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Abstract
A rotating Pulfrich effect is described and analysed in relation to the
Fertsch-Pulfrich latency difference theory. Although some of the predictions
conflicted with observations described by Pulfrich [Naturwissenschaften
10, 553–564 (1922)2 ], they were confirmed by experiment, and led to a
simple and sensitive method of determining visual latency differences.

The Pulfrich effect is a remarkable visual illusion, seen when a moving object
is viewed binocularly with a neutral density filter in front of one eye. It is
generally accepted that this phenomenon is due to a unilateral increase in visual
latency (Williams and Lit, 1983) as originally suggested by Fertsch (Pulfrich,
1922), resulting from the decrease in retinal image intensity due to the filter.
For example, if one fixates an object describing simple harmonic motion (SHM)
in a plane at right-angles to the direction of gaze, it appears to move along an
elliptical path. Indeed it has been shown theoretically that the latency difference
theory predicts that such an object should appear to move in an ellipse (Weale,
1954; Levick et al., 1972).
However, the following interesting observations described by Pulfrich (1922)
have never been investigated; namely that when a vertical rod, moving in
a horizontal circle on a turntable (rotating clockwise from above) is viewed
horizontally from the side with a filter in front of the right eye, then (a) the sense
of apparent rotation of the rod varies with the speed of the turntable, appearing
to be anticlockwise at fast speeds, and clockwise at slow speeds, (b) if there are
two rods, each at different distances from the centre, then as the turntable slows
down the inner rod reverses its apparent sense of rotation before the outer, (c) at
the moment of reversal of rotation, the rods appear to move only from side to
side along a straight line (I shall refer to this configuration as “transition”).
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Figure 1:
These graphs show the theoretical curves indicating the predicted apparent paths
associated with different latency differences (i.e., with different filters) while fixating a
vertical rod, rotating clockwise in a horizontal circle, from a distance of 200 cm to the
left of the centre, as in the arrangement shown in Fig. 2 (2𝑎 = 6·6 cm; 𝜔 = 45·1 rpm;
rod is 20 cm from the centre; axes are in cm.) The parameter (latency ratio) is the
latency difference expressed as a multiple of that required to see “transition” under
these circumstances (7 msec). The +ve sign indicates that the filter is in front of the
right eye; −ve sign indicates the filter is in front of the left eye. Arrows indicate the
direction of apparent rotation. Thick circle (latency ratio = 0) indicates the actual
path of the rotating rod (Δ𝑡 = 0). The thick arc (latency ratio = +1) indicates the
apparent path at “transition” (Δ𝑡 = 7 msec).
Top: Latency ratios from −0·5 to +1, clockwise rotation.
Bottom: Latency ratios from +1 to +2·5, anticlockwise rotation.
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Pulfrich’s subjects actually observed the rotating rods while the turntable was
slowing down—an arrangement which makes studying their apparent motion very
difficult. A more controlled way is to maintain the angular velocity constant and
view from various distances; different apparent paths being seen from different
distances. Any particular apparent path can then be seen under steady conditions,
simply by observing from the appropriate distance. With the turntable rotating
clockwise and the filter in front of the right eye, the rods then appear to rotate
clockwise when viewed close to; anticlockwise when viewed from far away; and
are at “transition” at some critical intermediate viewing distance.
However, when the Pulfrich effect on such circular motion was analysed
theoretically (see Appendix), it was found that the latency difference theory
predicts the following: (1) the general apparent orbit is bilaterally symmetrical
(Fig. 1), (2) the apparent path at “transition” is an arc of the circle which passes
through the rotation centre of each eye and the centre of the turntable (Fig. 2),
(3) if there are two rods, each at different distances from the centre then, for
any given latency difference, each rod will appear to be at “transition” at the
same viewing distance, (4) the latency difference (Δ𝑡) due to the filter and
lighting conditions, can be calculated from a knowledge of the viewing distance
at “transition” (𝑑𝑇 ), the angular velocity (𝜔), and the separation of the rotation
centres of the eyes (2𝑎) using the following equation (derived in the Appendix)
Δ𝑡 = (2/𝜔) tan−1 (𝑎/𝑑𝑇 ).
Predictions (2) and (3) imply therefore, that Pulfrich’s stated observations
(assuming a fixed viewing distance) are incompatible with the generally held
latency difference theory. In the light of this apparent refutation, predictions
(1), (2) and (3) were investigated using a constant angular velocity turntable
(Garrard SP25 mark 2 record player) and a neutral density filter through which
black vertical rods (1·5 mm diameter) could be seen clearly against a white
background. Rotational clues from both the turntable and the ends of the rods
were screened out by viewing through a 5 cm wide horizontal slit (see Fig. 3).
Observation showed that the apparent orbit, seen while fixating a single
rotating rod (10·8 cm from the centre) did indeed appear to be bilaterally
symmetrical. Furthermore, when two rotating rods were fixated separately
(using the same filter and lighting) they each appeared to be at “transition”
at the same viewing distance, as predicted. Regarding the apparent path at
“transition” while fixating a single rotating rod, it was difficult to be sure whether
it was straight or slightly curved when using angular velocities of 33·6 and 45·1
revolutions per minute (rpm). However, at 78·0 rpm the path at “transition”
was clearly curved, being concave towards the observer (the viewing distance
at “transition” was then only about 100 cm). That the “transition” path was
noticeably curved only at a relatively high angular velocity, is in accord with
the fact that high angular velocities are necessarily associated with smaller
viewing distances at “transition” (see equation above), and therefore with greater
curvature (see Fig. 2). Pulfrich’s observations therefore seem to be erroneous,
and are most probably explained by his turntable slowing down too quickly for
proper observations to be made.
As the first three predictions of the Pulfrich geometry were confirmed, a
preliminary investigation was undertaken to test the above equation by calculating latency differences under known lighting conditions while fixating a single
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Figure 2:
The condition for “transition” (view from above). 𝐿 and 𝑅 represent
the eyes fixating a horizontally rotating vertical rod 𝑃 , which is
rotating clockwise with an angular velocity 𝜔. 𝐹 is a neutral density
filter in front of the right eye, resulting in a latency difference Δ𝑡 sec.
When the left eye sees the rod at 𝑃 , the right eye is effectively seeing
the rod at 𝑃 ′ , where 𝑃 𝑂𝑃 ′ = 𝜓 = 𝜔Δ𝑡. 𝐿𝑃 and 𝑅𝑃 ′ intersect in 𝐼
where 𝐿𝐼𝑅 = 𝜖. At “transition”, 𝜓 = 𝜖 and the locus 𝐼 then becomes
the arc 𝑇 𝑂𝑇 ′ of the circle 𝐿𝑅𝑂. For a given eye separation (2𝑎), the
smaller the viewing distance for “transition” (𝑑𝑇 ), the greater the
curvature of the arc 𝑇 𝑂𝑇 ′ .

rotating rod. Two subjects were investigated (R.W.D.N. and K.Mc.G.), using a
Wrattan neutral density filter (optical density 0·72), and allowing 20 mins for
dark adaptation. The luminance of the screen and background was measured
with a photopically corrected narrow-angle luminance probe (Tektronics J6523-2)
using a digital photometer (Tektronics J16) calibrated against a 𝛾-Scientific
standard light source. All luminance readings were made 200 cm from the front
screen; background readings being made through the viewing slit. The mean
luminance of the screen and background were 148·8 cd/m2 (range: 135·9–161·5;
𝑛 = 8), and 139·2 cd/m2 (range: 137·0–140·4; 𝑛 = 3) respectively. In view of the
sensitivity of the above equation, the viewing distance was measured only to the
nearest centimetre. The results (mean ± SD) were as follows:
R.W.D.N. (2𝑎 = 6·6 cm; 𝜔 = 33·3 rpm; rod 10·8 cm from centre) Δ𝑡
(mean 8·5 ± 0·3 msec; range 8·1–9·1); 𝑑𝑇 (mean 220·2 ± 8·1 cm; range:
206–233); 𝑛 = 9
K.Mc.G. (2𝑎 = 6·8 cm; 𝜔 = 45·1 rpm; rod 10·8 cm from centre) Δ𝑡
(mean 8·3 ± 0·5 msec; range 7·4–8·9); 𝑑𝑇 (mean 174·2 ± 12·2 cm; range:
161–195); 𝑛 = 6.
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Figure 3:
A side view of the apparatus showing two vertical rods, mounted at
different distances from the centre of a horizontal turntable, being
viewed horizontally through a narrow slit.

The latency difference values are in close agreement with data both from
studies using concentric rotating lines (Prestrude and Baker, 1968; Prestrude,
1971), and those using simple harmonic motion (SHM) (Lit, 1949; Lit and
Hyman, 1951; Krekling, 1973; Guinn et al., 1968; Rock and Fox, 1949); the
standard deviations are smaller.
There is however, a serious objection to the SHM method, namely that it
requires the use of location pointers to identify the near and far extents of
the apparent motion. The problem is twofold: (a) the subject cannot fixate
both the pointer and the oscillating object at the same time, and (b) if the
stationary pointer is fixated (as is generally the practice) then the apparent
motion has been found to be non-elliptical (Trincker, 1953), and therefore by
definition, the effective latency difference must be varying slightly throughout
each oscillatory cycle. Furthermore, the use of a location pointer entails an
additional measurement with its own attendant error.
Using the rotating Pulfrich effect for determining visual latency differences
thus has the following advantages over the two current methods: (a) considerably
simpler apparatus, (b) no location pointers are required, and therefore one less
variable and error to consider, (c) the subject can fixate the moving object
throughout the procedure, (d) from purely geometrical considerations it is much
more sensitive than the SHM method, (e) it appears to be more sensitive than
the concentric rotating line method of Prestrude and Baker (1968).
It is suggested therefore, that this technique using the rotating Pulfrich effect,
is a simple and sensitive method for determining visual latency differences.
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Appendix
Although some of the purely geometrical aspects of the configuration at “transition” are discussed briefly elsewhere (Nickalls, 1986), it is more useful in this
instance to consider the general case analytically (see Fig. 4).

Figure 4:
Diagram (from above) showing the relative positions in the general
case (see text).

(A) General case (Fig. 4)
𝐿 and 𝑅 represent the eyes (from above) fixating a horizontally rotating vertical
rod, which is rotating clockwise with angular velocity 𝜔 about the centre of
coordinates 𝑂. 𝑀 is the midpoint of 𝐿𝑅, and lies on the 𝑥-axis such that 𝐿𝑅
is perpendicular tp 𝑀 𝑂. 𝐹 is a neutral density filter in front of the right eye,
resulting in a latency difference of Δ𝑡 sec. When the left eye sees the rod at
𝑃 (𝑟, 𝜃), the right eye effectively sees it at 𝑃 ′ (𝑟, 𝜃 − 𝜓), and the rod appears to
be at 𝐼(𝑥, 𝑦). Let 𝑚1 and 𝑚2 be the slopes of the lines 𝑅𝑃 ′ and 𝐿𝑃 respectively.
The equations of these two lines are therefore given by
𝑅𝑃 ′

𝑦 = 𝑚1 (𝑥 + 𝑑) − 𝑎,

(1)

𝐿𝑃

𝑦 = 𝑚2 (𝑥 + 𝑑) + 𝑎,

(2)

Solving (1) and (2) for 𝑥 and 𝑦 gives
2𝑎
− 𝑑,
𝑚1 − 𝑚2
𝑎(𝑚1 + 𝑚2 )
𝑦=
·
𝑚1 − 𝑚2

𝑥=

(3)
(4)
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where 𝑚1 and 𝑚2 are given by
𝑟 sin(𝜃) + 𝑎
,
𝑟 cos(𝜃) + 𝑑
𝑟 sin(𝜃 − 𝜓) − 𝑎
𝑚2 =
·
𝑟 cos(𝜃 − 𝜓) + 𝑑

𝑚1 =

Substituting the values of 𝑚1 and 𝑚2 in equations (3) and (4) gives
{︂ 2
}︂
2𝑎𝑟 cos2 (𝜃 − 𝜓/2) − 𝑎𝑟2 + 𝑟2 (𝑎 cos 𝜓 − 𝑑 sin 𝜓)
+ 2𝑟𝑑 cos(𝜃 − 𝜓/2){𝑎 cos(𝜓/2) − 𝑑 sin(𝜓/2)}
𝑥=
(5)
2
2𝑎𝑑 + 𝑟 sin 𝜓 + 2𝑟 cos(𝜃 − 𝜓/2){𝑎 cos(𝜓/2) + 𝑑 sin(𝜓/2)}
𝑦=

𝑎𝑟 sin(𝜃 − 𝜓/2){𝑟 cos(𝜃 − 𝜓/2) + 𝑑 cos(𝜓/2) + 𝑎 sin(𝜓/2)}
. (6)
𝑎𝑑 + 𝑟2 sin(𝜓/2) cos(𝜓/2) + 𝑟 cos(𝜃 − 𝜓/2){𝑎 cos(𝜓/2) + 𝑑 sin(𝜓/2)}

Equations (5) and (6) are therefore the parametric equations of the path 𝐼,
as 𝜃 increases from 0 to 360∘ . When the filter is in front of the right eye, 𝜃 is
positive; however, when the filter is in front of the left eye, 𝜃 is considered to be
negative.
Equation (5) is quadratic in cos(𝜃 − 𝜓/2), and so 𝜃 can be eliminated to give
the cartesian equation by substituting the roots of equation (5) into equation (6).
In the general case this gives rise to a complicated higher curve which is symmetric
about the 𝑥-axis, as is shown in Fig. 1.
It is apparent from the geometry, that the factor which determines the
apparent sense of rotation of the rod is the ratio of the angular separation of 𝑃
and 𝑃 ′ (𝜓) to the angle subtended by the eyes at the centre of rotation (𝜖). If
𝜓/𝜖 < +1, then the rod appears to rotate in the same direction as the turntable
(clockwise), negative values of 𝜓 corresponding to orbits seen with the filter in
front of the left eye. If 𝜓/𝜖 > +1 then the rod appears to rotate in the opposite
direction (anticlockwise).

(B) “Transition”
At transition, the apparent path of the rod must pass through the centre of
rotation. This occurs when 𝜓 = 𝜖, i.e., when
𝜓
𝑎
tan( ) = .
2
𝑑

(7)

As 𝜓 = 𝜔Δ𝑡, equation (7) can be rearranged to give the latency difference in
terms of the viewing distance at “transition” (𝑑𝑇 )
(︂ )︂
2
𝑎
Δ𝑡 =
𝑡𝑎𝑛−1 ( ).
𝜔
𝑑𝑇
Furthermore, since equation (7) does not involve the term 𝑟, it follows that for a
constant latency difference, the viewing distance at “transition” is independent
of the distance of the rod from the centre of rotation.
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Substituting the condition (7) in equations (5) and (6) gives
𝑥=

−(𝑟2 /𝑑)(𝑎2 + 𝑑2 ) sin2 (𝜃 − 𝜓/2)
√
,
𝑎2 + 𝑑2 + 𝑟2 + 2𝑟( 𝑎2 + 𝑑2 ) cos(𝜃 − 𝜓/2)
{︃

𝑦 = ± sin(𝜃 − 𝜓/2)

}︃
√
(𝑟/𝑑)(𝑎2 + 𝑑2 ){𝑟 cos(𝜃 − 𝜓/2) + 𝑎2 + 𝑑2
√
.
𝑎2 + 𝑑2 + 𝑟2 + 2𝑟( 𝑎2 + 𝑑2 ) cos(𝜃 − 𝜓/2)

Eliminating 𝜃 from equations (8) and (9) gives
(︂ 2
)︂
𝑎 + 𝑑2
𝑦 2 = −𝑥
+𝑥 .
𝑑

(8)

(9)

(10)

Equation (10) is the equation of a circle which passes through the origin 𝑂
and the rotation centres of each eye (𝐿 and 𝑅). However, the actual path at
“transition” is not the complete circle, as only part of it is mathematically “real”.
This is because equation (8) when solved for 𝜃 gives
√︃(︂
)︂ (︂
)︂
𝑥𝑑
𝑥𝑑
𝜓
𝑥𝑑
cos(𝜃 − ) = √
±
+
1
+
1
.
(11)
2
𝑟2
𝑎2 + 𝑑2
𝑟 𝑎2 + 𝑑2
As the observer is outside the circle of rotation of the rod 𝑃 , then (𝑎2 + 𝑑2 ) > 𝑟2 .
Thus the condition −1 ≤ cos(𝜃 − 𝜓/2) ≤ +1 only holds if (−𝑟2 /𝑑) ≤ 𝑥 ≤ 0.
The apparent path at “transition” therefore, is only that arc of the circle lying
between 𝑥 = 0 and 𝑥 = −𝑟2 /𝑑.
Figure 2 indicates the apparent path at “transition”, showing how it is the arc
𝑇 𝑇 ′ of the circle 𝐿𝑅𝑂. Thus as 𝜃 increases from 0 to 360∘ , the apparent position
𝐼 moves back and forth along the arc 𝑇 𝑂𝑇 ′ , each position of 𝐼 corresponding to
two values of 𝜃. The values of 𝜃 for 𝑇 and 𝑇 ′ are given by putting 𝑥 = −𝑟2 /𝑑 in
equation (11), giving
(︂
)︂
−𝑟
𝜓
−1
√
𝜃 = cos
(12)
+ .
2
2
2
𝑎 +𝑑
In fact it takes slightly longer for 𝐼 to go from 𝑇 to 𝑇 ′ , than from 𝑇 ′ to 𝑇 .
However, the difference is not great. For example, if 2𝑎 = 6·6 cm, 𝑟 = 20 cm,
𝜔 = 45 rpm, and Δ𝑡 = 7 msec; then by equation (7) 𝑑 = 200 cm, and by
equation (12) the values of 𝜃 for 𝑇 and 𝑇 ′ are 96·7∘ and 265·2∘ respectively. As
𝜔 is constant, the ratio of the times taken from 𝑇 ′ to 𝑇 and from 𝑇 to 𝑇 ′ is
therefore (265·2 − 96·7)/(360 + 96·7 − 265·2), i.e., 168·5/191·5.

