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Abstract

With decreasing luminance levels the spectral sensitivity of the eye changes and it becomes more
£ Dblue sensitive. This goes in concert with the fading of colours until, in low levels, we perceive
g brightness only. It can be expected that the basic visual functions such as Contrast Sensitivity,

f.  Visual Acuity and Performance as well as the pupil size are dependent on the perceived
brightness and not on the photopic luminance, which in the range of mesopic an Scotopic vision
is an inappropriate measure as it is based on V() only.

A photometric quantity that accounts for the changing spectral sensitivity of the eye is called the
equivalent luminance Leg. An algorithm bas been developed to allow for its direct calculation.
. This equations system permits the evaluation of the above mentioned visual functions on the
k. basis of perceived brightness. The results show that the brightness expressed in terms of Ly
indeed controls the visual functions. Consequently, the equivalent luminance Leq for light of
different spectral power distributions can be calculated for levels of mesopic vision to show the
effect on visual performance. As the spectral sensitivity of the eye is shifting to the blue with
lower light levels, blue and blue rich power distribution of the light appear brighter and allow to
achieve higher visual performance.

introduction ,

In order to investigate visual performance in lower light levels we need an appropriate luminance
measure in the range of mesopic vision. The knowledge of the relative spectral sensitivity of the
eye in that range called VQ(X) is imperative. Because of the rod cone interaction which occurs
in mesopic vision, the VQ(A) curves are dependent on the luminous intensity level. Thus, the
need arises for an adequate visual evaluation of radiance which results in brightness sensation.

Ly =Kpr JLV( 2Ly £)dL eql

In 1964 the CIE suggested a set of curves 0 describe the relative spectral sensitivity of the eye in
the range of mesopic vision (1). This set of curves was partially based on data of J.A. Kinney
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a 2° field on 10° extra foveal location (2). These curves are depicted in Figure 1.

(A) -funcuon and the scotopic V'(A) function. The restrictions

CIE suggested for preliminary use, prompted further research
1972 and published in English in 1984

obtained for
They are embraced by the CIE v

involved in that system which the
that included the effect of the field size. This was done 1
observers matched in a bipartite field the brightness of spectral

(3). Three young emmetropic
lights to the reference light of 530 nm for Jluminance levels ranging from 30 trol to 0.0003 trol
field sizes of 3°,9.5° and 64°, which was the

in steps of 10 olands. This was carried out for
tus. The subjects observed through an artificial pupil of 2 mm diameter.

limit given by the appara

The method and procedure of the investigation is described in more detail in Ref. 3. The
resulting data allow t0 obtain the “equiv alent luminance, Leg, that takes the actual spectral
sensitivity of the eye into account. L ¢q reads:

with Km photometric equivalent dependent o0 Leg

L., the spectral radiant density

V(A, Leg, £) the actual spectral sensitivity of the eye termed VQe

In photopic Juminance levels VQe becomes V(A)
VQe — V(A photopic

in scotopic levels we find good agreement with V'(A)

VQe = V(M scotopic

a 10° field based on colour matching functions that
(4). ”{I'he results obtained with the 9.5°
s, that V(A )00 holds also for

Stiles suggested 2 V(}) curve obtained with
was recommended by the CIE for large field photometry
ell with Stiles 10° data which indicate

field compare very w
brightness matching and correctly describes the large field spectral sensitivity(3)-
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Development of the model
In order to calculate Leg as a basis to evaluate visual performance it is desirable to use equations

that can also be applied to measure the equivalent luminance. An algorithm was developed on
the basis of the data reported in Ref. 3. Fig. 1 reveals that the curves can be approximated by

. parabolae which read in a general form:

log(VQ) = A(h - H)’  eq2

An analysis of the data for the best fit of the parameter A revealed:
2 V2
A =J[1+[-b—g-%ﬁ(-] T/ - MV(eI“’”"“]) eq.3
/

Log is always based on 10. For the parameter H we find:
H= P > }—!—S eq.4
Q+(@ogL+R)"

A

With equation 3 and 4 inserted into equation 2, we obtain the following expression termed Model
1: '

1

- 2
logL+K ZT 10logL P
log VO (4,L) = T+ === ~M 08 A +S 5
03 VQ(4.L) ({ T } N(e )x[ liQ+(IogL+R)2 H “

where
g=3° 9.5° £=64°

J 2.902E-10 7.578-06 9.914E-09
K 1.840E+00 2.171+00 2.049+00
T 3.692E-05 7.787-02 9.196E-04
M 1.607E-04 1.5479-04 1.474E-04
N 4.569E-12 1.8805-12 -1.386E-13
P 3.029E+02 1.558+02 1.017E+02
Q 5.118E+00 2.7976+00 1.858E+00
R -1.188E+00 -1.79765+00 -1.188E+00
S 4.975E+02 4.98807+02 4.988E+02

In order to improve the model especially to render the ﬁttiné less dependent on the field size, a

- “window function” can be superimposed leading to slight modification of the model. (Model 2).
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The Model describes the set of data of which some samples are shown in Fig. 2 and 3. These are
typical examples out of a set of 18 following from six luminance Jevels and 3 field sizes. Larger
deviations occur, generally in regions of sensitivity smaller than 10%.

Basic Visual functions and Leg.

The Contrast Sensitivity

The relative contrast sensitivity RCS based on 550 nm wavelength at 1ed/ m? is shown in Fig. 4
for six narrow band spectral lights ranging from 431 nm to 660 nm, measured over 3 decades of
background luminance. The curves diverge towards lower levels

of L, with the sensitivity highest in blue and lowest in red.

The reason for this effect is that lights of 431 nm dominant wavelength are perceived much
brighter at 0.01 cd/m? luminance than for example red of 660 nm. It is clear that RCS is
decreasing in concert with longer wavelength of the spectral lights.

The relative contrast sensitivity, however, is found the same for all spectral lights when plotted
versus the equivalent luminance L. that reflects the perceived brightness. The data points for
RCS fall around one curve that is close to that for ~530 nm as shown in Figure 3. ‘

The Visual Acuity _ ~

I measured the Visual Acuity using Landolt rings of high contrast (C = 92) of my own eye that
was set in the state of Cycloplegia and was comrected for longitudinal chromatic aberration. (5)
The investigation ranged over 2 decades of luminance below 10 asb (3.18 cd/m?). The used
small-band interference filters did not allow to produce higher levels. In Fig. 6 the average out
of 4 sessions are shown for the four spectral lights used. In this graph we observe that for Ly =
10 asb the acuity was found the highest with 587 nm (yellow), the same in light of 618 nm (red)
and 519 nm (bluish-green) and the lowest in blue of 473 nm. in low levels of luminance L, this
wrend is reversed and the blue and bluish-green spectral lights yield higher values of visual
resolution than yellow and red. Again this s attributable to the lower brightness that lights of
longer wavelength produce at the same luminance level in the mesopic range. This is clear from
Fig. 7 where the same data points as in Fig. 6 are plotted versus Le. The straight lines become
parallel reflecting that the resolution of the eye decreases with Leg for every spectral light with
the same slope. Confirming control measurements had been performed for the points VA = 0.35.
For three wavelengths the necessary luminance levels had been sought which yielded VA = 0.35.
The results are entered in the graph and fit the lines well. :

Moreover, it is evident that in all levels of Leq the visual resolution in blue is the lowest, it
reaches a maximum at 587 nm and drops again at 618 nm but not down to values obtained with
473 nm.

The reasons for that may be found in the density of S, M and L cones. Myopia did not occur, a5
the cycloplegic eye had been corrected for that. The minification due to the used minus lenses
had been accounted for. Diffraction effects on the pupil fringe especially in the red portion of
the spectrum had been very small due to the large pupil that occurs in cycloplegia and had 1o
limiting effect on the resolution. The graph shows that the'visual resolution in the long
wavelength part of the spectrum is higher, than in the shorter spectral region. This isin all
likelihood due to the considerably greater receptor density formed by M and L cones.
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The pupil size

Similar consideration can be given to the pupil size in the mesopic range. The apparent pupil
size has been measured at five different wavelength spread over the spectrum in “Ganzfeld”
observations. (6) The average of different readings gained from several sessions of the authors
eye (35 years at the time) are shown in Figure 8. In near photopic luminance levels, (6 to 20
cd/m?) the pupil diameter is found to be equal for all wavelengths of light except for 473 nm
where smaller pupils are resulting if the luminance measurement is based on V(A).. It appears
that the pupil mechanisms has a higher blue sensitivity than V(A); predicts. This is often
attributed to rod intrusion, although rods contribute minimally in levels around 30 asb or ~10
cd/m? and above. The deviation disappears when large field photometry is used (10° field) which
describes the spectral sensitivity of the eye in “Ganzfeld” condition more appropriately. The
higher blue sensitivity has a simple explanation rooted in the fact that for photopic photometry
the V(A) curve is used to reflect the spectral sensitivity of the light adapted eye. The V(L)
function is based on a 2° field size in which the comparison with a reference field of equal
brightness or minimum flicker is executed. The pupil size however, is measured with the eye
exposed to'a large field e.g. > 10° in which we obtain a different spectral sensitivity as indicated
in Fig. 10. It shows the V(&) curve obtained with a 2° field size as used in the definition of
photopic luminance. Fora Targer field of 10° follows a curve that shows a distinct deviation in
the blue part of the spectrum. The occurring difference can be fully attributed to the absorption
of the Macular Pigment that covers the foveal region and does not affect the measurements taken
in a larger field extending beyond the macular region (3). This implies that we have to measure
the luminance using the V10° (1) function (large field photometry) to properly interpret the pupil
response that was obtained in a large field. The luminance as defined on the basis of V(A)-
would be inappropriate for evaluation of the pupil response under “Ganzfeld” conditions.

However, the differences in pupil size in mesopic levels as in Figure 8 disappear if pupil
diameters are plotted versus the equivalent luminance Leq as Figure 9 reveals. This shows that
the perceived brightness controls the pupil size.

The pupil size plays an important role for Visual Acuity that is affected by optical aberrations in
the eye. Atchison, Smith and Efron showed that for the corrected eye, Visual Acuity measured
with high contrast optotypes at a chart luminance of 120 cd/m?* was the highest for pupils
between 2 to 3 mm (11). For larger pupils VA decreases due to higher spherical aberration. VA
drops towards smaller pupils due to increased diffraction on the pupil fringe.

Visual Performance

Loe and Waters (7) investigated visual performance in lights of different power distributions.
They applied a method similar to that used by H.C. Weston 1945. The subjects had to read a
I chart of Landolt rings of different contrast and size. Visual Performance VP was expressed as
g the number of the correctly identified ring gaps to the total number of rings read and the speed
g with which the reading was performed.

& This criterion represents a high resolution task and the necessary time to do it, and covers truly
k. visual tasks as occurring in most of our visual activities and visual demands in photopic vision.
Loe and Waters performed the experiments in light of five different power distribution of
ractical lamps. The results are supported by findings of Halonen(9) who employed a similar
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criterion, and Vrabel et al.(10) using a test also containing accuracy and the time to complete it.
Vrabel et al. used targets of low and high contrast (C = 24 and C = 0.9) in luminance levels of
150 cd/m? from five different light sources with dissimilar spectral power distributions. The
lurninance level L was clearly photopic. Halonen varied L between 155 and 310 cd/m’ finding
also no significant difference of performance.

These findings resemble the contrast sensitivity function as in Figure 4 that showed no
significant differences between the spectral lights used in photopic luminance levels. The near
monochromatic lights had a more pronounced spectral diversity than those from different lamps.
Nonetheless, we may expect, however, the visual performance to change for dissimilar spectral
power distributions such as that of sodium low pressure and metal halide lamps in low luminance
levels.

The experiments of A. Lewis on performance

Lewis (12) investigated different aspects of visual performance under light of Tungsten, low and
high pressure Sodium, Mercury high pressure and Metal halide lamps, lamps that show distinctly
different spectral power distributions. Five emmetropic and trained subjects between 20 and 23
years participated in measurements of contrast sensitivity and reaction time using square wave
gratings. The luminance ranged from 0.1 to 10 cd/m?. The findings were in line with Fig. 4 and
6 reflecting that dominantly blue Light appears brighter in lower luminance levels and therefore
leads to higher contrast sensitivity and visual acuity.

In order to compare different spectral light distributions with regard to their apparent brightness
in lower luminance levels, the ratio of the equivalent Jurninance Leq and the photopic luminance
L has been plotted in Fig. 11. This was done for five different light sources over the luminance
ranging from photopic to scotopic levels. The ratio Le/L was termed “Figure of Merit” as it
shows the advantage or shortcoming of a spectral light distribution over the others. The higher
the figure of merit, the higher will be the achievable Visual Performance. Figure 11 is based on
illuminant A (2860K). As Lewis has based his results on Tungsten as reference which has
approximately that Color temperature. The data Le/L are contained in Table 1. With decreasing
luminance, which entails the shifting of the spectral sensitivity of the eye towards shorter
wavelength, the figure of merit increases for lights containing more blue over those with more
reddish components such as High pressure and especially low pressure sodium lamps.

The data of the relative contrast sensitivity, the reciprocal of the reported thresholds holding for
all spatial frequencies (0.5, 1,3 and 10 cpd), was measured in Metal Halide and are plotted in
Fig. 12 together with the figure of merit. Although deviations have to be expected, that data
confirmed the calculated function. The same applies to the graph in Fig. 13 in which the same
relationship for low pressure sodium (LPS) is given. For LPS-light the figure of merit decreases
with lower luminance. The data are summarized in Table 2.

While the course of the contrast sensitivity (1/Threshold) as in Fig. 12 and 13 could be expected
according to Fig. 11, there was a surprising discrepancy found in Mercury High Pressure as Fig.
14 reveals. The calculated curve decreased for lower luminance levels while the data reported by
Lewis showed an upward trend. The origin of the discrepancy was finally found in the different
spectra of the HPM lamp. The original calculation was done using a spectrum measured by
Osram-Sylvania depicted in the upper part of Figure 15. Below is the spectrum of the lamp used |
by Lewis in his experiments. It has been obviously an itregular lamp sold as 2 “Barn Lamp” of
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60 watt. The calculation of L, has been repeated with the spectrum of that lamp as in the lower
part of Fig. 15. Indeed Lewis’ data points fell around the calculated curve based on the “Barn
Lamp” Spectrum. The data are contained in Table 3. This investigation resernbling a “double
blind” experiment confirms once more that L, reflecting the perceived brightness of the lights
determines visual functions such as contrast sensitivity. ‘

In a second set of experiments the reaction time after onset of a rectangular grating at a level of 5
times over the threshold contrast was measured. The observer had to correctly identify the
orientation (borizontal or vertical) of the grating. The subjects triggered the onset by pressing a
button. As the criterion has been the time in milliseconds that could not be associated to
luminance it appeared reasonable to form the ratio of the speed of detection 1/Reaction Time
resulting in Metal Halide and Low Pressure Sodium Light in which differences were most
pronounced. This was compared to the ratio of the “Figure of Merit” in those lights. Fig. 16
shows the resulting graph. It expresses the difference in achievable speed of reactions. The
graph confirms the trend of the Visual Performance, that was expressed by a criterion comprising
Form Perception and time. : ,

Further experiments are described that incorporate the time needed to perform a so-called
“Realistic Task”. In a transparency a photograph was presented depicting 2 woman standing on
the side of a road, once facing the road and once turning her face away from the observer. The
task was to correctly identify which way the woman was facing. In order to show the difference
between the results obtained in Metal Halide and Sodium low pressure, the ratio between the
figures of merit and the detection speed has been plotted similar to Fig. 16 and is shown as
Figure 17. The data confirm that visual performance of the chosen “Realistic Task” is equally
related to the perceived brightess the spectral light distributions produces.

Search for SPD to Improve Visual Performance

In Figure 11 the “Figure of Merit” is depicted for 5 typical lamps showing that the blue-content
in the spectrum increases the brightness perceived in mesopic light levels. The question arises,
what spectrum of practical lamps would produce even higher Lo/L ratios. Investigating these
questions led to Fluorescent lamps of “Daylight” type. A calculation of that type of spectrum
was done and compared with the four discharge lamps as used in the described experiments.
Figure 18 shows the results of such a calculation. Daylight fluorescent lamps have a spectrum
that yield high L../L ratios, presumably due to the continuum in the blue superimposed by bands
that does not occur in high pressure discharge lamps without coating.

Conclusion

It has been shown that the basic visual functions such as contrast sensitivity, visual acuity
(resolution of detail) and visual performance that appears to be a composite of visual acuity and
time required for the task are determined by the perceived brightness in which these functions
are measured. In photopic levels the brightness is expressed by luminance. In mesopic and
scotopic levels the equivalent luminance reflects the perceived brightness and appears to be the
physiologically reasonable and appropriate measure. The results suggest that the equivalent
luminance Le, is suitable to predict the achievable level of visual performance in various spectral
light distributions.

In the Tables 4 to 6 the results of the figure of merit for each distribution as a function of the
mesopic luminance levels are condensed. It reads that the Metal Halide Lamps achieve the
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highest figure of merit. However, this is offset by the efficacy of the Lamps, so that the lowest
performer, the Low Pressure Sodium Lamp, appears to be even with the Metal Halide at levels
around 10" cd/m’.
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o Tae V. {3) as derved by Jucd shows gocd agreement with 9.3°
= pagnness mawn measurement {Kokoscrka, Acrian (8%).
-3
~ trast Sensitivity and Figure of
Contrast Sensltivity and Figure of Can f
Merit for Metal Halide Merit for LPS
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3 7 i 3 contrast sensitivity as in Fig. 8
Flg. 12 Comparison of the calculated figure of merit LJL with Flig. 13 Comansonofmmed
i data of contrast sensitivity measurad with square wave but here for light of low pressure Sodium lamps.
gratings of 0.5, 1, 3 and 10 cycies per degree (Ref. 10).
in light of Metal Halide lamps.
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Data Contrast Sensitvity (Square wave grating)

in HPM - Lewis compared with HPM - Osram Oscam - Sylvania
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2
8 s Ji AN
F=3 1.05 < -
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-4 [ ]
-
7 1.00 A Lewis
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3 —— Cajcutated 2
Em ‘90 O Data for HPMercury (Lawis)
’ i —a— Caictiated with HPM - Osram Q-
H ' .
| . ‘ .
Bt 1 1 10
Luminance (cd/m?) :
} Fig. 14 The spectral power distribution of a 50 watt HPM lamp 30410430450470490510530550570590610530650670690710m
as used by tawis differs considerably from the Wavetength (nm)

distribution as obtained from a 400 Watt HPM (source e
- Syiania). The contrast senaitivity measurad
with squam wave gratings of 0.5, 1, 3 and 10 cycles per Rg. 15 Comparison of measurements of the spectral fight distribution for

Eidl dagres would show appropdats tendency from HPM - Tercury high pressure lamps between Osram - Sytvania and the lamp
'. fight of a 400 Watt lamp. However with the Ight used in mwkmmmmmmmmin
‘ the experimants good comelation betwsan L/ and serformance.

contrast sensitivity (1/Threshoid) can be observed.

Ratio of Speed of Reaction ta Detect .
the Orientation of a Grating compared with Ratlo of Speed of Reaction for a “Realistic Task"”
Flgure of Merit Ratio MH/LPS. - and Figure of Merit ratio MH/LPS vs Luminance.
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Fig.16 Reaction time RT to detect the orienttation of a square P17 Ratio of 1/Reaction o Mo
¢ wave or vertical) with a Viabity level Halide MH and Sodium low pressure SLP from

rmoofmeFigureofMermforMHardLPS The
daiaruvabmre!atedtciatwodmf

it grating (horizordal

: . of 5. The ratio /AT for Metal Halids to 1/RT for sodium
i : . low pressure ight is compared with Ratio of the Figure of
1 merits for the same speciral ight distributions. These
: two functions are linearty retated.

SN‘WALY 2L fHv0—-92Z2—1 L

|eAEN

KJOE/\_,ISQQO

oz /2L # (== oh R =-rA =



Ratio of Equivalent L, to Luminance L
Figure of Merit
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Fig. 18 Calculated ratios L /L “Figures of Merit* in mesopic light levels for different spectral power
distributions. In this calculation the distribution of Daylight Fluorescent has been incarporated to
demonstrate that even higher Figure of Merits can be achieved than those of Metal Halide lamps.
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FEEMercun =2 Sccium: Metai Haiic L2Sccium. Incancescent (2834K)

0.0001 0.74985 0.310407  1.185886 0.247795 1

0.00%7 0.747769. 0.305382. 1.13823 0.237297 1
0.01. 0.765398 0.3363864: 1.141182: 0.271688 1.Ref 282¢K

0.1 0.83%991 0.60880S5 1.114372° 0.370187 1

1 0.972584: 0.794267 1.075461 0.653318 1

10 1 1 1 1 1

HP Mercur, e Sccium Metal Halic LPSodium - incandescent (2854K;

0.000% 1.003172; 0.582838 1.552455  0.3315  1.33783
0.001 0.978904 0.852634 1.495 0.309%6 1.31032 Aef 2020K] -
0.07 1.004687 0.709678 1.47554 0.633837 1.297888
0.1 1098677 0.771586.  1.36803 Q.487733 12279
1 1104187 0.821247 12057 0.782532 1.126362
10 1 1 1 1 1

Tzble 1 Values cf raties Leq/L termed “figure of Merit” for five different
Spectral Light distributions based on illuminant A = 2850k, which
relates o ncandescent and on illuminant. P = 2050 k, the
Platinum siarcard. The distributions follow spectral power
measurements of Osram-Sylvania (Salem MA)

\
I Metal Haiice \ j Low Pressure Scdivm

L | ifihresn. |  Figure cf Ment l 1/Thresa Figure of Marit
o/mt . data Lacik data Lea/l
0.1 | 1.124 ] 1,914 j 0.84 37017

1 | 1.073 H 1.076 {  0.883 65331

3 | 1.031 [ 1.043 | 0.8 .88262

10 | 1.02 ] 1 |  ©0.28 | 1

Tabie 2 Comrest Sensitivity 1/Threshcld data obtained with square wave gratings
of 0.5, 1. 3 and 10 cycles per degree and the “figures of Merit” Leg/L for
Metal Halide and 'ow pressure Socium Light. Data of Lewis.

Luminances | 1/Threshokd | rel. 1/Threshold HP Mercury HP Mercury
cd/m’ lewisdzta | basedonl=.1 Osram Lewis Lea/t
Lecl
1 1.08 1111 .8854 ! 1.111
1 1.6 ! 1.08 i 1.0034 1.052 |
3 [ .98 .9988 { 1.0248 1.0166 |
10 ! .97 .9887 I 1 1 ]

Table 3 Contras: sensitivity data as 1/Threshold measured with square wave
gratings of 0.5, 1, 3 and 10 cycles per degree in Ight of High pressure
Mercury The “Figure of Merit" - Leg/L followed from Osram-Sepvania
measurements and those from Lewis as in Figure 15.
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Table 4. Neccessary relative lumens of different lamps to achi squal \
Perfermance based an 100/1m at L =10 cd/m? eve =qual Visual
Ledm® | 10* | 10° | 10® | 10° | 1 3 | 10
Metzal Halide 86 88 88 <0 83 &3 1C0
MH
Hign Pressure | 133 | 134 | 130 | 119 | 103 | g8 100
Mercury HPM :
High Pressure | 194 168 | 186 | 164 126 107 | 100
Saodium HPS
Low Pressure 404 421 367 210 133 113 100
Scdium LPS ,
Table S.  Luminous Zfficacy of Lamps basecd on clear 400W iype (180 Waz L®S). Typical
Time Mean
| Lumen J Im/w | Wat/100 Im |
Metal Halide 25000 82.5 1.6 i
MH 200w °
High Pressure \
Mercury 18 000 47.5 2.1
HPM 4C0W
High Pressure:} . .
Socium - |7 45000 112 0.9
HPS 400W
Low Pressure
Sodium 27 000 150 0.68 *
LPS 180W

Source: Philips, Osram Syivania
“Principally due to a rise in lamp Watts during life.

Table 6. Relative Power in Watts based on 100 Im at 10 c/m? to achieve equal visual
performance. This table is developed with the data in Table 5 and the
reguired lumens for equal viual performance as in Table 4.

L cd/m? I 10t b 107 10* 10° 1 |3 i 10|

Metal Halide 1.38 1.40 1.40 1.44 1.49 1.52 P 8

MH . !
Hign Pressure 2.79 2.81 2.73 25 2.18 2.08 ! 2.1
Mercury HPM
Hign Pressure f 212 1.78 2.03 1.48 1.13 0.96 I 0.9
Sodium HPS ‘
Low Pressure I 2.68 2.78 2.42 1.39 1.01 0.75 | 0.68
Sodium LPS

The values are reiative to the level of 10 cd/m®. 1t is understoed that in a scene
illuminated with 100 Im at 10 cd/m® it would require only 107 lumens to produce the
level of 0.1 cd/m® if nothing else has changed.
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