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(57) ABSTRACT 

(75) Inventors: iggf'geg/i’clsg?gfgos’aiggi); A mobile brain-based device BBD includes a mobile base 
CA (UyS)_'Gerald MylijdelmangL’a equipped With sensors and effectors (Neurally Organized 
1011a CA’ (Us) Jef?:e L ’ Mobile Adaptive Device or NOMAD), Which is guided by a 
Kric’hmar Car’diff_b Ythelsea CA simulated nervous system that is an analogue of cortical and 
(Us) ’ y ’ sub-cortical areas of the brain required for visual processing, 

decision-making, reWard, and motor responses. These simu 
- _ . lated cortical and sub-cortical areas are reentrantl connected 

(73) Asslgnee. Neurosclences Research _ _ Foundation Inc San Diego CA and each area contams neuronal un1ts representing both the 

(Us) ’ " ’ mean activity level and the relative timing of the activity of 
groups of neurons. The brain-based device BBD learns to 

(21) Appl_ No; 12/421,859 discriminate among multiple objects With ‘shared visual fea 
tures, and associated “target” objects W1th mnately preferred 

(22) Filed; API._ 10, 2009 auditory cues. Globally distributedneuronal circuits that cor 
respond to distinct objects in the visual ?eld of NOMAD 10 

Related U_s_ Application Data are activated. These circuits, Which are constrained by a reen 
_ _ _ _ trant neuroanatomy and modulated by behavior and synaptic 

(63) Commuanon of aPPhCatlOn NO- 11/105,019, ?led on plasticity, result in successful discrimination of objects. The 
APL 13, 2005,110‘” Pat- NO- 7>519>452- brain-based device BBD is moveable, in a rich real-World 

. . . . environment involving continual changes in the size and loca 

(60) {52031830411211 apphcanon NO’ 60/562376’ ?led on Apr‘ tion of visual stimuli due to self-generated or autonomous, 
’ ' movement, and shoWs that reentrant connectivity and 

_ _ _ _ dynamic synchronization provide an effective mechanism for 
Pubhcatlon Classl?catlon binding the features of visual objects so as to reorganize 

(51) Int, Cl, object features such as color, shape and motion While distin 
G06F 15/18 (200601) guishing distinct objects in the environment. 
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MOBILE BRAIN-BASED DEVICE FOR USE IN 
A REAL WORLD ENVIRONMENT 

PRIORITY CLAIM 

[0001] This application is a continuation of US. patent 
application Ser. No. 1 1/105,019, ?led Apr. 13, 2005, entitled 
“Mobile Brain-Based Device for Use in a Real World Envi 
ronment,” by Anil K. Seth et al., Which claims priority under 
35 U.S.C. 119(e) to US. Provisional Patent Application No. 
60/5 62,376, ?led Apr. 15, 2004, entitled “Mobile Brain 
Based Device for Use in a Real World Environment,” by Anil 
K. Seth et al., Which applications are incorporated herein by 
reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH AND DEVELOPMENT 

[0002] This invention Was made With Government support 
under N00014-03-1-0980 aWarded by the Of?ce of Naval 
Research. The United States Government has certain rights in 
the invention. 

COPYRIGHT NOTICE 

[0003] A portion of the disclosure of this patent document 
contains material Which is subject to copyright protection. 
The copyright oWner has no objection to the facsimile repro 
duction by anyone of the patent document or the patent dis 
closure, as it appears in the Patent and Trademark O?ice 
patent ?le or records, but otherwise reserves all copyright 
rights Whatsoever. 

FIELD OF THE INVENTION 

[0004] The present invention relates to the ?eld of brain 
based devices having simulated nervous systems for guiding 
the behavior of the devices in a real World environment. 

BACKGROUND OF THE INVENTION 

[0005] A brain-based device is a device that has a sensing 
system for receiving information, effectors that enable the 
device to move about, and a simulated nervous system Which 
controls movement of the effectors in response to input from 
the sensing system to guide the behavior of the brain-based 
device in a real-World environment. The sensing system may 
include video and audio sensors Which receive image and 
audio information from the real -World environment in Which 
the device moves. The simulated nervous system may be 
implemented as a computer-based system Which receives and 
processes the image and auditory information input to the 
brain-based device and outputs commands to the effectors to 
control the behavior of the device in the environment. 
[0006] The simulated nervous system, While implemented 
in a computer-based system, emulates the human brain rather 
than a programmed computer Which typically folloWs a set of 
precise executable instructions or Which performs computa 
tions. That is, the brain is not a computer and folloWs neuro 
biological rather than computational principles in its con 
struction. The brain has special features or organiZation and 
functions that are not believed to be consistent With the idea 
that it folloWs such a set of precise instructions or that it 
computes in the manner of a programmed computer. A com 
parison of the signals that a brain receives With those of a 
computer shoWs a number of features that are special to the 
brain. For example, the real World is not presented to the brain 
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like a data storage medium storing an unambiguous series of 
signals that are presented to a programmed computer. None 
theless, the brain enables humans (and animals) to sense their 
environment, categoriZe patterns out of a multitude of vari 
able signals, and initiate movement. The ability of the nervous 
system to carry out perceptual categoriZation of different 
signals for sight, sound, etc. and divide them into coherent 
classes Without a prearranged code is special and unmatched 
by present day computers, Whether based on arti?cial intelli 
gence (AI) principles or neural netWork constructions. 

[0007] The visual system of the brain contains a variety of 
cortical regions Which are specialiZed to different visual fea 
tures. For example, one region responds to the color of an 
object, another separate region responds to the object’s shape, 
While yet another region responds to any motion of the object. 
The brain Will enable a human to see and distinguish in a 
scene, for example, a red airplane from a gray cloud both 
moving across a background of blue sky. Yet, no single region 
of the brain has superordinate control over the separate 
regions responding to color, shape and movement that coor 
dinate color, shape and movement so that We see and distin 
guish a single object (eg the airplane) and distinguish it from 
other objects in the scene (eg the cloud and the sky). 
[0008] The fact that there is no such single superordinate 
control region in the brain poses What is knoWn as the “bind 
ing problem.” HoW do these functionally separated regions of 
the brain coordinate their activities in order to associate fea 
tures belonging to individual objects and distinguish among 
different objects? It is this ability of the brain to so associate 
and distinguish different objects that enables us to move 
about in our real-World environment. A mobile brain-based 
device having a simulated nervous system that can control the 
behavior of the device in the rich environment of the real 
World therefore Would have many advantages and uses. 

[0009] Mechanisms proposed for solving the “binding 
problem” generally fall into one of tWo classes: (i) binding 
through the in?uence of “higher” attentional mechanisms of 
the brain, and (ii) selective synchronization of the “?ring” of 
dynamically formed groups of neurons in the brain. In (i), the 
belief is that the brain through its parietal or frontal regions, 
“binds” objects by means of an executive mechanism, for 
example, a spotlight of attention that Would combine visual 
features appearing at a single location in space, eg the red 
airplane or gray cloud against the background of a blue sky. In 
(ii), the belief is that the brain “binds” objects in an automatic, 
dynamic, and pre-attentive process through groups of neu 
rons that become linked by selective synchronization of the 
?ring of the neurons. These synchroniZed neuronal groups 
form Within the brain into global patterns of activity, or cir 
cuits, corresponding to perceptual categories. This enables us 
to see, for example, a red, ?ying airplane as a single object 
distinct from other objects such as a gray, moving cloud. 

[0010] Computer-based computational models of visual 
binding, as Well as physical, mobile brain-based devices hav 
ing a simulated nervous system, are knoWn, Yet, neither pro 
vides emergent circuits in the computer model or in the simu 
lated nervous system of the physical brain-based device that 
contribute to providing a device With a rich and variable 
behavior in the real-World environment, especially in envi 
ronments that require preferential behavior toWards one 
object among many in a scene. For example, it Would be 
desirable to have a mobile brain-based device move about in 
an environment and have preferential behavior toWard one 
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object among many in a scene so as to be able to obtain images 
of that object via an on-board camera and to select that object 
via on-board grippers. 
[001 1] One prior computational computer model simulated 
the nervous system by representing nine neural areas analo 
gous to nine cortical areas of the visual system of the brain. It 
also simulated “reWard” and motor systems of the nervous 
system. The model had “reentrant connections” or circuits 
betWeen the nine different cortical areas, Which are connec 
tions that alloW the cortical areas to interact With each other. 
This computational model shoWed the capabilities of reen 
trant circuits to result in binding; the computer model, hoW 
ever, had several limitations. The stimuli into the modeled 
nervous system came from a limited prede?ned set of simu 
lated object shapes and these Were of uniform scale, contrary 
to What is found in a real-World environment. Furthermore, 
the resulting modeled behavior did not emerge in a rich and 
noisy environment experienced by behaving organisms in the 
real World. A more detailed description of this computational 
model is given in the paper entitled “Reentry and the Problem 
of Integrating Multiple Cortical Areas: Simulation of 
Dynamic Integration in the Visual System”, by Tononi and 
Edelman, Cerebral Cortex, July/August 1992. 
[0012] A prior physical, mobile brain-based device having 
a simulated nervous system does explore its environment and 
through this experience learns to develop adaptive behaviors. 
Such a prior mobile brain-based device is guided by the 
simulated nervous system Which is implemented on a com 
puter system. The simulation of the nervous system Was based 
on the anatomy and physiology of vertebrate nervous sys 
tems, but as With any simulated nervous system, With many 
feWer neurons and a simpler architecture than is found in the 
brain. For this physical, mobile brain-based device, the ner 
vous system Was made up of six maj or neural areas analogous 
to the cortical and subcortical brain regions. These six major 
areas included: an auditory system, a visual system, a taste 
system, a motor system capable of triggering behavior, a 
visual tracking system, and a value system. A detailed 
description of this mobile brain-based device is given in the 
paper entitled “Machine Psychology: Autonomous Behavior, 
Perceptual Categorization and Conditioning in a Brain-based 
Device” by Krichmar and Edelman, Cerebral Cortex, August 
2002. While this brain-based device does operate in a real 
World environment, it does not implement, among many other 
things, reentrant connections, thereby limiting its ability to 
engage in visually guided behavior and in object discrimina 
tion in a real-World environment. 

SUMMARY OF THE INVENTION 

[0013] The present invention is a physical, mobile brain 
based device (“BBD”) having a simulated nervous system for 
guiding the device in a rich exploratory and selective behavior 
in a real-World environment. The simulated nervous system 
of this device contains simulated neural areas analogous to 
the ventral stream of a brain’s visual system, knoWn as neural 
areas V1 V2, V4 and IT that in?uence visual tracking (neural 
area C), and neural areas having a value system (area S). 
These neural areas have reentrant connections Within and 
betWeen each other, Which give rise to biases in motor activ 
ity, Which in turn evoke behavioral responses in the mobile 
device enabling visual object discrimination in a scene. 
[0014] Each neural area is comprised of many neuronal 
units. And, to represent the relative timing of neuronal activ 
ity, each neuronal unit in each neural area is described by a 
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?ring rate variable and a phase variable, Where similar phases 
re?ect synchronous ?ring. The binding problem, therefore, in 
the present invention is resolved based on principles of reen 
trant connectivity and synchronous neuronal ?ring. 
[0015] The physical, mobile device of the present inven 
tion, as it is moving and interacting in the real World in a 
conditioning or training stage, learns What objects are in its 
environment, i.e. objects are not given to it as prede?ned data 
in a simulation. That is, the brain-based device of the present 
invention learns, in a given environment, What is a particular 
object, such as a green diamond, What is a ?oor, What is a Wall, 
etc. Moreover, this learning through movement and interac 
tion in the environment results in the brain-based device 
having invariant object recognition. This means that once it 
learns What, for example, a green diamond is as an object 
during a training stage, it Will recogniZe that object When in a 
testing stage as the device moves about its real-World envi 
ronment Whether the object is across a room from the device, 
directly in front of the device, off to the left of the device, off 
to the right of the device, etc. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 is a pictorial vieW of a physical, mobile 
brain-based device. 
[0017] FIG. 2 is a schematic of the regional and functional 
neuroanatomy of the simulated nervous system of the brain 
based device of FIG. 1. 
[0018] FIGS. 3A-3E are vieWs of a simple netWork of three 
neuronal units used to explain the neuroanatomy of the 
present invention shoWn in FIG. 2. 
[0019] FIGS. 4A-4E illustrate graphically activity vs. 
phase of a neuronal unit. 
[0020] FIGS. 5A-5B illustrates schematically and photo 
graphically, respectively, an experimental set-up of a real 
World environment in Which the mobile brain-based device of 
FIGS. 1 and 2 behaves. 
[0021] FIGS. 6A-6B are used to explain, respectively, the 
training and testing protocol of the brain-based device of 
FIGS. 1 and 2. 
[0022] FIGS. 7A-7B are graphs illustrating the behavior of 
the brain-based device of FIGS. 1 and 2 folloWing condition 
mg. 
[0023] FIG. 8 is a snapshot of the neuronal unit activity of 
the brain-based device of FIGS. 1 and 2 during a behavioral 
experiment. 
[0024] FIGS. 9A-9B shoW phase responses With and With 
out reentry connections, respectively, of the brain-based 
device of FIGS. 1 and 2 folloWing conditioning. 
[0025] FIGS. 10A-10C are used to explain phase correla 
tions among neural areas for the brain-based device of FIGS. 
1 and 2 conditioned to prefer or discriminate a red diamond as 
a single target object. 
[0026] FIGS. 11A-11B are illustrations used to explain the 
response of the neural value area S to target objects in differ 
ent real-World positions and at different scales. 
[0027] FIGS. 12A-12B shoW neural activity during condi 
tioning or training of the brain-based device of FIGS. 1 and 2 
for neural areas S, IT and C. 

[0028] FIG. 13 is an exemplary illustration of a system in 
accordance With various embodiments of the invention. 

[0029] FIG. 14 is a How diagram illustration of neural simu 
lator initialiZation. 
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[0030] FIG. 15 is a ?oW diagram illustration of the master 
component in accordance With various embodiments of the 
invention. 
[0031] FIG. 16 is a ?oW diagram illustration of a neural 
simulator in accordance With various embodiments of the 
invention. 

DETAILED DESCRIPTION 

[0032] Aspects of the invention are illustrated by Way of 
example and not by Way of limitation in the ?gures of the 
accompanying draWings in Which like references indicate 
similar elements. It should be noted that references to “an”, 
“one” and “various” embodiments in this disclosure are not 
necessarily to the same embodiment, and such references 
mean at least one. In the folloWing description, numerous 
speci?c details are set forth to provide a thorough description 
of the invention. HoWever, it Will be apparent to one skilled in 
the art that the invention may be practiced Without these 
speci?c details. In other instances, Well-knoWn features have 
not been described in detail so as not to obscure the invention. 
[0033] FIG. 1 is a pictorial vieW of a brain-based device 
(BBD) of the present invention Which includes physically 
instantiated mobile Neurally Organized Mobile Adaptive 
Device (NOMAD) 10 Which can explore its environment and 
develop adaptive behavior While experiencing it. The brain 
based device BBD also includes a simulated nervous system 
12 (FIG. 2) for guiding NOMAD 10 in its real-World envi 
ronment. In one embodiment, the simulated nervous system 
12, as Will be further described, can run on a cluster of com 
puter Workstations (see FIG. 13) remote from NOMAD 10. In 
this embodiment, NOMAD 10 and the computer Worksta 
tions communicate With one another via Wireless communi 
cation, thereby enabling untethered exploration of NOMAD 
10. 
[0034] NOMAD 10 develops or adapts its behavior by 
learning about the environment using the simulated nervous 
system 12. As NOMAD 10 moves autonomously in its envi 
ronment, it Will approach and vieW multiple objects that share 
visual features, eg same color, and have distinct visual fea 
tures such as shape, e. g. red square vs. red triangle. NOMAD 
10 can become conditioned through the learning experience 
to prefer one target object, eg the red diamond, over multiple 
distracters or non-target objects such as the red square and a 
green diamond of a scene in its vision. NOMAD 10 learns this 
preference behaviorally While moving in its environment by 
orienting itself toWards the target object in response to an 
audible tone. 
[0035] NOMAD 10 has a CCD camera 16 for vision and 
microphones 18, 20 on either side of camera 16, Which can 
provide visual and auditory sensory input to simulated ner 
vous system 12, as Well as effectors or Wheels 22 for move 
ment. It also has an infrared (IR) sensor 24 at the front of 
NOMAD 10 for obstacle avoidance by sensing differences in 
re?ectivity of the surface on Which it moves, and for trigger 
ing re?exive turns of NOMAD 10 in its environment. 
NOMAD 10 also contains a radio modem to transmit status, 
IR sensor information, and auditory information to the com 
puter Workstation carrying out the neural simulation via 
simulated nervous system 12 and to receive motor commands 
from the simulated nervous system 12 to control effectors 22. 
Video output from camera 16 can be sent to the computer 
Workstations via RF transmission. All behavioral activity of 
NOMAD 10, other than the IR re?exive turns, is evoked by 
signals received from simulated nervous system 12. 
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[0036] FIG. 2 is a schematic diagram of the regional and 
functional neuroanatomy of simulated nervous system 12 
Which guides the behavior of NOMAD 10 in its environment. 
Simulated nervous system 12 is modeled on the anatomy and 
physiology of the mammalian nervous system but, as can be 
appreciated, With far feWer neurons and a much less complex 
architecture. Simulated nervous system 12 includes a number 
of neural areas labeled according to the analogous cortical 
and subcortical regions of the human brain. Thus, FIG. 2 
shoWs respective neural areas labeled as V1, V2, V4, IT, S, 
A-left, Mic-left, A-right, Mic-right and C, Whose activity 
controls the tracking of NOMAD 10. Each neural area V1, 
V2, etc. contains different types of neuronal units, each of 
Which represents a local population of neurons. Each ellipse 
shoWn in FIG. 2 (except “Tracking”) denotes a different neu 
ral area, With each such area having many neuronal units. To 
distinguish modeled or simulated neural areas from corre 
sponding regions in the mammalian nervous system, the 
simulated areas are indicated in italics, e.g. IT. 
[0037] The neuroanatomy of FIG. 2 also shoWs schemati 
cally various projections P throughout the simulated nervous 
system 12. A projection can be “feedforWard” from one neu 
ral area to another, such as the projection P1 from neural area 
V1 to neural area V2. A projection P may also be “reentrant” 
betWeen neural areas such as the reentrant projection P2 from 
neural area IT to neural area V4 and reentrant projection P4 
from neural area V4 to neural area V2. Reentrant projections 
P marked With an “X” Were removed from the simulated 
nervous system 12 during “lesion” experiments as Will be 
further described. Furthermore, projections P have properties 
as indicated by the legend in FIG. 2, Which are (1) “excitatory 
voltage independent”, (2) “excitatory voltage dependent”, (3) 
“plastic”, (4) “inhibitory,” and (5) “value dependent.” 
[0038] The simulated nervous system 12 shoWn in FIG. 2 is 
comprised of four systems: a visual system, a tracking sys 
tem, an auditory system and a value system. 
FIG. 2iVisual System. Neural Areas V1, V2, V4, IT 
[0039] The visual system is modeled on the primate occipi 
totemporal or ventral cortical pathWay and includes neural 
areas V1QV2—>V4QIT in Which neurons in successive 
areas have progressively larger receptive ?elds until, in inf 
erotemporal cortex, receptive ?elds cover nearly the entire 
visual ?eld. Visual images from the CCD camera 16 of 
NOMAD 10 are ?ltered for color and edges and the ?ltered 
output directly in?uences neural activity in area V1. V1 is 
divided into subregions (not shoWn) each having neuronal 
units that respond preferentially to green (V 1-green), red 
(V 1-red), horiZontal line segments (V1-horiZontal), vertical 
line segments (V 1-vertical), 45-degree lines (V1-diagonal 
right), and 135-degree lines (V 1-diagonal-left). This visual 
system provides a computationally tractable foundation for 
analyZing higher-level interactions Within the visual system 
and betWeen the visual system and other cortical areas. 
[0040] Subregions of neural area V1 project topographi 
cally to corresponding subregions of neural area V2. The 
receptive ?elds of neuronal units in area V2 are narroW and 
correspond closely to pixels from the image of CCD camera 
16. Neural area V2 has both excitatory and inhibitory reen 
trant connections Within and among its subregions. Each V2 
subregion projects to a corresponding V4 subregion topo 
graphically but broadly, so that neural area V4’s receptive 
?elds are larger than those of neural area V2. Neural area V4 
subregions project back to the corresponding neural area V2 
subregions With non-topographic reentrant connections. The 
reentrant connectivity Within and among subregions of area 
V4 is similar to that in area V2. V4 projects in turn non 
topographically to neural area IT so that each neuronal unit in 


























