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FIG. 8

for the optimization of adversarial or cooperative interactions between hu-
man actors engaged in sports and other activities. The system uses measure-
ments from motion sensors to identity key events in the activity and parti-
cipant's behavior to provide real-time cues to help the actors perform as well
as train. The system is illustrated for a tennis application. The codification
describes the players' interactions based on court events, such as the ball's
trajectory relative to the court, and player behavioral events, such as the
stroke phases and court movements. The cueing method can be implemented
using different subsets of such events. In its simplest implementation, timing
cues are obtained from the stroke backswing initiation, forward swing initi-
ation and impact of the ball on the racket. Following the detection of these
events, a signal is transmitted to the adversary where it is used to generate
. auditory, visual and/or haptic stimuli. These stimuli encode information that
i help the players anticipate the type of oncoming ball and hence the cue helps
select, prepare for and execute the appropriate stroke. The anticipatory cue
also primes the players' perceptual processes, directing attention to relevant
aspects of the performance.
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CODIFICATION AND CUEING SYSTEM FOR HUMAN INTERACTIONS IN TENNIS
AND OTHER SPORT AND VOCATIONAL ACTIVITIES

CROSS-REFERENCE
[0001] This application claims the benefit of U.S. Provisional Application No. 62/035,569, filed
August 11, 2014, entitled Codification System for Tennis Timing and Technique to Provide

Interactive Temporal Player Cuing, which application is incorporated herein by reference.

BACKGROUND
[0002] Timing of actions represents a fundamental factor for many aspects of human behavior.
LEE, “Sensory and intrinsic coordination of movement,” Royal Soc. of London, 2029-2035
(1999). In tennis, as well as in other sports or vocational activities involving coordination of
complex movements or actions, timing is essential to the smooth flow of performance during a
game or activity. The timing encompasses broad aspects of the activity. For example in tennis,
timing is involved in game elements ranging from court motion, posture and stance, and attention
allocation, to stroke preparation and execution (see LANDLINGER, “Key factors and timing
patterns in the tennis forehand of different skill levels,” J. Sports Sci. & Med., 9(4):643 (2010),

which provides an investigation of key kinematic features and their timing in forechand strokes).
[0003] Execution of properly timed actions relies heavily on perceptual processes that provide
the cues necessary for planning and timing of these actions. This action-perception cycle is a
dynamic system (see KUGLER, Information, natural law, and the self-assembly of rhythmic
movement. Hillsdale, N.J.: Erlbaum Associates, (1987) and WARREN "The dynamics of
perception an action." Psychological review 113.2 (2006): 358.).

[0004] Moreover, this system forms an interactive process that can encompass the behavior of
multiple actors and their interaction with their environment and task elements. In tennis for
example, timing of actions, and plans of future actions are adapted continuously based on the
outcome of those actions in the task or activity environment, and the adversary's reaction to one’s
own actions. Similar challenges are also present in cooperative situations such as the behavior of
another team member in an operating room, where safe and efficient workflow requires the
surgical team members to be able to correctly anticipate the timing and type of future actions.
[0005] Timing is a dynamic dimension that should be adapted to the continuous changes in an
activity to achieve effective sequences of coordinated actions (e.g., court and stroke motions in
tennis). Acquiring the skills to properly coordinate these processes is one of the most
fundamental challenges for learning and performing in interactive multi-actor sports or similar

activities.
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[0006] Complex human movements involve the coordination of many degrees of freedom

(muscles and joints) and often unfold too fast to be amenable to continuous feedback. Many
activities involve action selection and implementation within fraction of a second, and proper
execution requires synchronization down to milliseconds in some activitiecs (BERNARDI et al.
"Mental practice promotes motor anticipation: evidence from skilled music

performance." Frontiers in human neuroscience 7 (2013)). For example, a high-performance
tennis stroke requires efficient transfer of momentum to the ball via the kinematic chain going
from the legs, hip, core, to upper body and arms, and finally, the racquet. This entire chain of
movements is implemented as a pattern and unit of movement for that particular stroke.

[0007] Therefore, these complex human movements cannot be produced instantaneously but
rather rely on learned motion patterns. Once learned, these patterns are stored in procedural
memory and act as units of organization for larger motion behaviors and interactions with the
environment or other subjects or actors (see, BERNSTEIN, “The co-ordination and regulation
of movement,”” Pergamon, New York (1967)).

[0008] Timing of these patterns plays a critical role in performance. Since the movement patterns
are not instantaneous but of finite durations, their successful execution requires anticipation of
the future actors’ behavior and interactions in a particular activity. Therefore, their execution
relies on the identification of cues that support the selection of the appropriate behavior pattern
and the timing necessary for proper execution. In other words, effective performance in activities
involving complex interactions with environments and other actors relies on a spatio-temporal
structure that supports the coordination of events and facilitates advanced planning and
organization.

[0009] For example, in tennis the players rely on characteristic patterns of play to extract
anticipatory cues that help predict the future ball trajectory and player behavior. This information
is then used to select and start the execution of the appropriate court and stroke movements. With
adequate court positioning, posture, and stroke, the player can then optimally execute the
associated units of movements.

[0010] Timing, preparation, and initiation of the tennis stroke and supporting units of movement,
such as court positioning, are based on cues extracted from the environment which encompasses
court and game events, such as the impact of the ball on the ground, as well as cues extracted
from the adversary’s behavior such as the adversary's stroke and racket-ball contact. These cues
make it possible to predict the future ball trajectory and pattern of play in the adversary’s game
plan.

[0011] For tennis, the timing information about an adversary’s return is one of the most basic

cue, since up to the instant of impact it is difficult to predict the adversary's intended stroke

-
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placement on the court and the ball's pace and effect (i.e. spin). The impact therefore represents a

primary focus of attention. The impact's strength and direction provides information useful for
the prediction of the ball's trajectory which in turn is used to plan and initiate the sequence of
stroke selection, preparations, and necessary body posture and court positioning.

[0012] Studies investigating tennis player’s visual attention, however, have shown that advanced
players are able to utilize early cues including the opponent's body stance, stroke preparation and
initiation, while beginners tend to use later cues such as the oncoming ball's trajectory.
ABERNATHY, “Expertise and the perception of kinematic and situational probability
information,” PERCEPTION-LONDON-, 30(2):233-252 (2001). WILLIAMS, “Anticipation

skill in a real-world task: measurement, training, and transfer in tennis,” J. of Exp. Psych: Appl.,
8(4):259 (2002).
[0013] Beginners therefore are mostly challenged by the large amount of information available in
a task environment. Advanced actors are able to filter through this information on the most
relevant cues, but still can be prone to stress, distraction and effects of fatigue.
[0014] Humans and other animals can use a broad range of sensing and perception abilities,
including the auditory and visual systems, to extract cues necessary to achieve effective planning
and timing of actions. From the standpoint of ecological psychology some of these cues are
readily available from the subject’s direct perceptual experience of the environment interaction
(GIBSON, The Ecological Approach to Visual Perception: Classic Edition. Psychology Press,
2014.).
[0015] Perceptual mechanisms in complex tasks depend on various cognitive mechanisms in
particular attention (POSNER, "Orienting of attention." Quarterly Journal of Experimental
Psychology 32, no. 1 (1980): 3-25). Cueing therefore can help by focusing attention on relevant
events in a task environment. In tennis, for example, a cueing system can be used to enhance
attention to the major court events and relevant aspect of an adversary’s behavior. A rudimentary
behavioral aid used by some players is counting from 1 to 3. A player would count “1” at the
adversary's ball contact, “2” at the bounce of the ball in the court, and “3” when striking the ball.
This technique ostensibly supports the organization and coordination of the player’s perceptual
and motor processes.
What is needed are tools that help actors or players maintain timing and/or focus attention in
interactive vocational performance and sports.

SUMMARY
[0016] Disclosed are codification systems and methods to provide cues in real-time to actors,
users, players or participants in an interactive sport or vocational activity using information

extracted from measurements of a relevant participant’s behavior and environmental interactions.

3.
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The extracted information is used to predict relevant outcomes of the activity and transform these

into cues that can be communicated to the participant via auditory, haptic, and/or visual stimuli.
The codification system describes the spatial and temporal characteristics of key events and
provides the basis for game and user performance analysis as well as the determination of
interaction models and cueing laws. The cueing technology augments the actors’ interaction by
providing timing cues that help direct attention to the relevant environment cues. At the same
time, it can encode additional information to help users select, plan and execute their actions. It
can be used both for training as well as a performance augmentation. The systems are illustrated
in a tennis application. In this example, the codification system, for example, describes the ball
trajectory, court events, player behavior and racket motion. In this example, cueing signals are
designed to help the participant prepare their stroke, direct their attention to the relevant cues, as
well as, embed additional information that help anticipate the adversary’s shot types.

[0017] Moreover, this system forms an interactive process that can encompass the behavior of
multiple agents and their interaction with their environment and task elements. For example in
tennis, the timing of actions and decisions are adapted based on the adversary's reaction to one’s
own actions and the adversary’s game and tactics. Similar challenges are also present in
cooperative situations such as the behavior of other team members in a surgical theater.

[0018] An aspect of the disclosure is directed to a cuing device. Cuing devices comprise: two or
more sensors wherein the two or more sensors are selected from the group comprising an inertial
sensor, a magnetometer, an acoustic sensor, a string bed deformation sensor, a strain gauge
sensor, an optical sensor, and a light sensor; a processor in communication with the two or more
sensors, wherein the processor is configured to analyze data from the two or more sensor and
generate one or more instructions; and a cue administrator configurable to generate one or more
cues based on the one or more instruction from the processor. In some configurations, a
securement device is provided for securing the cuing device to another object, such as a racket.
The cue administrator can be one or more of a speaker, a light emitter, and a vibration generator.
The cue administrator can be incorporated into the cuing device or be in communication with the
cuing device. Additionally, a wireless transmitter can be provided. A wireless transmitter can be
configurable to communicate with at least one secondary device which is remote from the cuing
device. Suitable secondary devices include one or more of a second cuing device, a smart phone,
and a tablet. The secondary devices can, among other functional features, measure environmental
information. Additionally, the cue administrator generates the cue based on two or more of
detection of a movement, extraction of a movement data, prediction of a movement outcome,

processing of movement information.



WO 2016/025460 PCT/US2015/044620
[0019] Still another aspect of the disclosure is directed to a means for cuing. Suitable means for

cuing comprise: a housing; two or more sensing means wherein the two or more sensing means
are selected from the group comprising an inertial sensor, a magnetometer, an acoustic sensor, a
string bed deformation sensor, a strain gauge sensor, an optical sensor, and a light sensor; a
processing means in communication with the two or more sensing means, wherein the processing
means is configured to analyze data from the two or more sensing means and generate one or
more instructions; a cue administrator configurable to generate one or more cues based on the
one or more instruction from the processing means; and a means for providing power.
Additionally, a securement device for securing the means for cuing to another piece of equipment
such as a racket can be provided. The cue administrator can be one or more of a speaker, a light
emitter, and a vibration generator. Additionally, a wireless transmitter can be provided.
Configurations with a wireless transmitter are configurable so that the wireless transmitter
communicates with at least one secondary device. Secondary devices can be one or more of a
second cuing device, a smart phone, and a tablet. The secondary devices can, among other
functional features, measure environmental information. Additionally, the cue administrator is
configurable to generate the cue based on two or more of detection of a movement, extraction of
a movement data, prediction of a movement outcome, processing of movement information.
[0020] Yet another aspect of the disclosure is directed to a cuing system. Cuing systems
comprise: a first cuing device having two or more first cuing device sensors wherein the first
cuing device two or more sensors are selected from the group comprising an inertial sensor, a
magnetometer, an acoustic sensor, a string bed deformation sensor, a strain gauge sensor, an
optical sensor, and a light sensor, a first cuing device processor in communication with the two or
more sensors, wherein the first cuing device processor is configured to analyze data from the first
cuing device two or more sensor and generate one or more instructions, and a first cuing device
cue administrator configurable to generate one or more cues based on the one or more instruction
from the processor; and a second cuing device having two or more second cuing device sensors
wherein the second cuing device two or more sensors are selected from the group comprising an
inertial sensor, a magnetometer, an acoustic sensor, a string bed deformation sensor, a strain
gauge sensor, an optical sensor, and a light sensor, a second cuing device processor in
communication with the two or more sensors, wherein the second cuing device processor is
configured to analyze data from the second cuing device two or more sensor and generate one or
more instructions, and a second cuing device cue administrator configurable to generate one or
more cues based on the one or more instruction from the processor. In some configurations of
the system, at least one of a first cuing device securement device for securing the first cuing

device to another device such as a first racket, and a second cuing device securement device for
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securing the second cuing device to another piece of equipment, different than the first device,

such as a second racket. Additionally, the first cue administrator or second cue administrator can
be one or more of a speaker, a light emitter, and a vibration generator. In at least some
configurations of the system, a wireless transmitter is provided. The wireless transmitter is
further configurable to communicate with at least one secondary device, wherein the secondary
device is remote from the first cuing device and the second cuing device. The at least one
secondary device can be, for example, a smart phone, and a tablet. Moreover, the cue
administrator can be configurable to generate the cue based on two or more of detection of a
movement, extraction of a movement data, prediction of a movement outcome, processing of
movement information.

[0021] Another aspect of the disclosure is directed to a method for cuing a participant in an
environment. The method of cuing comprises: obtaining from a first cuing device having two or
more sensors wherein the two or more sensors are selected from the group comprising an inertial
sensor, a magnetometer, an acoustic sensor, a string bed deformation sensor, a strain gauge
sensor, an optical sensor, and a light sensor at least two sensed data; analyzing the obtained data;
predicting a movement outcome from the analyzed data; and generating an instruction to issue a
cue. Additionally, the method can include securing the first cuing device to a racket. In some
configurations of the method, the cuing device can communicate with at least one secondary
device. Suitable secondary devices include one or more of a second cuing device, a smart phone,
and a tablet. The cue administrator can be configured to generate the cue based on two or more of
detection of a movement, extraction of a movement data, prediction of a movement outcome,

processing of movement information.

INCORPORATION BY REFERENCE
[0022] All publications, patents, and patent applications mentioned in this specification are
herein incorporated by reference to the same extent as if each individual publication, patent, or
patent application was specifically and individually indicated to be incorporated by reference.
Prior references include, for example, US 2013/0053190 A1 published February 28, 2013 for
Racket Sport Inertial Sensor Motion Tracking and Analysis now US 8,944,940 B2 issued
February 3, 2015; US 8,602,922 B2 issued December 10, 2013, for Method and Apparatuses for
Enhancing Performance in Racket Sports, US 2005/0017454 A1 published January 27, 2005, for
Interactive Gaming Systems with Haptic Feedback; US 2007/0105664 A1 published May 10,
2007 for Racquet with Entertainment and Performance Feedback; US 4,257,594 A issued March
24, 1981 for Electronic Athletic Equipment; US 8,337,335 B2 issued December 25, 2012, for
Systems and Methods for Measuring and/or Analyzing Swing Information; US 5,646,911 A

-6-
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issued July &, 1997 for Tennis Pacer,; US 5,226,650 A issued July 13, 1993 for Tennis Racket;

US 2002/0077189 A1 published June 20, 2002, for Proprioceptive Golf Club with Analysis,
Correction and Control Capabilities; US 5,031,909 A issued July 16, 1991 for Electronic
Athletic Equipment; US 2006/0025229 A1 published February 2, 2006, for Motion Tracking and
Analysis Apparatus and Method and System Implementations Thereof; US 4,303,241 A issued
December 1, 1981, for Sports Vision Training Device; US 7,891,666 B2 issued February 22,
2011, for Device and Method for Measuring Shot Force Exerted on a Moveable Game Device;
and WO 2009/043558 A1 published April 9, 2009, for Force Sensor for Racquet Handle.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023] The novel features of the invention are set forth with particularity in the appended claims.
A better understanding of the features and advantages of the present invention will be obtained
by reference to the following detailed description that sets forth illustrative embodiments, in
which the principles of the invention are utilized, and the accompanying drawings of which:
[0024] FIG. 1 is a depiction of an example of a task or activity environment for tennis. The
figure illustrates exemplar events which are determined by the ball’s trajectory off the ball
relative to the tennis court for an exchange T(n) between player A and player B.
[0025] FIG. 2 illustrates an events history for tennis exchanges divided into environment events,
¢.g. court/game events, and player’s behavioral events.
[0026] FIGS. 3A-C illustrates a racket mounted cuing device that can be strapped onto a racket.
The device shown is self-contained incorporating sensors necessary for obtaining relevant
measurements, processor for the stroke detection, extraction and implementation of the cuing
algorithm, radio-transmitter for the communication of the cuing signal to the other racket, and
transducer for the generation of an audible, haptic or visual cuing stimulus.
[0027] FIG. 4 illustrates an ensemble of acceleration profile for a player rackets’ total
acceleration. The figure highlights the distribution in duration for a total exchange return and the
stereotypical characteristics of the acceleration profile. The total acceleration (in m/sec”) from 0 -
200 m/sec” is shown over a period of time in seconds from -1 to 4. The impact for player A
occurs at approximately time = 0, while the return stroke for player A is typically between 2.5
and 4 seconds from the impact.
[0028] FIG. S illustrates an ensemble of time-normalized acceleration profile generate from
FIG. 4. The normalization highlights the invariant timing characteristics that can be exploited in
feature detection and extraction for the generation of a temporal cuing signal. The total

acceleration from 0 to 200 m/sec” is shown against a normalized time in seconds from -0.2 to 1.2.
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[0029] FIG. 6 illustrates the timing features available from total acceleration in gs with the

thresholds used for their detection and extraction over a period of time. The features include:
stroke backswing tw, stroke forward swing initiation tgw, and stroke impact tim,.

[0030] FIG. 7 illustrates the extracted timing features from a recorded total acceleration time
history and how they are used as cuing signal during exchanges between two players A and B.
[0031] FIG. 8 is a system block diagram of a self-contained cuing device that implements
components of the cuing system including acquisition of the user’s measurements, state
estimation of user behavior (timing feature detection and extraction), the cue signal generation,
communication of cuing stimulus via a transducer (audible, haptic, or visual), wireless
transmission and receiving of relevant states to and from the other users.

[0032] FIG. 9 illustrates the general processes and data flow associated with the cueing system,
starting with the measurement data and proceeding through the detection of the relevant user
behavior (e.g., movement phases), extraction of their attributes of the user’s behavior, the
prediction of the outcome of the user’s behavior in the environment, generation and
communication of the cueing signal

[0033] FIG. 10 illustrates a a closed-loop interaction between two users and a task environment
augmented by a cueing systems.

[0034] FIG. 11 illustrates the traces of finite-state estimation from two tennis players engaged in
arally.

[0035] FIG. 12 illustrates the effects of a cue on the perceptual response and selection and
preparation of appropriate movement response in tennis.

[0036] FIG. 13 illustrates a model human “sense-plan-act” process. It describes the onset of an
event, the detection of the event, identification and selection of an action, and implementation of
the action.

[0037] FIG. 14 describes the human information processing steps on a timeline with the
detection time 74,;, identification time 7,4, the action selection time 74,; and the action
implementation 7,.¢. The figure also highlights how cues assist in the detection reducing
detection time to T’ 4., identification 7’;; and selection 7’,; of an action.

[0038] FIG. 15 shows the ball trajectory for a topspin (TS) and flat (FL) stroke by player A and
highlights the primary impact and outcome variables including: impact velocity and spin (e.g.
TS), impact location, net clearance, net crossing velocity and spin, bounce velocity and spin and
the distance to baseline. The figure also illustrates how two different strokes result in different

impact conditions for the receiving player B.
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DETAILED DESCRIPTION

[0039] Disclosed are devices, systems and methods to provide objective and easily recognizable
cues in real-time to one or more actors engaged in an activity using information extracted from
measurements of their behavior and the task environment. FIG. 10 illustrates an interaction
between participants within a task environment 1000 and the cueing system (in dashed).1010,
1010°. The environment 1020, described by a state variable e(t), represents the system that
mediates the behavior of the . For example, the environment could be a tennis court or a surgical
theater. The actions or behavior of two participants, player A 1002 and player B 1004, are
denoted by uA(t) and uB(t) which affects environment state e(t) and the evolving state, in turn,
influences the each participants’ behavior. The participants determine their behavior both from
observations of the other participant(s), yA(t) or yB(t) respectively, and observations of the
environment, yEA(t) and yEB(t) respectively. Every participant has its own observation of the
environment. Each participant’s decision and behavior is generally also influenced by their own
state xa(t) or xg(t). The dynamics of an activity is described by an interaction model that
describes how the participant’s behavior and actions affect the environment. Such models are
typically based on statistical method such as hidden Markov models or Bayesian networks.
[0040] As will be appreciated by those skilled in the art, this model could be extended to
arbitrary number of participants. With more than two participants, the topology of the
interactions, i.e. how participant’s actions affect other participants and the environment and
which participants are observable, etc., may need to be specified.

[0041] The cueing systems 1010, 1010’ in FIG. 10 takes measurements from the environment
yme(t) and the participants 1002, 1004, yma(t) yms(t), and use the activity’s interaction model to
determine the cues that will help the participants 1002, 1004 individual performance as well as
the overall performance in activity which they are engaged. FIG. 9 illustrates general processes
and data flow associated with the cueing system, starting with the measurement data and
proceeding through the detection of the relevant movement phases, extraction of attributes, the
prediction of the movement outcome, generation and communication of cueing signals. The
cueing system is exemplified for racket sport players. The information extracted from the
environment include court events such as the ball trajectory relative to the court. Information
extracted from the other player behavior, include body and racket motion. This information is
used by the players to determine their behavior. A cueing system uses measurement of these
quantities to generate cue signals for the players ca(t) and cg(t). The cuing system combines
several steps. During a first step, detection of environment and behavioral events based on
characteristic features available in measurements is determined. The features typically

correspond to a manifestation of a particular action in the kinematics or dynamics of the

9.
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behavior. For example, consider the acceleration of a racket head during a backswing or forward

swing initiation, or the impulsive acceleration resulting from the racket-ball strike. During a
second step, extraction and estimation of attributes associated with the event including temporal
and state information, ¢.g.., the time of racket-ball impact or the maximum racket acceleration.
During a third step, prediction of the outcome associated with the event in the environment, e.g.,
prediction of the speed or trajectory of the ball relative to the court and determination of the
impact location. During a fourth step, a cue signal is generated from the predicted motion or
action outcome and the state of the participants. Finally, the cue stimulus is communicated to the
participants. The system is configurable to detect and extract movement phase information for
participants A 910. Additionally, the system is configurable to detect and extract movement
phase information for Player B 912. The detected and extracted movement information is
analyzed to predict movement outcome 920. Additionally, the movement outcome prediction can
incorporate environment and behavior information 914. Once the movement outcome is
predicted, a cuing signal is generated 930. Thereafter the cuing signal is communicated 940.
Steps 1 and 2 are typically described by the motion (behavior) models. Note that the two steps
can often be combined as a single step without departing from the scope of the disclosure. Step 3
is described by an outcome and interaction model. In general, the outcome of an action by one
actor also depends on the state of the one or more other users (shown in dashed in FIG. 9).
Therefore, the outcome model and interaction model should account for these effects when the
effects of the outcome associated with an event is significant. Step 4 corresponds to the cueing or
feedback law. Step 4 is implementable by a cueing device. Note that the measurement of the
behavior is not illustrated in FIG. 9. The measurement of behavior can be obtained from
different systems (worn by the individual subjects, or available on the sports field or operating
theater, etc.). Most sports or vocational activities involve patterns of interactions. In some cases,
these interactions involve periodic patterns that have distinct timing events that are critical to the
smooth performance of the activity.

[0042] For example, in racket sports, distinct timing events in the players’ interactions can be

identified. The most recognizable events are: the instant of a ball's impact on the player’s racket,

the ball’s net crossing, and the bouncing of the ball on the ground. Human’s combine these
events in ways that form units of behavior. FIG. 15 shows the longitudinal-vertical view of an
exemplar ball trajectory for a topspin (TS) and flat (FL) stroke by player A and highlights the
primary impact and outcome variables for the TS trajectory including: impact velocity vs(n), spin
Ss(n) and height hy(n) and distance from baseline x4(n); net clearance h,(n), crossing velocity

va(n) and spin S,(n); bounce vy(n), spin Sp(n) and height hy(n) and distance from baseline xp(n).

-10-
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The figure also indicates the stroke time t(n), net clearance time t,(n), bounce time t,(n) and

return time t(n).

[0043] FIG. 15 shows how the TS and SL trajectories result in different impact conditions for
the receiving player B. Since players rely in part on ecological perceptual mechanisms to interact
with their environment, as well as higher-level perceptual mechanisms that rely on attention
processes. They may use a wide range of visual phenomena (possibly also auditory) to extract
cues that will help identify the stroke type and anticipate the ball trajectory. Ecological cues may
be the patterns contained in the combination of visual flow and sound resulting from the
oncoming ball bouncing on the ground. This information is used for the stroke timing and
execution shortly before impact. Higher-level cues may be the adversary’s pattern in stroke
movement. This latter information, is processed and used to coordinate court movement and
positioning, prepare the return stroke, and make the adjustments necessary to achieve the desired
trajectory outcomes in relationship to their respective game plans. The exact combination of
processes depends on the skill level and other individual factors.

[0044] FIG. 1 depicts the top-down view of an exemplar exchange showing an initial trajectory
100 of the ball 102 during play and key game events. Player A strikes a ball 102 which crosses
the net 104. The ball may have an initial bounce 106 before being hit by Player B. Player B
strikes the ball, which then crosses the net following a second trajectory 110. The ball can then
hit the ground 112 before being hit again 114 by Player A.

[0045] FIG. 2 depicts the sequence of events as a time history. The sequence is arranged on a x-
axis as player A exchange n-1 210, player A exchange n 212, player B exchange b 220, and
player B exchange n-1 222. On the y-axis, events are divided between Player’s behavioral and
stroke events 230, and court/game events 260. The player’s behavioral and stroke events 230 for
player A exchange n 212, which includes the perceptual response 232 (t.sp(n)), the motor
reaction 234 (tmreact(nn)), the stroke preparation 236 (tspep(n)), the stroke backswing initiation 238
(tosw(n)), and the stroke forward swing initiation 240 (tgw(n)). The distance between the motor
reaction 234 (tmreact(nn)), the stroke preparation 236 (tsprep(n)) 1S Tpmargin(nn), and the distance
between the stroke preparation 236 (teyp(n)) and the stroke backswing initiation 238 tysw(n) is
Tsmargin().

[0046] Court game events 260 include the bounce 262 ti(n-1), the player A return/strike 264
(ts(n)), the net crossing 266 (t,(n)) which occurs at a time between the stroke preparation 236
(tsprep(n)) and the stroke backswing initiation 238 tysw(n). The bounce 261 (ty(n)) which occurs
before the stroke forward swing initiation 240, and the player B return strike 268 (t(n)=t(n)).
[0047] The spatial and temporal patterns associated with the events provide a structure, i.c, a

form of “scaffold”, for the organization of the performance. These cues provide synchronization
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and rhythm that are helpful for the organization of the different aspects of performance including

sensory, perceptual and movement. Accurate perception of the more basic events provides
directions for the attention and therefore is essential for the acquisition of more detailed cues that
provide additional information such as needed for predicting outcomes of events. The design of
cueing system should account for the basic principles of human information processing. For
example, FIG. 13 describes the steps from the event occurrence 1310, its detection 1312,
identification, 1314 (part of sensing/perceiving 1316), culminating with the action selection 1320
and execution of an action 1322. This simple serial model is common in cognitive sciences and is
also related on the Sense Plan Act model in robotics. More recent evidence points to parallel
brain processing. The serial model provides a practical and often still valid framework.

[0048] Possibly one of the most important parameters in human behavior is reaction or response
time. KOSINSKI, “A literature review on reaction time,” Clemson University, 10 (2008).
Response time represents the time duration between a stimulus and the subject's response to that
stimulus. The reaction time varies based on the sensory modality (typically visual, auditory and
haptic) and type of stimulus and response. The stimuli are typically classified as simple, choice
and recognition stimuli. Auditory stimuli elicit faster responses than visual (mean auditory
reaction times of 0.14-0.16 seconds vs. mean visual reactions times of 0.18-0.2 seconds). For
recognition and choice experiments, an important factor is the number of possible stimuli (e.g.
letter in a symbol recognition). For a number of possible stimuli NV the reaction time is
proportional to logN or N depending on the studies.

[0049] Given the basic knowledge of human information processing, the performance of actors
can be improved by providing cues that help highlight the occurrence of the activity’s key events.
Moreover, cues that encode information that help identify the type of event will provide
additional performance gains. FIG. 14 describes the human information processing steps on a
timeline with the detection time 74,¢, identification time 7;4, the action selection time 74, and
the action implementation 7,... The figure also highlights how cues assist in the detection
process therefore reducing detection time Artg4,¢, as well as, identification Az, and selection
Az, of an action. These processes have to take place fast enough to sustain the speed of
interactions of a game or activity.

[0050] For example, in tennis, the players learn to detect and identify racket stroke and player
court motion. Their brain needs this information to predict the outcome of these events (“other”
state) which in turn is used to determine and plan appropriate actions to implement. Moreover,
timing cues, have additional beneficial effects on performance. Similar to those provided by
metronome for musicians, timing cues help preserve the rthythmic pattern in the motor,

perceptual and cognitive processes' cycles. These rhythmic characteristics of behavior are
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fundamental to the organization of the brain processes (seec BUZSAKI, Rhythms of the Brain.

Oxford University Press, 2006).

[0051] The following sections describe example application to the tennis. It details the court
and game events, the time scales of the interactions, the behavioral characteristics that represent
the basis of the cueing, and the method of operation.

[0052] Many other activities can be described similarly and therefore will benefit from the
cueing technology. Examples of other sport applications include team sports such as soccer,
American football, basketball, etc. Professional teams increasingly use measurements for
analysis and training. Cueing devices could be used to provide real-time instructions generated
automatically from interaction models, the cueing system could also involve human inputs such
as from coaches interacting with real-time analytics. An important and representative vocational
example include the optimization of workflow in an operating room (so called context aware
operating room). Measurement of the environment variables such as the procedure stage along
with the team member states and behaviors can be processed to generate cues that enhance
situational awareness and help anticipation the need for instruments, alert surgeons, surgical
assistants, nurses, etc. The improved synchronization and coordination of the surgical team can
reduce surgical time and errors (PADQY, “Statistical modeling and recognition of surgical
workflow.” Medical Image Analysis, 16(3), 632-641. (2012)).

METHOD OF OPERATION OVERVIEW

[0053] Tennis encompasses a range of behaviors that need to be planned and organized based on
the immediate interactions during the game and more deliberate decisions that depend on the
game plan of each participant. Humans and animals are able to extract cues directly from their
environment sensory interactions (TURVEY, "The ecological approach to perceiving-acting: A
pictorial essay." Acta Psychologica 63, no. 2 (1986): 133-155). These so-called ecological cues
are mostly used as direct guides to coordinate movement behavior. For example, the racket ball
strike or the ball’s ground contact are most likely ecological cues. There are also the subtler,
higher-level cues that can help predict key outcomes such as provide information about the type
of stroke the adversary is about to execute. Finally, advanced players also keep track of more
abstract outcomes such as the patterns of play of the adversary.

[0054] The racket ball strike is relatively easy to extract from measurements since the impact of
the ball on the racket produces multiple forms of physical effects. The impact manifests as an
impulsive force acting on the racket and the ball, respectively. This impulse causes a change in
both the racket and ball velocities. The force also causes the ball and the racket string bed to

deform. Both of these changes can be detected using sensors on the rackets.
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[0055] Timing and movement phases information can be obtained from the racket movement

characteristics associated with the specific racket stroke phases. The most distinctive ones are:
backswing where the player brings the racket back from the ready position; the forward swing
initiation where the player imparts a forward acceleration on the racket; and the ball impact
discussed previously. As mentioned earlier, advanced players are able to utilize early cues
derived from the preparatory stroke motion.

[0056] Different measurements can be used to extract events used to generate cue signals. For
example, an inertial sensor can be configured to provide the measurement necessary to detect the
instant the racket strikes the ball for example by detecting the impulsive change in racket
translational or rotational acceleration. Stroke preparation and initiation can be detected
similarly.

[0057] Alternatively, an acoustic sensor could be used to provide the measurement needed to
detect a change in air pressure resulting from the impulsive force accompanying the sound wave
generated by the ball, string bed and racket frame deformations. Other measurements and
detection techniques could be used: for example, detecting the racket or string bed deformation
from strain gauge measurements or detecting the disturbance in the local light field caused by the
ball movement as it approaches and leaves the racket from the signals obtained from an optical
sensor. As will be appreciated by those skilled in the art one or more sensors can be mounted on
the racket or incorporated in the racket or deployed on the environment (e.g., the tennis field). As
will be appreciated by those skilled in the art, the optical sensor can be a single sensor or can be,
for example, a camera system set-up in the environment which includes multiple sensors.

[0058] FIG 4 and FIG. 5 show the patterns in total acceleration that can be observed in the time
histories of that measurement for an ensemble of exchanges obtained from a racket mounted
inertial measurement unit (“IMU”). Detection and extraction are possible using simple
thresholds. FIG. 6 depicts timing features available from total acceleration with the thresholds
used for their detection and extraction. The time features include: stroke preparation tyyrep, stroke
backswing initiation tusw, Stroke forward swing initiation tgy, and stroke impact tip,.

[0059] Alternatively, more general pattern recognition techniques could be implemented in a
data driven fashion such as Hidden Markov Model (RABINER, Lawrence R. "A tutorial on
hidden Markov models and selected applications in speech recognition." Proceedings of the
IEEE 77, n0. 2 (1989): 257-286). These techniques have the advantage that no prior knowledge
about the patterns and structures are required.

[0060] Capturing the ball's ground strike and net crossing can be captured with court-based ball
motion tracking systems such as the Hawk-Eye® system available from Hawk-Eye Innovations

Ltd. These systems can also provide the racket strike and stroke information. Other, temporarily
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mountable optical/sound sensor systems can be used and/or audio sensors to identify

environment events timing and location such as net crossings and ground impacts (see FIG. 15).
[0061] Once the relevant events have been detected in the players and environment, the data
have to be processed to produce cues. These then have to be communicated to the players where
they will help initiate the stroke preparation, as well as trigger the various actions required for
effective play including court movements and attending to additional cues necessary to fine tune
the stroke.

[0062] The signal associated with the impact time or racket stroke initiation extracted at the
instant of the stroke can be processed locally, centrally, or transmitted to the opponent’s wearable
or racket mounted device where it is transformed into a perceptual cue such as an audible, tactile,
or visual stimulus or a combination thercof. FIG. 7 shows the extracted timing features from a
recorded total acceleration time history and how they are used as cuing signal between two
players A and B. FIG. 8 is a system block diagram of the cuing system 800 of the processes used
for the implementation of the cuing algorithm including the measurement, the timing feature
detection and extraction, the cue signal generation, radio-transmitter for the transmission and
receiving of the cuing signal to/from the other racket/player, and transducer to communicate a
cuing stimulus (audible, haptic, or visual). The device 802 includes an environment state 804, an
agent state 806 which feeds into an interaction model 810. A storage media 820 is also provided
which is in communication with a transmission receiver 830. A cue signal generator 850 is
provided along with a cue stimulus generator 860. An antenna 870 can be provided to
communicate to other devices as well as an amplifier 862, such as a speaker or transducer.
TENNIS TIMING CODIFICATION AND NOTATION SYSTEM

[0063] A notation system can be designed to establish timing relationship between the relevant
actors and environment events. The following example illustrates such a system for tennis
player’s movement behavior (including stroke as well as body movements such as footwork, etc.)
and game events for each successive exchange. Such a system provides a formal basis for the
analysis and modeling of the key interactions between actors and their task environment and the
design of the cueing and feedback laws used for the interactive cueing system. In addition to the
timing of the various events, state information can also be recorded including the positions of the
players, orientations of the rackets, ball speed and spin (See FIG. 15). The choice of information
depends on the available measurements and the desired level of analysis. For example, the direct
cues including stroke impact require racket acceleration and simple modeling. In contrast cueing
based on the pattern of play requires more comprehensive measurements and analysis of the

game plans, etc.
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[0064] An exchange between two or more players (e.g. B., shown in FIG. 2) is defined relative

to one of the player’s. For example, an exchange for player B in FIG. 2, corresponds to the time
interval between the oncoming ball from the time of player A’s stroke initiation, including player
B’s return strike of the same ball, up to but not including the instant of player A’s subsequent
impact of the same ball. The definition encompasses the full interaction that determines player
B’s behavior and effect on the environment (ball trajectory on the court). Here it is assumed that
information before the opponent’s stroke does not influence the subsequent behavior and stroke.
[0065] This system can also be used to generate post-game analysis for entertainment or training.
Information collected during game play can be transmitted to a secondary device, such as a
laptop or tablet, for further access.

[0066] Since it captures the interaction between the actors or players, the information can be
used to analyze the quality of the players’ interactions. This information could be used to pair
players. The environment and actors’ events in tennis correspond to: Court or game events that
can typically be observed and objectively captured and measured. These include the ball's
impact on the racket, the ball crossing the net and bouncing on the ground. Most of these events
are described by the ball's spatial location with respect to the court. Player behavioral and stroke
events. These combine internal perceptual and cognitive events, which cannot easily be measured

and recorded, and more objective events encompassing body motion footwork and racket stroke.

COURT OR GAME EVENTS

For each exchange n consider the following events: Strike time t(n); Net crossing time t, (n);
Bounce time ty(n); and Return time t(n) = Impact time t; (n + 1). If the player hits a volley then
ts(n) = {@}. In a match, the first impact of each game is a serve.

[0067] The sequence of court events can be arranged as a time series as follows:

ts(n—1) t,(n—1) (-1 t.(n—1)
Teourt = ts(n) t,(n) tp(n) t.(n)

ts(n+1) t,(n+1) t,(n+1) t,(n+1)
(1)
[0068] Note that using the temporal events, other relevant time series can be computed including

exchange duration from player A to player B: T(n) = t{n) - t(r). This time series can be used to

extract relevant timing statistics associated with the player behavior and interactions.
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PLAYER BEHAVIORAL AND STROKE EVENTS

[0069] The perceptual response time ty., for the opponent’s return is defined as the duration

between strike/return and its perceptual recognition:

Tpresp (n) = Lpresp (n) —ts(n) = Lpresp n)—-t,(n—1)

)
[0070] The perceptual response time depends on several factors including the player's attention
and perceptual skills. The player's goal is to have the smallest perceptual response time since it
leaves more time to elaborate a plan and to prepare the stroke and court positioning.
[0071] Regarding the tennis stroke and its execution, the following actions are typically
considered: beginning of forward swing; maximum trunk angular velocity; ball impact; and end
of forward swing. (See LANDLINGER, “Key factors and timing patterns in the tennis forechand
of different skill levels,” J. Sports Sci. & Med., 9(4):643 (2010)).

[0072] All of these actions, except for the pelvis and trunk angular velocities are determinable
from racket kinematics. More comprehensive instrumentation could be used if these events want
to be included in the analysis and cueing laws. FIG. 2 shows a timeline of the court or game
events combined with the player's behavioral events.

ORDERS OF MAGNITUDES OF TENNIS TIMING

[0073] To comprehend how to best implement a cuing system, it is necessary to consider the key
temporal dimensions in human physiology and their relationship to tennis stroke timings.

[0074] In the context of tennis, an event like the racket-ball impact is not a simple visual stimuli
but rather a pattern of visual phenomena superposed with an auditory stimulus. To identify the
event the brain combines visual pattern recognition with auditory recognition.

[0075] Sound travel time Visual and auditory recognition involves a tradeoff between the near
instantaneous travel time for light but finite for sound. The time it takes the sound of the impact
to travel across the court from baseline to baseline is about tsound = 70msec (based on a distance of
23.78m and sea level speed of sound vsound = 340.29 m/sec). Depending on the players
positioning this time will be somewhere in the range 30msec < tyouug < 90msec. Interestingly, the
sound travel time is large enough to take away the physiological advantage of auditory response
time over visual.

[0076] Ball travel time Medium to fast ball speeds range between about 20 and 40m/sec.
SEELEY, “Tennis forchand kinematics change as post-impact ball speed is altered,” Sports
Biomech., 10(4):415-426 (2011). These values are on average about one tenth of the speed of

sound therefore the ball travel time is approximately in the range 0.3 < tpan < 2sec.
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[0077] Stroke timing for an elite player’s forchand with respect to the impact time is shown in

Table 1.

TABLE 1
STROKE TIMING
-0.26 sec Forward swing initiation
-0.075 sec Maximum pelvis angular velocity
-0.057 sec Maximum trunk angular velocity
0 sec Ball impact
+0.06 sec End of swing (forward motion)

LANDLINGER, “Key factors and timing patterns in the tennis forehand of
different skill levels,” J. Sports Sci. & Med., 9(4):643 (2010)

[0078] The timing of critical actions and events span a range of duration from about 30 msec to

2sec. Table 2 illustrates timing amounts for a range of actions.

TABLE 2
TIMING ORDERS OF MAGNITUDE
30 - 90 msec Sound’s travel time
0.14 - 0.2 sec Ideal reaction times
0.2-0.4 sec Stroke initiation to ball impact
0.3 -2sec Ball’s travel time btw player and
opponent

[0079] The major stroke events manifest clearly in the total acceleration measurements. FIG. 6
shows and example of timing features directly available from total acceleration with the
thresholds used for their detection and extraction. The features include: stroke preparation typrep,
stroke backswing initiation tysw, Stroke forward swing initiation tg, and stroke impact t;. More
subtle events can be detected from features that combine components of the racket acceleration
angular rates. These event, as mentioned earlier, and their interaction can also be determined
from pattern analysis or statistical modeling techniques.

CODIFICATION OF THE COMBINED GAME AND PLAYER EVENTS

[0080] For a more comprehensive description of timing of key actions and
interactions, the following considers some of the relationships between the player/stroke events
and game events (see FIG. 2).

[0081] The perceptual response time Tpresp 18 defined as the duration between the ball impact

(the stimulus) and the perceptual response:
Tpresp (n) = Loresp (n) — ts(n)

[0082] It provides a measure of the perceptual fitness. The perceptual response is difficult to

directly measure. It could be estimated using a gaze tracking system, however, covert attention
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does not necessarily involve eye motion. The motor reaction time Tinreact 18 defined as the

duration between the perceptual response and the actual onset of a motor response, ¢.g., court

movement or stroke preparation:

Tmreact (n) = lmreact (n) - tpresp (TL)

3)

[0083] The preparation margin 7pmare 15 defined as the duration between the motor response and

the stroke preparation:

Tomarg(n) = tsprep () = tmreact (N)
It provides a measure of the preparation time following the motor response and provides a
measure of physical fitness and agility.
[0084] The stroke margin Tymare 1s defined as the duration between the stroke preparation and the

stroke backswing initiation:

Tsmarg(n) = tpsw(n) — tsprep (n)

[0085] It provides a measure of available time margin between the state of optimal readiness and
the actual stroke initiation. A larger stroke margin indicates that a player has extra time that could
be used for example to optimize their preparation.

[0086] The stroke time Tsyoke 18 defined as the time between backswing initiation tpsy and the

return or strike time:

Tstroke(n) = tr(n) - tbsw(n)

&)
[0087] In addition, other event times relating to court and behavioral events can be defined,
including, the bounce-return time 7,
Tor(m) = () —¢,(n)
(6)

[0088] Similarly, the bounce-backswing initiation Tppsw:

Tbbsw (n) = lpsw (TL) - tb (n)
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(M

[0089] Or, similarly the bounce-forward swing initiation Tpgw:

Torsw(n) = tgy(n) — ¢, (n)

®)
Both of these are believed to be key quantities for stroke timing. They describe how the two primary
stroke initiation phases are related to the ball ground contact, which is sometimes considered a cue for
triggering the stroke motion.
[0090] Combining the court and behavioral events:
FORL I S O I e O NS OB A O B A ()
tb(n:— 1) tpresp(:n ) tmremén -1) tsprep(:n - 1)t,,sw(;1 - 1)tfsw(7:1 - tn(ns— 1) tb(ns— 1) tr(ns— 1)
Toehay=| &(n) tpresp() Emreact () baprep()  Losw(m)  Lrsw(n) £ () t(n) t(n)

L +1) Gprep(+ 1) twreace @+ 1) Loprp(n+ Dbpsu(+ Dtpy (a4 1) G(n+1) ,(n+1) t(n+1)
BV b e e B N D B0 50N
©)
where Ny is the number of exchanges in the k-th rally.

[0091] The key temporal parameters can be obtained from these quantities by simple difference:

—_ I
T = [Tpresp Tmreact Tpmarg Tsmarg Tstroke an Tbr Tbbsw besw]

—1 1 0 0 0 0 0 0 07
0 -1 1 0 0 0 0 0 0
0 0 -1 1 0 0 0 0 0
0 -1 0 1 0 0 0 00
=] 0 0 O 0 -1 0 0 0 1|Tyenar
0 0 O 0 0 0 -1 0 1
0 0 0 0 00 0 -1 1
0 0 0 010 0 -1 0
0 0 0 0 01 0 -1 O

(10)
[0092] Each of these are vectors of time series from the first exchange in a rally (or point in a
game) n = 1 to the last exchange » = N;. Note that this is not a comprehensive list. Additional
quantities can be formed depending on the available measurements and the level of analysis. For
example using a gaze tracking system it would be possible to define quantities such as the time
interval between the instant the gaze intercepts the ball and the forward swing initiation.
FOUNDATIONS FOR CUING
[0093] Effective play relies on the execution of a sequence of coordinated actions. These actions
rely on preparatory actions such as court positioning and stroke preparation. One player's
preparatory actions are based on cues extracted from the various behavior of the other player
including court motion, body stance, racket motion, eye motion, etc. As discussed in the

introduction, the racket's ball strike is considered to be a primary event since it conveys high-
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quality cue about the timing of the returning trajectory. Furthermore, the intensity of the strike

provides information about the pace of the oncoming ball.

[0094] The perceptual reaction time 7)yesp, motor reaction time 7yureqce, Stroke preparation time
Tprep and stroke execution 7ok cannot be reduced arbitrarily for a given skill level since they
depend largely on preprogrammed neuro-motor processes and muscular responses. They can be
improved through training or through the action of augmentations.

[0095] Cucing can be conceived based on the human information processing model (FIG. 13)
and therefore has three major modes of action, which are to facilitate: event detection, event
identification and action selection. Where two tennis players are engaged in a rally, over a period
of time ecach player engages in a series of actions: ready/waiting, backswing, forward swing,
follow through, impact, and follow through end. The traces of finite-state estimation from two
tennis players engaged in a rally are shown in FIG. 11. Additionally, administration of exemplar
cues at a time to either player is also illustrated along the timeline.

[0096] The effect of the first level of cuing is to reduce the perceptual response time 7egp
(time between the opponent's strike or return and the recognition of that event). The cue enables
an carlier detection of the event, which will result in a net increase in the time available for event
identification, action selection, preparation (see FIG. 12).

[0097] The second level, enabled by encoding information about the event type in the cue, will
further increase the available time since the actor does not need to perform the additional
processing required for the event identification. Assuming the actor has trained the response
selection based on the event, the cue will trigger the action, e.g. selection of a specific type of
stroke. By reducing the range of event it will reduce the time (see choice reaction time).

[0098] Finally, the third level, action selection, is enabled by encoding information about the
type of action that should be ideally selected given an identified event. This level of cueing could
in theory supplant all the human perceptual and decision making tasks from the actor who can
then focus on the correct execution of the action (e.g. assume the correct body posture and focus
on the initiating and execution associated with the selected stroke type).

[0099] These various forms of cuing can also act as reinforcement during training and therefore
are going to help the formation and consolidation of the processes associated with the event
detection, identification and action selection. The temporal quantities used for cuing depend on
available measurements. The information needed to implement temporal cueing can be obtained

from a variety of sensing systems or modalities.
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METHOD OF QOPERATION

[00100] The quantities in the determination of cuing actions depend on available measurements.
The information needed to implement cueing can be obtained from a variety of sensing systems
or modalities:

[00101] Court-based vision or optical based ball tracking system such as Hawk-Eye that
provides ball location and trajectory relative to the court. These data can be processed to extract
the court event data including the net crossing or court ground impact, as well as, player events
data including racket impact. Court-based acoustic measurement system such as sonar or simpler
microphone-based devices. Sensors on a racquet used to detect racket strikes using a variety of
sensing methods including for example racket acceleration or string-bed and racket frame strain.
Racket mounted or integrated sensors used to detect and estimate stroke event such as the time
and magnitude of the forward swing and the time and magnitude of impact with the ball FIG. 4.
These modalities could also be combined.

[00102] The following description of the method of operation focuses on a use case where
racket stroke characteristics and racket-ball strike data are the primary signals used for cueing.
The most basic, or minimal, implementation would involve detection of the racket change in
linear and/or angular momentum at ball strikes and racket backswing and forward swing
movement characteristics. These features can be obtained from a racket mounted inertial
acceleration and angular rate sensor such as provided by a micro-electronic-mechanical-system
(MEMS) inertial measurement unit (IMU).

[00103] Note that similar information necessary for cuing could be obtained from a centralized
measurement system such as Hawk-Eye®. Measurement therefore should be understood as any
quantitative form of a signal obtained from a system of observation of the game elements,
including but not limited to ball and racket trajectory.

GENERAL SETUP

[00104] FIG. 15 shows key outcomes of player A’s stroke on the environment (court event and
ball trajectory). The figure illustrates the cueing process relating player A’s behavior, the
outcome player B’s state and the cue produced for player B. The figure focuses on the
longitudinal/vertical trajectory outcome. Players’ behavior are described by the stroke movement
and impact location, the environment is described by the ball trajectory and velocity. Together
these variables determine the resulting ball trajectory. For example, depending on player A’s
stroke (stroke type and magnitude), the ball velocity, height, and longitudinal location at impact
the returning ball trajectory can follow a variety of longitudinal profiles. For example, a flat (FL)
or a top spin (TS) stroke will result in different trajectory shapes (shown here in terms of the next

clearance and ball depth or baseline clearance) as well as ball velocities at ground contact (speed
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of the ball and incidence of the velocity before and after the bounce). The measurement of player

A’s stroke and the racket state at impact can be used to predict the ball trajectory. This
information can then be used to cue player B, for example producing a cue stimulus that encodes
expected ball velocity and spin type. This information in turn will help player B by providing
anticipatory identification and action selection (see information processing model FIG. 13 and
14).

[00105] The devices can be formed integrally in the racket frame itself or fitted on an existing
racket frame or its string bed using a suitable securement device 310. Additionally, devices can,
in some configurations, be wearable. FIGS. 3A-C illustrates detection and cuing device 300
affixed near the throat of a racket 350 where the cuing device 300 will be close enough to a
player's ears following the stroke recovery for the player to perceive any cue. The racket throat
typically also represents the section used to hold the racket by the non-dominant hand which is
ideal if a combination of haptic and auditory signaling is considered. The device 300 has a
housing 302 which contains, the example, one or more sensors, logic, cuing devices, and a power
supply. Suitable cuing devices can be, for example, speakers, vibrating generators, etc. the
device 300 can be incorporated into the racket 350 or affixed via a suitable securement feature
310. The securement device 310 can be any suitable device for securing the cuing device to, for
example, the racket. Suitable securement devices include, but are not limited to bands, straps,
screws, and bolts. One or more sensors are included and one or more cue administrators (such as
speaker 320) are also provided

[00106] Note that various other configurations for the device components and functionalities are
possible. For example, cueing signal could be provided by an accessory device attached to
equipment, body, clothing, etc. The cueing device may also communicate to eyeglasses or smart
watch, etc.

[00107] The device is affixed on each player’s racket (e.g. player A and player B). During an
exchange between players A and B, the backswing initiation, forward swing initiation and impact
times are detected and extracted by the devices along with their signal attributes (e.g. forward
swing acceleration and impact strength). These quantities are instantaneously communicated
from the player striking the ball (e.g. A) to the device of the player who will be returning the ball
next (e.g. B). Player B receives a cue stimulus or stimuli (auditory, visual, or haptic) based on the
extracted stroke features. Player B uses these cues to best prepare and initiate the stroke. FIG. 7
shows the extracted timing features from a recorded total acceleration time history and their
integration between the two players, Player A and Player B.

[00108] FIG. 8 shows a block diagram illustrating the cueing processes that could be used for a

racket-integrated implementation. (i) Measurements of racket motion from sensor integrated on
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the device are generated during the play as well as measurements from the court events and other

player behavior. (ii) An algorithm estimates the actor’s own state for example detects and
extracts relevant stroke timing features and their attributes (for example the time and strength of
the impact). In parallel another) by applying an algorithm may be used to estimate the
environment state data collected by one or more sensors. (iii) The actor’s state and environment
state are combined to determine the interactions and outcomes relevant to the activity. (iv) The
data is used to synthesize a cue signal. (v) The cue signals are used to generate a cue stimulus.
(vi) The cue stimulus is amplified and relayed to the transducer where it is transformed in an
auditory, haptic or visual cue stimulus. (vii) The relevant state data are transmitted through a
radio-transmitter to the second player's device (player B). (viii) The measurement, timing
features and cue signals, etc. can be recorded on a storage media.

[00109] The player perceives the cue stimulus which triggers a behavioral response such as a
body movement and stroke preparation. The timing and magnitude information encoded by the
stimulus support variable responses based on the opponent’s behavior and hence provide
information to best anticipate the oncoming ball.

CUE STIMULI FORMS

[00110] The temporal signals such as an stimulus impulses alone are relevant for cuing.
However, these basic temporal cue stimuli can be augmented using relevant attributes such as the
magnitude of the impact or stroke initiation, or outcome information such as ball direction or
amount topspin. These attributes can be embedded in the cue signal through amplitude,
frequency or phase modulation. In addition, the cue signals from both players can be combined to
form interactive cue signals. The best form of cue requires taking into account ecological
perceptual and behavioral factors. For example, tau theory which considers the perceptual signal
for the coordination of body movement. LEE, D. N. Guiding movement by coupling

taus. Ecological psychology,10(3-4), 221-250, (1998).

[00111] The following describes different cuing forms that can be implemented starting with the
most basic impact temporal cue to more advanced cue signal modulation, interactive cue signals
and cue patterns.

BASIC CUE STIMULI FEATURES

[00112] The basic cuing consists in sending the receiving player a “temporal” cue stimulus
following the instant the striker’s racket hits the ball. The stimulus can be audible, haptic, and/or
visual (such as in heads-up eye glass display) or a combination. Since it can take less than one
second for the ball to travel across the court, the signal has to be generated and transmitted within

a few of tens milliseconds of detection to be effective as a cue.
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[00113] Enhanced basic cuing consists in sending the receiving player a “temporal” cue

stimulus following “anticipatory” stroke events such as instant the striker’s device detects stroke
preparation or stroke initiation action.

[00114] For example, extracting and communicating a train of cue stimuli that coincide with the
stroke backswing, forward swing initiations and impact would provide a relatively complete
“image” of the stroke which the players would learn to use to predict the type of return to expect.
The stimuli could be modulated in volume or tone to encode intensity of the associated stroke
phases.

[00115] The stroke events can also be combined to generate a composite temporal cue stimulus.
ADVANCED CUE STIMULI FEATURES

[00116] More advanced cuing features can be implemented by modulating, phase
shifting, or augmenting the cuing signals. The magnitude and frequency of the cuing stimulus can
be modulated based on the magnitude of the strike. This allows providing the player with
anticipatory information about the speed of the ball or other relevant characteristics.

[00117] The cue signal can also be delayed by a variable duration. The nominal delay would
correspond to some nominal stroke intensity and the delay would be advanced or delayed based
on stroke intensity. This allows providing the player with anticipatory information about the
speed of the ball.

INTERACTIVE CUE STIMULI PATTERNS

[00118] The cuing signal can also be conceived as a pattern. The pattern consists of a cue signal
train augmented with intermediate cue signal distributed at particular time intervals. In the

simplest form consider the frequency of the strike interval:

_ 1
[t () = ts(n—1)]

f

(11)
The base frequency f; can be used to generate cue signals of higher harmonics such as f;= 2f; to
help maintain regular timing. The cue signal can also be used to generate rhythmic signal pattern
to help train particular play patterns. For example, in a groundstroke exchanges, the pattern can
be adjusted based on the desired pace of the exchange. The pattern can also adapt automatically
based on actual performance of the players as identified from extracted timing features. A typical
example is to provide a timing cue following the impact to help the player bring the racket in the
ready pose. The cue signal can be based on the combination of signals from the two players. For

example, stroke initiation signal detected from the adversary’s racket motion can be combined
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with the returning player’s stroke preparation signal. The phase difference between the two

signals provides a measure of advance or delay in the player’s preparation and can therefore be
used to modulate the cue stimulus. Additional timing cues based on the game environment such
as the balls ground strike of the ball or the net crossing could be inserted to help prepare and time
the stroke. This is essential to enable early contact with the ball such striking it on the rise
following the bounce. These court based event cues would typically require measurement about
the ball’s global trajectory or specific event detectors (e.g. as provided by acoustic or vision
based devices). It would also be possible to predict the ball’s trajectory relative to the court
(including bounce location and time) from estimation of the player’s position (obtained from the
racket mounted device and other wearable sensors) and the model of the stroke outcome (See,
FIG.9.)

OTHER CAPABILITIES

[00119] Devices can be used individually or paired with a device fitted on shoes or
other body parts. When used individually the device provides a rhythmic cue, i.¢. acting as a
pacer, based on the ball's impact. For example, it can generate a timing cue at constant intervals
following the impact. This interval can be user adjustable or adaptive based on stroke intensity.
When paired with other device such as on the shoes it provides additional timing for footwork
coordination. The technology and codification system can be used to provide game analysis. All
the relevant data can be recorded and analyzed to provide temporal characteristics of player
performance, game and stroke organization encompassing individual payer or about the
particular patterns of interactions between the players.

HARDWARE IMPLEMENTATION

[00120] The temporal cuing system uses four primary processes: 1. Detection/extraction of
movement events or phases. 2. Prediction of the movement outcome. 3. Processing of movement
information to generate cue signal. 4. Communication of cue stimulus to player.

[00121] The device is configurable for one or more of the following: Sensor for the detection of
the impact of the ball on the racket (acoustic, vibration, inertial acceleration, angular rate,
electromagnetic, optical, etc.). Processor for the implementation of the cuing algorithm. Radio
transmitter for the communication of data between devices. Pairing mechanism to prevent
interference. Transducer to generate perceivable stimulus (acoustic, haptic or visual).

[00122] The components can be in a single housing adapted to attach to an existing racket, or
can be built into the racket, or a combination therecof where some components are built into the
racket (¢.g. sensors) while others are located in a separate housing (e.g. speakers). Some of the
measurement, processing and signaling components can also be distributed between the racket,

player and the ground or even be part of a cloud-based network.
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DETECTION/EXTRACTION OF TEMPORAL CUES

[00123] The detection of stroke phase events relies on the fact that stroke behavior exhibits
several invariant features associated with key stroke phases. The most prominent ones are:
backswing initiation, forward swing initiation, and impact.

These features manifest in measurements such as obtained from the acceleration measurements
or angular rates from an IMU. FIG. 5 shows the total acceleration from a racket mounted IMU
for a series of exchange intervals. As can be seen the general acceleration profile repeatable
features associated with these key racket stroke phases.

[00124] Characteristic traits of these features can be used to identify and extract the associated
temporal and state information. The impact is characterized by the impulsive acceleration.
Therefore, the impact time can be extracted from the acceleration measurement by detecting
when the acceleration exceeds a particular threshold value and drops below that threshold. For
the stroke n, these times are denoted by the symbols to(n) and t;(n). Other thresholds can be used
to detect the stroke initiation and the preparation, respectively.

[00125] The features manifesting in the measurement for each phase is dictated by the laws of
mechanics. Therefore, the measurements provide information that can be used to predict the
future ball and/or racket trajectory and hence relevant for cuing the adversary. The following
describes highly simplified racket-ball impact mechanics.

[00126] The ball's impact on the racket's string bed produces an impulse on the racket frame.
This impulse is equal and opposite to the impulse experienced by the ball (Newton's second

Law). The impulse experienced by the racket causes a change in racket momentum:

L(m) = F)At(n) = mrvr(tl(n)) - mrvr(to(n)) = m,Av,

(12)
[00127] where F is the average force during the duration of the impact At(n) = t;(n) — tyo(n).
During the time of impact, it can be assumed that the total momentum of the system
encompassing racket and ball is unchanged, therefore, the impulse acting on the ball is equal and
opposite to the impulse acting on the racket:

L) = —I,(n) = —F(n)At = myv,(t,(n)) — MY, (te(n)) = —mpAv,

(13)
The ball’s momentum change can in turn be used to predict the ball trajectory.
[00128] Note that ball trajectory predictions also require taking into account its angular motion

(spin), and the acrodynamic forces (mostly drag and Magnus effect).
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[00129] The magnitude of the racket (or ball) impact can be determined from the acceleration

and angular rate measured by a racket-mounted IMU. For example, the racket’s linear impulse is:

ty

I.(n) = F(n)At(n) = (1/At(n)) [f F(t)dt] At(n) = m, ftla(t)dt

0 0

(14)
[00130] The impact time, can be taken as the mid-point of the impact time interval:
(t:(n) —t,(n)) At(n)
tsrie () = Lo(n) +—————== to(n) + —
(15)

[00131] The racket stroke motion typically follows are well defined architecture. The stroke
backswing involves a rapid step-like backward acceleration. The resulting pulse-like acceleration
profile can be used to detect the stroke backswing initiation time and magnitude. The backswing
magnitude could be approximated from the integral of the acceleration in the pulse region.
[00132] The stroke forward swing initiation involves rapid forward racket acceleration that
culminates with the ball impact. The resulting continuous acceleration blends with the impulsive
acceleration caused by the impact. The stroke forward swing initiation can be detected from the
time when the acceleration exceeds a first acceleration threshold. The stroke forward swing
initiation magnitude can be approximated by the integral of the acceleration from the end of the
pulse to the initiation threshold.

[00133] Other detection techniques, tailored to the stroke architecture and impact, and their
manifestation in the various forms of measurements (e.g. racket’s angular rate components) can
be used to extract cues.

[00134] The impulse /. also produces a deformation of the ball, string bed and frame. These
physical processes, therefore, could also be used to detect the impact time and magnitude. The
string bed and frame deformations can be measured by strain sensors on the frame or strings
themselves.

[00135] In addition, the string bed, frame and ball deformations produce a local air pressure
change which propagates as a sound wave. Therefore, the instant of racket-ball impacts can be
detected by pressure or acoustic sensors. The ball's ground impact can be detected similarly.
[00136] Finally, other feature detection and extraction techniques could also be used to detect
and extract relevant timing features that are not necessarily explicitly associated with the stroke
and ball impact mechanics such as based on statistical pattern theory. For example, during

exchange it could be possible to use statistical analysis between the two player measurements and
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court events and use this analysis to model these interactions and determine an optimal cueing

model.

PROCESSING OF TIMING SIGNAL AND CUE GENERATION

[00137] Given extracted features, these need to be processed and communicated to the players.
The extracted data can be used to generate cue signals and cue stimuli in a variety of ways.
SIMPLE CUEING

[00138] The most basic cue is achieved by communicating timing information, i.e., a signal
coinciding with the adversary's behavioral events such as stroke preparation and/or initiation
and/or racket-ball strike. These cues would alert the player to seek additional information such
as precise ball trajectory, as well as, provide an objective temporal signal to prepare his/her
stroke and court motion. As discussed elsewhere, the effectiveness of the cueing also is due to its
nature as objective timing reference. Therefore, it is expected that communicating and signaling
the instant of impact will help recruit the various perceptual, motor and cognitive processes and
help prepare stroke and court motion. Finally, similar to a metronome, it can help establish a
rhythm for the player.

HIGHER-LEVEL CUING

[00139] The next level of cuing involves encoding additional information that enable
identification and response selection (see information processing model in FIG. 13). For
example, the racquet-ball impact’s impulse magnitude could be used to modulate the cue signal.
A large impulse is related to large change in the ball's momentum, which means an increase in its
speed. The magnitude cue therefore can help the player anticipate a faster ball.

[00140] This also raises a question about how the various pieces of information are encoded in
the cue such that the player can easily perceive and then decode this information. The present
example focuses on audible stimuli and therefore the information is primarily encoded in terms
of the timing, amplitude and frequency modulation.

[00141] Temporal modulation. The cue could nominally be relayed as soon as it can be
extracted, processed and communicated. Therefore, the earliest it can be available to the player

is after a total delay:

Ttotal = Text T Tproc T Tcom
(16)
Given the small time scales in sports such as tennis (see Tables 1 and 2), the total delay should
ideally not be larger than a few milliseconds, ¢.g., less than 5-10 msec.
[00142] The basic implementation is to communicate the timing cue as soon as possible.
Alternatively, the cue would be communicated with a small nominal delay that can be varied

based on the impulse magnitude. When a larger impulse is detected, and a faster ball is
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anticipated, the cue can be advanced. Therefore, the cue's timing for the n-th exchange with

respect to the adversary return/ball strike time #,(n), and the cue's temporal modulation is given

as.
Leue (n) = iy (n) T Ttotal T Tmod (n)

(17)

[00143] where 7,,,4(7) is the delay used to encode the cuing signal, which is given as
Tmod(n) = Thom + Tcue (I’l)

(18)
[00144] where T,,,,, is the nominal positive delay used to enable a cue advance and 7., (1) 18
the varying time shift which encodes the cue signal based on impulse magnitude with respect to a
nominal impulse magnitude:

Teue(n) = klx(n)

(19)
[00145] Where k is a scale factor. The nominal shift could be based on statistics over the past N
exchanges for example

Tnom(M) =k I,(n)
(20)

where I,(n) represents the average impulse over the past N exchanges at instant n.

[00146] Without this nominal delay advancing the cue is not possible. The nominal delay can
be calibrated based on the player’s performance.

[00147] Amplitude modulation The other form of encoding for the cuing is modulation of the
stimuli’s amplitude (i.e. volume). For example, the magnitude of the measured racket impulse
can be used to increase or decrease the cue amplitude w.r.t. a nominal strength. The duration and
strength of stimulus has a significant effect on reaction time. LUCE, “Response Times: Their
Role in Inferring Elementary Mental Organization,” Oxford University Press (1986). Therefore,
the stimulus strength can be modulated to achieve the desired cuing effect.

[00148] Frequency modulation. The cues stimuli can also be modulated in their frequencys, i.e.
changing the pitch or tone of the stimuli. For example, a higher pitch cue stimulus can be used

for larger stroke speed to help anticipate a faster oncoming ball.

CUE SIGNAL COMMUNICATION
[00149] The cuing signal can be communicated to the player through various forms of stimuli,

including visual, auditory and/or haptic mechanisms.

-30-



WO 2016/025460 PCT/US2015/044620
[00150] The auditory signaling has the advantage that it can be modulated and also has a low

physiological latency. Furthermore, the auditory system is already involved in extracting cues in
natural playing conditions.

[00151] Another suitable mechanism for communication of cue signal is haptic. This modality
has the advantage that it could be blended with the user’s proprioceptive and motor control
processes. Haptic signaling can for example be achieved using a piezoelectric transducer
embedded in the racket frame or directly in the grip or handle. When embedded in the racket
handle the transducers can be arranged in an array or map to provide intuitive cueing stimuli. For
example, a cue to signal the need for a slice could be communicated by a pattern of tactile stimuli
that is correlated with the grip force interactions experienced during a slice.

[00152] Immersive visual devices such as the Google glasses or Microsoft HoloLens provide
opportunities to overlay cue signals to the visual field. Holograms are particularly attractive since
they enable mixed reality that blend the actual physical environment (e.g. the tennis court) with
holographic elements. This capability can be used to augment the participant’s perceived
environment and the perception of the other actor’s behavior. In tennis, elements that can be
overlaid include: a vector that represents the direction and magnitude of the shot leaving the
adversary’s racket; indicating the expected bounce location of the ball; and/or highlighting the
optimal impact zone for the stroke.

[00153] Gaze tracking systems can also be used to obtain participants perceptual states such as
their visual attention. This information can then be used interactively with the cueing system.
This is in particular relevant when using visual cueing.

[00154] The systems and methods according to aspects of the disclosed subject matter may also
utilize a variety of computer and computing systems, communications devices, networks and/or
digital/logic devices for operation. Each may, in turn, be configurable to utilize a suitable
computing device that can be manufactured with, loaded with and/or fetch from some storage
device, and then execute, instructions that cause the computing device to perform a method
according to aspects of the disclosed subject matter.

[00155] A computing device can include without limitation a mobile user device such as a
mobile phone, a smart phone and a cellular phone, a personal digital assistant (“PDA”), such as a
BlackBerry®, iPhone®, a tablet, a laptop and the like. In at least some configurations, a user can
execute a browser application over a network, such as the Internet, to view and interact with
digital content, such as screen displays. A display includes, for example, an interface that allows
a visual presentation of data from a computing device. Access could be over or partially over

other forms of computing and/or communications networks. A user may access a web browser,
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e.g., to provide access to applications and data and other content located on a website or a

webpage of a website.

[00156] A suitable computing device may include a processor to perform logic and other
computing operations, €.g., a stand-alone computer processing unit (“CPU”), or hard wired logic
as in a microcontroller, or a combination of both, and may execute instructions according to its
operating system and the instructions to perform the steps of the method, or elements of the
process. The user’s computing device may be part of a network of computing devices and the
methods of the disclosed subject matter may be performed by different computing devices
associated with the network, perhaps in different physical locations, cooperating or otherwise
interacting to perform a disclosed method. For example, a user’s portable computing device may
run an app alone or in conjunction with a remote computing device, such as a server on the
Internet. For purposes of the present application, the term “computing device” includes any and
all of the above discussed logic circuitry, communications devices and digital processing
capabilities or combinations of these.

[00157] Certain embodiments of the disclosed subject matter may be described for illustrative
purposes as steps of a method that may be executed on a computing device executing software,
and illustrated, by way of example only, as a block diagram of a process flow. Such may also be
considered as a software flow chart. Such block diagrams and like operational illustrations of a
method performed or the operation of a computing device and any combination of blocks in a
block diagram, can illustrate, as examples, software program code/instructions that can be
provided to the computing device or at least abbreviated statements of the functionalities and
operations performed by the computing device in executing the instructions. Some possible
alternate implementation may involve the function, functionalities and operations noted in the
blocks of a block diagram occurring out of the order noted in the block diagram, including
occurring simultaneously or nearly so, or in another order or not occurring at all. Aspects of the
disclosed subject matter may be implemented in parallel or seriatim in hardware, firmware,
software or any combination(s) of these, co-located or remotely located, at least in part, from
cach other, e.g., in arrays or networks of computing devices, over interconnected networks,
including the Internet, and the like.

[00158] The instructions may be stored on a suitable “machine readable medium” within a
computing device or in communication with or otherwise accessible to the computing device. As
used in the present application a machine readable medium is a tangible storage device and the
instructions are stored in a non-transitory way. At the same time, during operation, the
instructions may at some times be transitory, e.g., in transit from a remote storage device to a

computing device over a communication link. However, when the machine readable medium is
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tangible and non-transitory, the instructions will be stored, for at least some period of time, in a

memory storage device, such as a random access memory (RAM), read only memory (ROM), a
magnetic or optical disc storage device, or the like, arrays and/or combinations of which may
form a local cache memory, e.g., residing on a processor integrated circuit, a local main memory,
¢.g., housed within an enclosure for a processor of a computing device, a local electronic or disc
hard drive, a remote storage location connected to a local server or a remote server access over a
network, or the like. When so stored, the software will constitute a “machine readable medium,”
that is both tangible and stores the instructions in a non-transitory form. At a minimum,
therefore, the machine readable medium storing instructions for execution on an associated
computing device will be “tangible” and “non-transitory” at the time of execution of instructions
by a processor of a computing device and when the instructions are being stored for subsequent
access by a computing device.

[00159] Additionally, a communication system of the disclosure comprises: a sensor as
disclosed; a server computer system; a measurement module on the server computer system for
permitting the transmission of a measurement from a detection device over a network; at least
one of an API (application program interface) engine connected to at least one of the detection
device to create a message about the measurement and transmit the message over an API
integrated network to a recipient having a predetermined recipient user name, an SMS (short
message service) engine connected to at least one of the system for detecting physiological
parameters and the detection device to create an SMS message about the measurement and
transmit the SMS message over a network to a recipient device having a predetermined
measurement recipient telephone number, and an email engine connected to at least one of the
detection device to create an email message about the measurement and transmit the email
message over the network to a recipient email having a predetermined recipient email address.
Communications capabilities also include the capability to communicate and display relevant
performance information to the user, and support both ANT+ and Bluetooth Smart wireless
communications. A storing module on the server computer system for storing the measurement in
a detection device server database can also be provided. In some system configurations, the
detection device is connectable to the server computer system over at least one of a mobile phone
network and an Internet network, and a browser on the measurement recipient electronic device
is used to retrieve an interface on the server computer system. In still other configurations, the
system further comprising: an interface on the server computer system, the interface being
retrievable by an application on the mobile device. Additionally, the server computer system can
be configured such that it is connectable over a cellular phone network to receive a response from

the measurement recipient mobile device. The system can further comprise: a downloadable
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application residing on the measurement recipient mobile device, the downloadable application

transmitting the response and a measurement recipient phone number ID over the cellular phone
network to the server computer system, the server computer system utilizing the measurement
recipient phone number ID to associate the response with the SMS measurement. Additionally,
the system can be configured to comprise: a transmissions module that transmits the
measurement over a network other than the cellular phone SMS network to a measurement
recipient user computer system, in parallel with the measurement that is sent over the cellular
phone SMS network.

[00160] Different architectures can be used for the communication between cueing devices, the
cue administration and use of a host computer for processing. The general categories of
topologies are distributed or centralized architectures. For example, in a basic distributed
architecture cueing devices integrate the processing, sensing, and cue administrator. The devices
can then communicate through a local network, local cloud or internet. For added flexibility, the
cue administrator may be a separate system or unit in communication with the cueing device. For
example, miniature Bluetooth speakers could be used to administer the cue. Alternatively, eye
glasses such as the Microsoft HoloLense. This system can be scaled to more than two
participants. In this case it may be more efficient to include a central processing unit such as a
host computer. This system could then receive and process the information from the various
cueing devices as well as more global data from the environment such as obtained from a motion
capture system (HawkEye, Vicon, etc.). The combined data can then be used to run large scale
interaction models that can determine cues to coordinate multiple participants considering the
larger task objectives.

[00161] While preferred embodiments of the present invention have been shown and described
herein, it will be obvious to those skilled in the art that such embodiments are provided by way of
example only. Numerous variations, changes, and substitutions will now occur to those skilled in
the art without departing from the invention. It should be understood that various alternatives to
the embodiments of the invention described herein may be employed in practicing the invention.
It is intended that the following claims define the scope of the invention and that methods and

structures within the scope of these claims and their equivalents be covered thereby.
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CLAIMS

WHAT IS CLAIMED IS:
1. A cuing device comprising:

two or more sensors wherein the two or more sensors are selected from the group
comprising an inertial sensor, magnetometer, an acoustic sensor, a string bed deformation
sensor, a strain gauge sensor, an optical sensor, and a light sensor;

a processor in communication with the two or more sensors, wherein the
processor is configured to analyze data from the two or more sensor and generate one or
more instructions; and

a cue administrator configurable to generate one or more cues based on the one or

more instruction from the processor.

2. The cuing device of claim 1 further comprising a securement device for securing

the cuing device to a racket.

3. The cuing device of claim 1 wherein the cue administrator is one or more of a

speaker, a light emitter, and a vibration generator.

4. The cuing device of claim 1 further comprising a wireless transmitter.

5. The cuing device of claim 4 wherein the wireless transmitter communicates with

at least one secondary device which is remote from the cuing device.

6. The cuing device of claim 5 wherein the at least one secondary device is one or

more of a second cuing device, a smart phone, and a tablet.
7. The cuing device of claim 1 wherein the cue administrator generates the cue based
on two or more of detection of a movement, extraction of a movement data, prediction of a

movement outcome, processing of movement information.

8. The cuing device of claim 1 wherein the cue administrator is in communication

with the cuing device.
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9. A means for cuing comprising:

a housing;

two or more sensing means wherein the two or more sensing means are selected
from the group comprising an inertial sensor, magnetometer, an acoustic sensor, a string
bed deformation sensor, a strain gauge sensor, an optical sensor, and a light sensor;

a processing means in communication with the two or more sensing means,
wherein the processing means is configured to analyze data from the two or more sensing
means and generate one or more instructions;

a cue administrator configurable to generate one or more cues based on the one or
more instruction from the processing means; and

a means for providing power.

10.  The means for cuing of claim 9 further comprising a securement device for

securing the means for cuing to a racket.

11.  The means for cuing of claim 9 wherein the cue administrator is one or more of a

speaker, a light emitter, and a vibration generator.

12.  The means for cuing of claim 9 further comprising a wireless transmitter.

13. The means for cuing of claim 12 wherein the wireless transmitter communicates

with at least one secondary device.

14.  The means for cuing of claim 13 wherein the at least one secondary device is one

or more of a second cuing device, a smart phone, and a tablet.

15.  The means for cuing of claim 9 wherein the cue administrator generates the cue
based on two or more of detection of a movement, extraction of a movement data, prediction of a

movement outcome, processing of movement information.

16. A cuing system comprising:

a first cuing device having two or more first cuing device sensors wherein the first
cuing device two or more sensors are selected from the group comprising an inertial
sensor, magnetometer, an acoustic sensor, a string bed deformation sensor, a strain gauge

sensor, an optical sensor, and a light sensor, a first cuing device processor in
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communication with the two or more sensors, wherein the first cuing device processor is

configured to analyze data from the first cuing device two or more sensor and generate
one or more instructions, and a first cuing device cue administrator in communication
with the first cuing device configurable to generate one or more cues based on the one or
more instruction from the processor; and

a second cuing device having two or more second cuing device sensors wherein
the second cuing device two or more sensors are selected from the group comprising an
inertial sensor, magnetometer, an acoustic sensor, a string bed deformation sensor, a
strain gauge sensor, an optical sensor, and a light sensor, a second cuing device processor
in communication with the two or more sensors, wherein the second cuing device
processor is configured to analyze data from the second cuing device two or more sensor
and generate one or more instructions, and a second cuing device cue administrator in
communication with the second cuing device configurable to generate one or more cues

based on the one or more instruction from the processor.

17.  The cuing system of claim 16 further comprising at least one of a first cuing
device securement device for securing the first cuing device to a first racket, and a second cuing

device securement device for securing the second cuing device to a second racket.

18.  The cuing system of claim 16 wherein the first cue administrator or second cue

administrator is one or more of a speaker, a light emitter, and a vibration generator.

19.  The cuing system of claim 16 further comprising a wireless transmitter.

20. The cuing system of claim 19 wherein the wireless transmitter communicates with
at least one secondary device, wherein the secondary device is remote from the first cuing device

and the second cuing device.

21.  The cuing system of claim 20 wherein the at least one secondary device is a smart

phone, and a tablet.
22.  The cuing system of claim 19 wherein the cue administrator generates the cue

based on two or more of detection of a movement, extraction of a movement data, prediction of a

movement outcome, processing of movement information.
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23. A method for cuing a participant in an environment comprising:

obtaining from a first cuing device having two or more sensors wherein the two or
more sensors are selected from the group comprising an inertial sensor, magnetometer, an
acoustic sensor, a string bed deformation sensor, a strain gauge sensor, an optical sensor,
and a light sensor at least two sensed data;

analyzing the obtained data;

predicting a movement outcome from the analyzed data; and

generating an instruction to issue a cue.

24.  The method claim 23 further comprising securing the first cuing device to a

racket.

25.  The method of claim 23 further comprising the step of communicating with at

least one secondary device.

26.  The method of claim 25 wherein the at least one secondary device is one or more

of a second cuing device, a smart phone, and a tablet.
27.  The method of claim 23 wherein the cue administrator generates the cue based on

two or more of detection of a movement, extraction of a movement data, prediction of a

movement outcome, processing of movement information.
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