
Appendix S1

Original Equations

The equations from the original paper are [1, 2]:

C =

∣∣∣∣ (Rmax +Bmin)− (Rmin +Bmax)

2(Raverage +Baverage)

∣∣∣∣ (1)

A =
C

Mt
(2)

where C is the contrast, Rmin/Rmax/Raverage are the minimum/maximum/average luminances of the red
primary respectively, Bmin/Bmax/Baverage are the same for the blue primary, A is the psychophysical
response amplitude, and Mt is the optimal modulation threshold for the subject.

Minor changes in Equation (1)

Rmax, Rmin, Bmax, and Bmin can be replaced by the average luminances (Raverage, Baverage) and the
Michelson contrasts of modulation of the primaries (Cred and Cblue):

Rmax = Raverage · (1 + Cred)
Rmin = Raverage · (1− Cred)
Bmax = Baverage · (1 + Cblue)
Bmin = Baverage · (1− Cblue)

(3)

Combining Equations (1) and (3) results in:

C =

∣∣∣∣Raverage · Cred −Baverage · Cblue

Raverage +Baverage

∣∣∣∣ (4)

Expressing Raverage as a multiple of Baverage

In contrast to the original papers, we are considering Baverage and Raverage to be the subjective luminance
of the observer that can deviate from the luminance of the standard observer because of large deviations
in the cone fundamentals owing to different preretinal absorption. Therefore, when the primaries are set
to identical CIE luminances, Baverage can be expressed as a multiple of Raverage, where h corresponds to
the change in subjective luminance:

Raverage = 10h ·Baverage (5)

However, the function is shape invariant only for vertical translations, but no longer for horizontal
translations, i.e. changes in h. Combining Equations (4) and (5) results in:

C =

∣∣∣∣10h · Cred − Cblue

10h + 1

∣∣∣∣ (6)
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Changing equations (2) and (3), so that we get a sensitivity func-
tion y=f(x) on a log-log-scale

To plot the relationship as a function of the logarithm of the (Cblue/Cred) modulation ratios (x), one
needs to find values for Cred and Cblue that can be entered into equation (3), so that:

Cblue

Cred
= 10x (7)

We set the contrast of the LEDs so that:

Cred + Cblue = 1 (8)

For example, if x=0.3 (this corresponds to a modulation ratio Cblue:Cred = 2:1) and if the sum of the
modulation depths is 1, this results in the modulation depths Cblue = 2/3 and Cred=1/3.

From equations (7) and (8), it can be derived that

Cred =
1

1 + 10x
and Cblue =

10x

1 + 10x
(9)

The position on the y-axis corresponds to the psychophysical
response amplitude and the flicker sensitivity

Now the psychophysical response amplitude can be expressed as (equations 2, 6 and 9):

A =

∣∣∣∣∣∣
(

10h

1+10x

)
−
(

10x

1+10x

)
10h + 1

∣∣∣∣∣∣ /Mt =

∣∣∣∣ 10h − 10x

(1 + 10x)(1 + 10h)

∣∣∣∣ /Mt (10)

where Mt is the optimal modulation threshold for the subject.

Observe that A=0 when x=h and that A = 1
1+10h

when x =∞ and that A = 10h

1+10h
when x = −∞.

Thus, the ratio between the amplitudes at the asymptotes (for single red and single blue modulation)
equals 10h.

The function is plotted on a coordinate system with a logarithmic y-axis and the following variables
are defined:

v = − logMt and y = logA (11)

where v is a vertical translation factor that depends on the subject’s optimal modulation threshold. It
follows that the function relating the logarithm of sensitivity to the logarithm of modulation ratio is
(equations 10 and 11):

y = log

∣∣∣∣∣∣
(

10h

1+10x

)
−

(
10x

1+10x

)
10h + 1

∣∣∣∣∣∣+ v (12)

Now y is expressed as a function of x with h and v corresponding to the horizontal and vertical scaling
factors in the classic HMP publications.
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Rectifying the sensitivity function

The equation has to be modified to account for rectifying of the function at the minimum sensitivity
measured to account for residual flicker perception when the resultant luminance flicker is very small,
possibly owing to intrusion from other mechanisms such as the frequency doubled response in the
magnocellular pathway at equiluminance [3–5].

Final equation

The final equation is

y = log

∣∣∣∣∣∣
(

10h

1+10x

)
−
(

10x

1+10x

)
10h + 1

∣∣∣∣∣∣+ v with y = Smin for y < Smin (13)

where Smin is the minimum sensitivity from the data set.
This function y=f(x) with the parameters h and v can be fitted to a set of data using a standard

least-square algorithm for nonlinear functions.
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