings

were involved. The (b) values were taken as of three times the im-

portance of the (c) values for reasons previously discussed. (See

footnote 21, p. 808.) The value of n r (Column II, Table 1) for each

glass was, therefore, computed as

—

n r =l/3 [n' r+ 0.06] + l/2 [n\+ (35-2V")/50]

+ 1/6 [AA/2+(35-tf")/50-0.07].

The value of nq for each glass was then computed from equation (3),

but the experimental data were so congruent that in no case did the
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value of nQ so computed differ from n'q (experimentally determined)

by more than 0.04. The average absolute value of (nQ— n'Q) was

found to be 0.01 2 .

VI. SYNOPSIS OF RESULTS OF CALIBRATION

The essential results of the measurements made on the glasses are

shown in Columns II, III, IV, and V of Table 1. Columns VI, VII,

and VIII show certain ratios of transmissions (computed from Col-

umns IV and V) which are of interest as criteria of the imperfections

of the glasses in their present condition. The remainder of this report

will be devoted to explaining these data and pointing out their

significance.

1. SUNLIGHT TRANSMISSION

Columns IV and V give the sunlight transmission for two different

conditions of illumination. Tv (Column IV) is the sunlight trans-

mission for an approximately unidirectional beam incident normal to

the face of the glass.
27 TD (Column V) is the transmission for diffuse

illumination, literally, the ratio of the brightness of a diffusing sur-

face (milk glass) viewed through the glass to the brightness of the

same surface viewed directly. 28 If the glasses were optically clear 29

plates bounded by perfectly polished plane and parallel surfaces, and

if the photometric measurements were free from error, the difference

Tjj-Tj) (and, consequently, the ratio (Tn— T^/Tjj), would be zero.

Column VI shows the difference, 2\j— TD , in parts per hundred of

Ttj. The departures from zero (plus or minus) are probably due

largely to the imperfections of the glasses themselves (scratches,

haze, departures of the surfaces from planeness and parallelism),

although they may be, in part, due to the unavoidable uncertainties

of photometric measurement. The following comments are in order:

1. The very small algebraic average value of (Tjj— T^/Tjj ( + 0.13

per cent) shows that there is no significant systematic difference

between Tv and TD .

2. Values of (Tu — TD )

/

Tv less than 1 per cent may be dismissed

without further notice.

3. If the glasses were to be used (in connection with precise photo-

metric measurements) in grading oils by transmission as well as by
hue and saturation, it would be advisable to calibrate more carefully

all glasses for which (Tn— Td)/TLt is greater than 1 per cent.

4. Under the present customary conditions of using the glasses,

no attention need be paid to values of (2\j— T^/Tjj less than 10

per cent.

27 The given values of T"u were computed by formula (1) given in Section V, 1 above.
23 The given values of Tn were obtained by measuring the transmission of each glass relative to a glass

of known transmission. These measurements were made by means of the Martens photometer. The
known glass was B. S. 10289B, and its sunlight transmission was taken as 0.6183.

29 Free from scratches, haze, and all imperfections causing diffusion of light.
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5. In the two cases (AOCS Nos. 41 and 97) in which (Tu- TD)/TV
is greater than 10 per cent it is recommended that the glasses be

discarded. These large negative values of (Tv— Tj^/Tjj are readily

explained by the fact that these glasses are very badly scratched.

They are obviously unfit to be used in color grading to which any
importance is attached.

Column VII gives the percentage difference between the sunlight

transmission of each glass and the sunlight transmission for the

standard 35Y. Column VIII gives the percentage difference be-

tween the sunlight transmission of each glass and the sunlight trans-

mission proper to the yellow numeral given in Column II. If these

glasses are used (in connection with suitable photometric apparatus)

to grade oils in terms of transmission as well as hue and saturation,

due account should be taken of the data given in Columns VII and

VIII. It is noted that the following glasses have strikingly abnormal

transmissions: AOCS Nos. 27, 31, 41, 97, 125, 131 (Column VIII).

Under the present customary conditions of using the glasses, no

attention need be paid to these data.

Incidentally, the algebraic mean of the differences given in Column
VIII affords a kind of check on the values of N" given in Column II.

The argument is as follows: In the average the actual sunlight

transmission of these glasses (Tv ) is 0.6 per cent (foot of Column
VIII) higher than the transmission proper to the values of N" given

in Column II. Referring to Figure 15, page 46, Bureau of Standards

Scientific Paper No. 547, we readily see that a 10 per cent difference

in transmission (that is, a difference of 0.06 at a value of transmission

equal to 0.6) corresponds to a difference of about 12 in N" at this

point (32) on the yellow scale. Hence, a difference of 0.6 per cent

corresponds to a difference of about 0.7 in N" . In other words, in

the average, the sunlight transmissions found for the glasses check

the given values of N" to within less than one unit on the yellow

scale. At this point on the yellow scale one unit is less than the

least perceptible difference. It appears then that if we had obtained

N" by calibration in terms of sunlight transmission, we would have

obtained for all practical purposes the same average value of N" as

has been obtained by the method actually used to obtain A" (equa-

tion (2) above).30

30 It may be noted that one item of experimental data ( T^o) is common to the formula for transmission

(equation (1)) and the formula for N" (equation (2)). It is therefore in order to inquire whether this cir-

cumstance may in itself account for the good agreement just mentioned and render it of no real significance.

Assume a positive error in Too. Examination of equations (1) and (2) shows that this would result in

positive errors in both Tv and N". But, we know that the sunlight transmission decreases as the scale num-
eral increases. It is therefore apparent that an error in Tm would prevent the obtaining of concordant results

in the computed values of Tv and N". Hence, it follows that the concordant results obtained are not a

mere mathematical necessity due to entering the same item of data ( T^o) in the two formulas; on the con-

trary, concordant results in Tv and N" can only be obtained when that item of data is correct.
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2. RED AND YELLOW EQUIVALENTS

The data in Columns II and III are to be understood as follows:

Brightness being independently equated, the glass designated by

AOGS No. in Column I would be accurately matched by the combina-

tion of standard yellow and red given in Column II, and approxi-

mately matched by the quasi equivalent given in Column III. 31

These yellow and red equivalents are connected (as stated before)

by relation (3) which may be rewritten:

?iq-nr =(iV"-35)/5Q

or, stated in words, the difference between the red equivalents is

equal to one-fiftieth the difference between the yellow equivalents.

From this relation it is apparent that 5 yellow may be, in a sense,

substituted for 0.1 red. What is meant by this may be most clearly

explained by an experiment. Let the two halves of a photometric

field (for example, the Martens photometer field) be perfectly matched

at 35Y. Add 0.1R to one side and match the brightness; there will

be a very small but perceptible difference in color. It will be seen

that the addition of 0.1R has made the field redder and more satu-

rated. Remove the red and let the two halves again be perfectly

matched at 35Y. Add 5Y to one side and match the brightness

again; there will again be a very small but perceptible difference in

color, apparently of much the same nature as before; that is, the

addition of 5Y also makes the field redder and more saturated. In

a certain limited sense, then, there is an equivalence between red and

yellow. This quasi equivalence is, however, a thing to be warned
against rather than a thing to be used. The true meaning of this

approximate equivalence may be stated as follows:

Consider a two-part photometric field of which the two halves are,

respectively, 35Y and 40Y. A perfect match would be obtained by
adding 5Y to the first half. Let it be required, however, just as in

grading oils on the 35Y+ 7iR scale, to obtain the closest approxima-

tion to a match possible by adding red and only red. It will be

found that adding about 0.1R gives the best practical approximation

to a match. It will readily be admitted that 35Y + 0.2R is redder

than 40Y and that 35Y alone is less red than 40Y. It must also be

admitted, however, that 35Y + 0.1R does not match 40Y exactly.

31 A minus sign preceding the red component indicates that it is to be combined with the test glass (Col-

umn I) to match the yellow glass designated in Column II or Column III. The condition of equal bright-

ness may be approximated by combining a plate of clear nonabsorbing glass with the single yellow glass

which is being compared with the two-glass combination of ygllow and red.
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As stated before, the addition of 5Y to 35Y increases both the red-

ness and the saturation just as the addition of 0.1R does; but the

whole truth includes the statement that the redness increment pro-

duced by 5Y is smaller than that produced by 0.1R, while the satu-

ration increment is larger. Hence, when 40Y is compared to 35Y +
0.1R it seems less red (that is, greener) and more saturated. More-

over, if 7.6R be now added to both sides, the relative greenness of

40Y+ 7.6R becomes more obvious. In fact, 35Y + 7.7R is not the

best practical approximation to a match for 40Y + 7.6R; indeed the

latter is more nearly matched by 35Y + 7.5R. In other words, the

addition of 5Y, which, at 35Y, is the practical equivalent of adding

0.1R, is, on the contrary, at 35Y + 7.6R the practical equivalent of

subtracting about 0.1R. The fallacy of using, without reservation,

the " quasi equivalent," nQ ,
(Column III) for color grading oils should

be quite apparent. A true 40Y glass would have a quasi equivalent

of 35Y + 0.1R for grading an oil of color about 35Y; but for the pur-

pose of grading an oil of color about 35Y + 7.6R, the true 40Y glass

would have to be given a quasi equivalent of 35Y minus an amount
(perhaps about 0.1 unit) of red. Thus, the added yellow strength

(5Y) which adds to the red strength at 35Y subtracts from it at

35Y + 7.6R; furthermore, the amount of this addition or subtraction

is not constant but varies along the whole 35Y +nR scale. The
quasi equivalents, therefore, can not be used for color grading unless

N" (in the rigorous equivalent) is nearly equal to 35, and, in this

case, the rigorous equivalent may about as well be used, because the

two are nearly the same. The values of the quasi equivalents

(35Y nQR, Column III) are included only because they are satis-

factory for use in grading oils between 35Y and 35Y+1R. Even
for these oils the quasi equivalents become unsatisfactory when N"
departs too much from 35, their applicability being questionable when
N" differs from 35 by more than about three units.

The rigorous equivalent is the strictly correct one; it is applicable

to all cases.

3. APPLICATION TO THE COLOR GRADING OF OIL

The application of the results here given to the practical problem

of color grading oil must be considered under two separate headings,

viz:

A. Use of glasses under conditions which permit of the highest

attainable accuracy.

B. Use of glasses under the present conditions customary in the

oil trade.
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These two sets of conditions may be contrasted as follows

Present customary conditions

1. Use of a color comparator (" tint-

ometer") in which the two fields are

separated by a considerable distance

or, at least, by a visible coarse line

which does not disappear.

2. Use of a color comparator with-

out any device for matching brightness.

3. Arbitrary selection of yellow glass,

obtaining closest approximation to

match, subject to condition of varying

only red.

4. Illumination not standardized with

regard to either quality or field

brightness.

5. Grading by untested observers.

Conditions 'permitting of highest attain-

able accuracy

1. Use of a color comparator in

which the two fields showing, respec-

tively, the color of the oil and the color

of the glasses are viewed in close jux-

taposition so that when the fields are

matched there is no visible line sepa-

rating them.

2. Use of a comparator which per-

mits of matching the brightnesses of

the two fields by an adjustment inde-

pendent of the oil and glasses (for ex-

ample, the Martens photometer).

3. Rules which permit of varying

yellow as well as red so as to make it

possible to obtain a match in saturation

as well as hue; that is, a complete color

match.

4. Illumination by standard arti-

ficial sunlight, with most favorable

field brightness.

5. Grading by observers who have

been proven normal in their color

sense and particularly in their ability

to perceive small differences in color.

We now proceed to the discussion of the use of the glasses and the

equivalents here given under these two sets of conditions.

A. Conditions of Observation Permitting of Highest Obtainable

Accuracy.

To give a definite example, we will assume an oil sample which

may be perfectly matched by yellow between 25 and 45 with the

addition of red between and 20. To obtain the Lovibond equivalent

of this oil in red and yellow, proceed as follows:

1. Have at hand the following Lovibond glasses:

One of these standardized yellow glasses (nominally 35 and really

not much different from 35).

A group of yellow glasses ranging from to 10 (such as 2, 4, 6, 8,

and 10).

A group of red glasses ranging from to 20 (such as 0.1, 0.2, 0.3,

0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 2.0, 3.0, 4.0, 7.0, 12.0, and 17.0).

Five zero glasses.

2. Match the oil with red and yellow glasses by trial and error,

subject to the following conditions:
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(a) The added red must consist of a combination of not more than

three red glasses.

(b) The added yellow (that is, in addition to the nominal 35Y glass)

must consist of one glass only, this glass being added either to the oil

or to the other glasses, whichever is needed to give a perfect match

(that is, a saturation match as well as a hue match).

(c) The number of glass plates in each path should be constant

during all observations, 33 zero glasses being substituted for either red

or yellow when they are removed. 33

(d) All judgments of match are to be made at (or near) a bright-

ness match to be obtained by suitable instrumental adjustment.

3. Specify the quality of the color of the oil
34 by (a) the equivalent

shown in yellow and red in Column II of Table 1 for the calibrated

glass in question; (b) plus the added red; (c) plus or minus the added

yellow, the plus sign applying if this yellow was added to the other

glasses, and the minus sign applying if it was added to the oil.

Or, in symbols, the result will be

—

(iV" + i\0Y+(7i r + 7i)R

where

N" and n r are taken from Column II of Table 1 ; and

N is the numeral of the added yellow glass (assuming it has no

sensible "red correction "), N being positive if added to the

other glasses and negative if added to the oil sample; and

n is the sum of the numerals of the added red glasses.

The above procedure takes care of specifying the quality of color

(involving hue and saturation) but gives no information concerning

brilliance, which depends upon the transmission of the oil. If it is

desired to report the transmission of the oil, in addition to its color

quality on the Lovibond scale, this may be computed by taking

account of (a) the transmission of the glasses, and (b) the photom-

eter (Martens) scale reading for brightness match. 35

32 It may not be obvious, eitker in the standardization of Lovibond glasses or in the grading of oils as here

outlined, why there is need for the use of zero glasses when a photometer is available for equating bright-

nesses. The purpose is to avoid the possibility of error, even though slight, introduced as a result of the

multiple reflections that take place between the various surfaces. Any such error is avoided in the stand-

ardization of Lovibond glasses by keeping the number of glass plates combined with the standard equal

to the number combined with the test glass.

However, in the grading of oils in terms of Lovibond glasses the experimental conditions under which the

match is obtained must of necessity be somewhat arbitrary, and there would be no point in specifying that

the numbers of surfaces in the sample path and the glass path be equal. The scheme outlined keeps the

number of reflecting surfaces constant in each beam for all oil samples and thus avoids any possibility

of this error entering into the grading of one oil relative to another.

33 This will mean that at the start there will be (1) on the oil side, one zero glass (to be replaced by
yellow later if found necessary); and (2), on the glass side, the approximate 35Y glass with four zero

glasses (one of which is to be replaced by yellow later if found necessary and three of which may be replaced

by red).
34 Quality takes account of both hue and saturation but not brilliance.

25 To discuss this in detail would take us beyond the scope of the present paper, and the discussion would

not be seasonable until the interested parties demand a report on transmission. We merely point out the

possibility here.
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B. Under Present Customary Conditions of Using the Glasses.

Under these conditions it is to be expected that an observer who
can detect a difference of 0.2R under favorable conditions will often

make errors as large as 0.5R even with glasses accurately specified

by their attached numerals.36 With the frequent occurrence of errors

as large as 0.5R due to the method of using the glasses, it is plainly

useless to apply corrections of only 0.1E and 0.2R. Perhaps it

would be advisable to use glasses having nr (Column II, Table 1)

greater than 0.2 (about 25 glasses of the 65) with some caution in

critical cases where some refinement of the customary methods is

used. Seven glasses (AOCS Nos. 27, 31, 41, 97, 119, 125, and 131)

should likewise be regarded with suspicion under similar circum-

stances for reasons cited in detail in Column XII of Table 1 (see

notes at foot of the table).37 But, under the present customary
conditions of grading oils, all of the glasses, with the possible ex-

ception of three (AOCS Nos. 41, 97, and 119) whose surfaces are

badly marred, may be regarded as practically equivalent to standard

35 yellow. -

VII. GENERAL CONCLUSIONS

1. It is clear (from the algebraic mean, foot of Column II, Table 1)

that the average equivalent of these 65 glasses is not in precise accord

with the standard 35 yellow derived by Priest and Gibson from the

Bureau of Standards set (B. S. 9940) obtained from the Lovibond
establishment. On the other hand, the discrepancy is certainly not

more than two or three times the least difference perceptible with

certainty by the best observers under the most favorable conditions

of observation. 38

2. Of course, if their own average were taken as standard instead

of the standard arbitrarily adopted, the "errors" for most of the

glasses would be notably decreased. With a very few possible

exceptions, the uniformity of these glasses is quite as good as could

be required or expected in order to comport with the purposes and
methods of use for which they were intended by the makers. The

36 Actual tests carried out in May, 1928, in connection with the convention of the A. O. C. S. at New
Orleans disclosed many such errors. A report on these tests is in preparation.

37 The glasses having notably abnormal transmissions may be troublesome in instruments in which

the fields are close together.

38 The idea occurs that it might seem reasonable to adopt the average as standard instead of the standard

which has been adopted. It must be remembered, however, that the present standard 35Y is only one of a

series of standard yellow glasses (varying from to 40 in Lovibond numeral) specified indirectly by the set

of glasses (B. S. 9940) possessed by the Bureau of Standards. If the present standard 35Y be rejected in

favor of a new standard, we must reject also the entire series of old standards; hence, there would be available

no specifications by which departures from the new standard 35Y could be expressed. The logical way to

use the average value of the present lot of nominal 35Y glasses as a factor in the specification of a new stand-

ard 35Y would be to investigate equally large numbers of yellow glasses of other grades and to redetermine

standard specifications of the entire yellow scale. Such a plan is plainly unfeasible. Furthermore, the

present standards undoubtedly approximate closely to those which would result from oarrying out such a

plan.
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irregularities found and reported here have only been discovered by-

methods of observation greatly exceeding in sensibility and accuracy

the methods of color matching contemplated by the makers and the

methods actually used by the oil chemists in grading oils.

3. With the possible exception of three badly marred glasses, all of

the glasses are considered fit to be regarded as equivalent to standard

35 yellow under the present customary conditions of grading oils.
39

4. An outstanding result of this investigation is the conclusion

that the discrepancies of color grading which have troubled the oil

trade can not be charged to lack of uniformity among the 35-yellow

glasses. The sources of these troubles are rather to be sought in

the following factors:

(a) Unstandardized, nonuniform, and insensitive methods of com-

paring the oil samples with the glasses.

(&) Grading of oil by observers having abnormal color sense or

low power of hue discrimination.

(c) Errors in the red glasses.

It seems just to assume that this rather large collection of glasses

constitutes a fair sample of 35-yellow glasses issued by the Lovibond
establishment and in use in the oil trade in the United States. If

this be admitted, it seems superfluous to test individual 35-yellow

glasses further under present conditions. The chance of finding one

with an error great enough to be of consequence in comparison with

the other uncertainties just mentioned is very small. After the above-

mentioned sources of error have been eliminated in practice, it will be

due season to reconsider the calibration of 35-yellow glasses if it

then appears necessary. In the meantime, it may well be considered

legitimate to* accept on faith the 35-yellow glasses as issued by the

Lovibond establishment.

Washington, August, 1927, to November, 1928.

39 The point to this recommendation is not that the glasses are perfect from the point of view of precision

calibration, but that the errors found are negligible in comparison with the uncertainties inherent in the

customary methods of using the glasses. When more reliable and precise methods of grading are adopted,

it will be in order to consider using the precise equivalents which are given for each glass. Of course, even

under present conditions, the glasses which approach more nearly standard 35 yellow may, perhaps, be

regarded with somewhat greater satisfaction and respect by those who use them. The detailed data given

in Table 1 of the report will enable such glasses to be identified.


