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MOTOR CONTROL AS THE CONTROL OF PERCEPTION!
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Summary.—This paper describes a test of Perceptual Control Theory (PCT),
which views motor control as part of a process of controlling perceptual inputs
rather than motor outputs. Sixteen undergraduate students (M age = 19.9 yr.) were
asked to control one of three different perceptual aspects of an animated display—a
shape, a motion or a sequence—using the same motor output, a key press. Anima-
tion rate was varied while quality of control was measured in terms of the pro-
portion of time that the perception was maintained in the goal state. The results
showed that increased animation rate made it hardest to control the more com-
plex perceptions (motion and sequence) even though the same output was used to
control all perceptions. This result is consistent with PCT, which predicts that the
temporal constraints on control are ultimately a function of the type of perception
controlled rather than the type of output used to control it.

One large class of theories of motor control explains behavior in terms
of central programs that calculate the outputs that produce behavioral
results (Lashley, 1951; Arbib, 1972; Greeno & Simon, 1974; Rosenbaum,
Hindorff, & Munro, 1987; Keele, Cohen, & Ivry, 1990). These can be called
“controlled output” theories because they assume that behavior results
from a process of controlling motor outputs. In contrast, a smaller class
of theories explains behavior in terms of processes organized around the
results of motor outputs (Bernstein, 1967; Saltzman, 1979; Mechsner, Ker-
zel, Knoblich, & Prinz, 2001; Warren, 2006; Schack & Ritter, 2009). These
can be called “controlled result” theories of motor control because they
assume that behavior is a process of controlling the results of motor out-
puts rather than the motor outputs themselves.

One paradigmatic example of a controlled result theory of motor con-
trol is Perceptual Control Theory (PCT) (Powers, Clark, & McFarland,
1960; Powers, 1973). PCT views behavior as a process of controlling the
perceived results of motor outputs. The motor outputs themselves are seen
as part of a negative feedback loop that keeps these results in reference
states specified by the behaving system itself.

Both controlled output and controlled result theories of motor con-
trol have utilized a hierarchical organization to model complex behav-
iors. In controlled output theories, higher levels in a hierarchy specify the
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increasingly complex motor outputs that produce increasingly complex
behavioral results (Lashley, 1951; Keele, et al., 1990; Grafton & Hamil-
ton, 2007). In PCT, higher levels specify increasingly complex perceptions
of the behavioral results being produced by the motor outputs (Powers,
et al., 1960; Powers, 1998).

All hierarchical theories of motor control predict that behaviors origi-
nating at higher levels will be produced more slowly than those originat-
ing at lower levels of the hierarchy. This prediction is consistent with the
fact that less complex (lower level) behaviors, such as an alternating pat-
tern of finger taps, can be produced more quickly than complex (higher
level) ones, such as a structurally more intricate pattern of taps (Povel &
Collard, 1982; Marken, 2002). Controlled output theories assume that this
occurs because of the increased time required to send more complex com-
mands for motor outputs from higher to lower levels. PCT assumes that
this occurs because of the increased time required to derive a perception of
a complex behavioral result from lower level perceptions in the hierarchy.
Thus, hierarchical controlled output theories assume that the time delay
in the process of motor control occurs where a higher level motor signal
diverges to drive lower level muscular actions. In contrast, PCT proposes
that this time delay occurs where lower level sensory signals converge to
create the higher level perceptions that are compared with the intended
values for these perceptions.

A New Kind of Tracking Task

The present research compares controlled output theories to PCT in
terms of their predictions about the source of the time delay in the pro-
cesses that produce behavior. The comparison is done using a version of
a tracking task that is frequently used in the study of motor control (Pow-
ers, 1978; Jagacinski & Flach, 2002). In the typical tracking task the partici-
pant is to control some aspect of a display, such as the distance between a
cursor and target, keeping it in a goal state (i.e., keeping the distance close
to zero). In this case, the aspect of the display to be controlled consists of
an animated set of objects (see Fig. 1). The objects are circles (as shown) or
squares of different sizes, changing screen location (apparent motion) in
either a clockwise (shown) or counter-clockwise direction, in a sequence
that goes from small to medium to large (shown) or from small to large to
medium. Thus, there are three aspects of the display that can be controlled
in this tracking task: the shape, direction of motion and sequence of sizes
of the objects displayed.

On each trial participants are asked to control one aspect of the dis-
played objects, keeping it in a goal or target state. For example, a par-
ticipant might be asked to control the sequence of sizes of the objects,
keeping them in the state “small, medium, large.” The participant does
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Fic. 1. Tracking task where participant can control any one of three different aspects of
a computer display by pressing a button.

this by pressing the mouse button as quickly as possible after a distur-
bance (Fig. 1d) that changes the state of the display—for example, chang-
ing the sequence from “small, medium, large” to “small, large, medium.”
The button press restores the display to the goal state.

The participants in this control task are producing different types of
behavioral results using a single type of motor output: a button press. The
different behavioral results are the different aspects of the display that
are being kept under control. So it is possible to produce a simple behav-
ior result—a constant shape (“circle”) or a fairly complex one such as
a constant clockwise motion or a repeating sequence (“small, medium,
large” )—using the same, simple motor output.

The different perceptual aspects of the display that can be controlled
in this task represent different levels of the hierarchy of perceptual con-
trol defined by Powers (1973). The levels represent different perceptual
aspects of the environment that organisms can control, with higher level
perceptions representing more complex aspects of the environment than
lower level ones. According to Powers' hierarchical model, the lowest
level perceptual aspect of the display that can be controlled in this experi-
ment is shape, which corresponds to Powers' “configuration” level of per-
ception; the next higher level is motion, which corresponds to Powers'
“transition” level of perception; the highest level aspect of the display that
can be controlled is sequence, which corresponds to Powers' “sequence”
level of perception.

Predictions of Controlled Output Theories and PCT

Hierarchical controlled output theories and PCT make very different
predictions about the behavior that should be seen in this tracking task.
In particular, these theories make different predictions about participants'
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ability to control the different perceptual aspects of the display when the
displayed objects are presented at different rates. How well an aspect of
the display can be controlled depends on how quickly the participant can
correct for a disturbance by pressing the mouse button. The faster the cor-
rective response the higher the rate at which an aspect of the display can
be kept under control (in the goal state). That is, the faster the response the
higher the rate at which the behavioral result—a constant shape, motion
or sequence—can be produced.

Since the same response, the mouse press, is used to control all aspects
of the display the output time delay assumed by controlled output theo-
ries is eliminated. Thus, controlled output theories predict that the latency
of a response to a disturbance will be the same regardless of which hier-
archically related aspect of the display is being controlled. These theories
predict that all aspects of the display can be controlled at the same rate, the
highest rate at which control is possible being constrained only by how
quickly the participant can press the mouse button after a disturbance.

PCT, on the other hand, predicts that the time it takes to respond to
a disturbance will differ depending on the hierarchical level of the per-
ceptual aspect of the display that is being controlled. This is because even
with the output time delay removed by using the same response to control
all aspects of the display there remains an input time delay that increases
the time it takes to respond to disturbances to higher level perceptions.
This is illustrated in Fig. 2, which shows a PCT model of three hierarchi-
cal levels of control loops that control three different perceptual aspects of
the same physical display, q, using a single output, o (a button press in
this case).

The three perceptions in Fig. 2 (p,, p,, and p,) are neural signals that
correspond to the three controllable aspects of the display: shape, motion
and sequence, respectively. The boxes labeled i () are perceptual functions,
which consist of neural networks at each of the n levels of the control hier-
archy that represent different aspects of the physical display, q, as percep-
tual neural signals. Higher level perceptions (p,) are presumed to depend
on more levels of perceptual functions than lower level ones (p,, p,). When
a perception is controlled, it is compared (via a comparator function, C) to
a reference signal (r,) and any discrepancy between perception and refer-
ence is an error signal that drives the output, o, via the output function m().

The model in Fig. 2 shows that higher level perceptions (like p,
sequence) depend on more levels of perceptual computation than lower
level perceptions (like p,, shape). Since more perceptual processing is
required to perceive higher than lower level perceptions, it should take
more time to perceive a sequence than a shape. This implies that it should
be possible to perceive a higher level aspect of a display only when it is
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Fic. 2. PCT model of a hierarchy of control systems. The figure shows three control sys-
tems at three different levels of a hierarchy. The input functions, i"(), compute different percep-
tual aspects of the environmental variable, q, which is also influenced by an environmental
disturbance, d. Each control system controls a perception, p,, relative to a reference specifica-
tion (goal), r, using the same output function, m(). When control is successful, each system
maintains its perception of q; at its reference, protected from the effects of the disturbance.

presented at a much lower rate than a lower level one. And there is both
empirical and subjective evidence (from watching computer displays)
that a higher level aspect of a display, such as a sequence, can only be per-
ceived when it is presented at a much slower rate than a lower level one,
such as a shape (Warren, Obusek, Farmer, & Warren, 1969; Marken, 2002).
Since it is only possible to control an aspect of the display that can be per-
ceived, PCT predicts that lower level perceptual aspects of the display,
such as shape, can be controlled when they are presented at a much faster
rate than higher level aspects, such as sequence, even though the same
response is used to control all aspects of the display.

The different predictions of the controlled output and PCT theories
of motor control were tested by asking participants to control each of the
three different aspects of the display in the tracking task described in Fig.
1 when the display is presented at different animation rates. Animation
rate should have no effect on the ability to control the different aspects
of the display if, as per controlled output theories, the only constraint on
the ability to produce these different results is the time required to pro-
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duce the same button press output. On the other hand, animation rate
should have a strong effect on the ability to control the different aspects
of the display if, as per PCT, the ability to perceive different aspects of
the display depends on the rate at which these aspects of the display are
presented. Control of the lower level shape perception should be good at
even the fastest animation rates since shape can be perceived when the
displayed objects are presented rapidly; control of the higher level motion
and sequence perceptions should be poor at the faster animation rates but
much better at slower animation rates since these aspects of the display
can be perceived only when the displayed objects are presented at a rela-
tively slow rate.

METHOD

Participants

Sixteen volunteer psychology undergraduate students from the Uni-
versity of Manchester participated in this experiment. The mean age of
the participants was 19.9 yr. (SD = 1.6). All were women. Fourteen were
right-handed and two were left-handed. Participants were awarded with
course credits and explained that the purpose of the experiment was to
assess why some tasks can be performed more quickly than others. Stu-
dents with corrected vision or sufferers of epilepsy were requested not to
volunteer.

Apparatus

AJava program was designed to present an animated series of objects
on a computer screen, changing in shape (circle or square), direction of
(apparent) motion (clockwise and counterclockwise), and size sequence
(“small, medium, large” or “small, large, medium”). At random times
during a test trial, a disturbance would change each aspect of the dis-
play from its current state to its opposite: the disturbance to shape would
change the circle to a square or vice versa; the disturbance to direction of
motion would change clockwise motion to counterclockwise or vice versa;
and the disturbance to sequence would change the sequence from “small,
medium, large” to “small, large, medium,” or vice versa.

A schematic representation of the display along with the effect of dis-
turbances on the display is shown in Fig. 3. The figure shows four possible
frames of the display animation. The displayed objects were presented in
sequence in four different positions in a circular pattern. The first frame
(at t,) shows a circle shape moving from the 12 o'clock position (where it
was on the previous frame) to the 3 o'clock position and increasing in size.
The next frame (at t,, ) shows the circle shape moving from 3 o'clock to 6
o'clock, increasing in size and changing to a square shape. The change to
a square is the result of the disturbance to the shape aspect of the display.
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FiG. 3. Four sequential frames of the animated display showing the objects moving
clockwise and increasing in size (t,), changing shape (t,, ), changing sequence (t,,, ), and
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The next frame (at t,,, ) shows the large square shape moving from 6
o'clock to 9 o'clock, decreasing in size and changing back to a circle. This
change is a disturbance to the sequence aspect of the display: the sequence
of sizes was going from medium to large as part of the “small, medium,
large” sequence, and it is now going from large to medium which is part
of the “small, large, medium” sequence. The last frame (at t,, ) shows the
medium-size circle moving from 9 o'clock back to 6 o'clock and increasing
in size. This is a result of a disturbance to the direction of motion aspect of
the display changing the direction from clockwise to counterclockwise.?

The participants were able to counter the effect of a disturbance to any
aspect of the display by pressing the mouse button. As soon as the mouse
button was pressed, the next frame of the display was returned to its pre-
disturbance state. Thus, the participant could control any aspect of the
display, keeping it in the desired state, by pressing the mouse button. The
sooner the mouse button was pressed after a disturbance, the sooner the
controlled aspect of the display returned to the goal state. Disturbances
to each aspect of the display occurred several times during each test trial.
The sooner the mouse button was pressed after each disturbance during

2An example of the type of display used in this experiment can be seen on the World Wide
Web at http:/ /www.mindreadings.com/ControlDemo/HPhtml.
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a trial, the longer the controlled aspect of the display remained in the goal
state during a trial. The percentage of time during a trial that the con-
trolled aspect of the display was kept in the goal state—a measure called
“% on Target”—was used as a measure of how well that aspect of the dis-
play was controlled.
Design

The experiment was a 3 x 4 within-subjects factorial design. One inde-
pendent variable was the aspect of the display that the participant was
asked to control. There were three levels of this variable: shape, motion,
and sequence. The second independent variable was the speed of anima-
tion of the display. Animation rate was varied by varying the duration
of each display frame. There were four levels of this variable: 50 msec./
frame, 100 msec./frame, 200 msec./frame, and 450 msec./frame. Each
participant was tested in all 12 experimental conditions, each condition
representing a different combination of an aspect of the display to be con-
trolled and its animation rate. Each participant was tested in a different
random order of conditions. The dependent variable was percentage of a
trial with the display in the goal state (“% on Target”).

Procedure

On different trials, each participant was instructed to keep either the
shape, direction of motion, or sequence of size of the displayed objects in
a goal state. The goal state for shape was “circle”; the goal state for direc-
tion of motion was “clockwise”; and the goal state for size sequence was
“small, medium, large.” Participants were instructed to press the mouse
button in order to keep the controlled aspect of the display in the goal
state.

The experimenter indicated at the start of each trial which aspect of
the display the participant was to control. Before starting the test trials
participants were given practice controlling all three aspects of the dis-
play at the slowest animation rate: 450 msec./frame. This allowed the par-
ticipants to familiarize themselves with the stimuli to be shown to them,
and also practice how to respond when they noticed deviations from the
target states.

Analysis

The data from two participants were eliminated prior to conducting
the statistical analysis, as their percent on target scores on several trials were
below the chance rate of 50%, indicating that they were unable to control the
display adequately. A two-way 4 (animation rate) x 3 (controlled aspect of the
display) analysis of variance (ANOVA) was conducted on data of the remain-
ing fourteen participants to test for main effects and interaction. This was fol-
lowed by post hoc paired t tests to assess simple effects.
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FiG. 4. Mean controllability ‘on target’ as a function of animation rate for shape (dotted
line), motion (dashed line), and sequence (solid line).

ResuLts

The results of this research are shown graphically in Figure 4. These
results are consistent with the main hypothesis, which predicted that ani-
mation rate would have a different effect on measures of control (% on
Target) depending on the aspect of the display being controlled (shape,
motion or sequence). Specifically, we predicted that (1) control of shape
(the lowest level perception) would be better than control of motion and
sequence at all animation rates (2) that control of motion (a middle level
perception) would be better than control of sequence up to the slowest
animation rate and (3) that control of sequence (the highest level percep-
tion) will be poorer than control of shape and motion at all animation rates
except for the slowest. The results in Figure 4 are consistent with all three
predictions.

A 4 x 3 repeated-measures ANOVA performed on the data presented
in Fig. 4 showed that there was a main effect of the aspect of the display
controlled (FZ,%: 184.59, p < .001, n12=0.93) and animation rate (1—"3,39 =49.93,
p < .001, n?=0.79). The predicted interaction was also significant (F,, =
13.371, p < .001, 12=0.51). The nature of the interaction was as predicted,
as can be seen in Fig. 4. The effect of animation rate on ability to con-
trol was different depending on the type of perception—shape, motion or
sequence—that was being controlled.

A more detailed analysis of the interaction was done using paired
samples t tests. First, data were examined for a difference in ability to con-
trol each aspect of the display at the 50 msec./frame animation rate. As
predicted, the ability to control shape at this rate was significantly bet-
ter than the ability to control motion (t,,=6.15, p < .001, d=1.64) and the
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ability to control motion was significantly better than the ability to control
sequence (t,,=3.34, p=.001, d=1.17).

Next, a difference in ability to control motion and sequence was
assessed for animation rate as it slowed from 50 to 100 msec./frame. As
expected, the ability to control motion improved significantly (f,=3.87,
p=.005, d=1.18) while the ability to control sequence did not (¢,,=0.85,
p=.41, d=0.24). The control of motion continued to improve significantly
when animation rate slowed from 100 to 200 msec./frame (t13=2.15,
p=.05, d=0.58) but control of sequence still did not improve (t,=1.63,
p=.13, d=0.47). There was no significant improvement of controlling
motion when animation rate was slowed from 200 to 450 msec./frame
(t,,=1.66, p=.12, d=0.44), but this was the only rate change where control
of sequence improved significantly (t,,=7.72, p < .001, d=0.45).

DiscussioN

The results of this research suggest that the process of motor control—
the process that generates the outputs that are seen as motor behavior—is
organized around the control of the perceptual results of motor outputs.
The participants in this research were able to control a behavioral result as
simple as a constant shape or as complex as a repeating sequence by sim-
ply pressing a button. But the rate at which the result could be controlled
depended on its perceptual complexity rather than on the type of output
used to control it; a lower-level perceptual result (a shape) could be con-
trolled at a much faster rate than a higher-level one (a sequence).

It should be noted that the differences in the ability to control asso-
ciated with the different types of perception cannot be attributed to the
increased number of animation frames required to perceive the higher
level aspects of the display. It is true that shape could be perceived in a
single frame while motion and sequence could be perceived only after at
least two frames. However, the change in each of these perceptions could
be detected after a single frame change: the change in shape can be seen
as soon as the circle in the t, frame becomes a square in the t,,_frame; the
change in direction of motion is evident as soon as, say, the object that had
moved clockwise in the t, frame moves counterclockwise in the t,,. frame;
and the change in sequence is evident as soon as the large object that had
followed the medium object in the t, frame (as part of the “small, medium,
large” sequence) is followed by the medium object in the t . _frame (chang-
ing the sequence to “large, medium, small”).

The results of this research are consistent with previous findings
which show that the time required to identify perceptually complex stim-
uli, such as letter sequences, is longer than that required to identify simple
ones, such as shapes (Brebner & Welford, 1980; Luce, 1986). The innova-
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tion was to show, using PCT, that this effect of perceptual complexity can
be seen as a constraint on the time it takes to produce behavioral results
of varying complexity. PCT posits that behavioral results are perceptions:
behavior such as producing a particular shape, motion or sequence is the
control of perception (Powers, 1973).

The results of this research should not be taken to imply that per-
ceptual complexity is always the limiting factor in the rate with which a
behavioral result can be produced. In many situations, the rate at which
a behavioral result can be produced is limited by the physical properties
of the means used to produce it. For example, the rate at which it is possi-
ble to produce a sequence of finger taps is limited not only by the percep-
tual complexity of the sequence but also by the physical properties of the
bones and muscles that make up the mechanism that produces the finger
taps. The result of the present experiment show that the ability to produce
different behavioral results will be limited by the time constraints placed
on the ability to perceive these results when the same mechanical means (a
single button press) can be used to produce them.

An advantage of the PCT approach to explaining the production of
behavioral results is that it is less computationally intensive than con-
trolled output models, which explain the production of such results in
terms of computation of the necessary output using complex computa-
tions of inverse kinematics and model-based prediction. Powers (2008,
Pp. 184-187) shows how a PCT model simplifies the generation of the out-
puts that produce the result of balancing an inverted pendulum. Appar-
ently, the nervous system uses the same solution to the problem of how to
compute the outputs that produce behavioral results: control of perception.

REFERENCES

ARBIB, M. A. (1972) The metaphorical brain: an introduction to cybernetics as artificial intel-
ligence and brain theory. New York, NY: Wiley Interscience.

BERNSTEIN, N. A. (1967) The co-ordination and regulation of movements. Oxford: Pergamon
Press.

BREBNER, J. T., & WELFORD, A. T. (1980) Introduction: an historical background sketch. In
A. T. Welford (Ed.), Reaction times. New York: Academic Press. Pp. 1-23.

GrarTON, S. T., & Hamiton, A. F. de C. (2007) Evidence for a distributed hierarchy of
action representation in the brain. Human Movement Science, 26, 590-616.

GRrEENO, J. G., & SiMoN, H. A. (1974) Processes for sequence production. Psychological
Review, 81, 187-197.

Jacacinsky, R., & FLacw, J. (2002) Control theory for humans: quantitative approaches to mod-
eling performance. Hillsdale, NJ: Erlbaum.

KeeLg, S. W, CoHeN, A., & Ivry, R. L. (1990) Motor programs: concepts and issues. In
M. Jeannerod (Ed.), Attention and performance XIII: motor representation and control.
Hillsdale, NJ: Erlbaum. Pp. 77-110.



12 R.S. MARKEN, ET AL.

LasHLEY, K. S. (1951) The problem of serial order in behavior. In L. A. Jeffress (Ed.), Cere-
bral mechanisms in behavior. New York: Wiley. Pp. 112-136.

Luck, R. D. (1986) Response times: their role in inferring elementary mental organization.
New York: Oxford Univer. Press.

MagrkeN, R. S. (2002) The hierarchical behavior of perception. In R. S. Marken (Ed.), More
mind readings: methods and models in the study of purpose. Chapel Hill, NC: New
View Publications. Pp. 84-116.

MECHSNER, F.,, Kerzer, D., KNosLicH, G., & Prinz, W. (2001) Perceptual basis of bimanual
coordination. Nature, 414, 69-72.

Pover, D-J., & CorLarp, R. (1982) Structural factors in patterned finger tapping. Acta
Psychologica, 52, 107-123.

Powers, W. T. (1973) Behaviour: the control of perception. Chicago, IL: Aldine de Gruyter.

Powers, W. T. (1978) Quantitative analysis of purposive systems: some spadework at
the foundations of scientific psychology. Psychological Review, 85, 417-435.

Powers, W. T. (1998) Making sense of behavior. New Canaan, CT: Benchmark.

Powers, W. T. (2008) Living control systems III: the fact of control. Bloomfield, NJ: Bench-
mark Publications.

Powers, W. T., CLark, R. K., & McFarLanD, R. L. (1960) A general feedback theory of
human behaviour: part II. Perceptual & Motor Skills, 11, 309-323.

RosenauM, D. A., HINDORFF, V., & MuUNro, E. M. (1987) Scheduling and programming
of rapid finger sequences: tests and elaborations of the hierarchical editor model.
Journal of Experimental Psychology: Human Perception and Performance, 13, 193-203.

SartzmaN, E. (1979) Levels of sensorimotor representation. Journal of Mathematical Psy-
chology, 20, 91-163.

ScHAck, T., & RiTTER, H. (2009) The cognitive nature of action — functional links between
cognitive psychology, movement science, and robotics. Progress in Brain Research,
174, 231-250.

WARREN, R. M., Osustex, C. J., FARMER, R. M., & WARREN, R. P. (1969) Auditory sequence:
confusion of patterns other than speech or music. Science, 164, 586-587.

WarreN, W. H. (2006) The dynamics of perception and action. Psychological Review, 113,
358-389.

Accepted July 29, 2013.





