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NATURE-INSPIRED SIGNAL PROCESSING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This United States (U .S.) Non-Provisional applica 
tion claims the bene?t of US. Provisional Application Ser. 
No. 61/580,202, ?led on Dec. 24, 2011, herein incorporated 
by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 
[0003] The present invention relates generally to the ?eld of 
nature-inspired bio-signal processing and allied ?elds. Sys 
tems, devices and methods for the management of biological 
substrates are disclosed. Narrowly in this context, a biological 
substrate is any aspect of any biological system such as any 
aspect of any actual biological entity or living organism or 
any simulation of any biological entity as in a computer 
system or computer-implemented system or any arti?cial sys 
tem with characteristics approximating those of any actual or 
conceptualized biological entity. Generally in this context, a 
biological substrate is any aspect of any entity that is capable 
of responding to or emitting or transmitting stimuli irrespec 
tive of whether the stimuli actually emanate or originate from 
any aspect of the entity or not. Stimuli re?ected from or 
otherwise detectable from any aspect of the entity could be 
taken into consideration. Similarly, indirect responses to 
stimuli that could be associated with any aspect of the entity 
could also be taken into consideration. Consequently, any 
aspect of any entity including any aspect of any animate or 
inanimate entity that is responsive to stimuli or that emits or 
transmits stimuli or that does both is a biological substrate 
within the context of the present invention. The term “bio 
logical substrate” has been adopted to emphasize the far 
reaching implications of the present invention to biological 
systems and does not limit the scope of the present invention 
to biological systems. Management of biological substrates 
could be achieved through the management of stimuli that 
characterize, modulate or moderate or in?uence any aspect of 
the biological substrate as well as through the management of 
any stimuli emanating from the biological substrate. More 
speci?cally, systems, devices and methods for the generation, 
acquisition, processing, storage, distribution and utilization 
of bio-signals or stimuli related to biological substrates that 
fall within the scope of this invention are disclosed. In one 
embodiment, a bio-signal acquisition or generation device 
comprising a grid of sensor or transducer ensembles wherein 
each sensor or transducer ensemble comprises one or more 

sensors or transducers disposed on an arbitrarily shaped and 
arbitrarily sized N-dimensional surface wherein each sensor 
or transducer is connected operatively to a suitable mediumi 
such as a conducting medium in the case of bio-signals of an 
electrical or electrochemical natureiwhich in turn is con 
nected operatively to a surface associated with the source of 
the bio-signals wherein the sensors or transducers are respon 
sive to (or generate in the case of actuators) stimuli from (in 
the case of sensors) or within (in the case of actuators) the 
biological substrate with the assembly thus comprising a 
counterpart environment to the target or underlying biologi 
cal substrate is used to acquire or generate bio-signals. Fur 
thermore, the invention relates to methods of increasing the 
information transfer rate (measured in bits per second: the 
product of information transfer per presentationiin bits per 
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itemiand the presentation rateiin items per second) of 
brain-computer interface systems. 
[0004] 2. Description of the PriorArt 
[0005] Biological systems such as plants and animals are 
associated with a wide variety of signals. In this context, these 
signals are referred to as bio-signals and are understood to 
include both intrinsic signals generated by the biological 
system for its own purposes and extrinsic signals that can be 
used to manipulate selected aspects of the biological system. 
Plants are known to communicate using chemical signals. Ian 
T. Baldwin and Jack C. Schultz [1] report evidence for com 
munication between plants mediated by phenolic compounds 
and suggest that an airborne cue generated by damaged plant 
tissue may elicit biochemical changes in neighboring plants 
that could have an impact on the feeding and growth of 
phytophagous (plant-eating) insects. In essence, damaged 
plants seem to generate signals that are conducive to their 
survival as well as induce the generation of similar signals in 
neighboring plants. R. Karban et. al. [2] demonstrate rigorous 
experimental evidence for induced resistance to herbivores in 
wild tobacco plants following the clipping of neighboring 
sagebrush, reporting that wild tobacco plants with clipped 
sagebrush neighbors exhibited higher levels of the putative 
defensive oxidative enzyme polyphenol and experienced sig 
ni?cantly reduced leaf damage from grasshoppers and cut 
worms than controls. Echo-locating bats have been reported 
to use sonar for navigation and foraging [3-7]. 
[0006] Sharks and related species of ?sh use electro-sen 
sory structures known as ampullae of Lorenzini for the local 
ization of prey [8-12]. The arti?cial pacemaker and de?bril 
lator are well known examples of the application of 
electrophysiological signals associated with the human heart 
[13-17]. Ultimately, in many biological systems found in 
natureiincluding the human bodyi, bio-signals are gener 
ated in, mediated by, and exert their in?uence on intracellular 
and/or extracellular (in the case of multi-cellular systems) 
structures and processes. In this regard, many studies of the 
electrophysiological and related characteristics of intracellu 
lar and extracellular structures and tissues have been reported 
in the literature and include the Hodgkin-Huxley model that 
gives a theoretical description of excitable membrane. The 
patch clamp method was introduced by Edwin Neher and Bert 
Sakmann and permitted the measurement of the membrane 
current of a single ion channel. Further re?nement of the 
patch clamp technique allowed the determination of cell 
membrane capacitance and subsequently led to studies har 
nessing minute changes in membrane surface area to charac 
terize secretory processes [18-34]. 
[0007] A wide variety of modalities are harnessed in the 
study of bio-signals associated with the human brain. These 
include, but are not limited to, positron emission tomography 
(PET) [35], single-photon emission computed tomography 
(SPECT), electroencephalography (EEG), electrocorticogra 
phy (EcoG), magneto-encephalography (MEG), functional 
magnetic resonance imaging (?VIRI) and functional near 
infrared spectroscopy (fN IR). Each of these modalities has its 
merits and demerits when compared with the others. Electro 
encephalograph (EEG) and magneto-encephalography 
(MEG) are remarkable in the sense that the EEG signal origi 
nates from the electrical activity of neuronal populations and 
can be measured directly using simple electrodes. Similarly, 
based on Maxwell’s equations, the electrical activity of neu 
ronal populations yields a magnetic ?eld that can be mea 
sured directly using a magnetometer in MEG [36, 37]. This is 
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not the case for other modalities that rely on indirect measures 
of brain activity. Modern MEG devices typically utilize ultra 
sensitive superconducting quantum interference devices 
(SQUIDS) [38] arrays for the detection of the weak magnetic 
?elds that originate from the brain’s electrical activity. The 
EEG has is a non-invasive technique (involving the placement 
of electrodes or sensors on the scalp), can be implemented at 
relatively low co st, imposes fewer restraints on the movement 
of the subject (allowing longer duration recordings) and has 
good temporal resolutioniin the order of 1 millisecondibut 
is hampered by low spatial resolution. The optimum electrode 
distance for the EEG seems to be between 10.0 mm and 50.0 
mm on the basis of estimated variable brain-skull-scalp resis 
tivity ratios and the use of the reciprocity theorem, superpo 
sition principle, lead ?eld theorem and theoretical spatial 
frequency (spatial Nyquist) considerations [39-44] . Attempts 
to localize the sources of the EEG signals (or to solve the 
forward and inverse problems) typically employ large num 
bers of electrodes (in the order of 100 electrodes) and provide 
only crude estimates [45-47]. Researchers have demonstrated 
the feasibility of brain-computer interfaces (BCIs) based 
solely on noninvasively acquired EEG signals [48]. Gener 
ally, contemporary noninvasive EEG measurement systems 
utilize electrodes placed on the scalp with a single electrode 
or sensor per site. Thus for each site on the scalp, only a single 
signal streamipresumably representing the superposition of 
signal contributions of layers of neuronal populations 
beneath the siteiis typically acquired. However, the simul 
taneous acquisition of distinct signals representing the con 
tributions of different layers of neuronal populations by mul 
tiple electrodes at the same site could signi?cantly improve 
the spatial resolution of the EEG, provide new insights into 
the underlying physiological processes and open up new 
avenues for the application of the EEG. 

[0008] It is clear from the foregoing that the characteriza 
tion as well as the modulation or moderation or control as well 

as the generation of stimuli related to biological systems (and 
more generally biological substrates as de?ned in the context 
of the present invention) provide signi?cant opportunities for 
the furthering of human understanding of these systems and 
consequently offer signi?cant new avenues for the bene?cial 
application of such systems in wide application areas ranging 
from brain-computer or brain-machine interfaces to the diag 
nosis and treatment of many diseases, illnesses and medical 
conditions as well as vast new arenas in entertainment and 

other useful applications. For simplicity however, the 
embodiments disclosed in the present invention will focus on 
the brain (and especially the human brain as well as the brains 
of other animals such as primates) and related applications. 

[0009] The functional organization of many regions of the 
brain including the superior temporal cortex which is 
believed to play a critical role in the hierarchical processing of 
human visual and auditory stimuli is not well understood. It is 
not known precisely which layer within which region of the 
brain is responsible for which aspect of visual or auditory 
processing. Simultaneous non-invasive acquisition of bio 
signals representing contributions from multiple layers of 
neuronal populations within the brain could provide new 
insights leading to the resolution of many of these outstanding 
issues and provide a deeper understanding of the underlying 
physiological processes. However, the simultaneous acquisi 
tion of bio-signals from multiple layers within the signal 
source at su?icient temporal and spatial resolution to resolve 
these and other critical questions is impracticable using state 
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of-the-art non-invasive bio-signal acquisition systems such as 
electroencephalography (EEG) and magnetic resonance 
imaging (MRI) that are routinely used in the diagnosis and 
treatment of diseases as well as for research aimed at under 
standing the neurological underpinnings of human and ani 
mal behavior. 
[0010] It has been shown that elasmobranchsia scienti?c 
grouping containing ?sh such as sharks, rays, and skates 
possess bio-signal sensing electroreceptors named ampullae 
of Lorenzini which they utilize for such purposes as the 
location of prey Ampullae of Lorenzini are electroreceptive 
units in elasmobranchs comprising jelly-?lled canals found 
on the head of the animal which form a system of sense 
organs, each of which receives stimuli from the outside envi 
ronment through the dermis and epidermis. Each canal ends 
in groups of small bulges lined by the sensory epithelium. A 
small bundle of afferent nerve ?bers innervates each ampul 
lae. Although the lengths of the canals vary from species to 
species4even within any one ?shi, the pattern of distribu 
tion is approximately species speci?c. (Murray, R. W. 1974. 
The Ampullae of Lorenzini. In: Handbook of Sensory Physi 
ology, A. Fessard, (ed). Springer-Verlag, New York.). 
[0011] Neuronal populations in human and animal brains 
generate signals which can be used to drive brain-computer 
interfaces. 

[0012] Brain-computer interfaces (BCI) are systems that 
serve as communication pathways between humans (and gen 
erally animals) and machines. In BCIs, signals corresponding 
directly or indirectly to physiological and cognitive processes 
in the subject couldbe translated into commands that could be 
used to control external devices. Conversely, signals from 
external sensors could be transformed into a suitable format 
and used to induce perceptions in the subject that would 
ordinarily be induced through the normal operation of the 
body’s natural sensory organs. Thus, BCIs provide means of 
circumventing the usual motor-sensory pathways in the sub 
ject and could be harnessed as an independent channel of 
communication with the subject’s environment. For subjects 
with impairments, the circumvention of the traditional motor 
sensory pathways facilitated by BCIs hold the promise of a 
viable means of restoring interaction with the environment 
that would otherwise be impossible or dif?cult to attain. 
Healthy subjects could also use BCIs as alternative and poten 
tially more intuitive communication channels. 

[0013] A variety of methods and devices4each with its 
own set of advantages and drawbacksicanbe used to acquire 
brainwave data. These generally fall into two broad catego 
riesiinvasive and non-invasive. Invasive methods and sys 
tems are characterized by the utilization of intra-cranial 
means of recording signals while non-invasive methods and 
systems typically involve the measurement of signals without 
direct contact with the cells generating the signals. The elec 
trocorticography (ECoG) technique described by Leuthardt; 
Eric C. et al. in Us. Pat. No. 7,120,486 involves the recording 
of the electrical activity of the cerebral cortex by means of 
electrodes placed directly on it, either under the dura mater 
(subdural) or over the dura mater (epidural) but beneath the 
skull and is thus an example of an invasive method of brain 
wave signal acquisition. Systems based on functional mag 
netic resonance imaging (fMRI), positron emission tomogra 
phy (PET), single photon emission computerized 
tomography (SPECT), electroencephalography (EEG), mag 
netoencephalography (MEG), and functional near-infrared 
spectroscopy (fNIRS) provide non-invasive means of brain 
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wave recording and depend on a variety of principles ranging 
from neurovascular coupling (the relationship between blood 
?ow in neural cell populations and cognitive activity involv 
ing the participation of said neural cell populations) to elec 
trophysiological analyses. Invasive techniques generally pro 
vide more accurate representations of neuronal activity but 
are hampered by the associated risks and inconvenience of 
brain surgery (for implantation of the recording device) and 
degeneration of signal quality due to encapsulation of the 
recording electrodes by ?brous tissue and/or destruction of 
neighboring cells by the electrodes. 
[0014] Currently, the majority of non-invasive BCIs are 
based on the well-known electroencephalography (EEG) 
technique owing to its relative portability, low cost, high 
temporal resolution and ease of operation. Examples of BCIs 
based on EEG and/or other non-invasive recordings include 
those disclosed in US. Pat. No. 5,638,826, US. Pat. No. 
7,403,815 and US. Pat. No. 6,349,231. The spatial resolution 
of contemporary EEG-based BCIs is quite lowiwith sys 
tems typically comprising between 1 and 256 electrodes, each 
of which aggregates signals from massive neuronal popula 
tions. Furthermore, the signals are heavily attenuated on their 
journey through the skull and are thus susceptible to corrup 
tion by noise from other signal-emitting physiological pro 
cesses in the subject and disturbances from the environment. 

[0015] Techniques, algorithms and systems that remedy the 
shortcomings of EEG-based BCIs are well known and widely 
reported in the literature. Writing in the Proceedings of the 
United States National Academy of Sciences (2004 Dec. 21; 
101(51): 17849-17854), Jonathan R. Wolpaw and Dennis J. 
McFarland describe an adaptive algorithm that uses a simple 
linear combination of relevant features to improve the effec 
tiveness of a non-invasive BCI designed for 2-dimensional 
computer cursor control. Although the method described by 
Jonathan R. Wolpaw et al. provides better results than some 
competing methods by adapting the features selected for clas 
si?cation to the speci?c features that the user is best able to 
control, it is still hampered by the major drawback of high 
sensitivity to individual brainwave characteristics and the 
requirement for long training periods. The information trans 
fer rate of EEG-based BCIs is currently in the range of 5 to 25 
bits per second which is too low to permit widespread use of 
such BCIs in practical applications. 
[0016] Deep brain stimulation encompasses a wide range 
of well-known techniques for the generation and utilization of 
electrical or other impulses, signals or stimuli that are applied 
to selected regions of the brain to produce desired states and 
outcomes. State of the art deep brain stimulation practice 
typically involves the invasive surgical implantation of elec 
trodes (for the generation of electrical stimuli or impulses or 
signals) or other devices such as brain pacemakers with the 
attendant drawbacks in terms of long-term viability, undesir 
able side effects and limited ef?cacy. For example, US. Pat. 
No. 8,295,935 discloses new methods for deep brain stimu 
lation (DBS) surgery using two or more electrical leads that 
are surgically implanted in the brain of the patient. Other deep 
brain stimulation (DBS) modalities such as the application of 
light energy as described in US. Pat. No. 8,303,636 that 
prescribes trans-cranially applying light energy having a 
wavelength of between 300 nm to 1500 nm and a power 
density at the scalp of up to 320 mW per square cm to the brain 
of a patient with anxiety disorder with hemispheric asymme 
try and similar applications deep brain stimulation (DBS) are 
also available. These contemporary applications are all lim 
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ited by the lack of precision in the targeting of brain regions 
since these contemporary systems are unable to simulta 
neously and precisely target speci?c layers within the brain 
for better clinical outcomes and generally signi?cantly better 
results. Where contemporary systems are able to achieve 
targeting of speci?c brain regions, they are typically limited 
to the modulation or moderation or control or stimulation of 
just one imprecisely de?ned region at a time. 

SUMMARY OF THE INVENTION 

[0017] It is an object of the present invention to overcome 
the limitations of the prior art set forth above by providing 
improved systems, devices and methods for the management 
of biological substrates. According to the principles of the 
present invention, management of biological substrates could 
be achieved through the management of stimuli that charac 
terize, modulate or moderate or in?uence or control any 
aspect of the biological substrate as well as through the man 
agement of any stimuli emanating from the biological sub 
strate. More speci?cally, systems, devices and methods for 
the generation, acquisition, processing, storage, distribution 
and utilization of bio-signals or stimuli related to biological 
substrates that fall within the scope of the present invention 
are disclosed. 

[0018] In one embodiment, a bio-signal acquisition or gen 
eration device comprising a grid of sensor or transducer 
ensembles wherein each sensor or transducer ensemble com 
prises one or more sensors or transducers disposed on an 

arbitrarily shaped and arbitrarily sized N-dimensional surface 
wherein each sensor or transducer is connected operatively to 
a suitable mediumisuch as a conducting medium in the case 
of bio-signals of an electrical or electrochemical naturei 
which in turn is connected operatively to a surface associated 
with the source or target of the bio-signals (biological sub 
strate) wherein the sensors or transducers are responsive to 
(or generate in the case of actuators) stimuli from (in the case 
of sensors) or within (in the case of actuators) the biological 
substrate with the assembly thus comprising a counterpart or 
corresponding environment to the target or underlying bio 
logical substrate is used to acquire or generate bio-signals. 
Such systems permit the simultaneous non-invasive acquisi 
tion of one or more distinct bio-signal streams or stimuli from 
the same site using a sensor ensemble. The systems permitted 
by the principles of the present invention also enable the 
ef?cient and non-invasive generation of one or more distinct 
bio-signal streams or stimuli at the same site using an actuator 

ensemble. N can be 1 (for linear embodiments), 2 (for planar 
embodiments), 3 (for conventional spatial or 3-dimensional 
embodiments), 4 (for time-varying spatial or 3-dimensional 
embodiments), or any other suitable number of dimensions 
required for a given application or set of applications. 
[0019] The results permitted by the present invention have 
far-reaching implications for many application domainsi 
such as the clari?cation of the functional organization of 
critical regions of the brainiin which the simultaneous 
acquisition of bio-signals or stimuli from multiple layers 
could lead to better understanding and more ef?cient opera 
tion. 
[0020] Furthermore, the results permitted by the present 
invention have far-reaching implications for many applica 
tion domainsisuch as the use of generated stimuli for the 
modulation or stimulation or moderate or control of selected 
regions of a biological substrateiin which the ability to 
simultaneously modulate or stimulate or moderate or control 



US 2014/0135642 A1 

multiple layers within a biological substrate could lead to 
better understanding, better diagnosis and treatment out 
comes and more ef?cient operation. 

[0021] Additionally, the ability of the present invention to 
permit simultaneous acquisition of multiple streams of 
stimuli from a sensor site and the generation of stimuli 
streams that can simultaneously modulate or moderate or 
control or stimulate multiple layers within a biological sub 
strate leads to vastly improved spatial resolution as well as 
vast increases in the information transfer rate (measured in 
bits per second: the product of information transfer per pre 
sentationiin bits per itemiand the presentation rateiin 
items per second) of brain-computer interface systems or 
similar systems based on the principles of the present inven 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] FIG. 1 shows a representative model describing 
aspects of the principles of the present invention. 
[0023] FIG. 2 depicts how the representative model 
describing aspects of the principles of the present invention 
could be applied to stimuli related to the brain. 

[0024] FIG. 3 illustrates a vertical cross-section through a 
representative sensor ensemble. 

[0025] 
[0026] FIG. 5 shows a top view illustrating the partitioning 
of the containing cylinder into unique planes. P1 and P2 
represent the outlines of two planes. The angle between them 
is 6. 

[0027] FIG. 6 illustrates a 3-dimensional view of the con 
taining cylinder showing two representative planar partitions 
P1 and P2 separated by the angle 6. 
[0028] FIG. 7 shows a subdivision ofa plane into m strips. 
Transducers e1, e2, . . . , em are embedded in the strips, one 

transducer per strip. 
[0029] FIG. 8 illustrates planar partitions P1, P2, . . . , Pn 
with embedded transducers SE1, SE2, . . . , SE3. 

[0030] FIG. 9 depicts a double helix formed by partitioning 
the containing cylinder into unique planes and embedding a 
single transducer per plane at a distinct height from the base 
of the cylinder. 
[0031] FIG. 10 illustrates the splitting of a transducer on a 
plane Pl into two opposing transducers SEl and SE2 at a 
height d12 from the base of the cylinder and the double 
stranded double helix formed by partitioning the containing 
cylinder into unique planes and embedding two opposing and 
horizontally separated transducers per plane at a distinct 
height from the base of the cylinder. 

[0032] FIG. 11 depicts tri-linear interpolation for a site 
bounded by eight neighboring transducer sites in a 3-dimen 
sional spatial con?guration. 
[0033] FIG. 12 shows a ?owchart outlining how brainwave 
signals could be processed according to the principles of the 
present invention. 

[0034] FIG. 13 illustrates the tier-l image representation 
used by the preferred embodiment of the present invention. 

[0035] FIG. 14 shows the partitioning or segmentation of 
the original image frame to form tier-2 of the image repre 
sentation used by the preferred embodiment of the present 
invention. 

FIG. 4 depicts a simple alternative sensor ensemble. 
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DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0036] In FIG. 1, a representative model describing aspects 
of the principles of the present invention shows a biological 
substrateilabeled BIOLOGICAL SUBSTRATEiand a 
counterpart or corresponding environmentilabeled COUN 
TERPART ENVIRONMENTiseparated by a boundaryi 
labeled BOUNDARY. 

[0037] This model of aspects of the principles of the present 
invention is one in which approximations to carefully 
selected representative features of the source or target of the 
bio-signals or biological substrate are utilized for character 
ization and/or manipulation or modulation or moderation or 
control or stimulation of the underlying biological system. 
[0038] An environment corresponding to selected features 
of the source or target biological substrate is created and a 
strategy that utilizes the corresponding or counterpart envi 
ronment for the characterization and/or manipulation or 
modulation or moderation or control or stimulation of the 
underlying biological system is pursued. 
[0039] The choice of features to approximate in the corre 
sponding or counterpart environment depends on the appli 
cation of the model. Similarly, the characteristics of the 
boundary between the source or target of the bio-signals or 
biological substrate and the corresponding or counterpart 
environment created in the model depend on the features of 
the source or target and the corresponding or counterpart 
environment. 

[0040] An operative connection between the counterpart 
environment and the biological substrate is also established. 
This connection could be as simple as merely placing the 
counterpart environment in physical (or other suitable opera 
tive) contact with the biological substrate. In the case where 
the biological substrate is the brain, the operative connection 
between the counterpart environment comprising the trans 
ducers (sensors or actuators) and related systems and the 
biological substrate comprising the brain tissue could be the 
placement of a conducting medium such as a conducting gel 
in contact with the skull of the brain which in this case forms 
the boundary between the counterpart environment and the 
biological substrate. One of ordinary skill in the art will 
appreciate that the operative connection need not involve 
physical contact between the counterpart environment and 
the biological substrate but could comprise the air or some 
other gap or any other suitable interface between the two 
environments such as a lens or other focusing element in 
applications requiring the use of light or optical signals or 
sound or microwave signals for operation. Suitably formatted 
or adapted interfaces (including shielding when needed) 
could be applied in applications requiring the use of magne 
tometers or similar devices or systems for operation. 

[0041] According to the principles of the present invention, 
the biological substrate could be used to in?uence or modu 
late or moderate or control the counterpart environment. This 
could be achieved by designing and connecting the counter 
part environment to the biological substrate in such a way that 
stimuli that are emitted by or transmitted from the biological 
substrate in?uence or modulate or moderate or control 
aspects of the counterpart environment. Conversely, the coun 
terpart environment could be used to in?uence or modulate or 
moderate or control the biological substrate. This could be 
achieved by designing and connecting the counterpart envi 
ronment to the biological substrate in such a way that stimuli 
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that are emitted by or transmitted from the counterpart envi 
ronment in?uence or modulate or moderate or control aspects 
of the biological substrate. 
[0042] It should be obvious to one of ordinary skill in the art 
that this representative model is by no means the only model 
that could be used to explain or implement aspects of the 
principles of the present invention. In fact this model need not 
be correct in a rigorous sense but is intended only as a guide 
for the explanation and implementation of aspects of the 
principles of the present invention. Other suitable models 
may be applied without deviating from the principles of the 
present invention. 
[0043] Characterization of a biological substrate could 
involve the determination of the state of selected aspects of 
the biological substrate. For applications related to the brain, 
this could involve the sensing of stimuli associated with the 
state of excitation or relaxation or other relevant state of 
selected neuronal populations. This state information could 
be collected using electrodes, magnetometers or any other 
suitable systems, methods or devices. 

[0044] Numerous techniques for the mathematical, visual 
or other suitable representation or characterization of the 
information associated with biological substrates exist in the 
relevant literature and some of these have already been cited 
in the description of the prior art. 
[0045] Similarly, modulation or moderation or control or 
stimulation of a biological substrate could involve effecting 
or causing a desired state in any selected aspects of the bio 
logical substrate. For applications related to the brain, this 
could involve the use of suitable stimuli such as electrical 
impulses, magnetic impulses, light waves, radio signals or 
any other suitable stimuli to cause or effect the excitation or 
relaxation or other relevant state of selected neuronal popu 
lations. This modulation or moderation or control or stimu 

lation could be effected or caused using electrodes, magne 
tometers or any other suitable systems, methods or devices. 

[0046] Means of achieving modulation or moderation or 
control or stimulation of a biological substrate include deep 
brain stimulation and other techniques reported in the rel 
evant literature, some of which have already been cited in the 
description of the prior art. 
[0047] As explained earlier, the created counterpart or cor 
responding environment could comprise one or more trans 
ducer (sensor or actuator) ensembles with each ensemble 
containing one or more transducers (sensors or actuators) and 
the assembly disposed on an arbitrarily shaped and arbitrarily 
sized N-dimensional surface wherein each transducer (sensor 
or actuator) is connected operatively to a suitable mediumi 
such as a conducting medium in the case of bio-signals of an 
electrical or electrochemical natureiwhich in turn is con 
nected operatively to a surface associated with the biological 
substrate (such as the skull in the case of applications related 
to the brain) wherein the transducers are responsive to (in the 
case of sensors) or generate (in the case of actuators) stimuli 
from (in the case of sensors) or within (in the case of actua 
tors) the biological substrate. One of ordinary skill in the art 
will appreciate that it is possible to con?gure any of the 
elements or transducers in any of the ensembles as a sensor 
responsive to suitable stimuli or as an actuator generating 
suitable stimuli or both as a sensor responsive to suitable 
stimuli as required and as an actuator generating suitable 
stimuli as required. Furthermore, applications in which the 
characterization of stimuli from a biological substrate based 
on information collected from one or more sensors is utilized 
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as a guide for the modulation or moderation or control or 
stimulation of the biological substrate fall within the scope of 
the present invention. Such applications include aptitude or 
similar training scenarios in which the characterization of a 
biological substrate could be used to provide feedback for the 
modulation or moderation or control or stimulation of the 
biological substrate. 
[0048] This representative model disclosed in the present or 
any other suitable model based on the principles of the present 
invention could be used to simulate any desired aspects of a 
biological substrate on any suitable system such as a com 
puter system and associated display systems. 
[0049] Information gleaned from sensors responsive to 
stimuli emanating from a biological substrate could be suit 
ably formatted and displayed in a manner that adequately 
characterizes any desired aspects of the biological substrate. 
For example, information from electrodes representing the 
state of excitation or relaxation of selected neuronal popula 
tions couldbe formatted and displayed on a suitable computer 
display as a color map that would make it easy to determine 
whether the subject the biological substrate represents is 
excited, depressed, agitated or in some other relevant emo 
tional state. Such information could also be hamessed by 
using suitable systems such as computer-implemented soft 
ware code written in a suitable programming language such 
as C, C++, JAVA, Python, and so on, to provide commands for 
the control of other systems or devices such as software 
running on the same computer systems or other computer 
systems connected to the computer system on which the 
processing takes place through the Internet or some other 
suitable network. It should be obvious to one of ordinary skill 
in the art that a wide variety of applications can be created 
using information gleaned from the created counterpart envi 
ronment based on the principles of the present invention. 
[0050] Similarly, a wide variety of applications can be cre 
ated by controlling or manipulating the created counterpart 
environment in a manner that facilitates directed and purpose 
ful modulation or moderation or control or stimulation of a 

biological substrate in accordance with the principles of the 
present invention. For example, more precise and signi? 
cantly more useful deep brain stimulation can be achieved 
through the precise targeting of relevant brain layers or 
regions for stimulation in accordance with the principles of 
the present invention. 
[0051] It should be noted that any aspect of the created 
counterpart or corresponding environment may be employed 
towards the characterization and modulation or moderation 
or control or stimulation of the biological substrate. These 
aspects include, but are not limited to, interactions and con 
sequences of interactions between the elements of the created 
counterpart or corresponding environment themselves. In 
fact, such interactions could be purposefully designed and 
exploited to better characterize and modulate or moderate or 
control or stimulate the biological substrate. 
[0052] Consider the situation where the source of the bio 
signals is the human brain and the goal is the acquisition of the 
corresponding electroencephalography (EEG) signals with 
minimal or no corruption from the distortions introduced by 
the brain tissue, skull and scalp. Then based on this model, an 
environment (counterpart or corresponding environment) 
could be created outside the brainiwith a boundary com 
prising a conducting medium in contact with the scalp and the 
corresponding environmentiin which approximations to the 
distortions are used to inform the placement of sensors in such 






















