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COGNITION AND MOTOR TIMING
DIAGNOSIS AND TRAINING SYSTEM AND
METHOD

This application claims priority on U.S. provisional patent
application 60/543,598, filed on Feb. 11, 2004.

TECHNICAL FIELD

The disclosed embodiments relate generally to systems
and methods of testing a person’s ability to anticipate
stimuli, as well as remedial systems and methods for
improving a person’s ability to accurately anticipate the
timing of predictable events or stimuli.

BACKGROUND

Anticipation or expectation of a sensory event that must
be paired with an action is essentially a form of attention that
is crucial for an organism’s interaction with the external
world. The accurate pairing of sensation and action, assum-
ing these functions are intact, is dependent on timing and is
called sensory-motor timing, one aspect of which is antici-
patory timing. Anticipatory timing is essential to successful
everyday living, not only for actions but also for thinking.
Thinking or cognition can be viewed as an abstract motor
function and therefore also needs accurate sensory-cognitive
timing. Sensory-motor timing is the timing related to the
sensory and motor coordination of an organism when inter-
acting with the external world. Anticipatory timing is usu-
ally a component of sensory-motor timing and is literally the
ability to predict sensory information before the initiating
stimulus.

Anticipatory timing is essential for reducing reaction
times and improving both movement and thought perfor-
mance. Anticipatory timing only applies to predictable sen-
sory-motor or sensory-thought timed coupling. The sensory
modality (i.e., visual, auditory etc.), the location, and the
time interval between stimuli, must all be predictable (i.e.,
constant, or consistent with a predictable pattern) to enable
anticipation movement or thought.

Without reasonably accurate anticipatory timing, a person
cannot catch a ball, know when to step out of the way of a
moving object (e.g., negotiate a swinging door), get on an
escalator, comprehend speech, concentrate on mental tasks
or handle any of a large number of everyday tasks and
challenges. This capacity for anticipatory timing can
become impaired with aging, alcohol, drugs, hypoxia, infec-
tion, clinical neurological conditions including but not lim-
ited to Attention Deficit Hyperactivity Disorder (ADHD),
schizophrenia, autism and brain trauma (head injury or
concussion). For example, brain trauma may significantly
impact a person’s cognition timing, one aspect of which is
anticipatory timing. Sometimes, a person may appear to
physically recover quickly from head or brain trauma, but
have significant problems of concentration, memory, head-
aches, irritability and other symptoms as a result of impaired
anticipatory timing. In fact, impaired anticipatory timing
may cause the person to suffer further injuries by not having
the timing capabilities to avoid another accident.

SUMMARY

A system for testing a subject’s cognition and motor
timing includes an actuator, a sensor and a computer. The
actuator is configured to present to the subject multiple
stimuli, including predictable and non-predictable (e.g., ran-
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dom or pseudo-random) stimuli. The sensor generates sen-
sor signals associated with the subject responding to the
stimuli. The computer stores timing values associated with
the sensor signals for a plurality of the stimuli, and analyzes
the timing values to determine if the subject has an antici-
patory timing impairment. The system may also be config-
ured to provide feedback signals to the subject, in which
case the system also functions as cognition and motor timing
training system.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a sequence of stimuli presented to a
person, in this case two circles that alternately go on and off
in a predictable or random fashion.

FIG. 2¢ illustrates a subject’s response timing to
sequences of stimuli, both for predictable and random
stimuli.

FIG. 2b shows normal and abnormal distributions of
anticipatory timing.

FIG. 3 is a conceptual block diagram of a cognition timing
diagnosis and training system.

FIG. 4 is a detailed block diagram of a cognition timing
diagnosis and training system.

FIG. 5 is a flow chart of a cognition timing diagnosis
method.

FIG. 6 is a flow chart of an anticipatory timing remedial
training method.

Like reference numerals refer to corresponding parts
throughout the several views of the drawings.

DESCRIPTION OF EMBODIMENTS

Since it is extremely difficult to measure thinking perfor-
mance without a movement and since a similar neural
network is used for anticipatory timing, cognition and motor
timing are linked. Therefore diagnosis and therapy can be
performed for anticipatory timing difficulties in the motor
and cognitive domains using motor reaction times and
accuracy. In particular, both the reaction time and accuracy
of a subject’s movements can be measured. As discussed
below, these measurements can be used for both diagnosis
and therapy.

Anticipatory cognition and movement timing are con-
trolled by essentially the same brain circuits. Variability or
a deficit in anticipatory timing produces imprecise move-
ments and disrupted thinking, such as difficulty in concen-
tration, memory recall, and carrying out both basic and
complex cognitive tasks. Such variability and/or deficits
leads to longer periods of time to successfully complete
tasks and also leads to more inaccuracy in the performance
of such tasks. Some embodiments of the present invention
measure such variability or deficits to determine whether a
person suffers impaired anticipatory timing. Some embodi-
ments of the present invention use a sequence of stimuli in
combination with a feedback mechanism to train a person to
improve anticipatory timing.

Sequenced stimuli presented to a subject may include
sequences of both predictable and non-predictable (e.g.,
random or pseudo-random) stimuli. In one embodiment, the
non-predictable stimuli are presented to a subject before the
predictable stimuli. The stimuli can use any sensory modal-
ity. In some embodiments, the stimuli are visual stimuli. In
other embodiments, the stimuli are auditory. While other
forms of stimuli can be used, the embodiments described
here use visual stimuli. The subject’s responses may be
visual, manual or even spoken. In some embodiments the
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subject’s responses are measured by tracking eye move-
ment. In other embodiments, the subject’s responses are
measured by a mechanical, piezoelectric or other sensors
activated by physical movement of the subject, such as
pressing a button. In yet other embodiments, a frontal brain
electroencephalographic (EEG) signal (e.g., the “contingent
negative variation” signal) is measured during the period
before a subject’s response. The amplitude of the EEG
signal is proportional to the degree of anticipation and will
be disrupted when there are anticipatory timing deficits.

FIG. 1 depicts a sequence of visual stimuli. The subject’s
task is to follow the illuminated circle, which will alternate
between two locations at a random (non-predictable) or
non-random (predictable) rate. In one embodiment the ran-
dom rate is between 500 msec to 2 sec. The subject may
indicate that the circle is illuminated at a particular location
by activating a sensor, or by moving his/her eyes to focus on
the illuminated circle on the screen. In another example, the
subject may indicate that the circle is illuminated at a
particular location by controlling the position of an image of
an object on a screen using a joystick or other user input
mechanism, and may be asked to move the object so as to
“catch” a moving object, or to avoid being hit by another
object, or to move the object so as to match the movement
of a computer generated image, or other similar exercise.

In yet another example, multiple objects, such as images
of circles, are displayed in a row or other pattern. The objects
are flashed on and off in a predictable or random fashion.
Eye movement reaction times are measured by a digital
video infrared camera focused on the subject’s pupil, oper-
ating at a picture update rate of at least 200 hertz. The
resulting digital video signal is analyzed by a computer to
determine the screen position(s) where the subject was
focusing, and the timing of when the subject focused at the
appropriate screen position. If feedback is provided, the
feedback may be provided by giving the subject a tone,
using either open air audio speakers or headphones, or by
having the color of the display change when the subject’s
anticipatory timing is within a normal or desired distribu-
tion.

In some embodiments, the stimuli presented to the subject
include one or more sequences of non-predictable stimuli.
The non-predictable stimuli can be random or pseudoran-
dom sequences. The sequences of non-predictable stimuli
cannot be learned and there is therefore no anticipatory
timing by the subject. Measurements of the timing of the
subject’s responses to the sequences of non-predictable
stimuli can be used as an internal control. These measure-
ments are measurements of the subject’s reactive timing.
Subtracting the subject’s reactive timing from the subject’s
anticipatory timing produces the subject’s absolute antici-
patory timing. By taking numerous timing measurements of
the subject’s responses to sequences of non-predictable
stimuli, a distribution of such timing measurements is gen-
erated. The distribution can be graphed or displayed, com-
pared with normative data for a population of other subjects,
and the like.

Next, the stimuli presented to the subject also include
multiple sequences of predictable stimuli. An initial phase in
which the sequences of predictable stimuli are presented is
called the learning phase. During the learning phase there is
typically a progressive shift toward earlier correct reactions,
and thus anticipatory timing. It is noted that in some
embodiments, incorrect reactions by the subject are elimi-
nated or not used for purposes of evaluating anticipatory
timing. After the learning phase, there should be an antici-
patory reaction phase during which the subject’s response
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times are relatively static or fixed. The subject response
times during the anticipatory reaction phase will generally
be earlier than the initial responses during the learning
phase. These response times, herein called anticipatory
timing, will also be shorter than the subject’s reactive timing
to non-predictable stimuli.

By testing the subject with numerous sequences of pre-
dictable stimuli and taking measurements of the subject’s
anticipatory timing, a distribution of such timing is gener-
ated. The distribution can be graphed or displayed, com-
pared with normative timing data for a population of other
subjects, and the like.

FIG. 2a is a prophetic example of a graph of typical
response timings to sequences of stimuli, both for predict-
able and random stimuli. For purposes of this discussion the
terms “normal subject” and “abnormal subject” are defined
as follows. Normal subjects are typically health individuals
whose sensory-motor or anticipatory timing falls within a
normal performance range. Abnormal subjects are individu-
als suffering from impaired brain function with respect to
sensory-motor or anticipatory timing.

As represented in FIG. 2a, even normal, health subjects
responding to random stimuli (4) cannot anticipate the exact
timing of the stimuli, and thus they lag behind being “on
target.” In other words, even after a learning phase where the
user is subjected to a number of sequences of stimuli, the
normal user cannot anticipate a subsequent sequence of
random stimuli.

Normal subjects responding to predictable stimuli (@),
such as a repeating sequence of visual stimuli, after a
learning phase start to anticipate the stimuli before they are
presented to the subjects. During a learning phase the normal
subjects learn the sequence of stimuli and are then able to
anticipate the stimuli during an anticipatory phase. Abnor-
mal subjects (M), however, only slightly improve their
response timing after the learning phase and still cannot
anticipate the stimuli during the anticipatory phase. In other
words, abnormal subjects may improve their response tim-
ing during training, but cannot anticipate subsequent stimuli
as well as a typical normal subject.

FIG. 26 is a prophetic example of the distribution of
anticipatory response timing of an abnormal subject and the
average anticipatory response timing of a control group of
normal subjects. An abnormal distribution of anticipatory
response timing is typically slower, on average than the
normal distribution. The abnormal subject also typically has
more inaccurate responses. Even more significantly, the
width of an abnormal anticipatory timing distribution is
typically significantly wider than the width of a normal
anticipatory timing distribution. In some embodiments, the
width of a distribution may be defined as the full width of the
distribution at half maximum (sometimes called FWHM). In
some embodiments, the width of a subject’s anticipatory
timing distribution is defined as the variance of the response
distribution, the standard deviation of the response distribu-
tion, the average deviation of the response distribution, the
coeflicient of variation of the response distribution, or any
other appropriate measurement of the width of the response
distribution.

In some embodiments, as described above, the subject’s
reactive timing is subtracted from the subject’s anticipatory
timing to produce the subject’s absolute anticipatory timing.
In some embodiments, this is accomplished by subtracting
an average reactive timing value from the anticipatory
timing values.

The subject’s absolute anticipatory timing distribution
can be compared with the absolute anticipatory timing
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distribution of a control group of subjects. Both the average
timing and the width of the timing distribution, as well as
their comparison with the same parameters for a control
group are indicative of whether the subject is suffering from
a cognitive timing impairment.

FIG. 3 is a conceptual block diagram of a cognition timing
diagnosis and training system 100. The system includes a
computer 102 coupled one or more actuators 104, and one
or more sensors 106. When the system is configured for use
as a cognitive timing training system, the system 100 may
also include one or more feedback devices 110. In some
embodiments, feedback is provided to the subject via the
actuators 104. The one or more actuators 104 may include a
display device for presenting visual stimuli to a subject,
audio speakers for presenting audio stimuli, a combination
of the aforementioned, or one or more other devices for
producing or presenting sequences of stimuli to a subject.
The one or more sensors 106, may be mechanical, electrical,
electromechanical, auditory (e.g., microphone), visual sen-
sors (e.g., a digital video camera) or other type of sensors
(e.g., a frontal brain electroencephalograph, and known as
an EEG). The job of the one or more sensors 106 is to detect
responses by a subject to sequences of stimuli presented by
the one or more actuators 102. Some types of sensors
produce large amounts of raw data, only a small portion of
which can be considered to be indicative of the user
response. In such systems, the sensor or computer 102
contain appropriate filters and/or software procedures for
analyzing the raw data so as to extract “sensor signals”
indicative of the subject’s response to the stimuli. In
embodiments in which the one or more sensors 106 includes
an electroencephalograph (EEG), the relevant sensor signal
from the EEG may be a particular component of the signals
produced by the EEG, such as the contingent negative
variation (CNV) signal or the readiness potential signal.

The one or more feedback devices 110 can be any device
appropriate for providing feedback to the subject. The one or
more feedback devices 110 provide real time performance
information to the subject corresponding to measurement
results, which enables the subject to try to improve his/her
anticipatory timing performance. In some embodiments, the
performance information provides positive feedback to the
subject when the subject’s responses, in response to
sequences of stimuli, are within a normal range of values. In
some embodiments, the one or more feedback devices 110
may activate the one or more actuators 104 in response to
positive performance from the subject, such as by changing
the color of the visual stimuli or changing the pitch or other
characteristics of the audio stimuli.

FIG. 4 is a block diagram of a cognition timing diagnosis
and training (or remediation) system 400. The system 400
generally includes one or more processors 402, such as
CPUs, a user interface 404, memory 412, and one or more
communication buses 414 for interconnecting these compo-
nents. The system 400 may optionally include one or more
network or other communications interfaces 410, such as a
network interface for conveying testing or training results to
another system or device. The user interface 404 includes at
least one or more actuators 104 and one or more sensors 106,
and may also include one or more feedback devices 110, as
discussed above. In some embodiments, the user interface
404 may further include additional computer interface
devices such as a keyboard and/or mouse 405 and a display
406 (although the display may one of the actuators 104).

Memory 412 may include high speed random access
memory and may also include non-volatile memory, such as
one or more magnetic disk storage devices. Memory 412
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may include mass storage that is remotely located from the
central processing unit(s) 402. The memory 412 stores an
operating system 416 (e.g., Microsoft Windows, Linux or
Unix), an application module 420, and may optionally store
a network communication module 418. The application
module 420 may include:

a stimuli generation control program, module or instruc-
tions 422, for generating sequences of stimuli, as described
elsewhere in this document;

an actuator or display control program, module or instruc-
tions 424, for producing or presenting the sequences of
stimuli to a subject;

a sensor control program, module or instructions 426, for
receiving sensor signals and, where appropriate, analyzing
raw data in the sensor signals so as to extract sensor signals
indicative of the subject’s response to the stimuli; the sensor
control program, module or instructions 426 may also
include instructions for controlling operation of the one or
more sensors 106;

a measurement analysis program, module or instructions
428, for analyzing the sensor signals to produce measure-
ments and analyses, as discussed elsewhere in this docu-
ment; and

a feedback program, module or instructions 430, for
generating feedback signals for presentation to the subject
via the one or more actuators or feedback devices.

The application module 420 may furthermore store sub-
ject data 432, which includes the measurement data for a
subject, and optionally may also include analysis results and
the like. The application module 420 may also store nor-
mative data 434, which includes measurement data from one
or more control groups of subjects, and optionally may also
include analysis results, and the like, based on the measure-
ment data from the one or more control groups.

Still referring to FIG. 4, in an exemplary embodiment, the
one or more sensors 106 include a digital video camera
focused on the subject’s pupil, operating at a picture update
rate of at least 200 hertz. In some embodiments the digital
video camera is an infrared camera, while in other embodi-
ments the camera may operate in other portions of the
electromagnetic spectrum. The resulting video signal is
analyzed by the one or more CPU’s 402, under the control
of the measurement analysis program, module or instruc-
tions 428, to determine the screen position(s) where the
subject focused, and the timing of when the subject focused
at one or more predefined screen positions.

Referring to FIG. 5, in an embodiment of a method of
analyzing a subject’s ability to anticipate predictable stimuli,
the subject is presented with multiple sequences of stimuli,
including sequences of non-predictable stimuli and
sequences of predictable stimuli (502). Sensor signals asso-
ciated with the subject responding to the non-predictable
stimuli are received (504). Similarly, sensor signals associ-
ated with the subject responding to the predictable stimuli
are received (506). In some embodiments, sensor signals
associated with the subject responding to the predictable
stimuli are received during an initial learning phase (512)
followed by an anticipatory phase (514), as described above
in relation to FIG. 2a. In some embodiments, the learning
phase lasts five to ten sequences of stimuli (trials). Timing
values associated with the sensor signals are recorded for a
plurality of sequences of stimuli (508). The recorded timing
information is analyzed to determine if the subject has an
anticipatory timing impairment (510). In some embodi-
ments, a report is generated to present the analysis.

Referring to FIG. 6, in an embodiment of a method of
training a subject to improve his/her response times to
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predictable stimuli, the baseline testing and analysis is
performed to determine and/or analyze a subject’s reactive
timing, anticipatory timing and learning (602). This may
correspond to a method similar to the one represented by the
flow chart in FIG. 5.

Next, a sequence of training steps 604-612 are repeatedly
performed so as to help train a subject to improve his/her
anticipatory timing. Such training exercises portions of the
subject’s brain that are responsible for cognitive tasks asso-
ciated with anticipating events. By focusing the training
narrowly on those cognitive tasks associated with anticipat-
ing events, appropriate portions of the brain are stimulated,
which causes the brain to find ways to improve the subject’s
ability to anticipate the timing of predictable events.

In some embodiments, the training steps include present-
ing the person with one or more sequences of predictable
stimuli (604) and receiving sensor signals associated with
the subject responding to or anticipating the predictable
stimuli (606). The sequences of predictable stimuli may
include precursor stimuli and target stimuli, with the pre-
cursor stimuli providing the subject the information needed
to predict the target stimuli. For example, the precursor
stimuli may display an arrow pointing to the area in which
a visual stimulus will shortly appear. Timing values associ-
ated with the sensor signals are determined (608) and
compared with predefined criteria, such as baseline data for
one or more control subjects (610). Based on the results of
the comparison, a subject feedback signal corresponding to
the results may be generated (612). In some embodiments,
only positive feedback signals are generated, to reward
performance meeting predefined or individually determined
performance goals. In other embodiments, the feedback
signals include negative feedback signals that indicate fail-
ure to meet the performance goals. In still other embodi-
ments the feedback signals may include gradations to indi-
cate the extent to which the subject has met or failed to meet
the performance goals.

The foregoing description, for purpose of explanation, has
been described with reference to specific embodiments.
However, the illustrative discussions above are not intended
to be exhaustive or to limit the invention to the precise forms
disclosed. Many modifications and variations are possible in
view of the above teachings. The embodiments were chosen
and described in order to best explain the principles of the
invention and its practical applications, to thereby enable
others skilled in the art to best utilize the invention and
various embodiments with various modifications as are
suited to the particular use contemplated.

What is claimed is:

1. A method of testing a subject’s cognition and motor
timing, comprising:

presenting the subject with multiple sequences of stimuli;

receiving sensor signals associated with responses by the

subject to the stimuli;
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recording response times in accordance with the sensor
signals, wherein the recorded response times are asso-
ciated with the responses by the subject to the multiple
sequences of stimuli, and wherein the response times
have an associated distribution;

analyzing the distribution of response times for the sub-

ject to determine variability in anticipatory timing of
the subject;

classifying the anticipatory timing of the subject, includ-

ing the variability of the anticipatory timing of the
subject, as normal or abnormal in accordance with a
result of the analyzing, and when a resulting classifi-
cation is abnormal, producing an output indicative of
impaired brain function with respect to sensory-motor
or anticipatory timing.

2. The method of claim 1, wherein the stimuli are visual
stimuli.

3. The method of claim 2, wherein the sensor signals are
signals derived from video signals monitoring eye move-
ments of the subject.

4. The method of claim 3, wherein the video signals are
generated by a camera operating at a picture update rate of
at least 200 Hertz.

5. The method of claim 2, wherein the sensor signals are
EEG signals.

6. The method of claim 2, wherein the sensor signals are
signals associated with eye movements of the subject.

7. The method of claim 2, wherein the sensor signals are
signals associated with a manual action by the subject.

8. The method of claim 1, wherein the stimuli are auditory
stimuli.

9. The method of claim 8, wherein the sensor signals are
EEG signals.

10. The method of claim 8, wherein the sensor signals are
signals associated with a manual action by the subject.

11. The method of claim 1, wherein the analyzing further
includes comparing the response times with predetermined
criteria associated with subjects having normal anticipatory
timing.

12. The method of claim 1, wherein said response times
include the subject’s anticipatory timing values for predict-
able stimuli and the subject’s reactive timing values for
unpredictable stimuli.

13. The method of claim 12, wherein said analyzing
further comprises calculating an absolute anticipatory tim-
ing value by subtracting the subject’s reactive timing values
from the subject’s anticipatory timing values.

14. The method of claim 1, wherein the analyzing
includes comparing the distribution of response times for the
subject with normative data.
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