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APPARATUS AND METHOD FOR
OBJECTIVELY DETERMINING HUMAN
RESPONSE TO MEDIA

BACKGROUND

Commercial media products, such as video games, televi-
sion programs, movies, books and advertising, are often very
expensive to produce. Such media includes events which are
designed to provoke a reaction from a user, such as fear or
excitement for example, while the user is using or experienc-
ing the media. Since the effectiveness of the events can be
directly related to the success of the media product, it is
therefore important for the producers of the media to maxi-
mize the effectiveness of the events.

In order to maximize the effectiveness of the events, the
producer must have a way to objectively determine a level of
effectiveness ofthe events. However many methods used only
provide a subjective indication of the effectiveness of the
media. Some developers of video games, for instance, have
dedicated testing practices for determining marketability or
the prospective chances of success of the developer’s games.
Many of these testing practices involve user’s relating feed-
back about the media. For instance, game developers may
have a number of people play their game and then fill out a
survey which questions the players about the game. These
surveys attempt to elicit responses from the players regarding
gameplay design issues and ideas of fun. However, players
introduce biases which make the feedback subjective. The
surveys also rely on the player’s willingness and ability to
provide feedback. Also, the surveys cannot address the full
scope of the game experience since that would require the
player to remember each event in the media and the player’s
reaction related to each of the events.

Other types of subjective feedback involve focus groups
where a group of individuals discuss the game design. How-
ever, focus groups include the occurrence of groupthink,
where the members of the group try to achieve consensus
rather than open discussion on the effectiveness or merits of
the media. Also, in these situations a single member of the
group can dominate the discussion and the opinion, thereby
limiting the range of constructive feedback. Finally, it is dif-
ficult to extract useful insights for media design because
discussions often center on abstract concepts rather than spe-
cific events in the media. The same subjective measures are
used in advertising, TV, movie, books and production of other
media.

Some producers of media have turned to the use of psy-
chophysiology devices in order to have a more objective
determination of the effectiveness of the media. Psychophysi-
ology involves identifying and/or using a connection between
psychology and physiology. Psychophysiology can beused to
objectively determine a person’s emotions, feelings and
thoughts related to an event in media based on the person’s
physiological response to the event. Prior psychophysiology
devices have had only limited success in the area of media
analysis because of problems associated with sensors of the
devices and costs, among other reasons.

One of the problems associated with prior psychophysiol-
ogy devices is that the measurement station hardware is bulky
and extremely expensive. The measurement station requires
tens of thousands of dollars in sensing equipment, data
recorders and computer interfaces. The measurement station
also requires the attention of skilled personnel for set up,
operation and maintenance. These measurement stations
include wierd sensors that must be attached or glued at vari-
ous locations across the person’s body to detect phsiological
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responses to the media. These wired sensors are susceptible to
data errors from movement and other non-physiological
related sources, such as lighting. Accordingly, the person
must remain as motionless as possible during a session or test
to avoid causing data errors which could render the test use-
less. Because the person must remain as motionless as pos-
sible during the test, these tests are typically short, simple,
and do not capture a full game experience in the instance
where the media is a video game.

Another problem encountered with the use of prior psy-
chophysiology sensor devices is that errors produced by these
devices are difficult or impossible to determine. Errors intro-
duced by outside influences may be interpreted as physiologi-
cal responses to the media. A skilled operator often must
subjectively determine whether the response was generated
by a physiological response to the media or if the response is
a result of errors in the system.

In addition, it is unclear whether these tests provide action-
able information for game, movie, television, advertising and
other design because a gap exists between these tests and
insights relating to the media. This gap may at least partially
be a result of the narrow scope of these previous tests which
limits the amount and quality of data gathered. However,
another reason for the limited benefit of these tests is that
techniques have not previously been developed to translate
the data gathered by the measurement station into gameplay
design terms and issues.

The foregoing examples of the related art and limitations
related therewith are intended to be illustrative and not exclu-
sive. Other limitations of the related art will become apparent
to those of skill in the art upon reading of the specification and
a study of the drawings.

SUMMARY

The following embodiments and aspects thereof are
described and illustrated in conjunction with systems, tools
and methods which are meant to be exemplary and illustra-
tive, not limiting in scope. In various embodiments, one or
more of the above-described problems have been reduced or
eliminated, while other embodiments are directed to other
improvements.

In general, a media analysis device and method are
described for use in objectively determining a user’s emo-
tional response to events in media. In one example, a method
for objectively determining a response of a user to at least one
event in media experienced by the user is disclosed. In the
method a first physiological response is detecting in the user
while the user experiences the event and a first physiological
response signal is generated in response thereto. A second,
different physiological response is also detected in the user
while the user experiences the event and a second physiologi-
cal response signal is generated in response thereto. A scaling
factor is applied to a selected one of the physiological
response signals. The first and second physiological response
signals are used to determine an emotional response of the
user to the event. The scaling factor is changed depending on
a characteristic of at least one of the first and second physi-
ological response signals.

Another disclosure involves objectively determining a
response of a user to at least one event in media experienced
by the user where a brain wave is detected from the user’s
brain while the user experiences the event and a brainwave
signal is generated in response thereto which is related to an
intensity of the brain wave during the event. Heart beats ofthe
user’s heart are detected while the user experiences the event
and a heart rate signal is generated which is related to the heart
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rate of the user during the event. The brainwave signal and the
heart rate signal are used to produce an emotional response
signal that is related to an emotional response of the user to
the event.

Another disclosure involves objectively determining a
response of a user to an event in media where amounts of
electrical energy in certain bandwidths in the brain of the user
are detected. The response of the user is determined based at
least partially on the detected amounts of electrical energy.

Yet another disclosure involves objectively determining a
response of a user to an event in media where a physical
orientation of the head of the user is detected while the user
experiences the event. A reaction of the user to the event is
determined based on the detected orientation and/or move-
ment of the user’s head.

Still another disclosure involves objectively determining a
response of a user to an event in media where a level of
oxygen in the blood of the user is detected. A reaction of the
user to the event is determined based on the detected level of
oxygen.

In addition to the exemplary aspects and embodiments
described above, further aspects and embodiments will
become apparent by reference to the drawings and by study of
the following descriptions.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments are illustrated in referenced fig-
ures of the drawings. It is intended that the embodiments and
figures disclosed herein are to be illustrative rather than lim-
iting.

FIG. 1 is a perspective view of a media analysis device
connected to a user for analysis of an event in media.

FIG. 2 is a block diagram of the media analysis device
shown in FIG. 1 showing physical sensors.

FIG. 3 is a flow chart of a derived sensor determined from
a physical sensor shown in FI1G. 2.

FIG. 4 is another flow chart of a derived sensor determined
from a physical sensor shown in FIG. 2.

FIG. 5 is another flow chart of a derived sensor determined
from a physical sensor shown in FIG. 2.

FIG. 6 is another flow chart of a derived sensor determined
from a physical sensor shown in FIG. 2.

FIG. 7 is another flow chart of a derived sensor determined
from a physical sensor shown in FIG. 2.

FIG. 8 is another flow chart of a derived sensor determined
from a physical sensor shown in FIG. 2.

FIG. 9 is a block diagram of a virtual sensor using the
derived sensors shown in FIGS. 3-8 used in analysis of the
event.

FIG. 10 is a graph of mental and physical reaction signals
from the media analysis device shown in FIG. 1.

FIG. 11 is another graph of mental reaction signals from
media analysis device shown in FIG. 1.

FIG. 12 is another graph of a mental reaction signal from
media analysis device shown in FIG. 1.

FIG. 13 is another graph of a mental reaction signal from
media analysis device shown in FIG. 1.

DETAILED DESCRIPTION

Various modifications to the described embodiments will
be readily apparent to those skilled in the art and the generic
principles taught herein may be applied to other embodi-
ments. Thus the present invention is not intended to be limited
to the embodiment shown but is to be accorded the widest
scope consistent with the principles and features described
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herein including alternatives, modifications and equivalents,
as defined within the scope of the appended claims. Itis noted
that the drawings are not to scale and are diagrammatic in
nature in a way that is thought to best illustrate features of
interest.

A media analysis device 30 as described in one example
herein is shown in FIG. 1. Media analysis device 30 includes
a data sensing structure for collecting physiological data,
such as head set 32 that is worn on the head of a user 34.
Device 30 is used for objectively determining a mental reac-
tion of the user to an event 36 in media 38 experienced by the
user. The mental reaction is determined based on physiologi-
cal changes in the user that are detected with physiological
sensors, such as blood oxygen sensor 40, Electroencephalo-
gram (EEG) sensor 42 and accelerometer sensor 44 (FIG. 2).
The mobile nature of the head set 32 allows the user to
experience the media without restricted movement which
allows for the acquisition of information about the mental
reaction of the user in a real experience environment.

Media 38 may be visual and/or audible such as a television
program, a movie, a video game or other type of sensory input
experienced by the user. Media 38, shown in FIG. 1, is avideo
game that is displayed on a television 46 and is exemplary of
the types of media with which device 30 and associated
methods are used. The game receives input from user 34
through a controller 48 which interacts with a game console
(not shown). Event 36, as shown in FIG. 1, is a segment of a
video game during which media 38 is designed to evoke a
mental reaction or response in user 34.

Physiological sensors 40, 42 and 44 (FIG. 2) measure the
physiological conditions or responses of the user to event 36
and generate blood oxygen sensor signal 50, EEG sensor
signal 52, and accelerometer sensor signal 54, respectively,
which are related to the responses of the user. Sensor signals
50, 52 and 54 are used to produce a mental reaction signal or
data 56 that is related to the mental state or response of the
user to one or more events in media. Other types of physi-
ological sensors may also be used, such as skin temperature
sensors, skin resistivity sensors and others depending on the
mental reaction or reactions that are to be determined.

Sensor signals 50, 52 and 54 are converted into digital
sensor signals 80, 82 and 84 using analog to digital converters
86, 88 and 90, respectively (FIG. 2). Analog filtering or other
analog processing of sensor signals 50, 52 and 54 may be
accomplished prior to converting these signals into digital
form.

As will be further described, in the present example, a
processor 92 (FIG. 2) receives the digital sensor signals and
uses algorithms or methods referred to as derived sensors 100,
102,104,106, 108 and 110 (FIGS. 3-8) and virtual sensor 112
(FIG. 9) to create mental reaction data 56 from the data
obtained from the physiological sensors.

As seen in FIG. 2, mental reaction data 56 can be transmit-
ted over a wireless link 60 from head set 32 to a computing
device 62 or other type of device where the mental reaction
data 56 can be displayed and/or stored or processed. Wireless
link 60 includes a transmitter 64 in the head set and a receiver
66 connected to the computing device. Receiver 66 can be
connected to computing device 62 through a port 68, such as
awireless Ethernet portor USB port. Transceivers can also be
used in place of transmitter 64 and receiver 66.

In the present example, mental reaction data 56 is used to
produce a graph 70 on a screen 72 of computing device 62
(FIG. 1). Graph 70 represents responses of the user to media
38 over a period of time which includes multiple events.
Graph 70 graphically displays mental reaction data 56 in the
present example. Graph 70 can be automatically or manually
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correlated with the events shown in media 38 to determine the
user’s response to the events. Correlation can be accom-
plished by determining times at which the events occur in the
media and determining values of the mental reaction data 56
at the times corresponding to the events. In this way, an
objective determination can be made about the response of
the user to any given one of amultitude of events in the media.
An objective determination means that the user is not
involved in mentally interpreting or verbally communicating
the response. The user response is correlated to actual physi-
ological measurements. Mental reaction data 56 can be saved
in memory in computing device 62 for later use in analysis of
media 38 or for other purposes.

Blood oxygen sensor 40 produces sensor signal 50 based
on an amount of oxygen in the blood of the user at any given
time. In the present example, the sensor is mounted to the
head set and is positioned next to the forehead of the user. In
this position, the blood oxygen sensor 40 detects the amount
of oxygen in blood vessels in the user’s forehead. When the
user breathes, the level of oxygen in the blood increases and,
when the user’s heart beats, the number of red blood cells
carrying the oxygen in the forehead increases.

EEG sensor 42 produces sensor signal 52 based on energies
of brain waves in certain bandwidths. Delta band brain waves
are less than about 4 Hz; Theta band brain waves are about 4-8
Hz; Alpha band brian waves are about 8-12 Hz; and Beta band
brain waves are about 13-30 Hz. In one example of an EEG
sensor, one electrode of the EEG sensor is positioned in the
head set to contact the forehead of the user at a position where
the electrical activity in the brain is to be sensed or measured.
Another electrode of the EEG sensor is a reference electrode
and is positioned a small distance away from the point where
the sensor electrode is placed. An EEG sensor that can be used
for the present purposes is disclosed in co-pending applica-
tion Ser. No. 11/500,678 which is incorporated herein by this
reference. Other types of EEG sensors can also be used.

Accelerometer sensor 44 produces sensor signal 54 based
on movement and/or orientation of the user’s head. Data
gathered from the accelerometer sensor 44 can be related to
acceleration of the head in three dimensions as well as orien-
tation of the head of the user. Accelerometer sensor 44 can
produce three signals, one for each of the X, Y and Z dimen-
sions or directions of movement. The three signals can be
combined, using Equation 1 below, to give the energy over all
three dimensions. While each of the dimension signals can be
used separately, they can be combined for determining noise
and determining overall power with a Fast Fourier Transform
(FFT) as discussed below. Any suitable technique can be used
for identifying the signal frequency components of signals
that are processed throughout this disclosure. The use of the
FFT is exemplary.

Combined signal from sensor 44=V x24y%+2> Equation 1:

The mental reaction data 56 is exemplary of the types of
data which can be produced by media analysis device 30. In
the present example, mental reaction signal 56 is related to
how mentally engaged the useris in the event. Mental engage-
ment can be determined using derived sensors 100, 102, 104,
106, 108 and 110 (FIGS. 3-8). Derived sensors are algorithms
or methods that operate on processor 92 that each take one or
more physiological sensor signals 50, 52 and/or 54 and create
derived sensor signals that correspond to specific features or
characteristics of the physiological sensor signals used in the
derived sensors.

Signals from physiological sensors and/or derived sensors
can be combined or used in virtual sensor functions or meth-
ods along with context information to create a measure of the
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user’s response. Context information plays two roles: it pro-
vides the virtual sensor with information about how to calcu-
late an output from the given inputs and also provides infor-
mation about how the output of the virtual sensor should be
interpreted.

In some instances, a virtual sensor can be modeled as a
polynomial with coefficients k0, k1, k2, etc., as shown in
Equation 2.

Virtual Sensor X=k0*f{blood oxygen signal)+k1*f
(EEG signal }+k2 *flheart rate signal)+ . . .

The coeflicients k0, k1, k2, etc. tell Virtual Sensor X how
much weight it should give to all of its component sensors.
For example, if Virtual Sensor X only uses data from blood
oxygen sensor 40, then k0 is equal to 1 and all of the other
coefficients are equal to zero in Equation 2.

Context data is also used for interpreting the output of the
virtual sensor, depending on the context of the inputs. For
example, when the user is placed in an exciting situation in
anticipation of experiencing happiness, the user’s response is
very similar to that of someone placed in a fearful situation.
Therefore, only when the user’s situation is understood can
the meaning of the virtual sensor output be derived.

The virtual sensor also allows for the measurement of
confidence in its own output and the outputs from the indi-
vidual component sensors, (either physiological or derived).
Foreach of the component sensors, a virtual sensor can access
ametric which indicates a level of confidence in the data from
the component sensor. For example, if a heart rate derived
sensor is producing an output that indicates that the user’s
heart rate is 300 beats per minute, the heart rate is compared
with a metric of a range of possible heart rates and a deter-
mination is made that the data is most likely erroneous. The
weight given to that component sensor is then reduced. One
form of a virtual sensor which includes a confidence aspect is
shown in Equation 3 below.

Equation 2:

Virtual Sensor X=k0*f{blood oxygen signal)*confi-

dence(blood oxygen signal)+k1 . . . Equation 3:

The virtual sensor can also measure the confidence in the
output of the virtual sensor. If, for example, Virtual Sensor X
1s made up of three component sensors, and all three provide
indicators that the output of Virtual Sensor X should increase,
then Virtual Sensor X will have a high confidence that it
should produce a higher output. However, if only two of the
component sensors indicate that Virtual Sensor X should
increase, and the other component sensor provides a strong
indication that the Virtual Sensor X should decrease, then
Virtual Sensor X may still increase its output, however there
will be amuch lower confidence in the output. An example of
suich a virtual sensor is shown in Equation 4.

Virtual Sensor X=coherence_confidence_function*
(k0*(blood oxygen signal)*confidence(blood

oxygen signal)+£1% . . . Equation 4:

Referring to FIG. 9 in conjunction with equation 5, a virtual
sensor is shown in block diagram and equation form, respec-
tively. In the present example, derived sensors 100, 102, 104,
106, 108 and 110 are used in a virtual sensor algorithm 112 to
create mental reaction data 56 representing the emotional
response of the user to the event. The derived sensors in this
example use data from physiological sensors 40, 42 and 44.

Mental Engagement=Overall_Confidence*(((k1*1
(s1)+offsetl )*confidence 1)+((k2*/2(s2)+off-
set2)*confidence2)+((k3 *3(s3)+offset3) *confi-
dence3 ) +((k4*A(s4)+offsetd) *confidenced )+
((k5%f5(s5)+offset5 ) *confidence5 )+((A6 *f0(s6)+

offset6)* confidencet)) Equation 5:
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The functions f1, £2, 3, f4, {5 and f6 take signals from
derived sensors 100, 102, 104, 106, 108 and 110 (s1, 52, s3,
s4, s5 and s6 in Equation 5) as inputs and, in turn, output
values for determining mental reaction data 56, related to the
mental engagement of the user. Sensors 100, 102, 104, 106,
108 and 110 generate sensor signals 128, 137, 139, 146, 158,
164, 182 and 196 shown in FIGS. 3-9. Signals resulting from
the virtual sensor, functions, derived sensors and the physical
sensors can all be considered to be physiological response
signals since they are based on the physiological response of
the user.

Function {1 takes s1 as an input and calculates the deriva-
tive of s1, and returns the value of (s1+the derivative of s1).
Function 2 takes s2 as an input and returns s2 as the result, in
which instance derived sensor s2 is useful by itself. Function
3 takes the value of s3 and finds the amount of energy
between 1-3 Hz and returns a negative of that value. Function
4 takes s4 as an input and returns s4 as the result. Function {5
takes s5 as an input and returns s5 as the result. Function f6
takes s6 as an input and returns a result that is equal to 60-s6.

In the equation, k1, k2, k3, k4, k5 and k6 are context values
which determine an amount of weight that is given to each
function f1, 2, 13, f4, f5 and {6 respectively. In the present
example, k1=0.7; k2=0.06; k3=0.06; k4=0.06; k5=0.06 and
k6=0.06. These context values can be defined by correlating
the output of each vector with data from an application, such
as survey data or other reported metrics. An amount of each
component is then determined based on this data. The offsets
(offsetl to offset6 are used to shift the value of the functions
up or down and in the present example all of the offsets,
(offsetl to offset6) are set to zero. In one instance, the offsets
can be used for normalizing aspects of the signal across
multiple users, such as instances where the virtual sensor or
function has an average value that is non-zero. In some cit-
cumstances, where the virtual sensor trains itself on multiple
user’s, the offsets can be used to change the output value
based on the training.

The values of confidencel through confidence6 are each a
scaling factor having a value from O to 1 that is related to how
much confidence there is in the value of the corresponding
derived sensor signals. Each of the values of confidence is
either related to one or more of the derived sensor signals, or
may be set to a constant.

Derived sensor 100, which is related to heart rate, is shown
in FIG. 3. Derived sensor 100 begins at step 120 where digital
blood oxygen sensor signal 80 is received by processor 92.
Following step 120, the sensor proceeds to step 122 where the
heart beats in the blood oxygen signal 80 are detected. Heart
beats are detected, in the present example, by determining
peaks in the blood oxygen which correspond to increases in
oxygen carrying blood cells caused by pumping of the heart.
The blood oxygen sensor signal 80 is sinusoidal and the
processor detects the peaks of the signal using a peak detector.
Following the determination of the heart beats, derived sensor
100 proceeds to step 124 where an inter-beat interval between
the heart beats is determined. The inter-beat interval is
inversely related to the heart rate of the user. Derived sensor
100 then proceeds to step 126 where a heart rate derived
sensor signal 128 (FIG. 9) is generated.

Derived sensor 102, shown in FIG. 4, also uses the digital
blood oxygen sensor signal 80. Derived sensor 102 is related
to the coherence of the breathing of the user and begins at step
130 by receiving digital blood oxygen sensor signal 80. The
sensor 102 proceeds from step 130 to step 132 where sensor
signal 80 is low pass filtered to extract a breathing related
component of the sensor signal. Although the blood oxygen
sensor signal 50 is sinusoidal, the overall amount of oxygen in
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the blood is determined by breathing. This changes the offset
of sensor signal 50 and represents a low frequency component
of the signal. By low passing sensor signal 50, the frequency
component related to heart beat is removed and the remaining
lower frequency component is related to breathing.

Following the low pass filtering in step 132, the derived
sensor proceeds to step 134 where the power spectrum of the
breathing related signal is determined. Step 134 usesa FFT to
determine the energy concentration before the derived sensor
102 proceeds to step 136. Instep 136, the concentration of the
energy spectrum above and below about 0.2 Hz is determined
from the information found by the FFT. If most of the energy
in the spectrum is concentrated in frequencies below about
0.2 Hz, then the breathing is considered to be coherent. If, on
the other hand, the breathing involves choppy, quick breaths,
the breathing is considered incoherent and most of the energy
in the spectrum will be concentrated in the frequencies above
about 0.2 Hz.

Following the determination of the concentration of the
energy spectrum in step 136, the derived sensor 102 proceeds
to step 138 where a breathing coherence signal 139 (FIG. 9)
is produced. The breathing coherence signal is a ratio of the
energy in the frequencies less than about 0.2 Hz to the energy
in the frequencies greater than about 0.2 Hz. Derived sensor
102 also branches from step 134 to step 135 where an energy
spectrum signal 137 is generated, as will be further described.

Derived sensor 104, shown in FIG. 5, receives the accelet-
ometer sensor signal 54 at step 140. Derived sensor 104 then
proceeds to step 142 where a FFT is performed on signal 54
to determine the energy spectrum of the accelerometer sensor
signal. Following step 142 sensor 104 proceeds to step 144
where an accelerometer power spectrum signal 146 (FIG. 9)
is produced.

Derived sensor 106 is shown in FIG. 6. Derived sensor 106
begins at step 150 where sensor 106 receives EEG sensor
signal 52. Following step 150, an FFT is taken of the EEG
sensor signal at step 152. After step 152, derived sensor 106
follows two branches of action. In one branch of action,
sensor 106 proceeds to step 154 where an energy level in an
Alphaband of the EEG is determined. Following step 154, the
derived sensor 106 proceeds to step 156 where an Alpha band
energy signal 158 (FI1G. 9) is created. In the other branch of
action, sensor 106 proceeds to step 160 where an overall
energy of the EEG is determined using the data from the FFT
taken in step 152. After step 160, the derived sensor 106
proceeds to step 162 where an overall EEG energy signal 164
(FIG. 9) is generated.

Derived sensor 108, shown in FIG. 7, is used in determin-
ing if the user has blinked and begins at step 170 by receiving
the EEG sensor signal 52 from the EEG sensor. EEG sensor
signal 52 is then stored in a buffer in step 172. After the EEG
sensor signal is buffered, derived sensor 108 proceeds to step
174 where the buffered EEG sensor signal is convolved with
an eye blink pattern to produce a convolution signal. The eye
blink pattern is an average response to recorded data of mul-
tiple viewers blinking. Following step 174, the derived sensor
proceeds to step 176 where a noise floor is subtracted from the
convolution signal. The noise floor is data that is previously
calculated from data where viewers are not blinking. Once the
noise floor is subtracted at step 176, derived sensor 108 pro-
ceeds to step 178 where the signal resulting from step 176 is
examined for impulses with amplitude that exceeds a prede-
termined threshold level. A blink of the user’s eye is deter-
mined to have occurred when the amplitude exceeds the
threshold limit. Following step 178 is step 180 where a blink
signal 182 (FIG. 9) is produced.
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The last derived sensor used in the present example is
derived sensor 110, shown in FIG. 8. Derived sensor 110
begins at step 190 where blink signal 182 is received. Follow-
ing step 190 is step 192 in which the number of impulses that
exceed the threshold limit are added over a period of 60
seconds. Following step 192 is step 194 in which a blinks per
minute signal 196 (FIG. 9) is produced.

A unique aspect of the present device is that the scaling
factors of the confidence values are not necessarily based on
the function or derived sensor that they are used to scale.
Some of the scaling factors used to scale one function of a
derived sensor are based on a different derived sensor. Some
functions or derived sensors which utilize inputs from one
type of physical sensor are scaled using information from an
entirely different physical sensor. An example of this situa-
tion is illustrated by the block diagram in FIG. 9.

In the present example, confidencel is based on derived
sensor signal 128 (s1). If derived sensor signal 128 were to
change more quickly that humanly possible, or ifithas a value
that is too low or too high, then the scaling factor is reduced.
For example, if derived sensor 100 were outputting values
such as 300 beats per minute, then the scaling factor of con-
fidencel is reduced.

Confidence2 uses the value of derived sensor signal 146
from derived sensor 104 (s3) and the power spectrum signal
137 from derived sensor 102 (s2). If the value of derived
sensor signal 146 is similar to power spectrum signal 137,
then confidence2 is reduced proportionally with the correla-
tion between the two power spectrums. This is because noise
is created when a user’s head moves. This noise is seen on
both the EEG and accelerometer signals, showing up as
“blips” or spikes in the signals. More correlation between the
two power spectrums, (when motion in non-zero), indicates
that more noise is present in the EEG signal so the signal is
less accurate.

Confidence3, in the present example is set to a constant
value of 1. Ifthe overall amount of energy in the EEG is too
high, then confidenced is reduced proportionally. The overall
amount of energy may be too high due to noise in the system.

Confidence5 is one example where data from one physical
sensor is used in scaling a function based on another physical
sensor. In this case, if the overall amount of energy in derived
sensor signal 146 (based on the accelerometer) is too high,
then confidence5 is reduced proportionally. Confidence5 is
used for scaling {5 which is a function based on EEG.

Confidence6 uses derived sensor signal 146 in determining
the scaling factor of £6. When the overall energy of derived
sensor signal 146 is too high, then confidence6 is reduced
proportionally.

Overall_Confidence 198 is a scaling factor for the entire
virtual sensor. This value is determined by the number of
components that register an increase in value. For example, if
confidencel, confidence2 and confidence 4 to confidence6 all
go up, then the Overall_Confidence 198 will be high. How-
ever, if confidencel and confidence2 go up while confi-
denced, confidenceS and confidence6 go down, then Over-
all_Confidence 198 will be low.

The scaling factors of confidencel, confidence2, confi-
dence3, confidence4 and confidence6 can be changed while
the physiological response of the user is being detected, in the
present example. In other examples, the scaling factor can be
changed in part or wholly as a response to a rate of change of
one or more of the physiological response signals or based on
other characteristics of physiological responses.

Other types of characteristics of the physiological
responses can be used for adjusting the scaling factor of one
or more sensor or mental reaction signals. Another of these
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characteristics which can be used for adjusting the scaling
factor relates to a rate of change of aphysiological response or
condition of the user. One example of this is when the rate of
change exceeds what is physiologically possible. In these
instances, the scaling factor is decreased if the rate of change
of a selected response signal is greater than a predetermined
rate of change.

The above exemplary virtual sensor uses three types of
physiological sensors and six different derived sensors. Other
virtual sensors may use more or less physiological sensors
and derived sensors as well as different types of these sensors.
Many times, the physical response as detected by one or more
of the physical sensors does not directly correlate to an emo-
tional response or mental reaction without further manipula-
tion. The virtual sensors and derived sensors take the raw data
from the physical sensors and process the raw data into sig-
nals that more closely represent the emotional response of the
user. A derived sensor is an algorithm that uses input from
physiological sensors to create signals related to the physiol-
ogy but not necessarily directly related to the physiology.
Some types of mental reaction signals are based on a single
derived sensor signal alone, without the additional processing
or manipulation of a virtual sensor.

Some additional types of physiological sensors include
skin resistance and skin temperature sensors, for instance.
Skin resistance is used as an indicator of response for mea-
suring the same phenomena that makes the palms of your
hands sweaty when you are nervous. Skin resistance is an
involuntary response that you can not control. It is the primary
sensor in a lie detector. When you hear something or see
something and you have a clinch or nervous response there is
a rapid change (drop) in skin resistance a few milliseconds
later. This response only lasts a short time (less than a sec-
ond). The measure is not very robust in that it requires very
good continuous contact with the skin. This means that the
person can’t move. Italso tends to be something that “requires
anexpert” to decode. This is because the response varies from
person to person and you need to look at it relative to other
responses. Skin resistance is used in biofeedback to identify
things that a person has a strong response to and to “train”
them to have a lower response.

Skin temperature is a measure of arousal. When something
provokes a fear, anger, or love response, the body shifts the
blood flow to or from the skin and you get an increase or
decrease in skin temperature. Measurements of skin tempera-
ture and skin resistance can be used to determine an emotional
response of a user to an event either separately or in conjunc-
tion with other measurements.

Other types of derived sensors are also based on signals
from blood oxygen sensor 40, EEG sensor 42 and/or accel-
erometer sensor 44.

One EEG based sensor determines amounts of Theta band
EEG energy in the frontal areas of the user. Increased Theta
band EEG energy indicates increases in the stressfulness or
mentally engaging aspects of the media.

Another EEG based sensor determines overall brain activ-
ity by taking an FFT of the EEG data and summing the energy
in each frequency to determine the total amount of energy, for
example, Delta band+Theta band+Alpha band+Beta band.
Another sensor determines which frequencies contain the
most energy by taking an FFT of the EEG data, and still
another sensor is calculated by taking an FFT ofthe EEG data
and summing the energy in the individual frequencies to
determine the amount of energy in the Alpha band. Higher
Alphaband energies, relative to abase line, correspond to less
thought and a feeling of relaxation.
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A mental engagement sensor takes data from the EEG
related to the energies in the Theta and Alpha bands and
calculates a ratio of the energies. In one example, the ratio of
energies are calculated using (Theta—Alpha)/(Theta+Alpha).
Another example calculates the ratio of energies using Theta/
Alpha. The result of the ratio calculation is low pass filtered
with a filter set at 1 Hz, in one example. Increases in energy in
the Theta frequency band correlates to an increase in thought
processing. Decreases in energy in the Alpha band correlates
with a decrease in thought processing. The result of the men-
tal engagement sensor provides an objective measure of men-
tal processing. A surprise related sensor is determined by
taking the positive deriative of the signal from the mental
engagement sensor.

Beta band FEG frequencies (about 13-30 Hz) have very
short event widths and therefore correspond to mental activity
that operates very quickly. Decreased beta energy can be
indicative of depression. Increased beta energy correlates
with periods of recognition and engagement.

A relaxation related sensor is calculated by applying a
scale factor to the amount of energy in the EEG Alpha band.
The result is then low pass filtered at a frequency of 1 Hz, in
the presentexample. The result of the calculation is indicative
of the level of relaxation of the user during the event in the
media.

A happiness related sensor is used for determining if the
user is happy during the event. This sensor is based on differ-
ences in data coming from a left EEG sensor and a right EEG
sensor. A difference is found between Alpha energy from the
left EEG sensor and Alpha energy from the right EEG sensor.
In one example, these energies are used in the following
formula: (Left Alpha Energy-Right Alpha Energy)/Left
Alpha Energy+Right Alpha Energy). Another exemplary for-
mula is: Left Alpha Energy-Right Alpha Energy. The result
of the calculation is low pass filtered, in one instance at 0.6
Hz, to reduce the high frequency noise. The resulting signal
includes characteristics which are indicative of how happy
the user is. The higher the signal level from the happiness
related sensor, the more positive the response to the event that
was experienced.

An attention related sensor is calculated using EEG data
that has been processed using the blink detector derived sen-
sor 108 or another algorithm for determining blinks. An aver-
age number of blinks is calculated over a one minute interval.
The inverse of the average number of blinks is determined, in
one instance, by taking 1-(average number of blinks), in
another instance, by taking 1/(average number of blinks). The
result of the inverse is low pass filtered, for example at 1 Hz.
The resulting data is characteristic of the degree of the user’s
attention.

Anaccelerometer based sensor measures the orientation of
the head of the user using a three axis accelerometer mounted
on the user’s head. In this example, the accelerometer outputs
a value for each of three axes of the accelerometer, shown in
FIG. 1as X,Y and Z. The three axes correspond to the axes of
rotation in the head motions of nodding (up and down), rotat-
ing (left and right), and tilting (left and right), respectively
axes X,Y and Z. For each axis of motion of the accelerometer,
the value outputted by the sensor is either a positive or nega-
tive amplitude. If the head is still, then that output values are
determined by how the axes are aligned with respect to grav-
ity, which always produces a constant acceleration in the
direction of the floor. Given this information, it is possible to
find the head’s orientation. For example, when the user’s head
is held in the down position, where the eyes are facing towards
the floor, the value for the “nod” X axis will be negative (with
the amplitude determined by how close the user’s head is to
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vertical) and the values for the other two axes will remain at
zero. This is because in this circumstance there is rotation
around the X axis shown in FIG. 1. The triplet of values,
negative-zero-zero, becomes the “head down” case. Using
this technique, all of the possible orientations of the user’s
head can be mapped. In one instance, the user’s head orien-
tation can be used to determine if the user’s head has been
cocked in thought.

Another accelerometer based sensor is used to determine if
the user is speaking. This sensor is calculated by taking the
combined data from accelerometer sensor 44 and performing
a band-pass filter on the data between approximately 150 and
300 Hz. A FFT is then taken of the filtered signal and the total
energy in the band is then calculated. Higher levels of energy
in the band are indicative that the user is speaking. Other
information about mental reaction can also be determined by
movement of the user’s head. Vibration or shaking can be
correlated to the user’s stress level. Nodding the head up and
down or back and forth can indicate positive and negative
responses, respectively.

A patience related sensor also uses data from the acceler-
ometer. In this instance, an average amount of movement of
the user is determined over a one minute time window. An
inverse of the average amount of movement is determined and
ascaling factor is then applied. The resulting signal is related
to how patient the user is during the event or events in the one
minute time window. The more jittery the user is, the less
relaxed and patient the user is. The patient related sensor can
be normalized for each user to create a session long patient
value.

Another type of blood oxygen sensor based sensor deter-
mines a characteristic of the heart pulse. The value of this
derived sensor is calculated by finding the integral of the
second half of the sinusoidal signal from the blood-oxygen
physiological sensor. First, the maximum and minimum of
the blood-oxygen signal are found. Then a point in time T is
found when the signal crosses the 50% mark between its max
and min. The area between the signal and the signal’s mini-
mum value is then found by integrating from time T to the
time when the signal returns to its minimum value. This
derived sensor is used to determine levels of stress.

An adrenaline related sensor also uses data from the blood
oxygen sensor. The adrenaline sensor is used for determining
amental reaction of the user to the event based on adrenaline
type response to the event. In this sensor, the heart rate data is
taken and the data is normalized by removing the user’s
average heart rate. A low-pass filter is then taken of the nor-
malized data. The low-pass filter, in one embodiment, s set at
1 Hz to remove higher frequency noise. A scale factor is
applied to the filtered signal before the signals is again filtered
with a low-pass filter, which can also be set at 1 Hz. The
resulting signal is indicative of a mental reaction to the event
which causes adrenaline to be released in the user.

Another example of an adrenaline related virtual sensor
uses a positive derivative of the heart rate of the user with a
S-second smooth applied to the signal. The use of the five
second smooth eliminates any heart rate variance data and
only includes unanticipated rises in heart rate caused by
excitement or adrenaline release. Slew rate and low pass
filtering can both be used for smoothing.

Data from the blood oxygen sensor is also used in a fright
related sensor. The fright related sensor is used for determin-
ing if the user is frightened by an event. The average of the
user’s heart rate is determined over a 10 second window, in
one example. If the average value is higher than the user’s
overall average heart rate, then the user may be considered to



US 9,215,996 B2

13

be in a frightened state. Accelerometer data can also be used
to sense if the user jumps in fright or is shaking slightly, which
corresponds to fright.

Another example of a sensor which uses information gath-
ered from more than one physiological sensor is an engage-
ment virtual sensor. This sensor involves the determination of
the level of engagement of the user during the event in the
media, and in the multiple events throughout the media. In
media that has a lot of action, engagement in the media
correlates to the difference between a measure of the user’s
heart rate and the amount of thought, e.g. the amount of brain
activity in a difference between amounts of energy in the
Theta and Alpha bands. If the user’s heart rate increases and
their thought decreases, the user is highly engaged in the
media. If the heart rate stays low and the user thinks more, as
indicated by increased brain activity in the Theta and Alpha
bands, the engagement of the user in the media is low.

A startle sensor also uses information from more than one
physiological sensor. The startle sensor is used for determin-
ing if the user is startled during an event. A blink is detected,
such as by using the derived sensor 108 shown in FIG. 7, and
the user’s heart rate is also determined. An increase in the
user’s heart rate in a time window surrounding the blink is
indicative that the user was startled.

In some instances a profile is created for individual users in
relation to each media. The profile contains the user’s
response to the media over a session time, during which the
user is exposed to the media. In addition or as an alternative to
graphing and displaying the results, statistics are calculated
for each profile (for instance, the average value of engage-
ment across the user’s session) as well as across profiles (for
instance, the average level of engagement of different users
during a particular event). Statistics are also used to determine
deviation during a specific event, such as a change in engage-
ment over the duration of a particular event, as well as general
deviation during the entire session. Statistics used for these
purposes include means, standard deviations, derivatives/
changes, differences between maximum and minimum, and
others. Statistical analysis can be accomplished by calculat-
ing an average value point by point across the different users.

As an example, statistics are used to determine to what
degree a particular media is coherent, i.e. how much variation
is seen in the responses of multiple users. More successful
media elicits a more consistent or similar response from mul-
tiple users. Less successful media has more scattered
responses across the multiple users. Statistics used with the
media analysis device 30 allows for the quantification of the
differences between media that is successful and unsuccess-
ful.

Statistical and other evaluation techniques also introduce a
value concept to the responses, i.e. good responses and bad
responses. For example, if the media presents an event
designed to be humorous, the profile is the response of the
user to the humorous event. If the evaluation determines that
the user laughed during the event, then the evaluation is good
and if the user did not laugh, then the evaluation is bad.

Computing device 62 canalso be used for building a model
that correlates user profile characteristics with media success
and for comparing the model to user profiles for predicting
media success. Pattern matching algorithms or techniques
such as neural networks, Bayesian algorithms, support vector
machines, nearest neighbor algorithms and machine learning
algorithms can be used for evaluating the response of the user
to the media by comparing the user’s response with responses
of other users. With this information, a model can be pro-
duced which can be used to predict whether media will pro-
duce the desired responses in a user.
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Exemplary empirical results of the use of an adrenaline
sensor and a surprise sensor are shown in a graph 200 in FIG.
10. In this example, the user is playing a game with events that
are designed to surprise and excite the user while the user is
connected to media analysis device 30. The game in this
instance is what is commonly referred to as a first person
shooter type game in which the user assumes the identity of
character in the game to experience and interact with the
game. Graph 200 shows a response signal 202 of mental
reaction data from the adrenaline sensor and a response signal
204 of mental reaction data from the surprise sensor. Graph
200 shows amplitudes of response signals 202 and 204 for a
5 minute period during which several events occur.

The events occurring in the game during the time shown in
graph 200 are referenced along the time line at the bottom of
the graph. At time 206 an event involving screams and explo-
sions occurs in the game. As seen in graph 200, surprise
response signal 204 (filled underneath with lined pattern)
increases rapidly while adrenaline response signal 202 also
increases somewhat. At time 208 a skull flies out and the user
fires a gun, both the response signals increase, and before any
significant decrease in the response signals, a first enemy
attacks at time 210. The enemy attack at time 210 dramati-
cally increases the response signals as seen in graph 200.

Attime 212, the useris shot for the first time causing a large
increase in adrenaline and surprising the user. Another event
occurs at time 214 where the user runs through fire and gets
burned. This event causes an increase in the surprise related
response signal, but does not increase the adrenaline response
signal. Gameplay continues without significant adrenaline or
surprise responses until time 216 where the user runs outside
and experiences air rushing by with limited oxygen causing
an increase both of the response signals. Another break in the
action occurs until time 218 when the user shoots a zombie
causing an increase in the response signals. After the response
signals have returned to a lower level, the screen goes black at
time 220 and a zombie jumps through a door causing the user
to be surprised and increasing the adrenaline in the user.
Following a brief period after the response signals have
decreased a zombie climbs up from a pit at time 222 and the
user kills it, causing a small increase in the adrenaline
response signal but no appreciable surprise response. At time
224, the screen goes black and an arm bursts through a blast
door. This event causes a large and rapid increase in the
surprise response signal, but no appreciable increase in the
adrenaline response signal. At time 226, an event occurs in
which a man screams that he is going to die. At time 228, the
user is attacked by surprise and the user fumbles for a gun,
causing a very large increase in the surprise related response
signal 204. The foregoing events are exemplary of the type of
events and mental reactions or responses that are determin-
able using the methods described herein.

In another example, a graph 250 (F1G. 11) shows empirical
results of using a sensor of mental engagement, based on
Theta band EEG energy, and a sensor of attention during
events in a period of time in which the user is playing another
game. The mental engagement sensor produces response sig-
nal 252 while the attention sensor produces response signal
254. The response signal 254 of the attention sensor shows
vertical lines in graph 250 where the user blinks. Amplitude
of response signal 252 indicate levels of Theta band EEG
energy in the user at different times while the user is playing
the game. Increases in response signal 252 indicate an
increase in Theta band EEG energy which corresponds to
increased mental engagement of the user in the game.
Decreases in the blink rate indicated by response signal 254
correspond to increases in attention of the user.
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At a time 256, which is around 24 minutes, the user faces a
very intense situation which leads to a rise in mental engage-
ment and increase in attention. The rise in mental engagement
is seen in engagement response signal 252 at time 256 as
increased amplitude. The increase in the user’s attention is
seen in blink response signal 254 as a decrease in blink rate.
Later in graph 250 at time 258, which is around 33 minutes,
the user loses attention when a disengaging cut-scene and
slow point in the game resumes. The loss of attention appears
in graph 250 as a dramatic increase in the blink rate. Using
information from the response signals 252 and 254, a game
developer can decide if a game is having the response that is
desired.

Anotherexample of empirical results gained by using men-
tal responses in game development is shown in FIGS. 12 and
13, to illustrate a concept of balance. A game cannot con-
stantly stimulate the user and keep the user attached, or inter-
ested; at some point the user attenuates to the stimulus of the
game. In order to achieve a shock when the user is attenuated,
greater and greater inputs have to be applied. A graph 260
(FIG. 12) shows a response signal 262 of mental engagement
and a fit curve 264 of the response signal while the user is
playing a certain game. While playing the game, the user’s
mental focus level modulates in relation to how engaged the
user is in the game. Up to about time 266, the game media is
interesting and the user remains engaged as noted by the
relatively high levels of response signal 262 prior to time 266.
At around time 266, the user faces a media event which
includes a boss character that causes the user to become very
engaged and excited as indicated by the peak in response
signal 262 at time 268. However, the event becomes over-
engaged and mentally climaxes early, causing the response
signal 262 to drop rapidly to a relatively lower level at time
270. After the drop in response signal 262, the user does not
re-engage with the game and the user’s mental engagement
level, as indicated by response signal 262 drops below the
original level seen at the beginning of the game experience.

Graph 260 illustrates the response signal of a user to an
unbalanced game. An unbalanced game does not place evenly
spaced challenges and fails to continually engage the user. At
some point in an unbalanced game, a user will become suffi-
ciently disengaged and stop playing the game. When the user
stops playing the game because the game is not sufficiently
engaging, the game developers have failed.

Graph 280 (FIG. 13) includes a response signal 282 and a
fit curve 284 of a user’s mental engagement response to a
balanced game. In the balanced game, the mental engagement
level, response signal 282, modulates up and down in a peri-
odic fashion. This periodic fashion depicts the episodic nature
of the balanced game, which presents sets of problems for the
user to challenge, which causes the user to continually
become reengaged in the game. The balanced game stimu-
lates the player at times 286, 290 and 294, while letting the
user relax at times 288, 292 and 296. In this way the user is
allowed to relax between challenges. A well balanced game,
like a well written book, should slowly pull the user in and
keep the user engaged while slowly building up to the climax
of the story.

While a number of exemplary aspects and embodiments
have been discussed above, those of skill in the art will rec-
ognize certain modifications, permutations, additions and
sub-combinations thereof. For example, the above methods
and techniques can be applied to the production of movies,
television programs or other audio/visual and other media
where a developer is interested in the response of the user to
the media. It is therefore intended that the following
appended claims and claims hereafter introduced are inter-
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preted to include all such modifications, permutations, addi-
tions and sub-combinations as are within their true spirit and
scope.

What is claimed is:

1. A method comprising:

applying, using a processor, a first adjustment factor to first

data gathered from a subject exposed to a stimulus to
form first adjusted data;

applying, using the processor, a second adjustment factor

to the first data to form second adjusted data;

applying, using the processor, a third adjustment factor to

second data gathered from the subject to form third
adjusted data;

applying, using the processor, a fourth adjustment factor to

the second data to form fourth adjusted data;
calculating, using the processor, a sum based on the first
adjusted data, the second adjusted data, the third
adjusted data, and the fourth adjusted data;
determining, using the processor, a mental state of the
subject based on the sum; and

adjusting, using the processor, at least one of the first

adjustment factor, the second adjustment factor, the third
adjustment factor, or the fourth adjustment factor based
on a characteristic of at least one of the first data or the
second data.

2. The method of claim 1, wherein the first adjustment
factor is based on a first proportion of the first data used
relative to the second data.

3. The method of claim 1, wherein the fourth adjustment
factor is based on a second proportion of the second data used
relative to the first data.

4. The method of claim 1, wherein the second adjustment
factor is based on a first confidence in the first data.

5. The method of claim 4, wherein the first confidence is
based on a first diagnosis of data quality of a first sensor used
to gather the first data.

6. The method of claim 1, wherein the third adjustment
factor is based on a second confidence in the second data.

7. The method of claim 6, wherein the second confidence is
based on a second diagnosis of data quality ofa second sensor
used to gather the second data.

8. The method of claim 1, wherein the second adjustment
factor is based on a first derivative of the first data and a first
offset.

9. The method of claim 1, wherein the fourth adjustment
factor is based on a second derivative of the second data and
a second offset.

10. The method of claim 1 further including applying a fifth
adjustment factor to the sum to form fifth adjusted data.

11. The method of claim 10 wherein one of the first adjust-
ment factor or the second adjustment factor is based on a first
confidence in the first data and one of the third adjustment
factor or the fourth adjustment factor is based on a second
confidence in the second data, and the fifth adjustment factor
is based on a coherence of the first confidence and the second
confidence.

12. The method of claim 10 wherein determining the men-
tal state of the subject is based on the fifth adjusted data.

13. The method of claim 1, wherein the first data is gath-
ered from a first modality and the second data is gathered
from a second modality.

14. The method of claim 13, wherein the first data is elec-
troencephalographic data and the second data is heart rate
data.

15. The method of claim 13, wherein the first data is elec-
troencephalographic data and the second data is blood oxy-
gen level data.
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16. The method of claim 15, wherein the blood oxygen
level data is based on a breathing pattern.

17. The method of claim 13, wherein the first data is elec-
troencephalographic data and the second data is head move-
ment data.

18. The method of claim 17, wherein the head movement
data includes movement in three directions.

19. The method of claim 18 further including applying a
fifth adjustment factor to the head movement data, the fifth
adjustment factor determined by:

calculating a first square of movement data in an x direc-

tion;

calculating a second square of movement data in a y direc-

tion;

calculating a third square of movement data in a z direc-

tion;

summing the first, second and third squares; and

calculating a square root of the sum of the first, second and

third squares.

20. The method of claim 1 further including changing one
or more of the first adjustment factor, the second adjustment
factor, the third adjustment factor, or the fourth adjustment
factor based on a rate of change of at least one of the first data
or the second data.

21. The method of claim 1 further including changing one
or more of the first adjustment factor, the second adjustment
factor. the third adjustment factor, or the fourth adjustment
factor during gathering of at least one of the first data or the
second data.

22. The method of claim 1 further including changing one
or more of the first adjustment factor, the second adjustment
factor, the third adjustment factor, or the fourth adjustment
factor based on at least one of the first data or the second data
exceeding a threshold.

23. The method of claim 22, wherein the threshold is based
on a physiological response.

24. A system comprising;

amemory including machine readable instructions; and

a processor to execute the instructions to analyze first data

and second data gathered from a subject exposed to a

stimulus by:

applying a first adjustment factor to the first data to form
first adjusted data;

applying a second adjustment factor to the first data to
form second adjusted data;

applying a third adjustment factor to second data gath-
ered from the subject to form third adjusted data;

applying a fourth adjustment factor to the second data to
form fourth adjusted data; and

calculating a sum based on the first adjusted data, the
second adjusted data, the third adjusted data, and the
fourth adjusted data;

the instructions to cause the processor to determine a men-

tal state of the subject based on the sum, and to adjust at
least one of the first adjustment factor, the second adjust-
ment factor, the third adjustment factor, or the fourth
adjustment factor based on a characteristic of at least one
of the first data or the second data.

25. The system of claim 24, wherein the first adjustment
factor is based on a first proportion of the first data used
relative to the second data.

26. The system of claim 24, wherein the fourth adjustment
factor is based on a second proportion of the second data used
relative to the first data.

27. The system of claim 24, wherein the second adjustment
factor is based on a first confidence in the first data.
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28. The system of claim 24, wherein the first confidence is
based on a first diagnosis of data quality of a first sensor used
to gather the first data.

29. The system of claim 24, wherein the third adjustment
factor is based on a second confidence in the second data.

30. The system of claim 29, wherein the second confidence
is based on a second diagnosis of data quality of a second
sensor used to gather the second data.

31. The system of claim 24, wherein the second adjustment
factor is based on a first derivative of the first data and a first
offset.

32. The system of claim 24, wherein the fourth adjustment
factor is based on a second derivative of the second data and
a second offset.

33. The system of claim 24, wherein the processor is to
apply a fifth adjustment factor to the sum to form fifth
adjusted data.

34. The system of claim 33, wherein one of the first adjust-
ment factor or the second adjustment factor is based on a first
confidence in the first data and one of the third adjustment
factor or the fourth adjustment factor is based on a second
confidence in the second data, and the fifth adjustment factor
is based on a coherence of the first confidence and the second
confidence.

35. The system of claim 33, wherein the processor is to
determine the mental state of the subject based on the fifth
adjusted data.

36. The system of claim 24, wherein the first data is gath-
ered from a first modality and the second data is gathered
from a second modality.

37. The system of claim 36, wherein the first data is elec-
troencephalographic data and the second data is heart rate
data.

38. The system of claim 36, wherein the first data is elec-
troencephalographic data and the second data is blood oxy-
gen level data.

39. The system of claim 38, wherein the blood oxygen level
data is based on a breathing pattern.

40. The system of claim 36, wherein the first data is elec-
troencephalographic data and the second data is head move-
ment data.

41. The system of claim 40, wherein the head movement
data includes movement in three directions.

42. The system of claim 41, wherein the processor is to
apply a fifth adjustment factor to the head movement data, the
processor to determine the fifth adjustment factor by:

calculating a first square of movement data in an x direc-

tion;

calculating a second square of movement data in a y direc-

tion;

calculating a third square of movement data in a z direc-

tion;

summing the first, second and third squares; and

calculating a square root of the sum of the first, second and

third squares.

43. The system of claim 24, wherein the processor is to
change one or more of the first adjustment factor, the second
adjustment factor, the third adjustment factor, or the fourth
adjustment factor based on a rate of change of at least one of
the first data or the second data.

44. The system of claim 24, wherein the processor is to
change one or more of the first adjustment factor, the second
adjustment factor, the third adjustment factor, or the fourth
adjustment factor during gathering of at least one of the first
data or the second data.

45. The system of claim 24, wherein the processor is to
change one or more of the first adjustment factor, the second
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adjustment factor, the third adjustment factor, or the fourth
adjustment factor based on at least one of the first data or the
second data exceeding a threshold.

46. The system of claim 45, wherein the threshold is based
on a physiological response.

47. A tangible machine readable storage medium compris-
ing instructions which, when executed, cause a machine to at
least:

apply a first adjustment factor to first data gathered from a

subject exposed to a stimulus to form first adjusted data;
apply a second adjustment factor to the first data to form
second adjusted data;

apply a third adjustment factor to second data gathered

from the subject to form third adjusted data;

apply a fourth adjustment factor to the second data to form

fourth adjusted data;

calculate a sum based on the first adjusted data, the second

adjusted data, the third adjusted data, and the fourth
adjusted data;

determine a mental state of the subject based on the sum;

and

adjust at least one of the first adjustment factor, the second

adjustment factor, the third adjustment factor, or the
fourth adjustment factor based on a characteristic of at
least one of the first data or the second data.

48. The medium of claim 47, wherein the first adjustment
factor is based on a first proportion of the first data used
relative to the second data and the fourth adjustment factor is
based on a second proportion of the second data used relative
to the first data.

49. The medium of claim 47, wherein the second adjust-
ment factor is based on a first confidence in the first data and
the third-fifth adjustment factor is based on a second confi-
dence in the second data.

50. The medium of claim 49, wherein the first confidence is
based on a first diagnosis of data quality of a first sensor used
to gather the first data and the second confidence is based on
a second diagnosis of data quality of a second sensor used to
gather the second data.

51. The medium of claim 47, wherein the second adjust-
ment factor is based on a first derivative of the first data and a
first offset and the fourth adjustment factor is based on a
second derivative of the second data and a second offset.

52. The medium of claim 47, wherein the instructions
further cause the machine to apply a fifth adjustment factor to
the sum to form fifth adjusted data.

53. The medium of claim 52, wherein one of the first
adjustment factor or the second adjustment factor is based on
a first confidence in the first data, one of the third adjustment
factor or the fourth adjustment factor is based on a second
confidence in the second data, and the fifth adjustment factor
is based on a coherence of the first confidence and the second
confidence.
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54. The medium of claim 52, wherein the instructions
cause the machine to determine the mental state of the subject
based on the fifth adjusted data.

55. The medium of claim 47, wherein the first data is
gathered from a first modality and the second data is gathered
from a second modality.

56. The medium of claim 55, wherein the first data is
electroencephalographic data and the second data is heart rate
data.

57. The medium of claim 55, wherein the first data is
electroencephalographic data and the second data is blood
oxygen level data.

58. The medium of claim 57, wherein the blood oxygen
level data is based on a breathing pattern.

59. The medium of claim 55, wherein the first data is
electroencephalographic data and the second data is head
movement data.

60. The medium of claim 59, wherein the head movement
data includes movement in three directions.

61. The medium of claim 60, wherein the instructions
further cause the machine to apply a fifth adjustment factor to
the head movement data, the fifth adjustment factor deter-
mined by:

calculating a first square of movement data in an x direc-

tion;

calculating a second square of movement data in a y direc-

tion;

calculating a third square of movement data in a z direc-

tion;

summing the first, second and third squares; and

calculating a square root of the sum of the first, second and

third squares.

62. The medium of claim 47, wherein the instructions
further cause the machine to change one or more of the first
adjustment factor, the second adjustment factor, the third
adjustment factor, or the fourth adjustment factor based on a
rate of change of at least one of the first data or the second
data.

63. The medium of claim 47, wherein the instructions
further cause the machine to change one or more of the first
adjustment factor, the second adjustment factor, the third
adjustment factor, or the fourth adjustment factor during gath-
ering of at least one of the first data or the second data.

64. The medium of claim 47, wherein the instructions
further cause the machine to change one or more of the first
adjustment factor, the second adjustment factor, the third
adjustment factor, or the fourth adjustment factor based on at
least one of the first data or the second data exceeding a
threshold, the threshold based on a physiological response.
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