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Spatial and temporal frequency in animated mimic displays
KEVIN B. BENNETTYand ALLEN L. NAGY, Wright State University,

Dayton, Ohio,

Animated mimic displays provide analogical representations of the flow of information or
resources between system components. For example, the transfer of fuel from one tank to another
in an airplane could be represented by fluid running through the connecting pipe, rather than an
analog meter or digital display. The quality of apparent motion is critical: does the subjective
impression of flow that results from viewing the display correspond to the physical rate of flow
that exists in the underlying domain? Previous research has revealed potential problems with dis-
play configurations modeled on prominent examplesin the literature, including ambiguity with
respect to both the direction and the rate of flow. Two psychophysical experiments were con-
ducted to 1) investigate these potential problems more thoroughly and 2) examine two critical
design parameters. Observers performed a rate-matching task with various combinations of spa-
tial frequency, temporal frequency, and luminance contrast. The findings were atypical: the usual
“bandpass’ pattern (better performance at intermediate frequencies, relative to high or low fre-
guencies) was obtained only for spatial frequency, and only when luminance contrast waslow. In
addition, performance was more closely tied to specific combinations of spatial and temporal fre-
guency than to velocity. Aninterpretation based on Fourier’s theorem is discussed and alternative
display designs are proposed. Finally, design guidelines for spatial and temporal frequency are
provided.

1 Request for reprints should be sent to Kevin Bennett, Psychology Department, 309 Oelman
Hall, Wright State University, Dayton, OH 45435
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INTRODUCTION

One critical issuein system design is how to exploit the recent advances in computer tech-
nology to maximize overall human-machine system performance. Many forms of decision sup-
port have been developed, including automation, expert systems, and cal cul ated support (e.g.,
predictor variables). By and large these forms of decision support can be considered “prosthetic”
in nature, in that the goal isto replace the human problem solver (see[1] for a detailed discussion
of the consequences of this design approach for expert systems). A complementary design
approach for decision support is to provide interface resources that enhance, rather than replace,

the human problem solver’s capabilities.

One form of decision support that is consistent with this approach has been referred to as
“representation aiding” [2,3,4]. Representation aiding supports an individual by providing com-
puterized graphic representations of a domain, thereby taking advantage of the efficient pattern-
recognition capabilities and flexible decision-making processes of the human. Thisform of deci-
sion support has the potential to increase the system’s capability to respond to unforeseen, but

inevitable, circumstances [5].

The successful design of representation aids is dependent upon an understanding of the
complex relationships between 1) the specific characteristics of the underlying domain, 2) the spe-
cific characteristics of the representations of the domain (e.g., displays) that are provided, and 3)
the specific perceptual and cognitive characteristics of problem solvers[1,6,7,8,9]. One perspec-
tive that problem solversin complex, dynamic domains must consider is related to the physical
components that comprise the system and the flow of information or resources between these
components. Rasmussen [7] has referred to this perspective as the level of “physical function” in

his abstraction hierarchy.

The displays that have been devel oped to present physical function are more commonly
referred to as“mimic” or “pictoral” displays[10,11,12,13]. When the flow of information or
resources between system components is represented analogically these displays may be referred
to as“animated mimics” A representative exampleisillustrated in Fig. 1. The display contains
representations of the system components (reactor core, steam generator, and steam turbine), the
pipes that connect them, and the flow of resources between them (e.g., steam flow, from steam

generator to steam turbine).
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Figure 1. A representative animated mimic display with a stairstep luminance profile.
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Insert Fig. 1 about here

Animated functional mimic displays have the potential to improve the quality of decision
support in complex, dynamic domains. One benefit is the potential to improve the efficiency of
training, asillustrated in STEAMER (a computer-based instructional system for propulsion engi-
neering, [10,11,12]). The work of Hollan and his colleagues emphasi ze that graphical displays
(including animated functional mimics) can facilitate appropriate mental models and effective
causal reasoning skills by providing “dynamic graphical explanations’ [11, p. 19]. Thereareaso
potential benefits for real-time performance. Animated mimic displays may facilitate 1) the iden-
tification of system state, 2) the identification of alternative resources required to recover from
trouble, and 3) feedback regarding the effectiveness of control input. See Bennett [2] for amore
detailed description of the potential benefits.

A critical issuein the design of animated mimic displaysis the quality of the animation that
is produced: is there an effective mapping between the flow rate that exists in the actual domain
and the subjective impression of motion that is perceived by an observer viewing the display? The
resultsof aninitial study [2] indicated potential problemswith adisplay configuration modeled on
the STEAMER displays ([10,11,12], e.g., Fig. 1). The subjects task was to match the rate of
motion (varied across trials) in astandard display by changing the rate of motion in a comparison
display. Observers reported that the apparent motion in these displays could be seen in either
direction through conscious shiftsin attention. This could account for the rare (1-2% of trials),
but large errorsin accuracy that were observed (observers may have focused on the inappropriate
direction of motion). Thus, an extreme case of an inappropriate mapping between the representa-
tion and the domain could occur in an applied setting with displays designed along these lines
(e.g., an operator may actually be draining atank, when he/she believesthat it is being filled).

Before considering a theoretical explanation of this bi-directional apparent motion afew
general definitions will be provided. Spatial frequency refers to the number of repetitions of a
wave form, or cycles, that fall within one degree of visual angle (expressed in cycles/degree).
Temporal frequency refers to the number of cyclesthat pass a fixed point during a one second

interval (measured in cycles/second, or Hz). The term “fundamental” is perhaps a more appropri-
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ate term to specify both spatial and temporal frequency with more complex, non-sinusoidal pat-
ternslike those illustrated in Fig. 1 (e.g., fundamental spatial frequency, see the following
paragraph). However, the shorter terms will be used for smplicity. Velocity is the temporal fre-
guency divided by the spatial frequency, and refers to the number of degrees (visual angle) that a
wave form moves during a one second interval (units are degrees/second). The amplitude of a
wave form refers to the difference in luminance between the peak and trough of awave form; a

typical unit is candelas per meter squared (cd/mz).

A potential explanation of why the display configuration depicted in Fig. 1 may produce
ambiguous apparent motion is based on insights from Fourier’stheorem. The upper two panels of
Figure 2 illustrate a sinusoidal wave form (left) and a stairstep wave form. Fourier’s theorem
demonstrates that a wave form of any shape and amplitude can be synthesized by combining an
infinite number of sinusoidal wave forms that have particular spatial frequencies and amplitudes
[14,15]. A Fourier analysis of the stairstep wave form was completed (see Fig. 2 and Table 1).
This wave form can be synthesized by combining the sine waves of all harmonics of the stairstep
wave, except for those harmonicsthat are multiplesof three (e.g., F, 2F, 4F, 5F, 7F, 8F, 10F, 11F,
..... etc., see Table 1a). The amplitude of each successive sine wave is afraction of the stairstep
wave' samplitude (e.g., 3A/ wt, 3/2A/ =, 314A [ t, 3/5A [ wt, 3/7TA [ =, 3/8A/ x, 3/10A /[ nt, 3/11A/ =,
..... , €tc., see Table 1b). The lower part of Fig. 2 illustrates the results of the Fourier analysis
graphically. A partia synthesis of the stairstep wave form is shown: the panels on the left illus-
trate successive sinusoidal harmonics (F, 2F, and 11F are present); the panels on theright illus-
trate the changesin the synthesized wave form as each successive harmonic isadded. By the 11th
harmonic the stairstep wave form is approximated, and adding additional harmonics would pro-

vide an even closer approximation.

Insert Fig. 2 about here

Insert Table 1 about here

Thiswould be only an interesting mathematical phenomenon, except that thereis ample evi-
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Figure 2. Sinusoid and stairstep wave forms; Fourier’s theorem. The upper portion of the figure
illustrates a sinusoid (left) and a stairstep (right) wave form. The lower portion of the figure
illustrates the synthesis of a stairstep wave form from sinusoidal harmonics. The first, second,
and eleventhth harmonic are illustrated in the panels on the left. The panels on the right illustrate
the shape of the synthesized wave form as each harmonic is added.
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dence that the early visual system performs a crude approximation to a Fourier analysis (patterns
are analyzed on the basis of their underlying frequency content) [14,16,17]. Braddick, Campbell,
and Atkinson [18] provide athorough review of the physiological and behavioral research that
supports this theoretical position. Adelson [27] performed an experiment that is particularly rele-
vant to the present study; Anstis ([26], p. 16-12, emphasis added) summarizes and interprets the

results:

Adelson (1982) ... considered a grating with a square-wave luminance profile that jumped suc-
cessively through one-quarter of aspatial period (half abar width) to theright. Thisisequivalent to
aset of harmonic gratings of relative frequencies 3, 5, 7... jumping through 3/4, 5/4, 7/4 ... spatial
periodsto theright. Note that the third harmonic’s jump of 3/4 spatial period to the right isidenti-

cal to ajump of 1/4 period to the left. Higher harmonics will jump every which way, but their
amplitudes are too low to have much perceptual effect. Adelson then presented a square-wave grat-
ing minusits fundamental and made it jump successively through 1/4 cycleto theright. Observers
saw it as apparently jumping to the left. This result would not be predicted if the visual system
extracted edges or other pattern features, which do jump to theright. However, asystem acting asa
Fourier analyzer would give the result he obtained. 1t may sound intuitively unlikely that the visual
system would break a jumping pattern down into its harmonics, figure out the phase shift of each
harmonic, and put them together again to give a pure spatial (minimum phase) jump, but that is

what his results suggest.

Thus, Adelson found that a square wave with the fundamental harmonic removed produced
apparent motion in the direction opposite to the physical update. A similar analysis (which will
be referred to as the frequency analysis hypothesis) provides a potential explanation for the bi-
directional apparent motion that occurs with the stairstep wave form. Both the sinusoidal harmon-
ics of the wave form (see Table 1) and the phase shift introduced by the animation technique must
be considered. Color table animation techniques [19,20] are used to produce apparent motion in
the animated mimic display: individual graphical elements (e.g., each squarein Fig. 1) are associ-
ated with indexesin color table RAM, the RGB values in these indexes are changed, and the color
tableisreset. Thus, an update to the display always produces the same physical change: a 1/3

cycle phase shift in only one direction.

In terms of sinusoidal harmonics, however, a screen update will produce a 1/3 cycle phase

shift only for the first sinusoidal harmonic (i.e., the fundamental). Consider the left panel of Fig.
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3. The bold sinusoidal wave form represents the position of the fundamental harmonic before the
update, the vertical dotted line represents the 1/3 phase shift caused by updating the stairstep wave
form, and the lighter sinusoidal wave form represents the position of the harmonic after an update.
Thus, for the first harmonic a screen update produces a physical displacement of 1/3 cycle from

left to right, and the visual system interprets this as apparent motion in the same direction.

However, the implications of a screen update are quite different for all subsequent harmon-
ics. Consider the second harmonic. Because this harmonic is twice the spatial frequency of the
fundamental, a screen update produces a 2/3 cycle phase shift from left to right (illustrated in the
right panel of Fig. 3). In this case the apparent motion that resultsisin the opposite direction.
The visual system interprets this change as motion to the left (traversing a smaller distance), as
opposed to mation to the right (traversing a larger distance). Note that the rate of motion (veloc-
ity) also changes, asillustrated by the shorter distance travelled by the harmonicin the right panel.
Similarly, each additional pair of harmonics would produce apparent motion that alternatesin
direction and decreasesin velocity (see Table 2). For example, the next pair of harmonics would
produce |eft-to-right apparent motion (4F ) and right-to-left apparent motion (5F ). Thus, itis
possible that observers could base their percept of motion on the higher sinusoidal harmonics, and
that they could focus on these harmonics at their discretion. In particular, the fundamental and the

first harmonic would have the highest amplitudes, and would be moving in opposite directions.

Insert Fig. 3 about here

Insert Table 2 about here

The present experiments were conducted with dual research goalsin mind. Asthe previous
discussion indicates, the frequency analysis hypothesis provides one potential explanation of the
problems associated with this particular type of animated mimic display. However, more solid
experimental evidence should be obtained to support or refute thisinterpretation. It isalso clear
that spatial frequency, temporal frequency, and velocity are important design variables that are

likely to have an impact on the effectiveness of animated functional mimics. Although the basic
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Figure 3. Bi-directional apparent motion in harmonics caused by screen update to stairstep wave
form. The first harmonic (the fundamental frequency) is illustrated in the left panel. Updating
the stairstep wave form produces a 1/3 phase shift from left to right, and produces apparent
motion for this harmonic in the same direction. For the second harmonic an update produces a 2/
3 phase shift. The visual system interprets this change as motion from right to left, and the rate
of motion is half that of the fundamental.
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vision literature has investigated these parameters fully (e.g., Kelly [22]), there are important dif-
ferences that may preclude the direct trandlation of these resultsl. Thefirst experiment investi-
gated rate-matching performance as afunction of changesin these three variables. The observers
task was to change the rate of apparent motion in astandard bar to match that of a comparison bar.
Wave forms with stairstep luminance profiles were used. Eight levels of spatial and temporal fre-
guency were combined factorially for atotal of 64 trials per experimental session. The luminance
contrast remained the same during an experimental session, but was lowered on each of six suc-

Cessive sessions.

EXPERIMENT 1

M ethod

Subjects. Nine observers (4 male and 5 female, all students at WSU) participated in the
experiment and were paid $5.00 an hour. The observers ages ranged from 20 to 23 years of age
and all observers had normal or normal-corrected vision. All nine observers had participated in

previous experiments using similar procedures but different stimuli.

Apparatus. All experimental events were controlled by a general purpose laboratory com-
puter (Sun Microsystem 4-110 Workstation). A 40.64 cm color video monitor (Sony Trinitron,
model GDM-1604-15) was used to present the stimuli and experimental prompts. The resolution
of the monitor was 1152 by 900 pixels, corresponding to 39.37 pixels/'cm, and it had arefresh rate

of 66 Hz, non-interlacing.

Stimuli. Two horizontal bars were presented on a medium grey background. Each bar was
19.51 cm wide and 0.38 cm high and separated vertically by a distance of 4.8 cm. The two bars
were centered in the horizontal and vertical dimensions of the screen. A chin-rest was used to
maintain observer viewing distance at 100 cm. Thus, each bar subtended a visual angle of 11.04
degrees horizontally and 13.07 arc min vertically, while the distance between the bars subtended a

visual angle of 2.75 degrees.

Each bar contained graphical elements (in Fig. 1 these elements are square-shaped) that dif-
fered in luminance contrast (there were three levels of contrast that repeated every third graphical

1. Seethe discussion section for a more detailed discussion of these differences.
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element, asin the horizontal connectionsin Fig. 1). Thisformed a stairstep wave form with
abrupt changes in luminance. The luminance contrasts were shifted from the left to the right at
discrete intervals, thus producing apparent motion in the bars. The lower bar was the “ standard”
bar, and its temporal frequency was an independent variable. The upper bar was the “compari-

son” bar and its temporal frequency was controlled by the observer.

There were eight levels of temporal frequency for the standard bar: 0.83, 1.00, 1.33, 2.00,
3.33, 6.00, 11.33, and 20 Hz. At the beginning of atrial the temporal frequency of the comparison
bar was either 0.92, 1.67, 4.67, or 16.67 Hz (counterbal anced within temporal frequency of the
standard bar). There were also eight levels of spatial frequency: 0.18, 0.36, 0.72, 1.43, 2.86,
5.73, 11.45, and 22.91 c/deg. One graphical element subtended 111.73, 55.88, 27.94, 13.97,
6.99, 3.49, 1.75, and 0.87 arc min degrees of horizontal visual angle at each respective level. The
eight levels of spatial and temporal frequency were combined factorialy for atotal of 64 combi-
nations. The resulting velocities, which ranged from 0.04 to 111.42 deg/sec, are listed in Table 3.

Insert Table 3 about here

Six separate sets of stimuli that differed in luminance contrast (from 1.13% to 32.45% con-
trast) were developed for each of the six experimental sessions. The chromaticity coordinates and
luminance contrasts were measured separately for each of the three repeating graphical elements
inaset. All measurements were made with a Minolta Chroma Meter (model CS101) which mea-
sured chromaticity in x and y coordinates (CIE) and luminance in cd/m?. All chromaticity mea-
surements were translated into the CIELUV u’ and v’ chromaticity coordinates using the formulas
U =4x/-2x +12y +3and v’ =9y /-2x +12y + 3, asdescribed in [21]. The Michelson formula
was used to determine luminance contrast: C = (Lmax - Lmin) / 2 (L), where Lmax is the maxi-
mum luminance, Lmin is the minimum luminance, and L is the mean luminance. The results of
these measurements and analyses are listed in Table 4. 1t should be emphasized that the spatial
frequency, and perceptual characteristics of the graphical elementsin the standard and compari-
son bars were always equal during an experimental trial. The measurements for the background
were U’ = 0.1994, v' = 0.4662, and cd/m? = 4.01.
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Insert Table 4 about here

Procedure. The experiment was conducted during a six-day period with one experimental
session per day. The luminance contrast of the stairstep was systematically reduced across ses-
sions by using stimuli sets 1 through 6 in successive order. During a previous experiment the
observers were provided with both awritten and a verbal explanation of the task, focusing on the
details of the method of adjustment (see description below). The observers were instructed to
respond as accurately and quickly as possible. They were informed that the stimuli would be
dightly different in the present experiment, but that all other procedures would remain the same.
The observers were seated in an enclosed room with flat-black walls, and during an experimental
session all ambient lighting was removed. They were required to use a chin-rest to maintain a

constant viewing distance.

The observer’s task was to adjust the temporal frequency of the comparison bar to match
that of the standard bar. Observers used an optical mouse to position the cursor over one of two
labeled boxes (“start” or “stop”) in the top left portion of the window, and clicked a mouse button
to begin or end atrial. The temporal frequency of the comparison bar was increased or decreased
by pointing and clicking two buttons containing upward or downward facing arrows. These but-
tons were located just above and to the left of the standard and comparison bars. The observer
could not reverse the direction of motion during atrial or exceed the raw update of the monitor

(66 Hz, corresponding to an upper limit of 22 Hz for the wave form).

A modified version of a standard psychophysical procedure (the method of adjustment) was
used. Thefirst input by an observer increased or decreased the temporal frequency of the compar-
ison bar by a predetermined increment of 1.67 Hz. From that point the size of the increment
depended upon both the current increment and the direction of previous observer input. An
observer input in the opposite direction from the previous input (areversal) changed the temporal
frequency by half the current increment. An observer input in the same direction as the previous
input changed the temporal frequency by the current increment, unless the two previous observer
inputs were in the same direction. In this case the change in temporal frequency was double the

current increment. At any point an observer could end atrial by clicking on the stop button.
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Measures of both accuracy and latency (accurate to 1/100 of a second) were obtained for
each experimental trial, and observers were provided with feedback for both measures. To sum-
marize, in each of six experimental sessions an observer completed 64 trials: afactorial combina-
tion of the eight temporal frequencies (within-subjects factor) and eight spatial frequencies
(within-subjects factor). The order of these trials was determined randomly in each experimental
session. The luminance contrast was systematically reduced by using stimulus sets 1 through 6in

the corresponding experimental sessions (within-subjects factor).

RESULTS

Spatial and temporal frequency. All analyses (in both experiments) were performed on

absolute error scores measured in Hz (the absolute value of the difference between the observer’s
final setting for the temporal frequency of the comparison bar and that of the standard bar). A pre-
liminary analysis of the data revealed that for conditions containing either the highest spatial fre-
guency or the fastest temporal frequency observers were unable to perform the task effectively.
Under levels of luminance contrast that were sufficient for the stimuli to be resolved without any
difficulty (greater than 4.38%), error magnitude for the spatial frequency of 22.91 cyc/deg was
more than 3 standard deviations from the mean of other spatial frequencies. For the temporal fre-
guency of 20 Hz there was a ceiling effect for over-estimation (the maximum over-estimation was
2 Hz), yet observers still performed very poorly (2.88 standard deviations from the mean). Asa
result, these data were not considered in subsequent analyses. These performance decrements are

not unexpected (e.g., [22]).

The first analysis was conducted to separate the contributions of the spatial and temporal
frequency components. A 7 (spatial frequency) x 7 (temporal frequency) x 6 (luminance contrast)
repeated-measures ANOVA was performed on the absolute error scores. The assumption of non-
correlation between repeated measures was checked by cal culating the Huynh-Feldt estimate of
epsilon (a somewhat less conservative version of the Greenhouse-Geisser estimate). For effects
where this assumption was violated the appropriate reduction in degrees of freedom was made to
determine the more conservative probability levels that are reported (in all statistical analyses pre-
sented for both experiments, including ANOVA effects and post-hoc comparisons). The main
effects of luminance contrast, F (5,40) = 52.12, p < 0.0001, spatial frequency, F (6,48) = 15.84, p
< 0.0001, and temporal frequency, F (6,48) = 36.84, p < 0.0001 were significant. The interaction
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effects between luminance contrast and spatial frequency F (30,240) = 3.23, p < 0.005, and lumi-
nance contrast, spatial frequency, and temporal frequency, F (180,1440) = 1.81, p < 0.03 were

also significant. All other effects were not significant.

The significant main effect of contrast indicates that a minimal level of luminance contrast
was required to perform the task accurately. The mean absolute errorswere 0.73, 0.66, 0.88, 1.22,
3.18, and 5.27 Hz (descending order of luminance contrast). Supplemental post hoc F-tests indi-
cated that performance for the highest level of luminance contrast (32.45%) was significantly
more accurate than performance for the lowest level of contrast (1.13%), but not significantly dif-
ferent from the intermediate level of contrast (4.38%). There were no significant differences
between the intermediate and lowest levels. The significance levels for these post hoc tests (and
all post hoc tests reported) were determined by dividing the pair-wise type | error rate (.05) by the
number of comparisons performed for that effect. The main effect of temporal frequency indi-
cates that performance became worse as the rate of apparent motion increased. The mean abso-
lute errors were 1.48, 1.57, 1.52, 1.87, 1.50, 2.13, and 3.86 Hz (from slowest to fastest rate).
Performance for the highest rate (11.33 Hz) was significantly worse than performance for the low-
est rate (0.83 Hz) and an intermediate rate (2.00 Hz). There were no significant differences

between the intermediate and lowest levels.

The mean errors for the main effect of spatial frequency were 2.99, 2.44, 2.01, 1.73, 1.12,
1.43, and 2.20 Hz (ordered from lowest to highest frequency). Thus, performance was best for
intermediate frequencies (in particular 2.86 c/deg), and became worse as spatial frequency
increased or decreased. Supplemental F-tests indicated that performance for the intermediate fre-
guency of 2.86 c/deg (1.12) was significantly more accurate than performance for the lowest spa-
tial frequency (0.18 c/deg) and the highest spatial frequency (11.50 c/deg). The differencein
performance between the lowest and highest frequencies was also significant. However, the sig-
nificant interaction effect between spatial frequency and luminance contrast indicated that this
pattern changed across levels of contrast. The mean errorsfor thisinteraction effect areillustrated
in Fig. 4a. When luminance contrast was greater than 2.29% (the four highest levels) the differ-
ences in performance across spatial frequency were small. For example, at aluminance contrast
of 4.38% there were no significant differencesin performance between the intermediate frequency

of 2.86 c/deg, the highest frequency, or the lowest frequency. For lower levels of contrast the pat-
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tern of performance favoring intermediate frequencies became evident. For example, at alumi-
nance contrast of 2.29% the mean errors between 2.86 c/deg and the highest and lowest
frequencies were significantly different. The mean accuracy errors for the highest and lowest fre-

guencies were not significantly different.

Insert Fig. 4 about here

The three-way interaction effect indicates that the relationship between spatial frequency
and luminance contrast was a so dependent upon temporal frequency. At the lower temporal fre-
guencies spatial frequency haslittle effect, provided that sufficient contrast is present. The pattern
of results favoring intermediate spatial frequenciesis particularly evident at the intermediate tem-
poral frequencies. At the highest temporal frequency performance isworsein general, and perfor-

mance differences for spatia frequencies are less marked.

Velocity. A second analysis of error scores was conducted to investigate the joint contribu-
tion of spatial and temporal frequency. An independent variable of velocity was computed for
each combination of the 7 spatial and temporal frequencies by dividing the temporal frequency of
the standard bar by its spatial frequency (see Table 3). A 49 (velocity) x 6 (luminance contrast)
repeated-measures ANOVA was conducted on the error scores. The main effects of luminance
contrast F (5,40) =52.11, p < 0.0001, and velocity F (48,384) = 7.17, p < 0.0001, were significant.
The interaction effect between luminance contrast and velocity F (240,1920) =1.96, p < 0.01, was

also significant.

Because of the large number of levelsfor velocity only selected aspects of the resultswill be
presented. The main effect of velocity indicates that, in general, the quality of performance
decreased as velocity increased (especially at higher velocities, see Fig. 4b). However, there were
also systematic differences related to the specific levels of spatial and temporal frequency, inde-
pendent of velocity. These are indicated by the recurrent rises and fallsin the curve of Fig. 4b.
The significant interaction effect between velocity and contrast (not shown) indicates that the pat-
tern of performance for velocity changed across levels of luminance contrast. Both the general
trend for decreased performance and the systematic variations due to combinations of specific

gpatial and temporal components are suppressed at high contrast and accentuated at |ow contrast.
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Figure 4. Mean error magnitude (Hz) for Experiment 1. 4a. The interaction effect of spatial
frequency and luminance contrast. 4b. The main effect of velocity (averaged across contrast
levels).
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DISCUSSION

To provide a framework for interpretation a general description of related findings from the
basic vision literature will be provided. These studies have typically used different stimuli (sinu-
soidal wave forms) and tasks (e.g., contrast sensitivity -- adjusting the amount of luminance con-
trast until a pattern isjust discernible). In general, both spatial and temporal frequency are
associated with a*“bandpass’ pattern of contrast sensitivity, with performance peaking at interme-
diate frequencies and falling off at higher and lower frequencies [14, 22,23,24,25]. Contrast sen-
sitivity for spatial frequency peaks at approximately 3 cycles/degree; contrast sensitivity for
temporal frequency peaks at approximately 2 Hz.

This pattern of results was not obtained in the present experiment. For the main effect of
temporal frequency a“lowpass’ pattern was found: there were no significant differencesin perfor-
mance between the lowest rate (0.83 Hz) and the intermediate rate (2.00 Hz), while performance
was degraded significantly for the highest rate (11.33 Hz). A bandpass pattern was found for the
main effect of spatial frequency, with significantly better performance at the intermediate spatial
frequency of 2.86 c/deg. However, the significant interaction effect of spatial frequency and lumi-
nance contrast indicates that this pattern occurred only under low levels of luminance contrast (in
particular, 2.29%, see Fig. 4a). With higher levels of contrast there were no significant differences

in performance across spatial frequencies.

These results provide partial support for the frequency analysis hypothesis. The rationale
for this conclusion will be outlined for spatial frequency (note that the logic applies to temporal
frequency aswell, e.g., [15]). A lowpass pattern of results, not the typical bandpass pattern, is
expected at high levels of luminance contrast. The improved relative performance for low spatial
frequencies is expected because these stairstep wave forms will produce higher sinusoidal har-
monics that fall in the range of optimal spatial sensitivity (see Table 1a). With sufficiently high
levels of luminance contrast the observers could focus on these sinusoidal harmonics to complete
thetask. Thus, no performance differences are expected between low and intermediate spatial fre-
guencies because in both cases observers are using sinusoidal harmonics that fall in the optimal
range of spatial sensitivity. Poor performance is expected for stairstep wave forms with high spa-
tial frequencies because the fundamental and all higher sinusoidal harmonics fall outside the

range of maximum spatial sensitivity.
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It isalso expected that the improved relative performance for low spatial frequencies will be
observed only at high levels of luminance contrast. The amplitude (and therefore the perceptibil-
ity) of each successive sinusoidal harmonic decreases as luminance contrast is lowered (see Table
1b). For example, the amplitude of the fundamental, first, and second harmonicsare 1, 1/2, and 1/
4 the amplitude of the stairstep wave form. Thus, the ability of an observer to use the higher sinu-
soidal harmonics for completing the task will decrease as the luminance contrast of the stairstep
wave form approaches threshold levels. Asaresult, performanceislikely to revert to the typical

bandpass pattern as luminance contrast decreases.

The results of the experiment provide partial support for these predictions. The bandpass
pattern of results did appear for spatial frequency at low levels of luminance contrast (most nota-
bly 2.29% contrast, see Figure 4a). Performance for the intermediate frequency of 2.86 c/deg was
most resilient to decreases in luminance contrast. Thisis expected because the fundamental har-
monic, which has the highest amplitude (and therefore perceptibility), is centered in the range of
maximal spatial sensitivity. Performance for lower spatial frequencies was progressively less
resilient: as spatial frequency decreased the amplitude of the spatial harmonics that fell in this
range was lowered systematically. The predictionsfor spatial frequency were not fully supported
because alowpass pattern was not obtained at high luminance contrast. In contrast, alowpass pat-
tern of results was obtained for temporal frequency. However, the predictions for temporal fre-
guency were not fully supported either, because a bandpass pattern did not appear as luminance
contrast was decreased.

Other aspects of these data are also relevant to the hypotheses being considered. Studiesin
basic vision that have investigated both spatial and temporal frequency have found that velocity
(the composite variable) is the critical factor in sensitivity. For example, Kelly [22] found that
changesin sensitivity varied with changes in velocity and occurred gradually in an orderly, mono-
tonic fashion. In contrast, the present study found systematic variation in performance that was
more closely tied to specific combinations of spatial and temporal frequency than to velocity (see
Fig. 4b). Thisdiscrepancy is consistent with the frequency analysis hypothesis. The presence of
gpatial and temporal harmonics, and changes in salience due to luminance contrast virtually

ensure that perceived velocity is not adirect function of spatial and temporal frequency.

Experiment 2 was designed to replicate and extend the findings of Experiment 1. The
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extreme temporal and spatial frequenciesin Experiment 1 were not considered. The range of
luminance contrast was decreased so that the critical interaction between contrast and frequency
could be examined at afiner grain. Animportant methodological change concerns the initial dif-
ference in temporal frequency between the comparison and standard bars. In Experiment 1 only
four initial rates were used for the comparison bar, and therefore the average initial error was not
constant. Thisislikely to have produced uncontrolled variation in performance for difficult
experimental conditions. Therefore, the average initial error between the two bars was standard-
ized (and lowered) in Experiment 2 (see Table 6).

EXPERIMENT 2

M ethod

Subjects. The same subjects participated in Experiment 2.
Apparatus. The apparatus was identical to the previous experiment.

Stimuli. Only the six intermediate levels of both spatial and temporal frequency in Table 3
were used in Experiment 2. The perceptual characteristics of the stimuli were measured and ana-
lyzed in the same fashion asin Experiment 1 and the results are listed in Table 5. Constant aver-
ageinitial differences between the rates of the standard and comparison bars were maintained (see
Table 6).

Insert Tables 5 and 6 about here

Procedure. The procedure was the same as the previous experiment, with the exception that
testing occurred on five experimental sessions. To summarize, in each session an observer com-
pleted 72 trials. afactorial combination of the six temporal frequencies (within-subjects factor)
and the six spatial frequencies (within-subjects factor) with two repetitions for each combination.
The order of these trials was determined randomly. The luminance contrast was systematically

reduced by using stimulus sets 1 through 5 in successive sessions (within-subjects factor).

RESULTS

Spatial and temporal frequency. Final accuracy scores were obtained by averaging across
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repetitions; a6 (spatia frequency) x 6 (temporal frequency) x 5 (luminance contrast) repeated-
measures ANOVA was performed on these scores. The main effects of luminance contrast, F
(4,32) = 14.07, p < 0.0002, spatial frequency, F (5,40) = 15.61, p < 0.0001, and temporal fre-
guency, F (5,40) = 57.40, p < 0.0001, were significant. The interaction effect between luminance
contrast and spatial frequency was also significant, F (20,160) = 2.02, p < 0.04. All other effects

were not significant.

The significant main effect of luminance contrast indicates that aminimal level of lumi-
nance contrast was required to perform the task accurately. The mean absolute errors were 0.59,
0.65, 0.70, 1.10, and 1.42 Hz (ordered in descending levels of luminance contrast). Performance
for the lowest level of luminance contrast (1.34%) was significantly less accurate than perfor-
mance for the highest level of contrast (5.70%) and for an intermediate level of contrast (3.26%).
Differencesin performance between the highest and the intermediate level of contrast was not sig-
nificantly different. The main effect of temporal frequency indicates that accuracy was best for
low and intermediate rates of apparent motion, and worse for high rates. The mean errors were
0.60, 0.62, 0.56, 0.70, 1.13, and 1.75 Hz (ordered from slowest to fastest rate). Accuracy for the
fastest rate (11.33 Hz) was significantly worse than accuracy for the slowest rate (1.00 Hz) and an
intermediate rate (2.00 Hz). Differencesin accuracy for the slowest rate and the intermediate rate

were not significant.

The main effect of spatial frequency indicates that accuracy was best for intermediate fre-
guencies, and worse for high and low frequencies. The means were 1.04, 0.93, 0.69, 0.64, 0.73,
and 1.32 (ordered from lowest to highest frequency). Supplemental F-tests indicated that perfor-
mance for the intermediate frequency of 2.86 c/deg was significantly better than performance for
the lowest (0.36 c/deg) and the highest frequency (11.50 c/deg). Performance differences for the
lowest and highest frequencies was not significantly different. However, the significant interac-
tion effect between spatial frequency and luminance contrast indicated that this pattern of perfor-
mance was dependent upon contrast. The means for this interaction effect are illustrated in Fig.
5a. Asin Experiment 1, the bandpass pattern of performance occurred only at lower levels of
luminance contrast. For example, at aluminance contrast level of 2.16% performance for the
intermediate frequency of 2.86 c/deg was significantly better than both the lowest frequency (0.36
c/deg) and the highest frequency (11.50 c/deg), while the difference between the highest and low-
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est frequencies was not significantly different. In contrast to the results of Experiment 1, there
were significant differences at low luminance contrast and alowpass pattern of performance was
obtained. For example, at aluminance contrast level of 3.26% there were no significant differ-
ences in mean accuracy between the low and intermediate frequencies, while performance for the

highest frequency was significantly worse.

Insert Fig. 5 about here

Velocity. Thesix levelsof spatial and temporal frequency were used to determine 36 levels
of velocity. The final absolute error scores (Hz) were obtained by averaging across repetitions,
and a 36 (velocity) x 5 (luminance contrast) repeated-measures ANOVA was conducted. The
main effects of luminance contrast F (4,32) = 14.06, p < 0.0002, and velocity F (35,280) = 14.47,
p < 0.0001, weresignificant. Theinteraction effect F (140,1120) =1.59, p < 0.04, was aso signif-
icant. A very similar pattern of results were obtained. Asin Experiment 1 there was a general
trend for the quality of performance to decrease as velocity increased (see Fig. 5b). Again, there
were also systematic differences related to the specific levels of spatial and temporal frequency.
The significant interaction effect indicates that the pattern of performance changed across levels
of luminance contrast. Both the general trend for decreased performance, and the systematic vari-
ations due to combinations of specific spatial and temporal components are suppressed at high

contrast and emphasized at |low contrast.

DISCUSSION
The results of Experiment 2 provide additional support for the frequency analysis hypothe-
sis. A significant interaction revealed that the pattern of performance for spatial frequency was
dependent upon luminance contrast. Asin Experiment 1, a bandpass pattern for spatial frequency
was obtained with low levels of luminance contrast (see Fig. 5a). For the luminance contrast of
2.16% performance for intermediate spatial frequencies was significantly better than performance
for both high and low spatial frequencies. In contrast to Experiment 1, the predicted lowpass pat-
tern for spatial frequency was found with high levels of luminance contrast. For the luminance
contrast of 3.26% there were no significant differences between the lowest and an intermediate

spatial frequency, while performance for the highest spatial frequency was significantly worse.
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This pattern of results strongly supports the frequency analysis hypothesis.  With sufficient lumi-
nance contrast observers could use higher sinusoidal harmonics (falling in the optimal, intermedi-
ate range of spatial frequencies) to improve performance for low spatial frequencies.
Performance reverted to the bandpass pattern of results when the amplitude of these higher sinu-

soidal harmonics was reduced by decreases in luminance contrast.

Two additional findings that support the frequency analysis hypothesis were replicated in
Experiment 2. Asin Experiment 1, performance was more closely tied to specific combinations
of spatial and temporal frequency than to velocity (see Fig. 5b). Once again, alowpass pattern of
results, rather than the typical bandpass pattern, was found for temporal frequency. There was no
significant difference in performance between the lowest frequency (1.00 Hz) and an intermediate
frequency (2.00 Hz), but performance was degraded significantly for the highest temporal fre-
guency (11.33 Hz). Both of these findings deviate from the typical pattern of results obtained in

the basic vision literature, but are consistent with the frequency analysis hypothesis.

In fact, the only aspect of the results that is inconsistent with the frequency analysis hypoth-
esisisthe finding that performance for lower temporal frequencies did not revert to a bandpass
pattern at low levels of luminance contrast. The most likely explanation is that the lowest tempo-
ral frequencies chosen in the present experiments were not actually outside the range of optimal
sengitivity. In arepresentative study Kelly [22] found that sensitivity for temporal frequency was
best between approximately 0.5 and 5.0 Hz; in contrast, the lowest temporal frequencies investi-
gated in the present experiments were 0.83 Hz (Experiment 1) and 1.00 Hz (Experiment 2). At
best, these temporal frequencies were at the low end of the acceptable range. Consider the same
comparison for spatial frequency. Kelly found that sensitivity was best from approximately 1.5 to
5.5 cycles/degree. Half of the spatial frequencies tested in Experiments 1 and 2 were below the
minimal level. Thus, itislikely that performance for temporal frequency would have reverted to a

bandpass pattern at low contrast if lower temporal frequencies had been included.

One potentially confusing aspect of the results needsto be clarified. There are large differ-
ences in the absolute levels of performance in Experiments 1 and 2 (compare Figures 4a and 5a).
Itislikely that amethodological change (the size of the default errors) contributed substantially to
these differences. The default error is the difference in temporal frequency between the standard

and comparison bar at the beginning of an experimental trial. Differencesin the default error rate
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isespecialy critical for difficult trials (high/low frequency, low contrast): the perceptua informa-
tion required to perform the task may be missing or degraded and therefore an observer isless
likely to adjust the comparison bar. The average default error rate was 5.40 Hz in Experiment 1;
in Experiment 2 the default error rate was lowered to 2.80 Hz and standardized to minimize
uncontrolled variation. Although absolute levels of performance in Experiment 2 did not change
for easy trials (high contrast, intermediate frequencies), there was a substantial reduction for diffi-
cult trials. Of course, it islikely that practice effects did occur between Experiments 1 and 2 (for
example, errors are sometimes equal to or higher than the default error rate in Experiment 1 but
always lower in Experiment 2). However, itislikely that the decrease in absolute levels of perfor-

mance on difficult trials was the result of initial error size, not practice effects.

GENERAL DISCUSSION

Perhaps the single most important goal in display design is the mapping between the under-
lying domain and the visual representation of that domain provided by a graphic display. For ani-
mated functional mimic displays this transdates into the relationship between the physical rate of
flow that existsin the underlying domain and the subjective impression of flow that results from
viewing the display. The most prominent example of animated functional mimicsin the display
literature isthe STEAMER system [10,11,12]. The present study and a previous study [2] inves-
tigated the effectiveness of that design and found fairly strong evidence that this display configu-
ration does not provide effective mappings between domain and display. From adesign
perspective the implications are quite serious: at high levels of luminance contrast (those most
likely to occur in actual displays) apparent motion can be perceived in the opposite direction and

at adifferent rate than the actual flow that the display is designed to represent.

The present paper provides apotential explanation of why this occurs, using insights derived
from Fourier’s theorem and results from the basic visual perception literature. It should be noted
that the stimuli used in this study are very different from the stimuli typically used to study the
perception of spatial and temporal frequency. For example, spatially extended sinusoidal gratings
(with luminance contrast decreasing towards the edges of the stimuli) are usually used to avoid
the generation of harmonics. In the present experiment the edges of the narrow "pipe" in which
the periodic stimuli moved certainly introduced energy at many spatial and temporal frequencies.

Conceivably, thisinformation could have been used to accomplish the rate matching task, or could
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have produced harmonicsthat our analysis did not address. Nevertheless, the results seem reason-
ably consistent with the notion that the harmonics moving in the horizontal direction were respon-

sible for deviations from typical pattern of results.

It isfairly clear that alternative display configurations need to be considered. Bennett and
Madigan [28] investigated an alternative design which varied the “ contours’ of the graphical ele-
ments. In one contour condition the graphical elements remained square-shaped (asin Fig. 1); in
a second contour condition the sides of the graphical elements became more arrow-shaped with
increases in rate-of-flow (e.g., > vs. |). Angled contours were found to improve performance sig-
nificantly. They produce visual cues that both disambiguate the direction of apparent motion and
provide aredundant encoding for rate of flow (the size of the angles). Although angled contours
are effective, they also incur a substantial computational cost: each time the underlying rate of

flow changes the mimic display must be redrawn compl etely.

An alternative display design is to incorporate wave forms that approximate a sinusoidal
function, rather than a stairstep function (an exampleis provided in Fig. 6). Thisdesign produces
harmonicsthat are far less perceptible, and should therefore produce a more stable representation
of the underlying rate of flow. It also hasthe additional benefit of retaining the computational effi-
ciency associated with color table animation. A preliminary investigation revealed that perfor-
mance with an approximated sinusoidal wave form was significantly better than performancefor a
stairstep wave form (both accuracy and latency, under certain experimental conditions). In addi-
tion, observers expressed a strong subjective preference for the approximate sinusoidal wave

form. It appearsthat thisisavery promising alternative design.

Insert Fig. 6 about here

Design guidelines for spatial and temporal frequency

Both the results of the present experiments and the basic vision literature suggest that spatial
and temporal frequency are critical factorsin the design of animated functional mimics. If wave
forms that approximate a sinusoidal function are used (as in Figure 6), then the extensive basic lit-

erature can be used to derive design guidelines. Spatial frequencies ranging from approximately
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1.51t0 5.5 cycles/degree and temporal frequencies ranging from approximately 0.5 to 5.0 Hz are
recommended. When tranglating these results into specific design guidelines the ultimate goal of
these displays must be considered: to provide an accurate visual representation of the rate of flow
that existsin the underlying domain. Therefore, considerations of temporal frequency should take
first precedence and the widest acceptable range of temporal frequencies should be used to allow
finer discriminations of flow. Thus, when there is no flow in the underlying domain there should
be no apparent motion in the display. The lowest possible rate of flow in the domain should be
represented by apparent motion with atemporal frequency of 0.5 Hz; the highest possible rate of
flow should be represented by apparent motion with atemporal frequency of 5.0 Hz.

It is also the case that temporal frequency cannot be considered independent of spatial fre-
guency (except over alimited range of spatial frequency). A nice feature of the interdependency
between these two factors is that within intermediate spatial frequencies performance remains
quite high over abroad range of temporal frequencies. For example, Kelly [22] found that a spa-
tial frequency of approximately 3.0 cycles/degree was associated with the highest level of contrast
sengitivity for temporal frequencies ranging from approximately 0.5 to 5.0 Hz. Therefore, aspa-
tial frequency of approximately 3.0 cycles/degreeisrecommended. Choosing a spatial frequency
as close as possible to this recommended val ue becomes particularly important in applied settings
because the spatial frequency of amimic display will change due to head movements, changesin

seating position, and ambulatory movements.
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Table 1. Fourier analysisfor the stairstep wave formsin Experiment 1. Table 1a: The
fundamental spatial frequency (F, measured in cycles per degree) for each of the eight
stairstep wave forms used in the experiment is listed in the top row. Thefirst eleven
sinusoidal harmonics for each stairstep wave form are listed in the column. Table 1b:
The luminance contrast (A -- amplitude, expressed in units corresponding to Michel-
son’sformula, C) for each of the six experimental sessionsislisted in the top row. The
luminance contrast for thefirst 11 sinusoidal harmonicsis listed in the corresponding
column.

Spatial frequency (cyc/ deg)

Stairstep Wave Form: F 018 036 0.72 143 286 573 1150 22.90

Sinusoidal Harmonics:
Fundamental F 018 036 072 143 28 573 1150 2290

ond 2F 036 072 144 286 572 1146 2300 45.80
31 3F missing
4th AF 072 144 288 572 1144 2292 4600 91.60
5th 5F 090 1.80 360 7.5 1430 2865 5750 114.50
6" 6F  missing
7t 7F 126 252 504 1001 20.02 40.11 8050 160.30
gth 8F 144 288 576 11.44 2283 4584 92.00 183.20
oth 9F  missing
101 10F 180 360 7.20 14.30 2860 57.30 11500 229.00
11t 11F 198 396 7.92 1573 3146 63.03 12650 251.90
Contrast (C)
Stairstep Wave Form A 3245 16.32 8.31 4.38 2.29 113
Sinusoidal Harmonics:

Fundamental 3A/x 3099 1558 794 418 219 108
ond 32 Aln 1549 779 398 209 109 054
3 33 A/ missing
4th 34 Aln 775 390 198 105 055 027
5th 3/5A/n 620 312 159 084 046 022
6" 3/6 Aln missing
7th 37 Aln 443 223 113 060 031 015
gth 3/8 Aln 387 195 099 053 029 013
oth 319 Al missing
10" 3/10A/x 310 156 079 042 022 011

11t 3/11A/n 2.82 1.42 0.72 0.38 0.20 0.10
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Table 2. Direction and rate of apparent motion for the sinusoidal harmonics of a
stairstep wave form with a selected spatial frequency (0.18 cyc / deg) and contrast level
(C =32.45). A constant update rate (temporal frequency) and a left-to-right shifting of
the graphical elementsisassumed. For example, relative to the stairstep wave form, the
second sinusoidal harmonic has twice the spatial frequency, approximately half the
amplitude, and moves at half the velocity in the opposite direction.

Spatial frequency  Contrast Phase  Apparent Motion
(cyc/deg) © Shift Direction  Rate
Stairstep Wave Form:  F  0.18 A 3245 /3 e V
Sinusoidal Harmonics:
Fundamental F 018 3A/r 30.99 1/3 — \
ond 2F 036 3/2A/rn 15.49 2/3 -<«— 12V
3 3F missing
4th AF 072  3/4Alx 775 4/3 — » 1AV
5th 5F 090 3/5A/r 6.20 5/3 <«—— 155V
6" 6F missing
7h 7F 126  3/7Alx 443 713 — » U7V
gth 8F 144 3/8A/n 3.87 8/3 -<«-—— 1/8V
oth 9F missing
10t 10F 1.80 3/10A/x 3.10  10/3 _ » 110V

11t 11F 198 3/11Alr 282 11/3 -<—— V11V
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Table 3. Velocity (deg / sec) for the spatial and temporal frequencies used in
Experiment 1.

Velocity (deg / sec)

Spatial frequency (cyc/ deg)
018 036 072 143 286 573 1150 22.90

0.83 462 232 116 058 029 014 007 0.04
1.00 557 279 140 070 035 017 0.09 0.04
Temporal 1.33 741 371 186 093 046 023 012 0.06
Frequency  2.00 1114 558 279 140 070 035 017 0.09
(Hz) 3.33 1855 930 465 233 116 058 029 0.15
6.00 3342 16.75 838 419 210 105 052 0.26
11.33 63.12 31.63 1583 791 39 198 0.99 0.49
20.00 11142 5584 2794 1397 699 349 175 087

Table 4. Chromaticity coordinates, luminance, and contrast values for stimuli in
Experiment 1.

Graphical
Element U v’ cd/ m? Contrast (C)

0.1908 0.4507 62.55 32.45%
0.1913 0.4521 45.00
0.1919 0.4532 31.90

0.1908 0.4507 62.55 16.32 %
0.1910 0.4514 52.95
0.1913 0.4521 45.00

0.1908 0.4507 6255 8.31%
0.1910 0.4512 57.30
01910 0.4514 52.95
0.1908 0.4507 6255 4.38%
0.1908 0.4511 59.75
0.1910 0.4512 57.30
0.1908 0.4507 6255 2.29%
0.1907 0.4510 61.15
0.1908 0.4511 59.75
0.1908 0.4507 6255 1.13%
0.1915 0.4499 61.90
0.1907 0.4510 61.15

Set1

WNEFE, WNEFE, WONEFE WONEFE, WONNEFE WODN -
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Table 5. Chromaticity coordinates, luminance, and contrast values for stimuli in

Experiment 2.

Graphical
Element u

Set1

Table 6. Initial temporal frequency (Hz) of standard and comparison barsin

Experiment 2.

Comparison Bar

1.00
1.33
2.00
3.33
6.00
11.33

WNEFE WNEFE WONEFE WNEFE WODN B

0.1923
0.1923
0.1924

0.1923
0.1924
0.1923

0.1923
0.1924
0.1923

0.1923
0.1922
0.1924

0.1923
0.1922
0.1922

1.80
2.13
2.80
4.13
6.80
12.13

\Y

0.4525
0.4527
0.4528

0.4525
0.4527
0.4527

0.4525
0.4526
0.4527

0.4525
0.4526
0.4527

0.4525
0.4525
0.4526

2.60
2.93
3.60
4.93
7.60
12.93

cd / m? Contrast (C)

62.55
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Figure 1. A representative animated mimic display with a stairstep luminance profile.

Figure 2. Sinusoid and stairstep wave forms; Fourier’ stheorem. The upper portion of thefigure

illustrates a sinusoid (left) and a stairstep (right) wave form. The lower portion of the figure

illustrates the synthesis of a stairstep wave form from sinusoidal harmonics. The first, second,

and eleventh?! harmonic areillustrated in the panels on the left. The panels on theright illustrate

the shape of the synthesized wave form as each harmonic is added.

Figure 3. Bi-directional apparent motion in harmonics caused by screen update to stairstep wave

form. Thefirst harmonic (the fundamental frequency) isillustrated in the left panel. Updating

the stairstep wave form produces a 1/3 phase shift from left to right, and produces apparent

motion for this harmonic in the same direction. For the second harmonic an update produces a 2/

3 phase shift. The visual system interprets this change as motion from right to left, and the rate
of motion is half that of the fundamental.

Figure 4. Mean error magnitude (Hz) for Experiment 1. 4a. The interaction effect of spatial

frequency and luminance contrast. 4b. The main effect of velocity (averaged across contrast

levels).

Figure 5. Mean error magnitude (Hz) for Experiment 2. 5a. The interaction effect of spatial

frequency and luminance contrast. 5b. The main effect of velocity (averaged across contrast

levels).

Figure 6. An animated mimic display with an approximate sinusoidal luminance profile.
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