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A set of fi ve spec ia lly selected colored-glass fil ters to identify vari ables of ma lfunction 
of photoelectric recordin g spectrop hoto lTl.ctcrs cq uipped wit h tristim ulus integrators have 
been standardi zed on a number of spectrop hoto meters corrected for all known errors (wave­
len gth, zero, 100 percen t, sli t-width , ine rt ia , bac k- reflectance, and stray-energy). T o these 
standardized spectrop hoto metric data de fi nite amounts of t hese errors were deliberately 
in trodu ced and converted to t ristimulus va lues and chromaticity coordinates of the Inter­
national Comm ission of Illumination system of colorimetry for So urces A, E , a nd C. Simila r 
r eductions show t he effects of slit widt hs of 1, 5, 10, a nd 15 millimi crons (nw) on computed 
r esults both by t he selected-ordin ate method of 10, 30, a nd 100 ordin ates, and by t he 
weighted-ordinate methods of 1-, 5-, 10-, a nd 15-ml" in ter vals. Duplicate sets of these 
glasses have been evaluated by visual co mpa rison wit h t his set of m aster standards, and a re 
available as pa rt of t he Standard Ma teria ls P rogram of the National Bureau of Standards. 
By co mpa ring t he cert ified values of lumin ous t ra nsmittance a nd chro maticity coord inates 
for a set of t hese glasses wi t h t he values obtained on a par ticular in tegrator-spectrop hotometer 
co mbinatio n, t he type an d extent of instru mental errors ma.v be evaluated . 

1. Introduction 
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In 1956, Dr. N,1thaniel H. Pulling, Instrum ent 
D epartment, General Electric Co., "West Lynn, 
i\L1SS., proposed that the Na tional Bureau of Stand­
a rds develop a set of four or five non-ligh t-scattering 
gli1sses to serve as standards of tristimulus valu es to 
check p erforma nce of colorim eters, par ticularly the 
a utomatic spectrophotome ter equipped wi th in te­
g rator . At th at time it was believed that such a 
set of filters m igh t consist of a selenium red, f1 

selenium yellow, a dense cobal t, a nd a nearly non­
selective glass of" 15 to 20 p ercen t transmit tance. 
Alt hough t be certified tristimulus values would be 
in tcnded to be those corresponding to an extrapola­
tion to "zero sli t wid t h" (the band pass of a spec­
trophotometer so small that fur t her reduction will 
no t affec t the photo metric value), the glasses migh t 
serve also to check the adjustment of an integrator 
attached to a spectrophotometer with 10-mJ.L sli ts by 
giving in the paper describing tbe developm en t of the 
standards the tristimulus values of the master 
standards not only [or zero sli t width , but also those 
found for 4-mJ.L and lO-mJ.L slits. 

-- - - - --,,-

Because ther e were no accep ted means in industry 
for checking the performance of spectrophotometer­
integrator systems, two meetings were held a t the 
National Bureau of Standards wi th represen tatives 
of manufacturers of sp cctrophotometers, glass lnttnu­
fac turers, a nd industrial users of speetropho tometers 
with t ristimulus in tegrato rs. At th e meeting held 
o n Sep tember 11 , 1957, fifteen r epresen ta tives of 
j nclustry attended and confirmed the need for glass 
standards to check spectrophotometer-in tegra tor 
systems. A second meeting on YIay 14, 1958 
reviewed a selection of five types of fil ters and 
approved of their standardization. T ypical spectro­
p hotomet ri c cur ves of the fi.ve glasses selec ted for 
study arc shown in fig ure ] . 
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F I GU R E 1. Spectral transmittance of the five ~\iBS standard 
materials for checking spectl'ophotometer-integrator systems. 
2101, Selenium Orange Red; 2t02, Signal Yello\\'; 2103, Sextant Grccn; 2104 , 
Cobalt Blue; 2105, Selccth"e Neutral. 
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Materials. Two hundred 2X 2-in . polished squares 
of each of five types of glass, each group of 200 
squares being from the same melt, we!'e pl~rchas.ed 
from Corning Glass ·Works. Our desIgnatIOns for 
the five types of glass, the Corning designation, and 
thickness are as follows: 

2101, Selenium orange red, Corning 3480, 2.6 mm. 
2102, Signal yellow, Corn~ng 3307, 2.6 mm. 
2103 , Sextant green, Cormng 4010 , 4.4 111111. 
2104, Cobalt blue, Corning 5551, 2.6 111m. 
2105, Selective neutral, special glass developed by 

Corning for this pro ject, Corning 5045, 2:9 l11!11. 
Three sets of these five glasses were arbltranly 

selected and designated Master No . 1, Master No.2 , 
and :Master No.3. Later two sets of limit glasses 
for each of the five glasses were selected as described 
in 2.3 below. 

2. Method 

2.1. Spectrophotometry of Master Standards 

Measurements of spectral transmittance were 
made on each of the three master standards and the 
two limit standards on the Cary Model 14 and the 
General Electric [1, 2]1 recording spectrophotom­
eters with check measurements on Master No.3 
set o~ the Beclmlan DU indicating spectrophotometer 
and on the Konig-:M f),rtens visual spectrophotometer. 

The methods of USiIlg three of these spectropho­
tometers have been previously described [3, 4, 5]. 
The methods of using the Cary spectrophotometer 
are described in detail in section 2.1.a. 

Additional corrections made on the GE spectro­
photometer data are explained in section 2.1.b. 

Details of the measurements on the Beckman DU 
and the K- 11 spectrophotometers are explained in 
section 2.1.c. 

a . C ary Recording Sp ectrophotometer 

Measurements. Spectral- transmi t tan ce measure­
ments were made on each of fifteen glass filters corn­
prising three sets of five master filters designated 
Master No . 1, No, 2, and No.3, on a Cary Model 
14M (Serial No. 173) recording spectroph?tome.ter 
at the National Bureau of Standards for the Jollowmg 
condi tions: 

(1) Temperature eontrol. 1t[easurements were 
made under conditions of controlled temperature on 
both the laboratory (25 °C) and in the sample com­
partment of the spectrophotometer (?2 °C). The 
same temperature-controlled water whIch cooled the 
sample compartment was circulated around the 
monochromator to assist in maintaining the wave­
length stability of the instrument. 

(2) Scanning rate and chart speed. The mono­
chromator scan was driven at a speed of 0.25 mIL/sec 
and the ehart speed of the recorder was 5 in. /min. 
This combination of scanning rate and chart speed 
resulted in recordings having a wavelength scale of 
1 mIL/chart division. Th e slow scanning rate was 
chosen to reduce the inertia effect in the recording 
mechanism during the recording of steep portions of 
the transmittance curves. 

1 F igures in brackets indicate tbe literature references at the end of this paper . 

(3) Wavelength calibration. The wavelength 
scale of the spectrophotometer, as it is recorded on 
the chart at the above scan rate and chart speed, was 
calibrated by means of the emission lines of a mer­
cury source. It was found that by applying a cor­
rection of + 0.2 mIL over the range 380 to 770 mIL in 
reading the spectral-transmittance data of the fil ters 
from the recordings the wavelength-scale errors were 
satisfactorily taken into account. 

(4) Slide wire. The recorder of the spectropho­
tometer was equipped with a density (- logT) slide 
wire. The recorder covers the density range of 0 to 2 
using two pens, one recording the density range 0 to 1 
(100% T to 10%T); the other, the range 1 to 2 (10 % T 
to 1 % T ). The transfer from the first pen to the 
second pen is automatic. For some of the filters, 
such as the 2101 orange-red, the density of the filter 
exceeds density 2. In these cases, pbotoetched nickel 
screens were introduced into the comparison beam of 
the spectrophotometer to extend the range. Two 
such screens were used, each having a density slightly 
greater than density 1, which thus allowed the 
measurements to be made to approximately densi ty 
4. MeasW'ements were made of the spectral trans­
mittance of the screens over the entire wavelength 
range. 

(5) Zero curve. The zero-density curve (100 % T ) 
on the Cary can be adj usted by means of potentiom­
eters so as to read approximately zero at all wave­
lengths regardless of the source-detector combina­
tion used. Since it is not possible to make the 
adjustment agree perfectly at all wavelengths, a 
zero-density curve was run for the en tire wavelength 
range being used, before and after a series of meas­
urements on the filters. 

(6) Slit width. The physical slit width of the 
monochromator during the measurement of the 
filters was 0.1 mm or less for densities less than 2. 
From the dispersion curve of the monochromator 
supplied by the manufa.cturer, it was determined 
that the band pass of the monochromator for these 
slit widths varied from approximately 0.3 to 0.4 mIL 
for the wavelength range covered. As the screens 
are introduced into the comparison beam, the slit 
width of the monochromator increases . It is esti­
mated that the band pass was approximately 1 mIL 
or less for the density range 0 to 3. 

(7) Source-detector. Two source-detector com­
binations were used for these measurements of 
spectral transmittance. For the wavelength range 
360 to 600 mIL , the "visible" tungsten source and 
1P28 multiplier photo tube were used . The " infra­
red" tungsten source and lead sulfide cell were used 
for the wavelength range 550 to 790 mIL . 

Data reduction. The recordings of spectral trans­
mittance of the filters and the screens were read at 
each I-mIL interval from 360 to 790 mIL. The 
wavelength correction of + 0.2 mIL was applied at 
each wavelength reacl. The zero-density curves run 
before and after the particular m easurem ent of a 
filter or screen were read and averaged, and sub­
tracted from the reading of the filter or screen . 
",Vhere screens were used to increase the photometric 
range of the spectrophotometer, the density of the 
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SCl'een n t t il el t wa \rclength was added to that rccorded 
for t he fil tcr. In t he wavelength region 550 to 600 
ITl/-L , where data ,'.'ere taken both with t he J11ultipliC'l' 
pl.lototube and w~th the lead sulfide cell , an n.venLge 
o[ the two ~e ts of data was tenta,t ively lI sed . After 
tile COl'l'ectlOll s for the zero-densi ty curve fL nd the 
sc reell s had been made, the deLta were coded fol' 
introdu ct ion into t he IBM 704 high-speed diO'ital 
com pu Ler for conversion from a 100'al'ithmic Lo a 
linear senle. b 

It was found that the data taken with Lhe lead 
s ulfide cell differ~d slightly bu t sys tenHLtically from 
th e d.Lta bIken ~Vlth the multiplier photo tube in the 
wavelength regIOn 550 to 600 m/-L where the two 
seLs of deLta overlapped. Although the average 
data 111 thIS wavelength region were used for some 
<;>[ tbe preliminary computations, corrected data 
from th e lead sulfide cell were used for the finally 
adopted data. The correctIOn to the lead sulfide 
cell data was made. by taking the density differen ce 
b etween the l1lultIpllCr phototube and the lead 
sulfide cell dattL at 600 J11j-t and applying this dif­
ference to the density data from the lead sulfide 
cell~ol' . th e wavelength range 610 to 770 mil. The 
multlpller-phototube data wCl'e used for th e wave­
length range 380 to 600 mil. TIle correc ted data 
[or the lead sulfide cell werc converted from a lo o'a­
ri thmic to a lineal' scale and combined wiLlI the 
multiplier phototube deL teL to forlll the adopted 
d,l,ta Jar the Cary. 

b . General Electric Spectrophotometer 

Comparison of th e spectral transmittances of the 
five glasses of master set No.3 obtained 011 the 
GE- II 2 recording spectrophotom eter , after routin e 
zel'o , 100 percent, fwd waveleng th-scale cOl'reeLions 
lli1:d been tLppli~d, wi~h the aventge spectml tmns­
lTuttan ces obtallled 101' t ile same glasses OLl tb e 
Cary- 14, th e Beckman DU, a nd the Konig-Martens 
speetropho tometeI's showed small but reo'ular dis­
crepan cies. Examination 01' these discrepa~lcies suo'­
gested t ha t t ll e)r are ascribable to th e combin~d 
effects o[ enol' sources already identifled, but hith­
~rto often regarded individmdly as yieldi ug errors 
11; general either n etLrly or co mpletely neglig ible. 
111ese sources of errol' a re of' three kinds and will 
be h ereafter identified a.s sli t-width errors inerLia 
errors , and back-reflectance errors. ' 

Sli t-width errors. The sli t function of Lhe GE- II 
~pectrophotometer is approximated closely by an 
isosceles trHlngle whose apex is a,t, the wavelength, 
A, ancl. whose base extends from A- lO mil to A+ 10 
mil, gfvin\S a width at hn]f height eCjuctl to 10 mil [6] . 
By Sht-WIci tll cams this widtb is main tain ed Jl earl v 
consta nt inclepend()~lt of wa:rele!lgth [7]. A simpie 
formula for COlTectlOn of sIlt-WIdth errors m.av be 
derived by . asslilnin g the co rrection to be propor­
tIOnal to the secon d clcrivtLtive of the spectral­
transmittance (Tl\) fun c(,ion of the filter and by 
a pproximating this second derivt1tive bv the cliffCl~­
ence b et.ween Lwice lhe reading, R~, a t" wavelenoth 
A and tbe sum of the readings R~ - 10 and R~+IO , l~'e -
73~~~.E-Il" ind ica tes the second N BS- GE spectrophotometer, GE Serial No. 

ceding and following this wavclellO'Lll by 10 mil. 
The formula: b 

TI\=R~ + (2R~ - R~ -IO-B~+JO) /10 

= 1.2R~ - 0.111'( _10- 0.1 R~ t-lo 
(1) 

is cq uivalent to the first t.crms of the cxpansion form 
quoted by .GIbson [6] from Forsythe [7] with J{ 
taken as 10 mstead of 12. The terlns B; R: 0 ancl 
Ji'J' f . ' A ' A -l , 

I I\ + lO, re er to values obt mned from t be GE- II spec-
trophoton~etel: . WIth all cOlTections applied except 
that for slit-WIdth enol'. 

Since the 5 glasses of master set No.3 had been 
measured at each millimicron throuO'hout the visible 
spectl'l.~m by m~ans of the Cary- l4b spectrophotom­
et?!' WIth sht WIdths not exceeding 1 mM for trans­
nuttances great.er than 1 percent, it was possible to 
compute the valu es of spectral t.ransmittance that 
w?uld have been read by an instrument having slit 
wIdth.s of any value greater than 1 mj-t. Such com­
p~ltatJOn ~ were made for a triangular sli t function 
With a WIdth of 10 mj-t at half height, a nd the differ­
ences bet\~een the resultin g vnJues and those for the 
neUT?W slIts of the en,ry spectrophotometer were 
applIed to the GE- ll readings as slit-width correc­
LIOns. It was noted, however (see columns 3 and 4 
of table 1).' that t~ppl'oximately the same cOlTections 
were obtmn.able from formula (1); so this formula 
IS. a c.onvement short way to state the sizes of the 
sht-Wldtl~ cOlTectio ns applied, and is also a satis­
factory sllnple staLement of slit-width corrections to 
be applied to other specimens mensmed on Lhe GE- II 
spec tl'opho tome tel'. 

Inertia errors. The recording m echanism of the 
eLU toma tic G E- II speetropho tometer is con Lrolled 
by positive and ne!Sativo impulses operating on the 
pel~ assembly (dnvlllg motor , gears, and pen holder) 
wluch has appreClH ble inLeria a nd friction. This 
mechanism gives eL dYlMmic eVlduation of the trans­
mittan ce at wavelength A; that is the tran smittance­
indicating position of the pen at the time t when the 
specimen is being illuminated by light of 'w;Lvelen gLh , 
A, IS based on Signals rcceived at a Lime t- c 
somewhat be~ore wav:elength, A, is reached. Th~ pel{ 
pOSItIOn n:t tI~ne, t, IS thus . found by extrapolation 
over the t.lme mterval, c. This extrapolation process 
depends on . the strength and frequency of the im­
pulses relatlve to ~h.e inertia and friction of the pen 
assembly. On a l'lsmg curve the pen assembly may 
coast past the correct value because of inertia or it 
may lag behind because of friction . The discrepancy 
between the t.rue value of the spectral transmittan ce 
and the va~ue I:ecorded by extrapolation may be 
called the mertia error. Let us assume that if 
B o(t). is the con:ect reading at time , t, the actual 
readu,-lg R (t), WIll, because of inertia error , be a 
functIOn not only of Ro(t) , but also of the velocity 
o.f the pen assembly at time, t- c, just previous to 
tune, t, of the following simple form: 

R(t) = Ro(t) + k(dRldt) t-c 

where c and k are constants to be evaluated from a 
consideration of R- Ro for knovm specimens. 
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TABI~E 1. Spectral trans mittances of master set No.3 orange-l'ed glass filter 2101 

Obta ined by applying the routine zero. 100%, and wa velength·scale corrections to the readings of the G E - II spectrophotometer ; t he slit-width , inertia, and back·refleet· 
a nce corrections; the results of a pplying these three corrections; and comparision of uncorrected and corrected G E - II results to the a verage spectral transmitta nces 
of the same glass filter obtained by three other speetrophotometers (Cary- 14, Beckman DU, Kiinig-Martens) 

Spectral Corrections Spectra l tra nsmitta nce DilTercnccs 
ll'ans- Sum 

mittance (4) 
Wavelength GE- U with Slit-\Yidth (5) :rvl c3 n of 

routine Inertia B ack- (6) GE- II with Ca ry, (8)-(9) (2)-(9) 
correction s reflecta nce al l corrections Beckm an, 

Eq 1 Experimental and K-NI 
----------

4 9 10 II 

m l' 
550 0. 00 0. 00 0.00 0.00 0. 00 0. 00 0.00 0. 00 0. 00 0.00 
550 . 05 - . 96 - . 19 . 00 . 00 - .19 .00 . 00 . 00 . 05 
570 9. 70 - 3. 19 - 3. 93 - . 6S - . 03 - 4. 64 5. 06 4. 67 .39 5. 03 
580 51. 30 + 1.44 + 1.99 - 2.9t - . 08 - l. 00 50. 30 48. 44 1. 86 2.86 
590 78. 51 + 2. 03 + 1.82 - 1.90 - . 19 - 0. 27 78. 24 77. 12 1.12 1. 39 

600 85. 43 + 0. 49 + 0. 44 - 0. 48 - . 23 - . 27 85. 16 84. 48 0.58 0. 95 
610 87. 45 + . 11 + . 09 - .14 - . 24 - . 29 87. 16 86. 62 .54 . 83 
620 88.31 + .03 + . 10 - . 06 - . 24 - . 20 88. 11 87. 97 . 14 34 
630 88. 95 + . 01 + .09 - . 04 - .24 - . 19 88. 76 88. 50 . 16 . 35 
640 89. 45 + . 02 + . 01 - . M - . 25 - . 28 89. 17 89. 06 .11 . 39 

A \rerage ______ _______________ ___ ____ __ ____________ __ ____ ____________________ ________ ___ ___ ________ . __ . ______ __ __ ___ _____ . __ _____ . ____ 0. 49 1. 22 

The correction, Ro- R, to be added to R to obtain 
the true value, Ro, may be estimated with some 
l'eliabili ty by taking - k(R, - RX- 2c) from the re­
corded curve. This shift from the time scale to the 
wavelength scale is :i usLified because the instrument 
scans the specLrum in the direction of increasing 
wavelength with a constan t speed. The assumptioll 
that the inertia of t he pen assembly has a significant 
regular influence on the reading R (t) does not involve 
a decision between a tendency of the ttssembly to 
lag behind the correct reading or jump ahead of it . 
This decision has to be made in t he course of evaluat­
ing the co nstant , k, from a consideration of R - Bo for 
known specimens. If k is found to be greater than 
zero the inertia correction refers to a correction for 
lag; if less than zero, to a correction for leftd . 

The empirical evaluation was based partly on da ta 
tftken several years ago by K eegan [8] (1956) and 
partly on the present data for the five glasses of 
master se t Ko. 3. The best fit to the 1956 data was 
found by setting c= 5 m).' , and Ie either at - 0.05 or 
- 0.07 . The best fit to the present data was found 
for c= 5 m).', lc= - 0.07 . Note that bo th sets of data 
indicate k less than zero . The inertia correction for 
the GE- II spectrophotometer is thus aleadcorrection. 
If Rx and RX- 10 are the uncorrected readings of the 
spectrophotometric curve plot ted by the instrument , 
th e formula for spectral transmittance, Tx, with this 
evalu ation of constants becomes 

T)..= R x- 0 .07 (R x- RX- IO) 

= 0.93R.+ 0.07 RX- 10 

(2) 

on the assumptio n that all other corrections are 
negligible. Optimally this inerti:1 correction should 
be made first , followed by the zero correction, the 
100 percent correction, the wavelength-scale correc­
tion, the slit-width correction, and fin:111y t he back­
reflectance correction, but in practice these COlTec­
tions are sufficiently small that no significant addi-

tional error is introduced by changes in the order of 
ttpplying them. 

Back-Teflectance e1TOTS. Through the specimen 
compartment of the GE- II spectrophotometer , two 
divergent beams pass from thc decentered lenses to 
the en trance ports 0 f the in tegra ting sphere [2]. 
The axis of each beam makes an angle of about 6° 
with the optical axis of the instrument, one to the 
right, the other to the left . The specimen filter whose 
spectral transmittance is to be measured is inserted 
in one of these beams (the specimen beam) so that the 
axis of the beam is perpendicular to the faces of the 
filter. All of the flux reflected from the front hee 
of the filter and a fraction of th e flux reflected from 
the back face contributes to a r eflected beam 
directed back toward the decentered lens. Since 
this r eflected beam is also diverging, part of it may, 
and as a matter of fact does, reach the decentered 
lens transmitting the referen ce beam, as was pointed 
out by Middleton [9], and enters the sphere through 
the entrance port of the reference beam. This added 
flux, some of which has never passed through the 
specimen, contributes to the illuminance of the 
sphere during the specimen phase of the cycle ano 
causes a spuriously high indication of the spectral 
transmittance of the specimen . This error is what 
is meant by back-refl ectance error . It could be 
eliminated by insertion of an inconvenient ver tical 
partition between the specimen compartment and 
the decen tered lenses ; but since the error for nOll­
metallized glass filters is of the order of one or two 
tenths of one percent of the rull scale , it has hereto­
fore been considered negligible. 

By obtaining the read ing of the spectral transmit­
tance of a clear plate first inscrted perpendicular to 
the specimen beam , and second tilted until no part 
of the reflected beam crosses over to the other side 
of the instrument, it was found that the maximum 
error from this source for a glass of refractive index 
equal to 1.5 is 0.0026. By taking into account the 
fact that as the transmittance decreases from 0.923 
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to zero, Ul e ref! cct an ce 0 f the spec i men til tel' decI ines 
from 0.079 to 0.040, and that Lhe pitotometer senl e 
is adjusted to be correct at 0.10 , the followin g expres­
sion Jor the reflection correction accurate to 0.0001 
was derived : 

Back-reflectance correction= - 0.0031 R>..\ (3) 

where R >.. is defined in formula (2). 
This correction was applied to all of the data, on 

the glasses of master set No. 3 obtained on the 
GE- II spectrophotometer. 

To indicate the degree to whieh the three of Len 
neglected corrections (slit-width, inertia, bfLck­
reflectance) succeeded in accounting for thr regular 
deviations of the results by the GE- II spectro­
phot.ometer from the mean of those by three other 
spectrophotometers (Cary-l4, Beckn1fLl1 DU, Konig­
~/Iartens), t,able I has been prepared for the selenium 
onmge-red glass (2 101) of master set No.3 for the 
\Vftvelength ra,nge 550 to 640 Ill/-L. lL ma.'" be seen 
from columns 1 ° ~Ln d 11 theLt , by apply i ng these 
Lhree , often neglect,ed correction s, boLh the Ilmxi­
mum cliffnence and the average differen cr belween 
the GE- II resuJts and the men,n of results by t,hree 
oLher spectropllOLometrrs heLve been reduced by 
more tlmn a fflcLor of 2. The GR- II )'CHds higher 
0 11 ghlss filLer 210 1 than the other spectro pho­
Lome tel's, ('\' en clfLer thrse neg'1.tive correction s have 
bee ll applied. The Cllll SeS of Lhes(' rrs idwd ci evill­
tiolls (column 10) nrc noL k nown. The GE-·II wiLli 
elll kn owil co rrect ions appl ied flgrees note1. bly bet.tel· 
with the other s pccLrorJlotollleters ill i ts meHsurc­
menL of the ot.hCl' foul' glasses of masLer se L No.3. 

c. Beckman DU and Konig-Martens Spectrophotometers 

C llCek meaSLlTements of spectral transmit[.lLllce of 
the five mastPl' stalldards of set No.3 wrre madc nt, 
cCl'ta in wavelen gths on the Beckmall DU and the 
K -,M speetrophoLometers tiS follows: 

011 Beckman DU spectrophotometer 
(1) Glass 2101 on "ll bsolute basis" 560 to 750 m/-L 

aL cvery 1011111 . 
(2) Glass 2 102 relati veLD spect ropllOtomet ric 

standard Corning HT yellow (5, 6] at \nlvelengths 
aL which the standard is specified. 

(3) Glass 2103 on ",tbsolu te basis," 450 to 6] 0 il1/-L 
at every 10 ll1/-L . 

(4) Glass 2104 relative to spectrophotolll.etric 
standard cobalt blue (5, 6] at wavelengths at which 
standard is specified. 

(5) Glass 2105 Oil "absolute bfl.sis," 400 to 750 Jll/-L 
l1.t every 10 m/-L. 
On IC- M spectrophotometer 

(1) Glnss 2101 at the wavelengths 560, 578 (Hg 
linc), and 620 m/-L. 

(2) Glass 2102 at wavclengths 436 (H g line) and 
620 m/-L . 

(3 ) Glass 2103 at wavelengths 460, 520, 600, 610, 
lilld 620 111/-L. 

(4) Glass 2104 at wavelengths 595 and 645 m/-L . 
(5) Glass 2105 at wavelengths 470, 530, 595, 620, 

and 640 m/-L -

Stray-energy filters used for the Beckman DU 
spectrophotometer were Corning 9863 for 320 to 
400 m/-L, Corning 2424 with blue- ensitiye cell from 
600 to 660 m/-L and Corning 3965 with red-sensitive 
cell. Similarly appropriate st ray-energy filters were 
used on the K-'M. 

2 .2 . Evaluation of Errors 

In order to evaluate er rors in the computation of 
tristimulus values and chromaticity coordinates due 
to (1) neglect of slit-width corrections, (2) the ll se 
of summation-in tervals of various sizes in the 
weighted-ordinate m ethod, and (3) the use of 
various numbers of ordinates in the selected-ordinate 
method, a computer program was prepared for the 
IBy[ 704 high-speed digital comp uter. 

This program co n verts data of spectral trans­
mittance in to colorimetric terms for slit-widths of 
1 (nen e-zero), 5, 10, and 15 m/-L by (fl ) the weighted­
ordinate meLhod for 1-, 5-, 10-, and 15-m/-L summation 
intervals, and (b) the selected-ordina te method for 
10, 30, and 100 ordinates. The conversions can be 
mnde for any Planckian so urce from el,pproximately 
1,000 OK to 10,000 OK including CIE stlwdal'd 
so urce, A, and for ClE so urces B, Hnd C. Published 
vftIues of the t risLimulu s fun ctions (i,y,z) for each 
1-m/-L inte rval [rom 380 to 770 m/-L und the wfwelengLh 
of the selected o rdinates for 10, 30, and 100 ordinltLes 
are used in the program [10]. 

The inpuL dattL for this program fire vellues or 
s pectral LmnsmitLnnce 1'01' each 1-m/-L in te rval from 
360 to 790 111/-L measured on an instnllncllt w ith It 

beU1d pass so small tbllt fur t il er reductioll will not 
affect the pllOLome tric vlllue . Th e data must bl' 
corrected fo r wa vclength , zero curve, a.n d 100 
percell t CUITe inst rumcJ1 tal errors bcJorc in troductiOll 
into the progmm . 

a. Neglect of Slit-Width Corrections 

Th e effect of tbe change in slit width on the 1-m/-L 
(near zero ) Slit-width, spectn11-transmittaJ1ce, input 
data were eompnted hy usin g a triangular sli t-wid th 
weighting fun ct ion of the type: 

where TA is the spectral transmittance ,1t wiLyelength 
A, n is the nominal slit width , flnd i is fl wavelength 
difference less t han or equal to n. The speetml­
transmittan ce data were computed for each 1- ill/-L 
intenal from 380 to 770 m/-L for n = 5, 10, and 15. 
The colorimetric coordinates X,Y,Z, x,y were com­
puted for the spectral transmittance datIL for 1-, 
5-, 10-, tLud 15-m/-L slit widths usin g the weighLed­
ordinate method for a. I-m/-L summlltion interval. 
The colorimetric coo rdineltes indicaLe the effect 
to be expected when tbe glass filt ers are measured 
on spcctrophotometers having slit widths larger 
than 1 m/-L . 
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b. Use of Summation Intervals of Various Sizes in the Weighted­
Ordinate Method 

From the spectral-transmittance inp,ut data for 
1-m,u slit width and the spectl'al-translmttance da~a 
computed from them for 5-, 10-, and 15-m,u slit 
widths the colorimetric coordinates X, Y,Z,x,y 
were ~omputed by the weighted-ordinate method 
from every 5th, 10th, and 15th value of spectral 
transmittance tristimulus function, and spectral 
irradiance of the source. The resulting colorimetric 
coordinates indicated the change which would be 
expected by using summation intervals of 5, 10, and 
15 m,u with the weighted-ordinate method. 

c. Use of Various Numbers of Ordinates in the Selected-Ordinate 
Method 

The colorimetric coordinates \vere then computed 
for the spectral transmittance dataJor the four slit 
widths by means of th e selected-ordmate method for 
10 30 and 100 ordinates. The correct values of 
sp~ctr~l transmittance ftt the wftvelength indicated 
by the selected-ordinates used were. compu ted by 
third-difference osculatory mterpolatlOn [11]. The 
resultinO' colorimetric coordinates indicated the 
change fvhich could be expected by using .the selected­
ordinate method for 10, 30, ftnd 100 ordmates . 

2.3. Colorimetry of Duplicates 

From the 200 squares of each type of glass, 100 
were chosen by visual inspection for issuance as 
duplicate standards. The criteria were freedom from 
seeds, bubbles, strifte, scratches, chips, and other 
visually detectable defects. 

Although the 100 glass squares of each type of 
glass so chosen were taken from the same melt, 
visual inspection by diffused ligh t from. ~aylight 
fluorescent lamps revealed small color dIfferences 
among them. By means of these d.ifferences it .was 
possible to arrange th e 100 glasses lJl an. essentIally 
one-dimensional sequence, and from thIS sequence 
the terminal glasses (called limit filters) were chosell 
to indicate the color range of the gro up as follows : 
Orange red __ weak limit (WL) and strong limit (SL). 
Yellow ______ weak limit (WL) and strong limit (SL). 
Green ______ yellow limit (YL) and blue~io::it (BL). 
Blue ________ li ght limit (LL) and dark Illmt (DL). 
NeutraL ____ yellow limit (YL) and blue limit (BL). 

The limit filters so selected were measured on the 
General Electric, and Cary s I.Jectrophotom eteI's, and 
on the Barnes, Gardner, Hunter, Colormastel', and 
Judd CDC (chromaticity difference colorimeter) 
colorimeters. An analysis of the data so obtained 
showed that smaller uncertainties would be obtained 
if no photoelectric colorimeter was used for the 
duplicate standards. Accordin!Sly, mea~urements 
were made on the 100 glasses III each of the red, 
yellow, and blue sets by means of the CDC visual 
colorimeter. 

The chromaticity-difference (flx, fly) data so 
obtained showed thftt the color differences among 
the yellow and blue glasses were ascribable to small 

variations in the thicknesses of the glasses. The 
measured thicknesses of the glftsses were used to 
find adopted values of X, Y, Z, x, y. As expected 
from the dependence of the color of selenium glasses 
on annealing temperatur e, the orange-red glasses 
showed no correlation of chromaticity with thickness. 
The values of luminous transmittance were, how­
ever, inferred from the llleasured chromaticity co­
ordinates on the assurnption that all orange-red 
glasses co~tainecl the smne absorbing Jnaterial though 
produced in varying amounts ?~cause of di~erences 
in annealing temperature. 'IbIS assumptJOn w.as 
ch ecked by measurement of the lUlmnous transml t­
tance of five of the duplicate orange-red glasses on. 
tbe 11artens photometer. 

3. Results 

3.1. Spectral Transmittances of Master Set No.3 

Tables 2 through 6 show for every 10 m,u the results 
of measuring the spectral transmittances of the ~ ve 
glftsses of master set No.3 and appl,Yll1g t~e rout1l1e 
corrections. Table 7 shows the values of spectral 
transmittance obtained at th e wavelengths of the 
emission lines of mercury and helium. 

TAB I.E 2. Spectral transmittance oj glass filter 2101, master 
set No.3, as measured on the indimted spect1'ophotometers 

Wavelength Cary Moc1el14 

'"I' 
380 0. 000 

90 .000 

400 . 000 
10 . 000 
20 . 000 
30 . 000 
40 . 000 

450 . 000 
60 . 000 
70 .000 
80 .000 
90 . 000 

500 . 000 
10 . 000 
20 . 000 
30 . 000 
40 . 000 

550 . 000 
60 . 001 
70 . 048 
80 .478 
90 . 774 

600 .846 
10 .866 
20 . 876 
30 . 883 
40 .886 

650 - .888 
60 . 891 
70 . 893 
80 . 893 
90 . 893 

700 .894 
10 .893 
20 .894 
30 . 894 
40 . 894 

750 . 891 
60 .89l 
70 . 889 

General 
Electric 

0. 000 
. 000 
. 000 
. 000 
. 000 

. 000 

. 000 

. 000 

. 000 

. 000 

.000 

. 000 

. 000 

.000 

. 000 

. 000 

. 000 

. 097 

. 5l3 

. 785 

. 8G4 

.874 

.883 

. 889 

.894 

.897 

.900 

. 90l 

. 903 

. 903 

. 903 

. 903 

. 902 

. 90l 

. 900 

.899 

Beckman DU 

O. DOl 
.046 
. 479 
. 768 

.844 

.866 

.880 

.886 

. 892 

. 89.; 

.898 

. 900 

. 901 

. 901 

. 901 

. 901 

. 900 

. 900 

. 899 

. 896 

K onig­
Martens 

0.001 

.880 
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3 .2. Corrections Developed From Present Study 

a. Lead Sulfide Cell Corrections for Cary Data 

Th e resul ts of the measurements, given above, for 
th e Cary indicate the data obtained by the lead sul­
fld e cell without corrections. The values corrected 
for discrepancies b etween th e data taken lviLh t he 
multiplier phototube a nd the lead sulfide cell arc 
higher by th e factor 1.003 from 600 to 770 111,u . 

b. Slit Width, Inertia, and Back-Reflectance on GE Data 

The data listed in tables 2 to 6 show for the General 
Electric recording sp ectrophotometer the res ults of 
t be meas urem ents taking into consideration only 
the routine corrections for 100 percent, zero, and 
wavelength scale. In table 8 are listed the results 
from the GE corrected for the above routine errors 
plus the corrections for iner tia, sli t width, and back 
reflectance . 

3.3. Derivation of Adopted Values of Spectral 
Transmittance of Master Set No. 3 

The fin ally adop ted data of spectral transmittftnce 
for the five fil ters of lIl aster set No.3 were derived 
as a weigh ted mean of three sets of measurements: 

TABLE 3. Spectml tmnsmittance oj glass flUe?' 2102, master 
set No.3, as measw'ed on the 'indicated spectTophotomete?'s 

Wavelengt h Cary M oclel14 

?nl' 
380 0.024 
90 . 017 

400 . 013 
10 . 011 
20 . 011 
30 . 013 
40 . 017 

450 . 025 
60 . 0;)8 
70 . 058 
80 . 087 
90 . 123 

500 . 171 
JO . 226 
20 . 287 
30 . 353 
40 .419 

550 . 482 
60 .539 
70 . 591 
80 . 634 
90 .669 

600 . 695 
JO . 716 
20 . 731 
30 .741 
40 . 749 

GilO .702 
60 . 754 
70 . 755 
80 . 753 
90 .751 

700 . 750 
JO . 746 
20 . 741 
30 . 734 
40 . 729 

750 .722 
60 .714 
70 . 705 

Go noral 
Electric 

0.013 
. 012 
. 011 
. 012 
. 017 

. 025 

.040 

.060 

. 088 

. 127 

. 174 

. 229 

.292 

. 358 

. 424 

. 488 

.546 

. 598 

.640 

. 675 

. 700 

. 720 

. 733 

. 742 

. 749 

. 753 

.755 

. 756 

.75" 
· 753 

· 750 
· 746 
· 742 
· 736 
• 729 

· 722 

Beckm an l) U 

0. 018 

. 01 1 

.287 

.352 

.540 

.697 

Konig­
:Martcns 

. 732 0. 729 

. 750 

. 756 

. 754 

. 745 

. 725 

(1) t he Cary data with lead sulfide cell correction, 
(2) the GE with routin e CO l'l'ccLiOIlS and corrections 
for inerti'a, slit width, and back reflectance, and (3) 
the Beckman DU. vVherc meas ul'cd data were 
lacking, as in the case witb t he Beckman. D U, valucs 
of spectral transmittance were inLol'polatcd. The 
weights used for the data wore 4 (Clt I'Y) , 3 (GE) , and 
3 (Beckman DU) for the fil ters clcs ig naLed 2101 , 
2102, 2103, and 2105. In the case of t be filter 
designated 2104, however, li ttle data were Lak:en by 
the Beckman DU and tb e assigned weights were 4 
(Cary), 4 CGE), and 2 (Beckman DU). T11e 
adopted weighted mean data of spectral transmit­
tance for the five filters of master set No.3 are listed 
in table 9. 

3.4. Derivation of Adopted Tristimulus Values and 
Chromaticity Coordinates 

The spectral t ransmittance data listed in table 9 
were processed by means of an IBM 704 high-speed 
digital computer which eonver ts spectral- transmit­
tance data into colorimetric terms for 10-m,u sum­
mation intervals by means of the tris timulus func­
tio ns, x,y,z, adopted by the CIE in 1931. Wha t is 
desired are tris timulus values and chromat icity 
coordinates based on the CIE tristimulus functions 

T ABT,E '1. Spectr-aZ tr'ansnu:ttance oJ glass jilte?' 2103, master 
set No.3, as measured on the indicated spect?'ophotometers 

Wavelengt h Cary Model 14 

m" 
380 
90 

400 
10 
20 
30 
40 

450 
60 
70 
80 
90 

500 
10 
20 
30 
40 

550 
60 
70 
80 
90 

600 
10 
20 
30 
40 

650 
60 
70 
80 
90 

700 
10 
20 
30 
40 

750 
60 
70 

0. 000 
.000 

. 000 

. 000 

. 000 

. 000 

. 000 

. 002 

. 007 

. 023 

. 051 

.098 

. 16l 

.223 

.262 

. 260 

.222 

. 164 

. 105 

. 058 

. 029 

. 013 

. 005 

. 002 

. 001 

.000 

. 000 

. 000 

. 000 

. 000 

.000 

. 000 

.000 

. 000 

. 000 

. 000 

.000 

. 000 

.000 

. 000 

Genem l 
E lectric 

0.000 
. 000 
. 000 
. 000 
.000 

. 000 

. 008 

. 024 

. 053 

. 102 

. 164 

. 225 

. 259 

.257 

.218 

. 159 

. 103 

. 058 

. 028 

. 012 

. 005 

. 000 

. 000 

. 000 

. 000 

. 000 

.000 

. 000 

. 000 

. 000 

. 000 

. 000 

. 000 

. 000 

.000 

. 000 

Beckman nu 

0. 000 

. 002 

. 007 

. 022 

. 049 

. 095 

. 159 

.217 

.260 

. 262 

. 224 

. 166 

. 107 

. 061 

. 031 

. 014 

. 006 

. 002 

. 00l 

K6n ig­
M artens 

0.008 

.263 

. 005 

. 002 

. 001 
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TABLE 5. Spectral transmittance of glass fi lte1' 2104, m aster 
set No.3, as measured on the indicated spectrophotometers 

TABLE 6. Spectral tran smittance of glass filter 2105, master 
set No .3, as measured on the indicated spectrophotometers 

Wavelength Cary M odel 14 Gen eral 
E lectr ic 

Beckman D U K onig-
2IIa~tens 

W avelen gth Cary M odel 14 Gen era l 
Electric 

B eckman D U K onig­
Martens 

-----------11-----1-----1----- --------- 1------1-----·-1------
m~ 
380 

90 

400 
10 
20 
30 
40 

450 
60 
70 
o 

90 

,;00 
10 
20 
30 
40 

550 
60 
70 
80 
90 

600 
10 
20 
30 
40 

650 
60 
70 
80 
90 

700 
10 
20 
30 
40 

750 
60 
70 

0.887 
. 894 

. 889 

. 873 

. 861 

.839 

. 815 

.783 

. 740 

.658 

.532 

.390 

.284 

.180 

. 103 

. 048 

. 033 

. 044 

.069 

.060 

.026 

. 009 

. 008 

. 010 

. Oll 

.010 

. 008 

.009 

. 017 

. 048 

. 145 

. 360 

. 606 

.766 

.849 

. 887 
, 900 

.904 

. 904 
,906 

0.891 
.880 
.864 
. 844 
. 818 

.784 

. 738 

.649 

. 522 

. 388 

.280 

. 180 

. 102 

. 053 

. 037 

.048 

. 069 

. 058 

. 025 

. 009 

.OO~ 

. 010 

.011 

. 010 

.008 

. 008 

. 017 

. 050 

. 149 

. 365 

. 614 

. 776 

. 859 

.892 

.904 

. 910 

0. 904 

. 104 

. 036 

.070 

. 009 

. 012 

. 008 

. 150 

.350 

.856 

. 907 

m~ 
380 
90 

400 
10 
20 
30 
40 

450 
60 
70 
80 
90 

500 
10 
20 
30 
40 

550 
60 
70 
80 
90 

600 
10 
20 
30 
40 

650 
60 
70 
80 
90 

700 
10 
20 
30 
40 

750 
60 
70 

0. 022 
. 088 

. 247 

. 401 

.484 

.544 

.602 

.657 

.695 

.708 

.700 

. 680 

.658 

.624 

. 590 

. 565 

.570 

. 603 

.621 

. 583 

.509 

. 446 

. 444 

. 455 

. 459 

. 453 

. 443 

. 448 

. 479 

. 540 

.628 

.717 

. 788 

. 831 

. 8.57 

.872 

.880 

, 886 
.890 
.895 

0,284 
. 41 8 
.496 
.557 
.615 

,664 
. 701 
.713 
. 703 
. 683 

.659 

.626 

.592 

.568 

. 57.) 

.609 

.620 

.579 

.50'1 

. 452 

. 449 

.469 

. 463 

.457 

.448 

.453 

.484 

. .)46 

.633 

. 721 

. 794 

.839 

.864 

.878 

. 886 

. 891 

0. 024 
. 089 

.253 

.406 

.487 

. 547 

. 608 

. 659 

.696 

. 713 

.705 

. 684 

. 662 

.629 

. 594 

. 566 

.568 

. 605 

.624 

. 587 

.514 

.452 

.445 

. 458 

.462 

.457 

.446 

.450 

.478 

. 534 

.623 

.714 

.788 

.832 

.860 

. 874 

.883 

.889 

0, 717 

.565 

. 462 

, 448 

TABLE 7. S u ppie11lentm'Y spectral tl'ansmittance meaS1l1'ements of master set No .3 on the indicated filt ers and spectrophotometers 

'\Tave_ 
length Element 

F i lter 2101 Filter 2102 F il ter 2104 Fil ter 2105 

Cary· Beckman Konig- Cary· Beckman K6nig- Cary· B eckman Koni g- Cary* Beckm an Konig-
:M ouel 14 D U M arten s 'Yl ouel 14 DU M artens M odel 14 1) U C\1 al'lens M odel 14 D 1J M ar ten s 

---_·_--1----1----1----1----1----1----1----1----1----1----1----1-----

m" 
404.7 
435.8 
47 1. 3 
491. 6 

501. 6 
546. 1 
578. 0 
587.6 
595. 0 

645.0 
667.8 

706, 5 

M ercu ry____ ___________ ___________ ___________ 0.012 0.013 __________ _ 
M ercur y____ ___________ ___________ ___________ .015 . 015 0.015 
H eli um _____ ___________ ___________ ____ _______ .061 .061 __________ _ 
M ercury ___ __ _____ _____ ___________ _______________________ __ __________________ _ 

0.882 
.826 
.646 
.365 

0.893 
. 833 
. 645 
. 374 

H eli um___ __ ___________ ___________ _______ __ __ .181 . 179 ___ ________ . 265 . 270 __________________________________________ _ _ 
M ercury ____ ___________ ___________ __ ____ _____ .457 . 456 _________ __ . 036 . 038 ______________________ __ ____________ _______ _ 
Jvl. ercury ____ 0.374 ___________ 0.393 .627 .625 ___________ .032 . 032 ________________ ______ __ ___________________ _ 
H elium_ ____ ___________ ___________ ___________ .663 . 659 __________ _ _________________________________________________________________ _ 
(")_________ .821 0.824 __________ _ ___________ ___________ ___ __ ______ ,007 ___________ 0.008 0. 440 ________ __ _ 0,441 

(**) - - ------ ----------- ----------- ----------- ----------- ----------- -----------lielium __ ______________ __ _______________________________________ ____________ _ 

lieli um ____________________________________________ __________________________ _ 

.008 

. 038 

. 709 

.008 _____________________________ ___ _ 
,037 

. 726 ___________________________________________ _ 

*The values given for the Carl' are for comparison only. They are data taken for the follo \\-ing wavelengths: 405.0, 436.0,471.0,492,0,502.0,546.0,578.0,588,0,595.0, 
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645.0, 668.0, anel 706.0 m". J 
**~ teasurcd with the conLinuum of the tungsten source. I 

for 1 m,u summation intervals. These da ta were The following derivation will serve as an example: 
derived in the following manner. Tris timulus values 
and chrom ati city coordinates were available from X ; - X ;o = fiX 
measurements of sp ectral transmittance made with X IO + flX= X j 

the Cary for both 1- and 10-m,u summation intervals 
but for the Hardy valu es of the tl'istimulus fun ctions. where X ; ftnd X ;o ftr e the X tristimulus values com-
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TA B I~ E: 8. Corrected spectral trans mittance oj master set No.3 

!\[C' JsurelTIcn ts made on the General Electric spectrophotometer 

\\'a\'e l('ngtil Fil ler 2lOl F ilter 2102 Fi ller 2103 F iller 210·1 Fil ler 2lO5 

- --- ._---------- - - .-

7nJL 
400 O. UOO 0.013 0.000 0.891 U.272 
10 . 000 . 012 . 000 .878 . 41j 
20 . 000 • OIL . 000 .863 .492 
30 . 000 . 012 . 000 . 843 . 552 
40 . 000 . 01 6 . 000 .819 . 610 

450 .000 . 024 . 000 . 786 .66t 
60 . 000 . 038 . 006 .743 .698 
70 . 000 . 058 .022 .658 . 712 
80 . 000 . 086 .049 .532 . 702 
90 . 000 . 123 .097 . 394 .684 

500 .000 . 170 . 163 .289 .66t 
to . 000 .225 . 223 . 183 .627 
20 . 000 . 287 . 260 . 107 .593 
30 . 000 . 354 . 26~ . 053 .566 
40 . 000 . 419 . 222 . 036 . 571 

550 .0)0 . 483 . 163 . 046 .606 
60 .000 . 54 1 . l e6 . 071 .623 
70 . 051 .594 . C6) . 061 .583 
80 .503 .637 . 029 . 025 . 5~7 
90 .782 . 672 . 01 2 . 009 . 4.49 

600 .852 .6H6 .005 . 008 . 448 
to 72 . 717 . 000 . 010 . 459 
20 .8S 1 . 731 . 000 . 011 . 462 
30 .888 . i4f) . 000 . 010 . 45i 
40 .892 . 747 . 000 .008 . 4'16 

650 .895 . 751 . 000 . 007 . 449 
61 .896 . 753 . 000 . 015 . 478 
70 . 898 . 754 . 000 . 042 .539 
80 . 900 . 753 . 000 . 131 . 627 
90 .900 .75 t . 000 . 348 . 714 

700 . 900 . 749 . 000 .606 . 789 
10 . 900 . 744 . 000 . 770 .8a5 
20 .899 .740 . 000 .855 .861 
30 .898 . 734 . 000 .890 .87.\ 
40 .898 . 72i . 000 .901 .883 

750 .896 .720 . 000 . 907 . 889 

puted from data takC'n on the Cary 1'01' the sub­
scripted summation inten rals, based Oil the t ri s tim­
ulus fun ction of Hardy; XIO is the X tristimulus 
value computed from spectral transmittance data 
of the adopted weighLed me,)'n for 10 mf.L summa tion 
intervals, based Oil the ClE Lri stimulus function ; 
a nd XI is tlte derivcd X tri s til1lulus value for the 
adopted weighted meall for 1 lllf.L summation interval 
based on the C IE tris timulus function . Similar 
deri vations wcre mad e ror thc Y a nd Z tristimulus 
valu es and thc chrom aticit~T coordinates X, y ,Z were 
compu ted in the normal manner. The adoptcd 
tristimulus values and chl'omaticity coordinates are 
listcd in table 10 for thc filters of mastcr set No.3 . 

3.5. Estimates of Uncertainty Both for Master Set 
No.3 and for the Duplicates 

a . Master Set No. 3 

The uncertainties of the tristimulus values of the 
five filters of master se t No.3 were es timated by 
computing the tristimulus values for each set of 
adopted values (one for each of the Cary, GE, and 
Beckman spectrophotometers) and taking the range 
of these computed values as the estimate. Table 11 
shows thcse rang'es, no t only for the tristimulus 
values (X, Y, Z), but also for the chromaticity 
coordinates (x, y ) . These ranges correspond roughly 
to estimates of three times the s tandard deviations 
or the adopted values. [12]. 

T AB LE 9. W eighted mean spectral transmittance oj master set 
No. oj 

Based on measurements from the Cary Model 14 , General Electric, and Beck· 
man DU spectrOphotolnCLCl'5 

\\·aq~ l cngt h Filter 2101 Filter 2102 Filte,. 2103 Filler 210.\ Filte r 2105 

--- .-
m" 

, 
380 0. 000 0.023 0.000 O. gOO 0.023 

90 .000 .016 . 000 .897 . 086 

400 .000 .013 . 000 .892 .256 
10 . 000 .011 . 000 .877 . 407 
20 . 000 . 011 .000 . 863 . 487 
30 . 000 . 013 . 000 . 842 .5.]7 
40 .000 .017 . 000 . 818 . 606 

450 .000 . 025 . 002 . 785 .659 
60 . 000 . 038 . 007 . 742 . 696 
70 . 000 . 058 . 022 . 659 . 711 
80 . 000 .087 . 050 .533 . 702 
90 . 000 . 123 . 097 . 392 .682 

500 . 000 . 170 . 160 . 286 .660 
IO . 000 . 225 . 221 . 181 .626 
20 . 000 . 287 . 261 . 105 . 592 
30 . 000 . 353 . 26t . 050 .566 
40 . 000 . 420 . 223 · 035 .570 

550 . 000 . 484 . 164 . 044 .605 
60 . 001 . 540 . 106 . 069 .623 
70 . 049 . 593 . 059 . 059 .584 
80 . 489 .637 . 029 . 025 . 510 
90 . i76 . 671 . 013 . 008 . 449 

600 .847 .696 . 005 · 008 . 446 
10 .869 . 718 . 002 · OlD .458 
20 .880 .732 · 001 · all . 462 
30 .887 . 742 · 000 . 010 . 456 
40 .891 . 750 . 000 . 008 . 445 

650 .893 . 754 .000 . 008 . 449 
60 .896 . 756 . 000 .016 .479 
70 .898 . 756 · 000 . 044 .539 
80 .899 . 755 . 000 .140 .627 
90 .899 . iD3 · 000 .354 . 716 

700 . 899 . 752 .000 . 607 . 790 
10 .899 . 748 . 000 . 770 .834 
20 . 898 .743 · 000 .85.\ .860 
30 .898 . 736 .000 .891 . 874 
40 .898 . 730 · 000 . 902 .883 

750 .895 . 724 .000 . 907 . 889 
60 .896 . 7lO . 000 . 907 .893 
70 .894 . 707 .000 .906 .897 

T AB L E 10. l1dopted tristimulus values X , Y , Z and chro­
maticit y cOOI'dinates x, y, z for master set No.3 

Source A 

Filter X Y Z x y z 
---

210 1 68.665 36.874 0. 033 0. 6504 0.3493 0. 0003 
2102 70.395 55.365 2.301 .5497 . 4323 . 0180 
2103 3. 197 9.074 1. 302 . 2355 . 6685 . 0959 
2104 6.714 5. 812 23. 493 . 1864 . 1614 . 6522 
2105 5-1.893 53.882 23. 069 . 4163 . 4087 . 1750 

Source R 

2101 50.977 28.293 0.028 0.6429 0. 3568 0. 000.\ 
2102 56.302 50. 760 4.369 . 5053 . 4555 . 0392 
2lD3 3.483 lO. 782 2. 195 . 2116 .6550 . 1334 
2104 12. 832 7. 975 59. 742 . 1593 . 0990 . 7417 
210.1 51. 390 55.508 54.736 . 3179 . 3434 . 3386 

Source C 

2lOt 45. 019 25. :1l2 0.025 0.6399 0.3598 0.000 1 
2102 51. 458 48.886 5.566 . 4859 . 46 16 .0526 
2103 3.556 11. 304 2.642 . 2032 .6459 . 1510 
2104 17.216 9.099 84. 340 . 1556 . 0822 . 7622 
2105 51. 830 56. 142 75. 444 . 2826 .3c61 . 4113 
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TABLE II. Range (~X, ~Y, ~Z) f or the tTistimulus values of the indicated filters of masteT set No.3; also ranges (~x, ~ y, ~z) for 
the chTomaticity cooTdinates 

Source A 
Filter 

t:.X t:.Y t:.7- t:.X 
----

2101 0. 62 0. 49 0.00 0. 53 
2102 . Il . 02 . 02 . 07 
2103 . J3 . 13 . 03 . 12 
210t . 15 . 23 . 14 . 18 
2105 . 19 . 20 . 16 . 20 

t:.x t:.y d z t:.x 

2101 0.0009 0. 0009 0. 0000 0. 0010 
2102 . 0002 . 0003 . 0001 . 0001 
2103 . 0053 .0040 . 0036 . 0048 
2104 . 00J9 .0034 . 0057 . 0008 
2105 . 0003 .0004 . 0007 . 0004 

b. Duplicates 

The ranges found for the chromaticity coordinates 
of the duplicates by measurement of th e limit filt ers 
were smaller than the uncertainties of the chro­
maticity coordinates of th e master standard No.3 
for the green fil ters (2103) and the selective neutral 
filters (2-105). Since the uncertainties of the certified 
values of t hese filters would not be significantly 
reduced by individual measurements of t liese dupli­
cates, they h ave been certified LtS having precisely 
the same values as their respective master: standards 
from set No.3. 

Th e ranges found for th e chromaticity coordinates 
of the duplicates of the ycllow (2102 ) and blue (2 104) 
filters, however , were notably larger thrtfi the un­
certaiuties of the master standards~ and that of th e 
orange·red (2101 ) duplicat es was comparable to 
t he uncertainty of t he orange-red master standard . 
On this account, the cilr0l11aticity coordinates of 
these duplicates were measured relative to th e 
mtlster standard by the CD C visual colorimeter [13] 
eit her 1'01' source A or C (A for 2101 and 2104, C for 
2102) whichever made th e chromaticity differ ences 
most readily per ceptible. Th e certified values of 
luminous transmittance for all three sources, and 
those of the chromaticity coordinates for the sources 
not used in the CDC measurem ents were inferred 
by interpolation from computations for Tl (2 , T , and 
T2 for the corresponding master standard. 

The uncertainti es oC the cer tified values of th e 
duplicates are, of course, larger than those of th e 

TABL E 12. Estimated uncertainties in the tristimuills values X, 
Y , Z and chTomaticity cooTdinates x, y certified fOT the 
duplicates 

Filter 

x 

210 L ___________ _ 
2102 ____________ _ 
2103 ____ ________ _ 
210L ______ _____ _ 
2105 __ __________ _ 

Tristimul us \~ a lues 

% 
0.6 
.2 
. 2 
. 2 
.4 

y 

% 
0.5 

.2 

. 2 

. 3 

. 3 

z 
% 

0. 0 
. 1 
. J 
. 5 
.7 

Chromaticity 
coordinates 

x 

0.001 
. 001 
. 005 
. 003 
. 001 

y 

0.001 
. 001 
. 004 
. 004 
.001 

-

Source B Source C 

t:.Y t:.z t:.X dY t:.Z 

0. 42 0.00 0. 49 0. 49 0.00 
. 02 . 05 . 06 .01 . 05 
. 11 .08 . 11 .10 . 10 
.27 . 35 .20 . 28 . 50 
. 22 .43 .21 . 22 . 61 

t:.y d z t:.x !:>y d z 

0. 0010 0. 0000 0. 0011 0.0011 0. 0000 
. 0004 . 0006 . 0001 . 0005 . 0006 
. 0035 .0046 . 0046 . 0041 . 0051 
. 0025 . 0032 . 0005 . 0019 . 0024 
. 0007 . 0012 . 0004 .0008 . 0012 

corresponding values for t he corresponding standard 
from master set No.3 (see ranges given in table 11 ). 
The estimated uncerta,inti es for tJl e duplicates ar e 
given in table 12. They were estimated as the square 
root of the sum of the squares of the uncertainties for 
the master standard and of th e additional un­
certainties introduced by relating tIle duplicates to 
th e master standards. 

4. Use of the Set of Color Standards 

The purchaser of a duplicate set of five glass filters 
for checking th e performance of spectrophotometer­
integrator systems of color measm em ent will receive 
a report giving the tristimulus values, X,Y,Z, and 
chromaticity coordinates, J; ,Y, for each filt er for each 
of CIE sources A , B , and C. It is presumed that he 
bought th em because he has at his disposal a spectro­
photometer-int egrator system and wished to ch eck 
its performance, -to identify any SOUl'ces of error , and 
to correct them, 01' conect for thOll'l, if possible. 

4.1. Calculation of Par Values (XOI Y01 2 0t X 01 Yo) for 
a Given Spectrophotometer-Integrator System in 
Perfect Adjustment 

It should be noted that values certified for each 
duplicate set refer to slit widths so small that fmther 
reduction would not ch ange the values, and that the 
integrations have been carried out by summation 
over wavelength intervals so small that further reduc­
tion of the iJ1'terval would not change the values. 
The spectrophotometer-integrator system at the dis­
posal of the pmchaser, however, is characterized by 
slit widths which the purchaser will h ave evaluated, 
and t il e integrator is characterized by a system which 
the pmchasEll' will know ; that is , it will be by con­
tinuous integration equivalent to a summ ation interval 
approaching zero, or by a weigh ted ordinate summa­
tion of knovvn wavelength interval, or by a selected­
ordinate summation of a known num ber of ordinates, 
01' some other known system . If this spectropho­
tometer-integrator system is characterized either by 
slit widths significantly differ ent from zero, 01' by an 
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i nlegm tor-summation in ter val signifLcant ly diA'eren t 
fronl zer o, or h as ot her permaneJ1t defects (such as 
baek r efl ectance) arising from its design, th e system 
callnot be exp ected to yield th e certified vnlu es 
(X,Y,Z,x, y) for th e st,1ndard glass fil ter s even if it is 
in perfect a,djus Lm ent . . 

The first step , therefore, is to compu te the cha nges 
in th e cer tifLed valu cs for the filters expeeted to be 
introduced by use of sli t widths 01' summ ation 
in tervals significan tly greater th a n zero , a ll d the 
cha nges expected to be in troduced by o th er per­
rn anen t defects (su ch as back reflectance) ari s ing 
from the desig n of th e sp ec tropho tometer-integrator 
system . To assist the purchaser to calcula te from 
the cer tified v alue (X , Y, Z, x, y) the values, X o, Yo, 
Zo, Xo, Yo, for th e fiv e stand ard fil ters that are par for 
this system , th e influence of m aking the sli t width 
and summ a tion in tervals greater tha n zero h ave 
b een computed . T able 13 shows th e influence of 
substi tu ting for sli ts approaching zero width , 5-, J 0-, 
and J5-m M sli ts wi th tri a ngular sli t fun ctions. Note 

th at the influence is far frolll linear wi th sli t widths, 
but varies approximately as its square. T able 14 
shows the influence of substi tut ing 5-, 10-, a nd 
15-111M summ ation in tervals for in tervals approaching 
zero , a nd table 15 shows the influ ence of substit uting 
100, 30, and 10 selected ordin ates for weigh ted­
ordinate summ ation over iu terva ls of 1 111M. Note 
again that these influ ences fu 'e not lin ear with the 
depend en t variables; so the influences have to be 
found from tables 14 and 15 by graphical in ter­
polation. F in ally, table 16 shows the cha nges in tro­
du ced by b ack-reflectance errors computed from 
formula 3. These changes for a sp ectropho tometer­
in tegrator system b ased on the GE spectrophotom­
eter m ay be found by ev aluating th e maximum error, 
E, in transmittance so introduced and by multiplying 
th e ch anges in table 16 by the r atio, E jO.026. 

The en tries in ta bles 13, 14, 15, and 16, and th e 
valu es found from th em , are the built-in errors t::.X, 
t::. Y, t::.Z , t::.x, t::.y ; the par values Xo, Yo, Zo, Xo, Yo, are 
found as Xo = X + t::.X; xo= x+ t::.x, and so on . 

TABLE n. I nfluence oJ substitu ting JOI' slits app1'oaching ze1'0 width, 5- 10- and 15-mlJ. slits with tl' iangulal' slit Junctions 

Source / 1 Source R Source C 
Filier 

Il X t>Y t>Z ilL Ily t>Y t>Y IlZ ilL Il!/ IlY IlY IlZ ilL Ily 

---- ------------------------------------
2JOI 

5ml' - 0. 032 + 0. 008 0.000 - O.OOO]G - 0. 00016 - 0. 018 + 0. 019 0. 000 - 0. 00023 + 0.00023 - 0.013 + 0. 022 0. 000 - 0.00027 + 0.00027 
10mI' -. 133 +. 035 . 000 - .00066 + . 00065 - .074 +. 077 +. 001 - .00097 +. 00096 -. 0.\·1 +. 090 . 000 -. 001 10 +. 00110 
15mI' -. 299 + .078 . 000 - .00148 +. 0014 8 - .167 +. 173 +. 001 -. 00217 + .002 16 - .121 +. 202 +. 001 -. 0024 7 +. 00246 

2102 
5 1l1J.L - .011 -. 008 +. 005 -. 00002 -. 00001 -. 008 -. 007 +. 010 -. 00005 -. 00004 -. 007 -. 006 +. 013 - .00006 -. 00006 
10mI' -. 044 -. 034 +. 01 8 -. 00009 -. OOOOG -. 033 -. 027 +. 041 -. 00020 -. 0001 5 - . 028 -. 023 +. 0.\·1 - .00027 -~ 00023 
15mI' -. 099 -. 076 +. 040 -. 00020 -. 00013 -. 074 - . 060 +. 091 -. 00017 -. 00035 - . 063 -. 052 +. 122 -. 00062 -. 00053 

2103 
5 11l1J + . 009 - . 002 +. 004 +. 00047 - .00068 +. 009 - .005 +. 010 +. 00034 -. 00083 +. 008 - . 006 +. 013 + . 00030 -. 00093 
JOml' +. 037 - . 008 + . 01 6 +. 00193 -. 00281 +. 035 - .021 +. 041 +. 00141 - .00342 +. 035 -.02·l + . 055 +. 00123 - . 00381 
15mI' + . 083 - . 018 +. 037 +. 0lH32 -. 00030 +. 079 - .1J.16 +. 092 +. 00316 - . 00769 +. 078 -.054 +. 125 +. 00274 - .00855 

2104 
.1 mil +. 006 +. 012 - . 010 +. 00013 +. 00030 . 000 +. 013 -. 026 +. 0000'1 +. 00018 -. 002 +. 013 -. 036 +. 00001 +. 00014 
10mI' +. 026 +. 0.\0 - .OH +. 00054 +. 00124 + .004 + . 055 - .106 +. 00014 +. 00075 -. 007 +. 056 -. 147 +. 00007 +. 00058 
15mI' + .060 +. 1l4 -. 091 +. 00123 +. 00280 +. 010 + . 125 -. 237 +. 00033 +. 00169 - .01 ·1 +. 127 -.331 +. 0001 7 +. 00132 

2105 
SmJ.' +. 009 +. 003 -. 009 +. 00006 +. 00001 +. 002 . 000 -. 023 +. 00005 + .00004 . 000 -. 001 -. 032 +. 00005 +. 00005 
lOlll l-' +. 037 + .012 -. 039 +. 00025 +. 00006 + .009 +. 001 -.096 +. 00022 +. 00019 -. 002 -. 003 -. 133 +. 00020 +. 00021 
15mI' +. 082 +. 027 - .088 +. 00056 +. 00014 +. 021 +. 003 -. 218 +. 00051 +. 000-13 - . 006 - .006 - .302 +. 00015 +. 000·19 

TABLE 14. I nfluence oJ substituting 5-, 10-, and 15-111.!J. summation intervals /01' inte1'vals aplJ1'oaching zel'O 

Source /1 Source R Source C 
1' ilto1' 

IlX t>Y IlZ t>L Ily IlX t>Y t>Z ilL Ily t> Y t>Y IlZ ilL t>y 

---- ------ --- - - -------- - ------------------

2101 
SIll}.' +0.028 + 0.015 0.000 0.00000 0.00000 + 0. 020 + 0. 012 0. 000 0. 00000 0. 00000 + 0.0 19 + 0.010 0. 000 0. 00000 0. 00000 

10mI' +. 037 +. 028 . 000 - .00005 +. 00005 +. 027 + . 021 .000 - .00004 +. 00004 +. 025 +. 019 . 000 -. 0000'1 + . 00004 
15mI' -. 141 - .145 -. 001 +. 00044 -. 00043 -. 144 -. 128 . 000 +. 00040 -. 00040 -. 118 - .106 .000 +. 00037 - . 000~7 

2102 
BmJ,L +. 004 +. 001 . 000 +. 00001 -. 00001 + .003 -.001 - .001 +. 00003 .00000 + 003 -. 001 -. 003 + 00003 . 00000 

10mI' -. 001 -. 002 - .002 +. 00001 . 00000 -. 002 - .004 -. 004 +. 00003 + 00001 -. 003 -. 004 - .006 +. 0000'1 +. 00002 
15mI' +0 19 - .007 - .006 +. 00012 - . 00007 +. 010 - .008 - . 011 + . 00013 -. 00002 +. 022 - .004 - .OH +. 00019 -. 00006 

2103 
5ml' -. 00 1 -. 004 -. 001 +. 00003 -. 00002 -. 001 - .005 -. 001 +. 00002 - .00002 - . 002 - .006 -. 001 +. 00003 -. 00003 

10mI' +. 002 . 000 -. 003 +. 00013 +. 00008 +. 002 -. 00 1 -. 005 +. 00017 + .00014 +. 001 - .001 -. 008 +. 0001 8 +. 00018 
15mI' +. 005 -. 005 - . OO~ +. 0004.2 -. 00021 +. 006 - .005 -. 004 +. 00037 -.00014 +. 004 -. 007 -. 005 +. 00036 -. 00015 

2104 
5ml' +. 002 +. 009 +. 003 - .00003 +. 00019 .000 + .013 +. 002 -. 00002 +. 00014 +. 001 +. 014 +. 001 - .00002 +. 000 12 

10mI' +. 002 +. 010 -. 01 5 +. 00007 +. 00030 - .004 + .012 - .041 +. 00003 + .00019 -. 006 +. 013 - .057 +. 00001 +. OOOUi 
15mI' +. 005 +. 003 -. 005 +, 000]3 +. 00007 +. 010 +. 004 +. 030 +. 00004 . 00000 +. 019 +. 006 +. 075 +. 00002 -. 00002 

2105 
5ml' - .006 - .007 -. 004 +. 00001 . 00000 -.007 -. 007 - .008 . 00000 .00000 -. 006 -. 007 -. 01 2 .00000 . 00000 

10mI' -. 016 -. 01 2 -. 033 +. 00007 +. 00010 - 023 -. 013 - .079 +. 00009 +. 000 16 -. 026 -. 013 -. 108 +. 00008 +. 00017 
15111,u. +. 005 -. 009 -. 046 +. 00019 + .00009 -.004 - .008 -. 078 + . 00015 + . 00014 +. 004 -. 010 -. 081 +. 00015 +. 00009 
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TABLE 15. I nfluence of substituting 100, 30, and 10 selected ordinates for weighted-ordinate summation over intervals of 1 mil 

Source A 
Filter 

AX AY AZ Ax Ay AX AY 
---------------------
2101 

100 -0.D03 + 0. DOl - 0. 035 + 0. 00020 +0.00013 + 0. 012 + 0.009 
30 -.003 . 000 -. 035 +. 00021 +. 00012 +.010 +. 012 
10 +. 086 +.027 -. 035 +. 00034 -.00001 -. 084 +.042 

2J02 
lDO -. 016 +. 005 -. 014 - .00002 +.00013 +. 017 +.007 
30 +. 198 +. 039 -. 042 +.00071 -. 00035 +. 155 +.014 
10 + . 525 +. 216 -. 130 +.00147 -.00037 +. 791 +. 118 

2103 
100 -.027 . 000 +. 010 -. 00170 +. 00083 . 000 -.004 
30 +. 354 +. 024 + . 038 +.01836 -. 01820 + .133 .000 
10 + 1.420 +. 295 + . 032 +.06604 - . 05697 + 1. 084 +. 113 

2104 
100 -. 023 -. 127 -. 014 +. 00022 -.00280 - . 103 -.099 
30 - 1.103 - . 406 -. 020 -. 02370 - . D0463 -.495 - .175 
10 - 3.4tO -.936 +. 052 -. 08221 - . 00767 -2.498 -. 836 

2105 
100 +. 013 -.011 +. 010 +. 00006 -. 00012 + . 002 -. 022 
30 -. 195 -. 138 +. 020 -.00050 - .00008 -. 151 -.042 
10 -.500 -. 356 +. 098 -. 00142 -. 00035 - . 71 6 -. 117 

TABLE 16. Changes inl1'oduced by back-reflectance errors 
computed jTom formula 3 

Filler -"Y I -",/ 

Source A 

2101 + 0.180 + 0.093 0.000 + 0.00003 - 0. 00002 
2102 +. 149 + .106 +. 001 +. 00007 -. 00004 
2103 +. 001 +. 004 + .001 -. 00004 +. 00004 
2104 +.0 12 +. 000 + .052 -. UOOO1 -. 00021 
2105 +. 087 +. 091 +. 048 - .00005 -. OOOOJ 

Source R 

2101 

I 
+ 0.132 +0. 070 0.000 + 0.00002 - 0.000C3 

2102 +. 117 +. 092 +. 001 +. 00009 -. 00003 
2103 +. 002 +, 0(6 +. 001 - .00003 +. 00004 
2J04 

I 
+. 027 +. 007 +. 137 -. 00001 -. 00013 

2105 +. 085 +. 096 +. 1I3 - .00006 -. 00003 

Source C 

2101 + 0.IJ6 + 0.063 0. 000 +0. 00002 -0. 00002 
2102 +. l C6 +. 087 + .001 +. 00011 -. 00002 
2103 +. 001 +. OC6 + .OCI - .00002 +. 00005 
2104 +. 037 +. 009 + .195 - .00001 -. 00010 
2105 +. 087 +. 098 +. 154 -. 00005 -. 00003 

4.2. Influence of Various Maladjustments 

The spectropho tometer-integrator system of the 
purchaser is subject to a variety of malfunctions. 
Some of them are the r esult of maladjustments, such 
as failure of the zero and 100 percent points of the 
photometric scale to be set correctly, or errors in the 
adjustment of the wavelength scale; others are the 
result of wear or the accumulation of dust on thl' 
surfaces of optical parts which can introduce stray 
energy; and still others will be of obscure origin, such 
as temporary misalinement of optical parts due to 
development of unforeseen thermal gradients, or 
faulty linkage between spectrophotometer and inte­
grator . By in troduction of the five standard glass 
filters at regular intervals into the schedule of runs, 
it should be possible to detect the appearance of any 
significant malfunction and in sonle cases to identify 
its cause. To assist the purchaser in his interpreta-

Source H I Source C 

AZ AI Ay AX /lY AZ Ax Ay 
- - ------- - -----------

- 0.028 + 0.00022 + 0.00014 - 0.033 - 0.01l - 0. 026 + 0.00018 + 0.00019 
- . 028 +. 00019 +. 00017 -. 071 -.030 -. 026 + . 00015 + . 00022 
- . 028 - . 00048 +. 00084 +. 045 -. 089 -. 026 +. DOI29 - . 00092 

-. 027 +. 00017 +. 00008 + . 004 -. 003 -. 025 + . 0001 5 +. 00007 
-. 099 +. DOI07 - . 00015 - .011 +. Oll - .118 +. 00044 +. 00062 
-.267 +. 00418 -. DOI55 +. 144 +. 104 -.354 +. 00186 +. 00145 

+. 025 -. 00030 -. 00106 + . 018 .000 + . 043 +. 00035 -. 00228 
+. 047 +. 00569 -. 00703 +. 001 +. 022 + . 048 -. 00075 -. 00136 
- . 097 +. 04855 -.03451 -. 132 +. 123 - . 199 -. 00517 +. 01484 

-.012 -. 00085 -. 00097 - . 148 -. 083 - .044 - . 00006 -. 00055 
+. 017 -. 00490 -. 00138 -. 218 - .156 -. 013 -. 00144 - . 00113 
+. 278 -. 02600 -. 00690 - . 070 -. 841 +. 324 +. 00019 -. 00722 

+. 020 +. 00001 -. 00014 - . 029 -. 024 + . 023 - . 00012 - . 00008 
+. 092 -. 00074 -. 00005 -. 136 -. 020 +. J35 -. 00071 - . 00008 
+. 300 -. 00341 +. 00041 -. 148 -. 023 + . 439 -. 00123 - . 00058 

tion of deviations of the values read, X r, Y r,Zr,xr,Yr, 
from the corresponding par values, X o, Yo,Zo,xo,Yo, 
the pattern of influence of several sorts of malfunction 
on the readings for the five glasses of the set has been 
computed. These patterns include the influence of 
uniform displacement of the wavelength scale, of the 
zero and 100 percent points on the photometric scale, 
of stray energy, of inertia elTor, and back-reflectance 
error. 

Q . Wavelength Scale 

T able 17 shows the changes in tristimulus values, 
X,Y,Z, twd chromaticity coordinates, X, y, t lmt would 
be introduced by a uniform displacement of the wave­
length scaJe by ± 1 1l1J.L and ± 2 lllJ.L . It will be noted 
that standard fil ters 2101 and 2103 (orange-red and 
green) provide sensitive indications of displacell1ent 
of wavelength scale. Since the slope of the trans­
mittance curve with wavelength is app["('ciable for 
fil ter 2101 only between 570 a,nd 590 111J.L (see ta,ble 2), 
this filter responds to wavelength scale displacement 
only in thi.s spectral region . Filter 21 03, however, 
responds to wavelength scale displacements in two 
regions: 470 to 520 1l1J.L and 530 to 590 mJ.L. For both 
fil ters the changes in tristinlUlus values a,nd chroma­
tici.ty coordinates are substantially linear with wave­
length error. 

h. Zero of Photometric Scale 

If the instrument by maladjustment wrongly reads 
zero when t he specimen transmittance is really 
greater than zero , t his maladjustment may be called 
positive displacCIl1ent of the instrument zero. If the 
instrument indicates a transmittance of greater th an 
zero when t he specimen transmittance- is actually 
zero, this mala,djustment may be called negative dis­
placement of the instrument zero . Table 18 shows 
the changes that would be introduced by a uniform 
displacenient of the instrument zero of the photo­
metric scale by ± l.0 and ± 0.5 percent independent 
of wavelength. I n computing '~ h e influence of posi­
tive displacements of the instrument zero, negative 
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TABLE 17. Changes in tristimulus values, X, Y, Z, and chmmaticity coordinates, x, y, that would be introduced by a uniform 
displacement of the wavelength scale by ± 1 m p, and ± 2 1Ilp, 

Source / 1 Source R Source C 
F ilter 

t>X t>Y t>Z t.x ::'y t>X t>Y t>Z t.x t>y t>X t>l' t>Z t.x t>y 
------------------------------------------
2101 

+ 201" + 1.582 + 1. 517 + 0. 003 - 0. 00'104 + 0. 00402 + 1. 435 + 1. 395 + 0.003 -0. 00474 +0. 00471 + 1. 363 H.332 +0. 003 - 0. 00501 + 0. 00499 
+ lin" +. 794 +. 751 +. 001 -. 00199 +. 00198 +. 717 +. 687 +. 002 - .00233 +. 00232 +. 680 +.655 +. 001 -. 00246 +. 00245 
- 11TI.u - .879 - . 794 -.002 +. 00203 -. 00202 -. 782 -. 718 - .001 + . 00237 -.00236 - . 738 - .681 -. 001 + .00249 -. 00248 
- 2m" - 1. 755 - 1. 573 -. 003 +. 00404 -. 00403 - 1.559 - 1. 418 -. 002 +. 00470 - . 00468 - 1. 471 -1. 344 -. 002 +. 00495 -. 00493 

2102 
+ 201" +. 527 +. 801 +. 153 -. 00222 +. 00124 +.512 +. 878 +. 308 -. 00306 +. 00093 +. 508 +. 900 +. 397 -. 003,13 +. 00062 
+ 101" +. 261 + . 402 +. 076 - .00112 +. 00064 + 253 +. 442 +. 150 - .00155 + . 00051 +. 251 +. 453 +. 194 -. 00173 +. 00037 
- 1m" - . 275 - . 396 - .071 +. 00105 -. 00059 -. 262 - .431 -. 144 +. 00146 -. 00045 -.258 -. 441 -. 187 + .00164 -. 00030 
- 2m,u. -. 548 -. 794 -. 142 +. 00212 -. 00120 - .522 -.864 -. 286 +. 00294 - . 00093 -.514 -. 883 - .370 +. 00331 -. 00065 

2103 
+ 2m" - . 250 -.347 +. 122 -. 01060 -. 00229 -. 238 -. 325 +. 243 -. 01057 - .00720 -. 226 - .306 +. 311 -.01052 - .00941 
+ l m" -. 124 -. 166 + . 061 -. 00524 -. 00098 -. 117 -. 153 +. 120 -. 00525 - .00337 -. 111 -. 143 +. 153 - . 00524 - . 00445 
- ]ffiJl +. 134 +. 177 -. 056 +. 00538 +. 00045 +. 128 + . 165 -. 110 +. 00535 +. 00274 +. 122 +. 155 - . 139 +. 00533 +. 00379 
- 2m" + . 274 +. 361 -. 112 +. 01075 +. 00081 +. 261 +. 336 - .220 +. 01078 +. 00529 +. 250 +. 317 -.278 +. 01077 +. 00734 

2104 
+ 2m" - .070 -. 274 -. 506 +. 00253 -. 00388 -. 193 -.403 - 1.112 +. 00102 - .00297 -. 258 -. 458 - 1. 484 +. 00079 - . 00256 
+ Im" -. 036 -. 136 - .246 +. 0011 8 - . 00193 -. 094 -.200 -.535 +. 00049 -. 00148 -. 124 -. 227 -. 712 +. 00038 -. 001 28 
-lIll,u. +. 036 +. 130 +. 237 - .00110 +. 00178 +.092 +. 191 +.523 -. 00046 +. 00137 +. 121 +. 218 +. 697 - .00036 +. 00119 
- 2m", +. 074 +. 274 +. 463 -. 00214 +. 00388 +. 181 +. 399 + 1. 014 -. 00089 +. 00294 +. 239 +. 452 + 1. 349 - .00071 +. 00253 

2105 
+2m" -. 114 - .240 +. 158 -. 00024 -. 00122 -. 061 -. 252 +. 486 -. 00072 -. 00193 -. 011 - .251 +. 728 - .00078 -. 0021 5 
+ lm" - .081 -. 139 +. 080 -. 00017 - .00062 -. 051 -. 142 +. 245 -. 00042 -. 00100 -. 024 -. 14 1 +. 366 - .00044 -. 00110 
- 11TI,u +. 071 +. 135 -. 077 +. 00013 +. 00062 +.040 + .14 1 -. 243 +. 00037 +. 00101 +. 012 +. 141 -. 367 +. 00040 +. 00114 
- 2m.u +. 165 +.279 -. 167 +. 00038 + .00126 +. 096 +. 285 -.515 +. 00086 +. 00206 +. 039 +. 282 -. 772 +. 00092 +. 0023 1 

TABLE 18. Changes that would be introduced by a unifol"/n displacement of the zero of the photometric scale by ± 1.0 and ± O.5 
pel'cent independen t of wavelength 

Sourrc A 
Filtcr 

t>X t> Y t>Z t>x t>y t>X t>l' 
--------------------
2101 

+ 1.0% - 0. 234 - 0. 202 0. 000 + 0. 00048 - 0. 00048 - 0. 202 - 0. 184 
+. 5% - .118 -. 103 . 000 +. 00025 -. 00025 -. 102 -. 095 
-.5% +. 207 +. 3J5 +. J77 -. 00235 +. 00068 +. 241 +. 357 

- 1.0% +. 411 +.627 +. 352 -. 00454 +. 00133 +. 479 +. 7JJ 

2102 
+ 1.0% -. 400 -. 4., 2 -. 335 +. 00200 +. 00049 -. 434 -. 499 
+.5% - .199 -. 225 -. 16(; +. 00099 +. 00024 -. 216 -. 248 
-. 5% +- 197 +. 22;) +. J66 -. 00097 -. 00023 +. 2J3 +. 246 

- 1.0% +- 392 +- 44-1 +- 330 -. 00192 -. 00046 +. 425 +- 489 

2103 
+ 1.0% -.524 -. 582 -. 191 -. 01614 +. 02066 - . 513 -. 729 
+-5% -.:<14 -.~67 -. 108 -. 01004 +- 012.51 - .299 -. 38.5 
- .. ' % +-530 +. 4.1:3 +- 170 +. 01768 - .02164 +. 476 +. 444 

- 1.0% + 1. 056 +- 901 +- 33\\ +. 03265 -. 03996 +-946 +-884 

2104 
+ 1 0% - . 984 - .919 - .123 -. 01780 - .01742 - .828 -. 905 
+-5% -. 518 -. 4t:! -. 061 -. 00918 - . 00868 -. 433 - . 463 
-.5% +- 513 +- 468 +- 060 +. 00857 +. 00810 +. 429 +. 458 

- 1.0% + 1. 021 +- 932 + .120 +- 01659 +- 01569 +. 854 +-911 

2105 
+ 1.0% -. 55i -. 467 - . 127 - .00059 +- 00002 - .484 -. 451 
+.5% -. 2i7 -. 232 -. 063 -. 00029 +- 00001 -. 241 - . 225 
- . 5% +- 275 +- 231 +. 063 +- 00029 -.00002 +- 238 +- 222 

- 1.0% +- 547 +- 459 + .125 +- 00058 - . 00003 +- 474 + . 442 

values of computed spectral-transmittance readings 
were counted as equal to zero on the assumption that 
no spectrophotometer-int.egrator system will be de­
signed actually to subtract substantial amounts from 
the tristimulus sums to correspond to such negative 
values. Note that standard filters 2102 (yellow) 
and 2104 (blue) both are sensitive to this type of 
maladjustment . This corr esponds to the fact that 
for both filters the spectral transmittance approaches 
but does not become less than 1 percent. Note also 
that filters 2101 (orange red) and2103 (green) though 
sensitive to negative displacements of the instrument 

Source B Source C 

t>Z t>x t>y t>X t> Y I t> Z ::'x t>11 
--------------------

0. 000 + 0. 00059 - 0. 00059 - 0. 189 - 0. 176 0. 000 + 0. 00064 - 0. 00063 
.000 +. 00031 -. 00031 -. 096 -. 090 . 000 +. 00033 -. 000;);) 

+. 424 -. 00522 -. 00009 +. 2(i5 +.372 +. 588 -. 00729 -. 00095 
+. 844 -, 01025 -. 00017 +-527 +- 741 + 1.169 -. 01427 -. 00186 

-.816 +- 004 11 +. 00272 -, 4i2 -.518 - 1. 136 +- 00541 +. 00148 
- .406 +- 00203 +- 00134 -. 235 -. 258 -.565 +- 00267 + .00221 
+. 402 - .00198 - .00131 +. 232 +. 255 +.559 -. 00258 -. 00214 
+.801 - .00391 -. 00258 +- 462 +. 507 + 1.114 - .00510 - . 00421 

-. 400 -. 01128 +. 02325 -.5 11 -. 743 -.521 -. 00970 + . 02556 
-. 233 -. 00585 + .01381 - .297 -. 390 -.306 -. 00584 + .01518 
+. 41:! +- 01095 -. 0240., +- 470 +- 441 +- 57., +. 00893 -. 02720 
+-821 +. 02929 -. 04455 +- 936 +.878 + 1.143 +- 01650 -. 05023 

-. 259 -. 00650 -. 00903 -. 778 -.895 -. 344 -. 00428 -. 00073 
-. 129 -. 00340 - .00455 -. 406 -. 4.57 -. 171 -. 00224 -. 00340 
+. 128 +- 00328 +- 00439 +- 402 +- 453 +. 169 + .00217 +. 00331 
+. 255 +- 00fl45 +- 00863 +-800 + . 901 +- 336 +- 00429 +- 00652 

- .311 -. 00055 -. 00015 - .469 -. 445 -. 435 -. 000~8 -. 00017 
-. 154 -. 00028 - .00008 -. 234 -. 222 -.217 - . 00024 -. 00008 
+- 154 +- 00026 +- 00007 +- 231 +. 219 +. 214 +- 00024 +. 00009 
+- 305 +- 00053 +- 00013 +- 459 + .436 +. 426 + .00047 +. 00017 

zero are less so for positive displacements. Filter 
2101, in particular, shows almost no change in chro­
maticity coordinates, x,y, for positive displacements. 
Positive displacements only serve to move the np­
parent cutoff of the curve of spectral transmittance 
slightly toward longer wavelength , but negative dis­
placements cause the system to respond- as if the 
filter transmitted 0.5 01' 1 percent throughout the 
whole short-wave and middle-wave part of the visible 
spectrum (380 to 580 mIL) where the (;ransmittance 
is actually almost precisely zero . The errors intro­
duced by negative displacements are in fnct equiva-
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TABLE 19. Changes that would be introd1,ced by a uniform displacement of the 100% of the photometric scale by ± 1.0 and ± 0.5 I 

percent independent of wavelength 

Source it 
Filter 

IlX IlY IlZ Ilx Ily IlX IlY 
--------------

2101 
+ 1.0% - 0. 676 -0.363 0.000 0.00000 0.00000 - 0. 502 - 0.279 
+ . 5% - .340 -. 182 . 000 . 00000 . 00000 - . 252 -.140 
-. 5% +. 344 +. 185 . 000 .00000 . 00000 +. 255 + . 141 

- 1.0% + . 601 +. 371 .000 . 00000 . 00000 + .513 +. 284 

2102 
+ 1.0% -. 696 - .547 -. 022 . 00000 . 00000 - . 556 -. 501 
+ . 5% -. 350 - .275 -. 011 . 00000 . 00000 - . 280 - . 252 
- . 5% +. 352 +. 278 +. 012 .00000 . 00000 +. 282 +. 255 

- 1.0% + . 700 +.558 +. 024 . 00000 . 00000 +. 567 +. 512 

2103 
+ 1.0% - .032 - .080 - .013 . 00000 . 00000 -.034 - . 107 
+. 5% - .016 - .045 - . 006 . 00000 . 00000 - . 017 - . 054 
- .5% +. 016 +. 046 +. 007 . 00000 . 00000 +. 018 +. 054 

- 1. 0% +. 032 +. 002 +. 013 . 00000 . 00000 + .035 +. 109 

2104 
+ 1.0% - .067 -. 058 -. 232 . 00000 . 00000 -. 127 -. 079 
+. 5% -. 033 - .029 - .117 . 00000 . 00000 - . 064 - .040 
- .5% +. 034 +. 029 +. 117 . 00000 . 00000 + .065 + .040 

- 1.0% +. 069 +. 050 +. 236 .00000 . 00000 +. 1;)0 +. 080 

2105 
+ 1. 0% -. 541 - .531 -. 227 . 00000 .00000 - . 506 - .548 
+. 5% - .272 -. 267 -. 114 . 00000 . 00000 - . 254 -, 275 
- .5% +.275 +. 270 +. 116 . 00000 . 00000 +. 257 +. 278 

- 1.0% + . . 152 +. 543 +. 232 . 00000 .00000 +. 517 + .559 

lent to admixtUTe of th e corresponding amounts of 
the SOUTce color, and positive displacements are 
equivalent to sub traction of corresponding amounts 
of the SOUTce color, unless (as in fil ters 2101 and 2103) 
there are substantial spectral regions within which 
the filt ers have zero transmittanc-e. Except for this 
difference between positive and negative displace­
ments caused by counting negative values of tran.s­
mittance arbitrarily as zero, the changes are sub­
stantially linear with displacement of the zero . 

c. 100 .Percent Point of Photometric Scale 

Table 19 shows the changes corresponding to a 
displacement of the 100 per cen t point of the photo­
metric scale by ± 0.5 and ± 1.0 percent independent 
of wavelength. As is obvious, such displacements 
have no illfl~uence on chromaticity coordinates what­
soever. The changes produced in the tristimulus val­
ues, except for rej ection errors, are precisely linear 
with the displacement. Standard filt er 2105 (selec­
tive neutral) , since it has the highest average trans-· 
mittance, is th e most sensitive of the five to this 
maladjustment. 

d. Stray-Energy Errors 

The basic idea of a spectropho tometer is to irradi­
ate th e specimen with ftux confined to a narrow 
spectral band an d to compare the flux leaving th e 
specimen to that incident on it. :N 0 spectropho­
tometer succeeds perfectly in confining the flux inci­
dent on th e specimen to the narrow -spectral band 
intended ; the specimen is always irradiated by en­
ergy outside this band , called stray energy (cosmic 
rays, radiant flux from th e room leaking into th e 
instrument, radiant flux from the instrum-ent sour ce 
reaching the specimen by multiple reflection within 

Source R Source C 

IlZ Ilx Ily IlX IlY IlZ Ilx Ily 
--------------------

0.000 0.00000 0. 00000 - 0. 444 -0. 249 0.000 0. 00000 0.00000 
. 000 . 00000 . 00000 -. 223 -. 125 . 000 . 00000 . 00000 
. 000 . 00000 . 00000 +. 225 +. 126 . 000 . 00000 . 00000 

+. 001 . 00000 .00000 + .452 + .254 . 000 .00000 . 00000 

-. 043 . 00000 . 00000 -. 508 -. 483 -. 055 . 00000 . 00000 
-. 022 . 00000 . 00000 -. 255 -. 243 -. 028 . 00000 . 00000 
+. 022 .00000 . 00000 + .258 +. 245 +. 028 . 00000 . 00000 
+ .045 . 00000 . 00000 + .518 + .492 +. 056 . 00000 . 00000 

-. 023 . 00000 . 00000 -. 035 -. 112 - .026 . 00000 . 00000 
- .011 . 00000 . 00000 -. 017 -. 056 -.013 . 00000 . 00000 
+ .011 . 00000 . 00000 +.018 + . 056 +. 014 . 00000 . 00000 
+ .022 . 00000 . 00000 +.036 +. 114 +. 028 . 00000 . 00000 

- .589 . 00000 . 00000 -. 171 - . 000 -.833 . 00000 .00000 
-. 296 .00000 . 00000 -. 086 - . 045 - . 410 . 00000 . 00000 
+. 300 .00000 . 00000 +. 086 +. 046 +. 422 . 'lOOOO . 00000 
+. 602 .00000 . 00000 +. 174 +. 092 +. 849 . 00000 .00000 

-. 539 . 00000 . 00000 -. 511 -. 554 -. 743 . 00000 .00000 
-. 270 . 00000 . 00000 -. 257 -. 279 - .374 . 00000 . 00000 
+ .274 . 00000 .00000 +. 259 +. 281 +. 377 .00000 .00000 
+. 550 . 00000 . 00000 +. 521 +. 565 +. 785 .00000 . 00000 

the instrument without passing through the dispers­
ing elements, radiant flux reaching the specimen 
passing through the dispersing elements after hav­
ing be-en scattered by irregularities of the optical 
surfaces, or after having been scattered by dust 
particles on them, and so on). 

Spectrophotometers, like t he GE or Oary- 14, 
having two dispersing systems are likely to show 
negligible stray-energy errors; those, like the Beck­
man DU or Konig-Martens , having but a single 
prism or grating are likely to show important stray­
energy errors, particularly if the integrating attach­
ment prevents the employment of stray-energy 
filters. For such instruments it is particularly 
impor tan t to have a means of checking for the 
amount of stray-energy errors, because the acci­
dental displacement of a baffle within the instru­
ment, or accumulation of dust on the op tical sur­
faces, may introduce large errors following continued 
use of a system initially free of significant stray­
energy error. 

The most frequen t kind of stray-energy error 
arises from the incidence of radiant flux having th e 
spectral distribution of the instrument source. So 
as to assist purchasers of a set of standard filters 
to use them for the detection of stray-energy errors 
of this most frequent sor t , calculations have been 
made on the assumption that the stray energy and 
the dispersed energy alike have the spectral dis­
tribution of e lE source A (color temperature 
2,854 OK ) , and that the specimen receives a con­
stan t small s tray irradiance of this sort regardless 
of llominal W<1 velength. 

If HI-. is the irradiance of the detector from dis­
per'sed flux from source A, and if the spectral sensi­
tivity of the detector is SA, then, in the absence of 
stray energy the response of t he detector for the 
blank beam will be kHASA D.)" , where D.)" is the spec-
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tral btLnd width , and k is the constant of propor­
tionality. Similarly, the respo nse of' the detector 
with a specimen of spectral transm ittance Tx 
in erted into the beam will be 1cllxSxTxt:1\ . ' Th~ 
reading, Hx, of the spectrophotometer will be the 
ratio: lcH.xSx Txt:1\ /lcHxSxt:1\ , and th is ratio is seen 
to be equal to Tx; so Rx= Tx, as intended. 

If now there is stray energy of sp ectral irradiance 
l H x, wh~l'e. 1 is a small f~'action chosen fLrbitrarily 
to be wl.thm the r~nO'e of usual s tray energy, then 
t he readmg, R.x, of the sp ectrophotometer may be 
expressed as: 

R _ H x Sx Txt:1\ +l'LHxSxTxt:1 \ 
sx- H xSxt:1x +l'LHxSxt:1\ . (5) 

The summations correspond to the fact that the 
stray energy is undispersed, fLnd must be evalufLted 
over the entire range for which the product HxSx 
is significantly different from zero . It will be ~otjced 
[rom e~.5 that if the fraction , j, of the stray energy 
IS s ufflCIently small , t hen the spectrophotometer 
will read spectral transmittance correctly (Rsx= Tx) . 
but for all sp ectral r egions in which FixSxt:1\ is smali 
compared to j 2:-IIxSxt:1\ , the r eading, R sx, will ap­
proach the transmittance of the fi l ter for Lh e fLspect 

T A B I, E 21. l'alues of t1'ansmittance T 'd oj the five fi lters of 
master set No.3 f or the aspect of S01l1'ce- A energy detected b y 
photomultiplier and lead suLfide detectors 

F il tet' __ -------------------1 2IOl 1 2102 1 2103 1 2104 1 2105 
Photomultiplier. ________ __ 0. 076 0. 233 0. 086 0. 410 0. 543 
Lead sulfidc_______________ 0.868 0.661 0.200 0. 605 0. 845 

of source A responded to by the detector , Tad, or 
Ril\~Tad ' 

The summations have been computed for Lhe five 
stfLndal'd fil ters over the spectral range 0.3 to 3.3 }l 

for two .spectral-sensitivity functions given in table 
20, one mtended to be representative of detectors of 
the photomul tiplier type; the other , of the lead sulfide 
t.ype. Table 21 gives the values of Ta d for the five 
filters evaluated by these two types of detectors, and 
figures .2 to 6 ~how the adopted values of spectral 
transmIttance for the filters of mfLster set No. 3 
compared to values of R 'h for 1 = 0.01. It will be 
noted that the CLlI'ves of R sx fLpproach the value of 
T ad in the spectml regions where tho detector re­
sponse is rela tively low. 

Table 22 shows tho changes in tristimulus values 
X , Y , ~, fLnd chl:omat.icity coordinates, x, y, caused 
by the mtroductlOn of the fLmonnts of stray energy 
cOlTespondmg to 1 = 0.001, 0.005, and 0.010. It will 

TABLE 20. Spectral sensitw!ties fo1' two types oj detect01' : 
photomultiplier type and lead sulfide type I 00 ,---~-----'r-------'----'-----'--~---

W a ve- Photo- \ Va vc- Lead sul-
len gth m111Liplicr len gth fide sensi-

sen sitiv it y tiv it y 

m~ " 300 340 0. 3 39.5 
310 450 . 4 51.0 
320 545 
330 630 .5 62.5 
340 655 . 6 74 . 0 

. 7 85. 0 
350 665 .8 96. 0 
360 665 . 9 107.5 
370 660 
380 655 1.0 122 
390 642 1.1 122 

1.2 124 
400 620 1.3 124 
410 595 1.4 146 
420 575 
400 555 1.5 152 
440 525 1.6 154 

1.7 164 
450 500 1. 8 177 
460 47.5 1.9 188 
470 440 
480 410 2.0 195 
490 375 2. 1 197 

2.2 204 
500 348 2. 3 198 
510 318 2.4 186 
520 285 
530 255 2. 5 171 
540 220 2. 6 154 

2. 7 107 
550 187 2.8 48 
560 151 2. 9 26 
570 122 
580 96 3. 0 13 
590 72. 5 3. l 6 

3.2 2 
600 51. 0 3.3 0 
610 35. 0 
620 20. 0 
630 9.5 
640 4. 0 

650 1.6 
660 0.8 
670 0. 4 
680 0. 2 
690 0. 1 
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maste1' set No. 3, 2101 orange-red glass compmed to values of 
R,x fo 1' f = O.Ol fo l' photo1nulttplw1' and lead sulfide systems. 
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FIGURE 3. Adopted values of spectral transmi ttance f or 
master set No.3, 2102 yellow glass compared to values of 
R.x for £= 0.01 fo r photomulti plier and lead sulfide systems. 
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FIGURE 4. Adopted values of spectral transmittance fo r 
master set No .3, 2103 sextant green glass compared to values 
of R .,for f = 0.01 f or photomulti plier and lead sulfide systems. 
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FIOURB 5. Adopled Values of spectral transmittance for 
master set No.3, 2104 cobalt blue glass compared to values 
of R .x for £= 0.01 for photomulliplieT and lead sulfide systems. 

be noted that standard filter 2101 (orange red) is 
sensitive to stray energy with a photomultiplier­
type detector by change in its X tristimulus value 
and to stray energy with a lead sulfide detector by 
change in its Z tristimulus value, as is also filter 2102 
(yellow) . Filter 2103 (green) also serves for both 
types of detector, the lead sulfide detector through 
the x chromaticity coordinate, and the photomulti­
plier through the y coordinate. Filter 2104 (blue) 
indicates by its X tristimulus value the presence of 
stray energy wi th the photomultiplier type of de­
tector. For the lead sulfide detector these chan ges 
are closely linear wi th fraction,!, of stray energy ; for 
the photomultiplier type of detector they vary ap­
proxima tely as j 2/3 . 

e . Inertia Errors 

T able 23 shows the corresponding changes intro­
duced by inerti a errors computed from formula 2. 
All standard filters are influenced appreciably by 
inerti a elTors; filters 2101 and 2102, in X and r ; 
fil ter 2103 , in x; and filters 2104 and 2105 in Z . 
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FrGURB 6. Adopted values oj spectral tmnsmillance oj master 
set No.3, 2105 selective neutml glass compared to values of 
R.~ for [ = 0.01 for photomultiplier and lead sulfide systems. 

4 .3 . Diagnosis of Maladjusbnents 

Table 24 identifies which of the certified variables 
(X , Y, Z , x, y) of which standard filter s serves be t 
to detect one or another type of maladjustment or 
maIfunction of the spectrophotometer-integrator 
system. It thus summarizes the uses of each filter 
and indica tes the degree to which the choice of filter 
h as been found ju tified. This table also suggests 
a possible simple systemaLic wa,y to diagnose the 
simple ills oJ a spectrophotometer-integmtor system 
I'rom the differences b etween the actual instrument 
r eadin gs, X" Y" Z r, X r, Yr, and the corresponding 
par values .~Yo, Yo, Z o, Xo , Yo. 

TABLB 22. Changes in tristimulus values, X, Y, Z, and chromaticity coordinates, x, y, caused by the introduction oj the amo unts 
of stmy energy co1Tesponding to [= 0.010, 0.005, and 0.001 

M],' I' (photomultiplier-type detector) ; PbS (lead sulfid e type detector) 

Source A Source B Source C 
Filter 

<IX aY az .1x .111 ax aY IlZ ax Ily IlX Il Y IlZ Ilx au 
---------- ------ ------------------------------- -----

2101 
~IP'r 0.010 - 8.834 - 3. 586 + 0. 032 - 0. 00867 + 0. 00799 - 5. 766 -2. 367 + 0. 081 - 0. 00830 + 0. 0071 2 - 4.826 - 1.991 + 0. 114 - 0. 00846 + 0. 006(i3 

. 005 -5.831 -2. 617 +- Ol(j -. 00557 +- 00538 - 3. 734 - I. 501 +. 040 - . 00536 +- 00477 - 3. 102 - 1. 252 +. 056 -. 00534 +- 00446 

. 001 - 1. 903 -. 729 +- 004 -. 001 88 +- 00184 - 1.161 -. 449 +. 010 -. 90 170 +- 00157 -. 946 -. 667 +- 014 -. 00167 +- 00145 

PbS 0.010 + 1. 172 + 1. 846 +2. 954 -. 02419 -. 00217 + 2.040 + 2. 302 + 7. 532 -. 06101 -. 02120 +2. 625 +2. 490 + 10.669 -. 08629 -. 03697 
. 005 +- 599 +- 935 + 1.551 -. 01289 -. 00132 + 1. 058 +1. 170 + 3.968 -. 03401 -. 01216 + 1.369 + 1. 267 +5. 626 -. 0'1953 -. 02165 
.001 +- 1 2~ +- 190 +- 624 -. 00273 -. 00031 +.219 +- 238 +- 832 - . 00752 -. 00276 + . 285 +.258 + 1.181 - . 011 28 -. 00502 

2102 
M P'l' 0. 010 - 5. 661 - 2. 439 +- 075 -. 01043 +- 00859 -3.7.14 - 1.682 +- 198 - .01027 +- 00646 - 3. 110 - 1. 444 +.284 - .01020 +- 00517 

. 005 - 3. 69 1 - 1. 538 +- 039 -. 00684 +- 00575 -2.676 - 1.032 +- 103 -. 00653 +- 00437 -1.972 -.876 +- 147 - .00640 +- 00358 

. 001 - 1. 237 -. 490 +- 008 -. 00232 +- 00200 -. 757 -. 310 +- 020 -. 00208 +. 00151 - . 617 -.257 +. 029 -. 00197 +. 001 26 

PbS 0. 010 +. 391 +. 523 + 2. 097 -. 00963 -. 00595 + 1.036 +. 770 + 5.419 - .02198 -. 02123 + 1. 474 +.886 + 7. 709 -. 02937 -. 0324 1 
. 005 +. 207 +. 268 + 1.108 -. 00511 -. 00322 +. 549 +. 396 +2.872 -. 01194 -. 01164 +. 783 +. 456 + 4. 090 - .01618 -. 01 800 
.001 +. 048 +. 059 +- 239 -. 00111 -.00071 + .1 22 +. 086 +- 622 -. 00264 -. 00260 +. 173 +. 099 +.886 - .00363 -. 00407 

2103 
MPT O. OlD +. 921 +. 337 +- 023 +. 04156 -. 03474 +. 600 +. 20 1 +- 067 +- 02434 - .02135 +. 518 +- 160 +. 098 +- 01962 -. 01848 

. 005 +. 604 +. 220 +. 012 +- 028 11 -. 02332 +. 390 +- 132 +- 034 +- 01 594 -. 01356 +. 328 +- lO5 +. 051 +- 01271 -. 01142 

. 001 +. 222 +. 081 +- 003 +. 01071 - .00880 +. 135 +- 048 +- 008 +- 00568 - . 00464 +. 11 2 +. 038 + . 012 +- 00443 -. 00372 

PbS 0. 010 +. 448 +- 258 +. 600 +- 01138 -. 04275 +. 592 +. 245 + 1. 590 +. 004 17 -. 07071 +- 694 +. 249 +2.278 +. 00197 - .08774 
. 005 +. 249 +- 130 +. 316 +. 00592 -. 02330 +. 306 +. 124 +- 839 +- 002 12 - .03964 + .361 +. 126 + 1. 204 +- 00093 - .04997 
. 001 +. 046 +- 021 +- 057 +. 00118 -. 00445 +. 055 +- 020 +. ] 52 +- 00045 -. 00769 +. 066 +- 020 +- 219 +- 00022 -. 00984 

2lO4 
MPT 0. 010 +3. 887 + 1. 821 - .118 +. 06822 +- 02202 +2. 625 + 1.344 -. 330 +- 02434 +. 01171 +2 208 + 1. 187 - . 481 +. 01 549 +- 00836 

. 005 + 2. 377 + 1.075 -. 060 +. 044 17 +- 01335 + 1. 595 +- 780 -. 167 +. 01505 +- 00680 + 1. 338 +. 684 -.243 +. 00947 +- 00479 

. 001 +. 613 +- 268 -. 012 +. 01218 +- 00347 +. 416 +. 194 - .033 +- 00401 +. 00169 +. 350 +. 170 -. 049 +. 00250 +. 0011 8 

PbS 0. 010 +1 . 300 + 1. 575 -. 375 +. 02157 +. 03040 +- 917 + 1.609 - 1.199 +- 00864 +. 01 809 +. 712 + 1. 606 - 1. 813 +. 00572 +. 0141 2 
. 005 +. 648 +- 792 - . 212 +. 011 21 +. 01594 +. 448 +- 809 -.667 +- 00437 +- 00928 + . 339 +-808 -1. 005 +- 00287 +- 00720 
. 001 +. 127 +. 157 - . 050 +- 00228 +- 00330 +. 085 +- 161 -. 152 +- 00087 +. 00189 +. 062 +- 161 -.229 +- 00057 +- 00146 

2105 
~fP'l' 0. 010 +. 469 +. 188 -. 04 1 +- 00161 - . 00048 +. 343 +- 125 -. 092 +- 00139 - . 00002 +. 294 +. lO2 -. 124 +- 0011 9 +. 00010 

. 005 +. 198 +- 083 -. 020 +. 00068 -. 0001 8 +. 162 +- 060 -. 044 + .00065 . 00000 +. 143 +- 051 -. 060 +- 00058 +- 00005 

. 001 - . 096 - .034 - . 004 -. 00030 +- 00016 -. 038 -. 016 - .OlO -. 00011 +. 00004. -. 026 - . 011 -. 014 -. 00006 +- 00002 

PbS 0. 010 +. 962 + . 875 +. 733 - . 00081 -. 00131 + 1.048 +. 907 + 1.949 - .00 117 - .00262 + 1.161 +. 923 +2.809 -. 00117 -. 00307 
. 005 +. 490 + . 44 .1 +. 391 -. 00047 -. 00073 +-541 + . 463 + 1.042 -. 00067 -. 00147 +- 604 + . 47 1 + 1.503 - . 00067 -. 001 72 
. 001 +. 105 +- 096 +- 191 - . 00012 -. 00018 + . 119 + . 099 +-243 -. 00017 - .00036 + .134 + . lO2 + . 350 - . 00017 -. 00042 
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TABLE 23. Changes int1'oduced by ine1'tia er1'Or8 computed 
from formula 2 

Filter I!. X I!.y I!. V 

Source A 

2L01 + 0.647 +0.546 +0. 001 - 0.00122 + 0.00122 
2102 +.206 +.297 +. 045 - . 00074 +. 00046 
2103 -. 107 -. 120 +. 035 - .00468 +. 00065 
2104 -.035 -. 120 -.155 + .00065 -. 00196 
2L05 -.062 -. 097 +. 070 - .00019 - .00046 

Source B 

2LOI + 0.564 + 0.483 + 0.001 - 0.00138 + 0. 00137 
2L02 +. 196 +.320 +. 090 -.00099 +. 00039 
2103 -.101 - .106 +. 067 -.00440 -.00089 
2104 -. 068 - .167 -.332 +. 00028 -. 00138 
2105 - . 032 -. 097 +.207 -.00036 -.00077 

Source C 

2LOI + 0.528 +0.455 + 0. 001 -0. 00144 + 0.00143 
2L02 +.192 +.326 +. 1l6 -. 00109 +.00061 
2103 -. 097 - .098 +. 084 -. 00428 -. 00154 
2104 -. 086 -. 186 -. 440 +. 00023 -. 001l 6 
2L05 -. OLO -. 095 +. 305 -. 00036 -. 00085 

TABLE 24. Identification of the variable (X, Y, Z, x, y ) and 
standard filter giving detection, at optinwm or new'ly optimum 
sensitivity , of vW'ious kinds of malfunction 

-------­Malfun ction ____ 
Filter 2101 2102 2103 2104 2105 Sec 

table 

------------.--= ------------ --
Wa velength.seale .. . ........ .. . XY:l'Y -------- x Zv 
Zero point of photometric sca le . x(*) x( C ) y xy(A) 
100% point of photometric scale. XY XY Z XYZ 
Stray·energy photomultiplier.. X X x x x 
Stray·energy lead sulfid e ....... Zx Z x y 'V 
Inertia ..................•... __ . XY XY x Z Z 

(*) Usc this variable only if Xr is less than XO. 
(C ) Use this variable only if the integrat ion s are carried out for SOUrce C. 
(A) Use th is variable only if the integration s a re carried out for source A. 

17 
18 
19 
22 
22 
23 

If it were known that the malfunctions of the 
spectrophotometer-integrator system were confined 
to the five listed in table 24, and if the precision of 
the system were substantially perfect, it would be 
possible to evaluate easily the extent of each of these 
types of malfunction from the differences between 
the actual instrument readings and the par values. 
Note that for each source used in integration the 
information regarding malfuction of the instrument 
obtained in this way has no less than 15 degTees 
of freedom (three tristimulus values for each of the 
five filters). If the uniform displfLcement of the 
wavelength scale were designated Llx, the displace­
ment of the 100 percent point by LllOo, the stray­
energy fraction, j , by Ll" and the inertia constant 
by Lli' then we may wTite an expression for, say, 
X r-Xo for standard filter 2101 (orange red) that 
states merely that the difference between X r and 
X o is made up of contributions from the only types 
of malfunction that the system has, thus: 

Note that 14 other such expressions can be written. 
The five variables are thus over-determined, and 
a least-square analysis should result in precise 
values of the five unknowns even with some lack 
of precision in the instrument reading. Note that 
the partial derivatives of eq 6 have been sufficiently 
well evaluated in tables 17, 18, 19, 22, and 23. 
The values of Llx, Llo, LlJOo, LlI' and Ll j that might be 
found in this way are in the same units in which 
the partial derivatives, r ead from the tables, are 
expressed. Thus, if ox/oflx is read from table 17 as 
amount per millimicron, Llx will be in m}..L , and if 
OX/all; is read from table 23, which is based on 
k=-0.07 , Ll ; evaluates k of eq 2 in multiples of 
0.07. 

Since actual spectrophotometer-in tegrator sys­
tems are beset with more complicated malfunctions 
than the five simple types listed in table 24, and 
since the precision may be low enough so that not 
all of the differences like X r - Xo will be significant, 
it is presumed that this least-square solution for 
unknowns from 15 observation equations will usually 
not be worth doing. Table 24 suggests the following 
simplified procedure: 

l. Determine the displacement of the 100 percent 
point on the photometric scale, LlIOO, from the average 
of the 8 variables specified in table 19 as responsive 
to this type of malfunction: 

The partial derivatives are obtained from table 19. 
The first two summations are to be taken for standard 
filters 2101, 2102, and 2105 ; the third summation, 
for standard filters 2104 and 2105. 

2. Tentatively (see next paragraph) determine 
wavelength-scale displacement Ll, as the solution of 
the following two simultaneous equations: 

where the partial derivatives are read from tables 
17 and 18. Incidental to this solu tion for Llx there 
will also be found a solution for Llo, but this should be 
set aside. 

The idea behind this recommendation for finding 
the wavelength-scale displacement is thfLt the 
x-coordinate of filter 2103 and the y-coordinate of 
filter 2101 are the most sensitive indications of wave­
length-scale displacement. Note also that by using 
chromaticity coordinates, no account need be taken 
even of very large displacements in the 100 percent 
point found from eq 6, because such displacemen ts 
have no influence on the chromaticity coordinates. 
This plan is strictly applicable to spectrophotometer­
integrator systems having negligible stray-energy 
and inertia errors, and should apply very well to 
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sysLems involving double dispersion. lL is believed 
to be worth trying for other sysLe ms as well. 

3. DeLermine the displacement of the zero-po int 
from each of four equat ions, Lwo of them in x­
coordinate for stand ard filte rs 2101 and 2102, ftnd 
two in y-coordi !l ate for stand ard fillers 2103 a nd 
2104. 

For filLers 2101 and 2102 : 

Llo= [(xr - xo) - Llx(OX/OLlx)]j (OX/OLlo) 

For fil ters 2103 and 2104: (9) 

where the partial derivatives are found from tables 
17 and 18, the v alue of LlX is that found from eq 8. 
The average of the four values of zero-poin t dis­
placement so fOlll1d is close to the best available 
from t he actual a nd par valu es for the flve stftnd ard 
filters; t he deviations of the individual valu es from 
this average is an indication of the extent to which 
other types of m alfunction arc affli cting t he system. 

4. Analogo us procedures might be used for sys­
tems afflicted wi th s tray en ergy (single-dispersion 
systems) in which the partial derivatives would b e 
read from table 22, and for systems afflicted wi th 
iner tial effects in which the par tial derivatives would 
b e r ead from table 23. It seems likely, however , to 
b e more useful to evaluate stray energy by co mpari­
son of the actual curves of spectral tra nsl1li tta,nce 
obtained on the spectrophotom eter of t he system 
witb t he applicable curve of R sx found from eq 5; 
see figures 2 through 6. 

5. Summary 

A reexamination h as been made of the fund amental 
measurement of spectral transmi ttance of nonscat­
tering Lransparent colored media. A search m ade 
to resolve errors often consid ered as negligible or self­
compensating showed the significance of errors that 
may arise from lack of consideration or sLray energy, 
slit width, back r eflectance, and recorder inertia. 

The effect of type of integration of the spectro­
photometer data in the conversion to colorimetric 
terms showed that sUll1lnations by the 10 ll1j.t weigh ted 
ordinate method or by the 30-seleeted-ordinate 
method ar e sufficien t for most colorimetric work. 

The effect of stray energy on both spectl'ophoto­
metric and colorimetric data is illustrated. 

We acknowledge the assistance of Victor R . 
vVeidneI' in checking most of t be tabulations of data 
in t he tables of this report, Mrs. lola Smith for t be 
visual comparisons of the limi t samples of th ese 
glasses on th e Judd chromaticity-difrerence colori 111-

eter as well as for the ch ecki ng 0 f th e Y scftle of the 
r ed duplicates on the Walker-Haupt Lransmittance 
photometer, and Miss Marion Belkn ap for Lhe spec­
trophotometric measurements on th e Beckm an DU 
and th e Konig-M artens speetrophotom eters. 
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