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METHODS AND APPARATUS FOR IMPLEMENTATION OF GROUP TAGS
FOR NEURAL MODELS

CLAIMOFPRIORITY UNDER IS UL § 119

0001 ] This apphication clamms benefit of ULS, Provisional Patent Application Seral
No. 61/882,463, filed September 25, 2013, and U.S. Application Scrial No. 14/268,152,

filed May 2, 2014, both of which are mcorporated herein by reference 1o their entirety.

BACKGROUND
Field
002 {ertain aspects of the present disclosure gencrally relate to artificial nervous

svstems and, more particularly, to methods and apparatus for mmplementing group tags

for neurons and synapses.

Background

L OO63] An artificial neural network, which may comprise an interconnected group
of arlificial neurons {(1.¢., neural processing units), 18 a compuiational device or
represents a method to be performed by a computational device.  Artificial neural
networks may have corresponding  structure and/or lunciion i biological neural
networks,  However, artifictal neural networks may provide mnovative and useful
computational techmques {or certam applications 1 which traditional computational
techniques are cumbersome, impractical, or madequate. Because artificital neural
networks can mifer a function from observaiions, such networks are particularly usetul
in applications where the complexity of the task or data makes the design of the

function by conventional technigues burdensome,

004 ] OUne type of artificial neural network 1s the spiking neural network, which
mcorporates the concept of time into s operating model, as well as neuronal and
synaptic state, thercby providing a rich set of behaviors from which computational
function can emerge i the neural network., Spiking neural networks are based on the
concept that neurons fire or “spike” at a particular time or times based on the state of the
neuron, and that the time 1 important {0 neuron function. When a neuron {ires, il

generates a spike that travels to other neurons, which, in turn, may adjust theiwr states
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based on the time this spike 1s recerved. In other words, information may be encoded m

the relative or absolute timing of spikes w the neural network.

SUMMARY

HiLIRY Certain aspects of the present disciosure provide a method for operating an
artificial nervous system. The method generally mcludes assigning at least one of a first
population of synapses or a first population of artificial neurons of the artificial nervous
system {o a first group tag, whercin the first group tag 1s associated with a first set of
parameters and at least one of a first synapse type or a first neuron type, assigning at
least one of a second population of synapses or a second population of artificial neurons
of the artificial nervous system to 4 second group tag, wherein the second group tag 18
associated with a sccond set of parameters and at least one of a second synapse type or a
second neuron type, and changing one or more parameters n at {east one of the first set
of paramelers or the second sct of paramctiers causing changing the one or more
paramcters for at least one ofb one or more synapses m al least one of the first
population or the second population, or one or more artificial neurons in at least one of

the first population or the second population.

O006] {Certain aspects of the present disclosure provide an apparatus {or operaling
an artificial nervous system. The apparatus generally imcludes a processing system and
a memory coupled o the processing systom.  The processing system is typically
configured to assign at least one of a {irst population of svnapses or a {urst population of
artificial neurons of the artificial nervous system to a first group tag, wherein the first
group tag 1s assocated with a first set of parameters and at least one of a {irst synapse
type or a first neuron type, assign at least one of a second population of synapses or a
second population of artificial neurons of the artificial nervous sysiem o a second group
tag, wherein the second group tag 1s associated with a second set of parameters and at
teast one of a second synapse type or a second neuron type, and change oneg or more
parameters in at feast onc of the first sct of parameters or the second set of parameters
causing changing the one or more parameters for at least one of: one or MOre Synapscs
in at least one of the first population or the second population, or one or more artificial

neurons m at least one of the first population or the second population.
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007 Certain aspects of the present disclosure provide an apparatus for operating

an artificial nervous system. The apparatus generally mcludes means for assigning at
least one ol a lirst population of synapses or a first population of artificial neurons of the
artificial nervous systemn to a fivst group tag, wherein the first group tag s associated
with a first set of parameters and at lcast one of a first synapse type or a first neuron
type, means for assigning at least one of a second population of synapses or a second
population of artificial neurons of the artificial nervous system 10 a second group tag,
wherein the second group tag 1s associated with a second set of paramelers and at least
one of a sccond synapse type or a second neuron type, and means {or changing one or
more parameiers i at least one of the lrst set of parameters or the second set of
parameters causing changing the one or more parameters for at least one of: one means
for or more synapses in at least one of the first population or the second population, or
one or more artificial neurons i at {cast one of the first population or the second

population.

008 Certain aspecis ol the present disclosure provide a compuler program
product for operating an artificial nervous system. The computer program product
ocncrally inchudes a computer-readable medium having mstructions executable to
assign at least one of a {irst population ol synapses or a first population of artilicial
neurons of the artificial nervous system to a first group tag, wheremn the first group {ag
15 associated with a {irst set of parameters and at least one of a first synapse type or a
first neuron type, assign at least one of a second population of synapses or a second
population of artilicial neurouns of the ariificial nervous system 1o a second group tag,
wherein the second group tag s associated with a second set of parameters and at least
one of a second synapse type or a second neuron type, and change one or more
parameters m at least one of the {irst set of parameters or the second set of parameters
causing changing the one or more parameiers for at least one ofl one or more synapses
i at teast one of the first population or the second population, or one or more artificial

neurons i at least one of the first population or the sccond population,

009 Certain aspects of the present disclosure provide a method for operating an
artificial nervous system. The method generally mcludes assigning a group of arttficial
neurons and synapses of the artificial nervous system {0 a group tag with an associated

set of parameters, and sending a single message changing values of the parameters in
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the set causing simultancous swiich of the parameters for all artificial neurons and

syrnapses i the group.

8010 {ertain aspects of the present disclosure provide an apparatus {or operating
an artificial nervous system. The apparatus generally includes a processing system and
a memory coupled to the processing system.  The processing system 1s typically
configured to assign a group of artificial neurons and synapses of the artificial nervous
system {0 a group tag with an associated set of parameters, and send a single message
changing values of the paramcters m the set causing simultancous swiich of the

parameters tor all artiicial neurons and synapses n the group.

011 Certain aspects of the present disclosure provide an apparatus {or operaling
an artificial pervous system. The apparatus generally includes means {or assigning a
cgroup of artilicial neurons and synapses of the artificial nervous sysiem to a group tag
with an associated set of parameters, and means for sending a single message changing
values of the parameters in the set causing sumultancous swiich of the parameters for all

artificial neurons and synapses i the group.

30127 Certain aspects of the present disclosure provide a computer program
product for operating an artificial nervous system.  The compuier program product
cenerally mcludes a compuler-readable medium having mstructions executable to
assign a group of artificial necurons and synapses of the artificial nervous system to a
group tag with an associated set of parameters, and send a single message changing
values of the paramecters i the st causing simultancous switch of the parameters for all

artificial neurons and synapses m the group.

BRIEF DESCRIPTION OF THE DRAWIRGS

13 S0 thal the manner m which the above-recited features of the present
disclosure can be understood 1n detail, a more particuiar description, bricily summarized
above, may be had by relerence to aspects, some of which are illustrated 1w the
appended drawings. It 1s {0 be noted, however, that the appended drawings iliustrate
only certamn typical aspects of this disclosure and are therefore not to be considered

Limiting of 1ts scope, for the description may admit {0 other equally effective aspects.
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014} FIG, | dlustrates an exampie network of neurons, in accordance with certam

aspects of the present disclosure,

801 5] FiG. 2 dlustrates an example processing unil {neuron} of a computational
network (ncural system or neural network), i accordance with certain aspects of the

present disclosure,

{30 16] FIG. 3 dlustrates an example spike-timang dependent plasticity (8TDP)

curve, i accordance with certain aspects of the present disclosure.

{0017]  FIG. 4 1s an example graph of state for an artificial neuron, tllustrating a
positive regime and a negative regime lor delining behavior of the neuron, o

accordance with certain aspects of the present disclosure.

3018 FiG. 3 1s a flow diagram of cxampie operations for operating an artificial

nervous systent, in accordance with certain aspects of the present disclosure.

[3019] FIG. 5A iHustraies example means capable of performing the opcerations

shown 1 Fi{s. 5.

{020 FIG. 6 18 another flow diagram of example operations for operating an

artificial nervous system, 1in accordance with certain aspects of the present disclosure,

{0211 FIG. 0A illustrates example means capable of perfornung the operations

shown 1 FIG. 6.

100221 FiG. 7 llustrates an example moplementation for operating an arlificial
nervous sysiem using a general-purpose processor, i accordance with ¢cortain aspects of

the present disclosure,

{30231 FIG, 8 idlustrates an exarople wmplernentation for operating an artificial
nervous system where a memory may be inferfaced with mdividual distributed

processing uniis, in accordance with certain aspects of the present disclosure,

(00241 FIG, 9 illustrates an example mmpicmentation for operating an artificial
nervous system based on distribuled memories and distributed processing unids, in

accordance with certain aspects of the present disclosure.
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0251 FIG, 10 ddlustrates an exampic mmplementation of a ncural network, m

accordance with certain aspects of the present disclosure,

DETAILED DESCRIPTION

261 Various aspects of the disclosure are described more tully heremafter with
reference 1o the accompanying drawings. This disclosure may, however, be embodied
in many different forms and should not be construed as limited to any spectitfic structure
or function presented throughout this disclosure. Rather, these aspects are provided so
that this disclosure will be thorough and conmplete, and will tully convey the scope of
the disclosure to those skilled m the art. Based on the {eachings heren one skilled o the
art should appreciate thatl the scope of the disclosure 18 mmtended to cover any aspect of
the disclosure disclosed herein, whether implemented independently of or combined
with any other aspect of the disclosure. For example, an apparatus may be implemented
or a method may be practiced using any number of the aspects set forth herein, In
addition, the scope of the disclosure 18 miended to cover such an apparatus or method
which 1s pracliced using other structure, functionality, or structure and functionality in
addition to or other than the various aspects of the disclosure set forth heremn. I should
be understood that any aspect of the disclosure disclosed herein may be embodied by

one or more clements of a ¢laim,

0271 The word “excmplary” 1s used heremn (0 mean “serving as an example,
mstance, or thustration.” Any aspect described heren as “exemplary” 1s not necessartly

to be construed as preferred or advantageous over other aspects.

{0028 Although particular aspects are described herein, many vanations and
permutations of these aspects fall within the scope of the disclosure. Although some
benefits and advantages of the preferred aspects are mentioned, the scope of the
disclosure 18 not miended (o he hinuted to particular benefits, uses or objectives, Rather,
aspects of the disclosure are iniended to be broadly applicable to different technologics,
system configurations, networks and protocols, some of which are llustrated by way of
example 1n the figures and m the following description of the preferred aspects. The
detatled description and drawings are merely dlustrative of the disclosure rather than
himiting, the scope of the disclosure bemng defined by the appended clamms and

cquivalents thereof.
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AN EBEXAMPLE NEURAL SYSTEM

30291 FIG. | dlusirates an example neural system 100 with multiple levels of
neurons im accordance with certain aspects of the present disclosure. The neural system
100 may comprise a level of neurons 102 connected {o another level of neurons 106
though a network of synaptic connections 104 (3.¢., feed-forward connections). For
simplicity, only two levels of neurons are illustrated m FIG, 1, although fewer or more
tevels of neurons may exist in a typical neural system. It should be noted that some of
the neurons may connect {0 other nourons of the same laver through lateral connections.
Furthermore, some of the neurons may connect back {0 a neuron of a previous layer

through feedback connections.

LRI As iliustrated m FIG. 1, cach neuron m the level 102 may receive an input
signal 108 that may be generated by a plurality of neurons of a previous level (not
shown in FIG. 1), The signal 108 may represent an input {(¢.g., an inputl current} to the
level 102 neuron. Such mpuls may be accumulated on the neuron membrane 10 charge
a membrane potential, When the membrane potential reaches its threshold value, the
neuron may lire and generate an output spike to be transferred {o the next level of
neurons {e.g., the level 136}, Such behavior can be emulated or simulated 1 hardware

and/or software, mcludmg analog and digital implementations.

(00311 in biological ncurons, the ouiput spike generated when a neuron fires 1s
referred (0 as an action potential., This electrical signal 18 a relatively rapid, transient,
all-or nothing nerve impulse, having an amplitude of roughly 100 mV and a duration of
about 1 ms. In a particular aspect of a neural system having a series of connected
neurons {¢.g., the transfer of spikes from one level of neurons to another m FIG. 1),
every action potential has basically the same amplhitude and duration, and thus, the
imformation m the signal is represented only by the frequency and number of spikes {or
the time of spikes), not by the amaplitude. The mwformation carried by an action potential
1s determined by the spike, the neuron that spiked, and the time of the spike relative to

one or more other spikes.

(00321 The transier of spikes from one lovel of neurons {o another may be achieved
through the network of synaptic connections {or simply “synapses”) 104, as ilusirated

in FIG. |, The synapses 104 may receive output signals (1.¢., spikes) from the level 102
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neurons (pre-synaptic neurons relative to the synapses 104). For ceridaim aspects, these

S { Y
VT i,i+1)
] :

signals may be scaled according to adjustable synaptic weights w ey W
(where £ 18 a total number of synaptic connections between the neurons of levels 102
and 106). For other aspects, the synapses 104 may not apply any synaptic weights,
Further, the {scaled) signals may be combined as an wmput signal of gach neuron 1 the
fevel 106 (post-synaptic neurons relative {o the synapses 104). Every ncuron mn the
level 106 may generale ouiput spikes 110 based on the corresponding combined mput
signal, The output spikes 110 may be then transierred to another level of neurons using

another network of synaplic connections (not shown 1 FIG, 1),

{30331 HBiological synapses may be classified as either elecirical or chemical, Whale
clectrical synapses are used primarily to send excitatory signals, chemical synapses can
mediate either excitalory or mhibitory {(hyperpolanzing} aclions mn posisynaptic neurons
and can also serve to amplify neuronal signals. Exciiatory signals typically depolarize
the membrane potential (1.¢., increase the membrane potential with respect to the resting
potential},  If enough excutatory signals arg reccived within a certain period o
depolarize the membrane poteniial above a threshold, an action potential occurs n the
postsynaptic neuron. In contrast, mninbitory signals generally hyperpolarize {1L.e., lower)
the membrane potential. Inhibitory signals, il strong enough, can counteract the sum of
excitatory signals and prevent the membrane potential from reaching threshold, In
addition to counteracting synaptic excitation, synaptic inhibition can cxeort powerful
control over spontancously active neurons. A spountancousty active neuron relers to a
ncuron that spikes without further mput, for example, duc to its dyvnanucs or fecdback,
By suppressimg the spountancous generation ol action polentials m these neurons,
synaptic mhibition can shape the pattern of firing in a neuron, which 1s generally
eferred (o as sculpluring. The various synapses 104 may act as any combination of

cxcitatory or inhibitory synapses, depending on the behavior desired.

3034 The neural system 13} may be emulated by a general purpose processor, a
digiial signal processor (DSP), an application specific mtegrated circuil (ASIC), a ficld
programmable gate array (FPGA) or other programumable logic device (PLEY), discrete
gate or transisior logic, discrete hardware components, 4 software module executed by a
processor, or any combination thereof. The neural system 104 may be utilized in a large

range of applications, such as image and patiern recognition, machine learning, motor
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control, and the hike, Each neuron m the neural system 100 may be mmplemented as a
neuron circwit. The neuron membrane charged to the threshold value mitiating the
output spike may be mmpicmented, for cxample, as a capaciior that mniegrates an

clectrical current Howing through i,

35 in an aspect, the capacior may be climnated as the electrical current
mtegrating device of the neuron circuit, and a smalier memristor clement may be used
m its place. This approach may be applied in neuron circuits, as well as in various other
applications where bulky capacitors are utilized as clectrical current inicgrators. In
addition, each of the synapses 134 may be maplemented based on a memnistor element,
wherein synaptic weight changes may relate to changes of the memristor resistance,
With nanomcier feature-sized memristors, the arca of neuron circuit and synapses may
be substantially reduced, which may make implementation of a very large-scale neural

system hardware implementation practical,

30361 Functionality of a neural processor that emulaies the neural system 100 may
depend on weights of synaptic connections, which may control strengths of connections
between neurons.,  The synaptic weights may be stored m g non-volatile memory
order 1o preserve lunclionahity of the processor alier being powered down. In an aspect,
the synaptic weight memory may be implemented on a scparaie external chip from the
maim neural processor chip. The synaptic weight memory may be packaged separately
irom the neural processor chip as a replaceable memory card. This may provide diverse
functionalities to the neural processor, wherem a particular functionality may be based

on synapiic weightis stored in a memory card currently attached to the neural processor.

(37 ] FiG. 2 dlustrates an example 200 of a processing unit {e.g., an artificial
neuron 202} of a computational network (e.g., a neural system or 4 neural network) in
accordance with certain aspects of the present disclosure. For example, the neuron 202
may correspond to any of the neurons of levels 102 and 106 {rom FIG. 1. The neuron

202 may recetve mulliple mput signals 204,-204x (x,-x, }, which may be signals

external 1o the neural sysiem, or signals generated by other neurons of the same neural
system, or both. The mput signal may be a current or a voltage, real-valued or complex-
valued. The mpul signal may compnise a numerical value with a hixed-pownt or a

fioating-point representation. These mput signals may be delivered to the neuron 202
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through synaptic connections that scale the signals according to adjustable synaptic
weights 206,-206y (w,~w,, ), where N may be a total number of 1aput connections of the

neuron 2072,

0038 The neuron 202 may combine the scaled mput signals and use the combined
scaled inputs to gencerate an output signal 208 (i.¢., a signal v}, The output signal 233
may be a current, or a vollage, real-valued or complex-valued. The output signal may
comprise a numerical value with a fixed-pomt or a {floating-point representation. The
output signal 208 may be thon transferred as an mput signal to other neurons of the
same neural system, or as an mput signal {0 the same neuron 202, or as an output of the

neural system.

(30391 The processing unit {neuron 202) may be emulated by an clectrical circuit,
and its wmput and output connections may be emulated by wires with synaptic circuts,
the processing unit, its mmput and ouipul connections may aisoe be emulated by a
software code. The processing umit may also be enmulated by an electric circuit, whereas
its input and outputl connections may be emulated by a software code. in an aspect, the
processing unit in the computational network may comprise an analog electrical curcuit,
in another aspect, the processing unit may comprise a digital clectrical circuit, In vet
another aspect, the processing unil may comprise a muixed-signal clectrical circuit with
both analog and digital components. The computational network may comprise
processing unils 1 any of the aforementioned forms. The computaiional network
(neural system or neural network) using such processing untts may be utilized o a large
range of applications, such 4s image and paitern recognition, maching learming, motor

control, and the like.

3040 Durmg the course of traming a neural network, synaplic weights (e.g., the

MERES)

. {: i } " . ; » _ : y - — N |
weights wi™V L wi ™ from FIG. | and/or the weights 206,-206y from FIG. 2) may be
intfialized with random valucs and mcreased or decreased according to a learning rule.

Some examples of the learning rule are the spike-timing-dependent plasticity (§TDP)

learning rule, the Hebb rule, the Oya rule, the Bicnenstock-Copper-Munro (BCM) rule,
cte. Very often, the weights may settle {0 one of two values (i.¢., a bimodal distribution

of weights)., This cffect can be ulilized to reduce the number of bits per synaplic
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weight, increase the speed of reading and writing {rom/to a memory storing the synaplic

weights, and to reduce power consumption of the synaplic memory.,
synapse Type

0041 In hardware and software models of neural networks, processing of synapse
related functions can be based on synaptic type. Synapse types may comprise non-
plastic synapses (no changes of weight and delay), plastic synapses (weight may
change), structural delay plastic synapses (weight and delay may change), fully plastic
svanapses {(weight, delay and connectivity may change), and varations thereupon {(e.g.,
iclay may change, but no change 1 weight or connectivity). The advantage of this is
that processing can be subdivided., For example, non-plastic synapses may not require
plasticity functions to be executed {or waiting for such functions to complete).
Stmitlarly, delay and weight plasticity may be subdivided into opcerations that may
operate m together or separately, i sequence or w paraliel. Didferent types of synapses
may have ditferent lookup tables or formulas and parameters {or cach of the different
plasticity types that apply. Thus, the methods would access the relevant tables for the

synapse s type.,

{30421 There arc fturther mmplications of the {fact that spike-timing dependent
structural plasticity may be executed mdependently of synaplic plasticily.  Structural
plasticity may be execuied cven if there 1s no change to weight magnitude {e.g., if the
weight has reached a mumimum or maximum value, or il 18 not changed due to some
other reason) since structural plasticity {(1.¢., an amount of delay change} may be a direct
function of pre-post spike bime dudference. Alternatively, i may be set as a function of
the weight change amount or based on conditions relating to bounds of the weights or
weight changes. For example, a synaptic delay may change only when g weight change
occurs or if weights reach zero, but not f the weights are maxed out. However, it can
be advantageous o have mdependent functions so that these processes can be

parallelized reducing the number and overiap of memory accesses.

DETERMINATION OF SYNAPTIC PLASTICITY

8437 Neuroplasticity (or sumply “plasticity”) 18 the capacity of neurons and neural
networks i the bramn to change thewr synaptic connections and behavior m response o

new mformation, sensory stimulation, development, damage, or dysiunction. Plasticity
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s imporiant to lecarning and memory m biclogy, as well as to computational
neuroscience and neural networks., Vartous forms of plasticity have been studied, such
as synaptic plasticity {e.g., according to the Hebbian theory), spike-timing-dependent
plasticity {(NTDP), nouw-synaptic plasticity, acuvity-dependent plasticity, structural

plasticity, and homeostatic plasticity.

{3044 STDP 1s a learning process that adjusts the strength of synaptic connections
between neurons, such as those m the bram. The connection strengths are adjusted
based on the relative tinung of a particular neuron’s output and received input spikes
{(1.¢., action polentials), Under the STDP process, long-term potentiation (TP} may
occur i an imput spike to a certain neuron tends, on average, to occur immediately
before that ncuron’s output spike. Then, that particular mput 18 made somewhat
stronger. In contrast, long-term depression (.1} may occur if an mput spike tends, on
average, to occur immediately afier an outpul spike. Then, that particular mput 18 made

§

somewhat weaker, hence the name "spike-timing-dependent plasticity.” Consceguently,
mputs that might be the causce of the post-synaptic neuron's excitation are made even
more likely to contribute in the {future, whereas mputs that are not the cause of the post-
synaptic spike are made less likely to contribute 1n the future. The process continues
unitil a subset of the mitial set of connections remans, whitle the 1nfluence of all others 1s

reduced 1o ZSro OF near zero.

{30457 Since a neuron generally produces an output spike when many of its inputs
occur withun a briel period {1.¢., bemg suthiciently cumulative to cause the output,), the
subset of mputs that typically remains includes those that tended to be correlated n
time. In addition, since the mnputs that occur before the output spike are strengthened,
the mputs that provide the earliest sutficiently cumulative indication of correlation will

cventually become the final mput to the neuron,

30461 The STDP learming rule may effectively adapt a synaptic weight of a synapse

connecting a pre-synaplic neuron to a post-synaptic neuron as a function of tme

difference between spike time ¢ of the pre-synaptic neuron and spike tume 7 ol the
post-synaptic neuron (e, (=7 _ ¢ ). A typical formulation of the STDP 13 10

increase the synaptic weight {i.e., potentiate the synapse) if the time difference is

positive {the pre-synaptic neuron fires before the post-synaptic nouron), and decrease
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the synaptic weight (1.¢., depress the svnapse) if the time difference 1s negative {the

nost-synaptic neuron fires before the pre-synaptic neuron).

3047 In the STDP process, a change of the synaptic weight over time may be

typically achieved using an exponential decay, as given by,

| 94‘;. ] i- ' ¢
Awi =< 9 (1)

where &, and &_ are time constants for positive and negative time difference,
respectively, g, and a_ are corresponding scaling magnitudes, and 1S an offset that

may be applied to the positive time dillerence and/or the negative time difference.

048] Fi(s. 3 ilustrates an exampie graph 300 of a synaptic weight change as a
function of relative timing of pre-synapiic and posi-svnaptic spikes i accordance with
STRP. I a pre-synaptic ncuron f{ires beifore a post-synaptic ncuron, then a
corresponding synaptic weight may be mcereased, as dlustrated m a portion 302 of the
graph 300, This weight increase can be referred to as an LTP of the synapse. it can be
obsgrved {rom the graph portion 302 thal the amount of L'TP may decrease roughly
cxponentially as a function of the difference between pre-synaptic and post-synaplic
spike times. The reverse order of {iring may reduce the synaptic weight, as iiustrated m
a portion 304 of the graph 300, causing an LTD of the synapse.

1 3049] As liustrated 1 the graph 300 FIG. 3, a negative ollset » way be apphed
to the LTP {causal} portion 302 of the STDP graph. A pomnt of cross-over 306 of the x-
axis {y=0} mayv be configured to coincide with the maximum time lag for considering
correlation {or causal inputs from layer -1 {presynaptic layer). lIun the case of a frame-
based mput {1.c., an mmput is i the form of a frame of a particular duration comprising
apikes or pulses), the offset value u can be computed o retlect the frame boundary., A
first mput spike (pulse} m the frame may be cousidered to decay over tume either as
modeled by a post-synaptic potential directly or in terms of the effect on neural state. If
a second mput spike (pulse) n the frame s considered correlated or relevant of a
particular time frame, then the relevant tumes before and after the frame may be
separated at that time frame boundary and treated dillerently m plasticity terms by

otfsetting one or more parts of the STDP curve such that the value n the relevant times
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may be different (e.¢., negative for greater than one frame and posifive {or less than one
frame). For example, the negative offset ¢ may be set to offset LTP such that the curve
actually goes below zero at a pre-post time greater than the frame time and it 1S thus part

of LT mnstead of LTP.
NEURON MODELS AND OPERATION

FOUSH There are some general principles for designing a useful spiking neuron
model. A good necuron model may have rich potential behavior in terms of two
compulational regimes: comncidence detection and functional computation. Moreover,
a good neuron model should have two elements to allow temporal coding: arrival tume
ol mmputs affects output fime and coincidence detection ¢an have a narrow fime window.,
Finally, to be computationally attractive, a good neuron model may have a closed-form
solution i continuous time and have stable behavior including near atiractors and
saddle pomnts. In other words, a usefud neuron model 1s one that is practical and that can
be used to model rich, realistic and biologically-consistent behaviors, as well as be used

to both engimeer and reverse engmneer neural circuits,

0051 ] A neuron model may depend on events, such as an mput arrival, output spike
or gther event whether mternal or external. To achieve a rich behavioral repertoire, a
state machine that can exhubit complex behaviors may be desired. I the occurrence of
an cvent itself, separate from the mput contribution (if any} can milucnce the state
machine and constraim dynamics subseguent {o the event, then the {ulure staie of the
svstem 18 not only a tunction of a state and mput, but rather a tunction of a state, event,

and mput.

3052 ] in an aspect, a neuron # may be modeled as a spiking leaky-mtegrate-and-

{ire neuron with a membrane voltage v, {z‘) coverned by the following dynamics,

dv { )_av } 182 4;}”}, ( m}\} (2\’

(it

where o and § are parameters, w18 a synaptic weight for the synapse connecting a

m. ¥

pre-synaptic neuron m 1o a post-synaplic neuron #, and v {7} 1s the spiking output of
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the neuron m that may be delaved by dendritic or axonal delay according to A/ unfil

arrival at the neuron »'s soma.

D53 it should be noled that there 18 a delay {rom the time when suflicient wput o
a post-synaplic neuron is established uniil the time when the post-synaplic neuron
actually fires. In a dynamic spiking neuron model, such as Izhikevich’s simple model, a
time delay may be mourred if there 1s a difference between a depolarization threshold

v, and a peak spike voltagev .. For exampie, i the sumple model, neuron soma

ek 7

dynamics can be governed by the pawr of differential eguations for voltage and recovery,

1.€,,
dv " “ Ya -
v fov,)-u s 1C 8
at
i : |
= g b{t*--i/,}--u}o )
i b=y, )-u o

where v 18 a membrane potential, u 18 a membrane recovery variable, & 1s a parameter
that describes time scale of the membrane potential v, @ 1S a parameter that describes
time scale of the recovery variable u, & 18 a parameter that describes sensitivity of the
recovery variable u to the sub-threshold fluctuations of the membrane potential v, v 18
a membrane resiing potential, § 18 a synaptic current, and € 18 a membrane’s
capacitance. In accordance with this model, the neuron 18 delined {o spike

wheny > v, .

Hunzineer Cold Model

0541 The Hunzinger Cold neuron model 18 a mymmal dual-regime spiking hinear
dynamical model that can reproduce a rich variety of neural behaviors. The model’s
one- or two-dimensional hnear dynamics can have two regimes, wherein the time
constant {and couphling} can depend on the regime. In the sub-threshold regime, the
time constant, negative by convention, represenis leaky channcl dynamics generally
acting to return a cell to rest in biologically-consistent hinear fashion. The time constant
i the supra-threshold regime, positive by convention, reflects anti-leaky channel

dynamics generally driving a cell to spike while incurring latency wn spike-generation,
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H055] As illustrated 1 FIG, 4, the dynamics of the model may be divided mto two
{or more} regimes.  These regimes may be called the negative regime 402 {(also
interchangeably referred to as the leaky-miegrate-and-fire {(LIF) regime, not {o be
confused with the LIF neuron model) and the positive regirae 404 {also micrchangeably
referred to as the anti-leaky-integrate-and-fire {ALIF} regime, not o be confused with
the ALIF neuron model). In the nogative regime 402, the state tends toward rest (v ) al
the time of a future event. In this negative regime, the model generally exhibits
temporal mmput detection properties and other sub-threshold behavior. In the positive
regime 404, the state tends toward a spikang event (v_ ). In this positive regime, the
model exhibits computational properties, such as meourrmg a latency to spike depending
on subsequent wput events, Formulation of dynanucs in terms of events and separation

of the dynamics mto these two regimes are {undamental characieristics of the model.

30561 Lincar dual-regime bi-dimensional dynamucs {(for states vand ) may be

defined by convention as,

GV
[ d":v-}-qp (S)
it |
Cdt

where g and rare the linear transformation vanables {or coupling.

{337 The symbol p 1s used herein to denote the dynamics regime with the
ey 23 v e

convention to replace the symbol o with the sign “-7 or *+7 for the negative and

positive regumes, respectively, when discussing or expressing a relation for a specific

reginme.
[0058]  The model state 1s defined by a membrane potential (voliage) vand recovery

current #. In basic torm, the regime s essentially determined by the model state.
There are subtle, but tmportant aspects of the precise and general definition, but for the
moment, consider the model to be n the posttive regime 404 if the voltage v is above a

threshold {v_} and otherwise in the negative regime 402,

-~
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3059 The regime-dependent {ime constanis include 7 which 18 the negative

regiume time constant, and 7, which 1s the positive regime tume constant. The recovery
current time constantr 1s typrcally independent of regime. For convenience, the
negative regime time constant 718 typically specilied as a negative quantity to retlect
decay so that the same expression for voltage evolution may be used as {or the positive

regime 1in which the cxponent and 7 will generally be positive, as will be 7.

(00681  The dynamics of the two state elements may be coupled at events by
transformations offsctiing the states from their null-clines, where the transformation

variables are

G, =—T,pu—v, (7}
=5+ 5) (%)

where o, &, f and v, v, arc paramcters. The two values for v are the base for
reference voltages for the two regimes. The parameter v 18 the base voltage for the
negative regime, and the membrane potential will generally decay toward v i the
negative regime. The parameter v 18 the base voltage for the posiiive regime, and the

mentbrane potential will generally tend away from v, in the positive regime,

3061 | The null-clines for v and ware given by the negative of the transformation
variables g and r, respectively. The paramcter o1 a scale factor controthing the slope
of the unull~cling. The parameter £158 typically set equal to —v_. The parameter f 1s
a resistance value controlling the slope of the v null-chines m both regimes. The 7,
time-constant parameters control not only the exponential decays, but also the null-cline

stopes in each regime separately.

362 The model 1s defined to spike when the voltage v reaches a value v,

Subseguently, the state 1s typically reset at a reset event (which technically may be one
and the same as the spike event):

y=y {9)

y = 3+ Au (10}
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where v_and Ay are parameters, The reset voltage v is typically set tov .

063 By a principle of momentary coupling, a closed-form solution s possibie not
only for state {and with a singlc exponential term}, but also for the time required io

reach a particular state. The closed-form state solutions are

Al
p . VAN \ :j §
e+ A=)+ q, k" ~q, (11)
&
ull + AL} = {u (J\P ¥ )e " —p (12}
30641 Theretfore, the model state may be updated only upon events, such as upon

an mput {pre-synaptic spike) or ouiput {(post-synapiic spike). Operations may also be

performed at any particular ttme (whether or not there 18 1nput or output).

H65] Moreover, by the momentary coupling principle, the time of a post-synaptic
spike may be anticipated so the time (o reach a particular state may be deternuned in
advance without iterative technigues or Numernical Methods {¢.g., the Euler numenical
method). Given a prior voltage state v, , the time delay until voltage state v, 1s reached
1s given by

V. 1+

- i .
Ar =1 _log =™ {13)
g Vo + g |
* 0 (s
[0066] 11 a spike 1s defined as occurring at the tume the voliage state v reaches v,

then the closed-form solution for the amount of time, or relative delay, unlld a spike

occurs as measured from the time that the voltage is at a given state v is

ve +9q, | ,.\
v, log——— jf v>y,

Aty =+ VT, (14)
<O otherwise

where v, is typically set to parameter v, although other variations may be possible.

0367 The above defimitions of the model dvnamics depend on whether the model

15 i the positive or negative regume. As mentioned, the coupling and the regime pmay

be computed upon cvents. For purposes of state propagation, the regume and coupling
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(transformation} variables may be defined based on the state at the fime of the last
(prior) event. For purposes of subseguently anticipating spike output time, the regime
and coupling variable may be defined based on the state at the time of the next (current)

SV ent.

HOO68] There are several possible implementations of the Cold model, and executling
the simulation, ecmulation or model in time. This includes, for example, cvent-update,
step-event update, and step-update modes. An event updale 15 an update where states
are updated based on events or “event update” (at particular momenis). A step update 1s
an update when the model 15 updated at mtervals (e.g., Tms). This does not necessarily
require terative methods or Numerical methods, An event-based mmplementation is
also possible at a hmited time resolution in a step-based sumnulator by only updating the

model if an event occurs at or between steps or by “step-gvent” update.

NEURAL CODING

65 A uscful neural network model, such as one composed of the artificial
neurons 102, 106 of FIG. 1, may encode mnformation via any of various suitable neural
coding schemes, such as comcidence coding, temporal coding or rate coding.  In
comncidence coding, mformation 18 encoded n the comceidence {or temporal proximity}
of action poientials (spiking activity} of a neuron population. In temporal coding, a
neuron encodes mformation through the precise timung of action potentials {(1.¢., spikes)
whether 1 absolute time or relative time.  Information may thus be encoded n the
relative timing of spikes among a population of ncurons. In conirast, rate coding

mvolves coding the neural information in the finng rate or population firing rate.

{070 if a neuron model can perform temporal coding, then it can also perform rate
coding {since rate 18 just a function of timing or inter-spike intervalsy. To provide for
temporal coding, a good neuron model should have two clements: (1) arnival time of
inputs afiects output time; and (2} comcidence detection can have a narrow fime
window, Connection delays provide one means (0 expand comcidence detection io

temporal pattern decoding because by appropriately delaying clements of a temporal

pattern, the clements may be brought mnto timung comcidence.
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Arrival Hme

00711 in 4 good neuron model, the fime of arrival of an wnput should have an cliect
on the time of cutput. A synaptic input—whether a Dirac delta function or a shaped
post-synaptic potential (PSP}, whether excitatory (EPSP) or mhibitory (IPSP}—has a
time of arntval {e.g., the time of the delta {unction or the starl or peak of a step or other
mput function}, which may be referred to as the mmput time. A neouron output {(1.¢., a
spike) has a time of occurrence (wherever it 18 measured, ¢.g., at the soma, at a pomd
along the axon, or at an end of the axon}, which may be referred to as the output time,
That output ime may be the time of the peak of the spike, the starl of the spike, or any
other time in relation o the outputl waveiform. The overarching principle is that the

output time depends on the input time.

0721 One might at first glance think that all neuron models conform to this
principie, but this 1s generally not true. For example, rate-based models do not have this
fecature. Many spiking models also do not generally conform. A leaky-mtegrate-and-
fire {(LIF) model does not fire any {aster if there are extra mputs (beyond threshold).
Moreover, models that nught conform if modeled at very high timing resolution often

will not conform when timing resolution 1s hmiuted, such as to 1 ms steps.
inputs

007 3] An mnput to a neuron model may melude Dirac delta functions, such as ipuls
as currents, or conductance-based mputs, In the latter case, the contribution o a neuron

state may be continuous or state-dependent.

EXAMPLE PROBLEM BEING SOLVED

0074 Certain aspects of the present disclosure provide solutions for two problems:
cduction of memory requircment {or a set of artificial neurons and/or synapses, and
turming on/oll flags associated with large populations of artificial neurons and/or

synapses sinultancously or in close temporal proximity,

LR in spiking neuron networks, there are a number of parameters that define
cach artificial neuron {(ncuron circuity and synapse. Populations of neurons and
synapses often share the same parameters or differ i only a {ew parameters. For

populations that share the same parameters, the concept of synapsce types and neuron
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types may be used. Hence, cach synapse or neuron mstance may only need a {ew bits to
specify its synapse type or neuron type, and the synapse type or neuron type table may
comprise a list of the synapse or neuron parameters. This approach may already save a
substantial amount of memory {or synapses or artificial neurons that share the exact

SANIC parameters.

307 6] However, ncuron or synapse populations may often differ in only a {ew
paramglers that currenilly need a completely new type defimition where 1t would be
preferable (0 save the memory, Offen times, two or more neuron or synapse populations
are associated with neuron or synapse type parameters that are coramon and consume a
large amount of the parameter memory., Exampies of these parameters are STDP tables
and diffcrential cquation linearized cocellicient tables, with a subsct of parameters
differing between the populations that consume a hittle amount of the parameter
memory, such as enable/disable llags for different {eatures. Hence, there 18 4 need n
the art {for a method to take advantage of this potential memory savings to reduce the

hardware memory reguuements i implementation of neural networks,

(0077 in addition, 1n 4 ncural network, there are ofien groups or populations of
syrnapses or neurons that have features that need to be enabled or disabled
simultanecusly or at least in very close temporal proxinuty, For example, a visual
network may have three layers ol neurons. The lurst layer (1.e., layer 1) may comprise
L4 excitatory and L4 imhibitory ncurons with synapses from retinal ganglion cells
(RGCUs),  The second layer {(v.e., layer 2) may comprise L23 excuatory and 123
inhibitory neurons with synapses from the L4 layer ncurons, and the third layer (i.e.,
tayer 3} may compnise synapses from the L23 mhibitory to the L23 excitatory neurons.,
in an aspect, it may be desirable to first train layer 1, then layer 2, and finally layer 3.
This may be achicved, for example, by setling plasticity enable/disable paramecters n

the synapses and/or neurons first for layer 1, then for layer 2, and finally for layer 3.

3078 More broadly, there may be a parallel auditory network with a simdar
lavered structure that can be trained simultancously, but also with the aforementioned
tayered approach. It may be desirable {0 provide a method {0 control parameters, such
as plasticity enable/disable, for populations of neurons and/or synapscs such as those in

layer 1, stmuitaneously or m close temporal proxuyuty, It should be noted that the close
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temporal proxamity means that it may be desirable for the cnable/disable parameters 1o

be within a few clock cycles or model ticks of cach other.
GROUP TAGS FOR ARTIFICIAL NEURONS AND SYNAPSES

079 Certain aspects of the present disclosure support assigning artificial neurons
and/or synapscs of an artificial nervous system to group tags where group tags have an
associated set of parameters. By using group lags, artificial neurons and/or synapses in
a population can be assigned a group tag. Then, by changing a parameter associated
with the group tag, all synapses and/or artificial neurons in the group may have that

parameter changed.

ik in one aspect of the present disciosure, the parameters in a synapse type that
include the STDP table and plasticity paramcters as well as flags for enabling/disabling
plasticity, spiking, and dopamine would be grouped into two separate structures, A {irst
structure may comprise synapse type with the STDP table, resource model, and other
plasticity parameters, whereitn a second group tag structure may comprise flags 1o
cnable/disabic plasticity, tlags for post-synaptic potential (PSP) transier, and flags for
dopamine. Then, synapses would be assigned both a group tag and a synapse type. In
this aspect, synapscs with ditfcrent synapse types could be assigned the same group tag,
such as all of the layer 1 synapses i the alorementioned example. This would enable
controliing all flags for these populations simultaneously and with nunimal signaling

overhead even over different syvnapse types.

{081 ] in another aspect of the present disclosure, the same aforementioned concept

can be utilized for artificial neurons of an artificial nervous system,

082 ] in vet another aspect of the present disclosure, the group tag can be
combined (o have a single tag for a group ol both artilicial ncurons and synapses with a
combination of parameters that may apply to only neurons, only synapses, and both.
For cxample, the artificial neurons may be associated with homeostasis enable/disable
flags and the synapses PSP transter enable/disable flags, and both may share a plasticity
cniable/disable flag. By sending a single message changing these values for this group,
it would sinultancously switch these parameters for all the synapses and artificial

neurons in the group.
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083 In yet another aspect of the present disclosure, group fags can be

immplemented as a super set of a synapse type. In this aspect, a synapse would only
specity wsell das a4 group tag. The group tag would specily a set of parameters, such as
plasticity  enable/disable, resource  enable/disable, and PSP gamn,  dopamne
cnable/disabie, and a synapse type to use. The synapse type would then specify the
STDP table, the resource model, and other associated parameters. o this aspect, the
synapsce type parameters may comprise the parameters that use more memory and that
are common {0 several populations of synapses, such as 8TDP look up tabies. The
group tag may comprise parameters taking up much less memory, such as {eature
cnable/disable flags, which vary over populations that otherwise share core STDP
tables. For example, a neuron model may comprise three populations of synapses that
share the same STDP tables, but need to have plasticity turned on at different time
instants, or may ditter only in whether or not dopamine or resource models are utilized.
Rather than using the memory o duplicate the entire table, using group iags m this

context altows for more efficient memory usage.

3084 Two key exampies of this aspect arise when normalizing svanaptic weights 1o
fit well in hardware. In the first example, there are two or more populations of synapses
using the exact same learming rules, but m two or more places m the network where they
have different fan-outs and hence difierent maximum weights or PSP gamns, In this
case, all the parameters are the same excepl this one parameter reiated to {an-outl, and
the use of group tags enables a more efficient memory structure. In the second
example, two or more populations of neurons utilize the same model parameters except
for the mput scaling parameter that changes based on the fan-in. Again, the use of

group tags may enable 4 more etficient memory structure.

085 According to certain aspects of the present disclosure, the group tag
parameters could be stored mn several ways. In one aspect, a set of parameters may be
assoctated with the group tag and a separate disjoint set of parameters may be associated

with the synapse and/or neuron type.

RG] In another aspect, some or ail of the group tag parameters may be associated
with a synapse type and/or a ncuron type where the group tag has the ability to override
the synapse/neuron type parameters if they are present and active. For example, the

oroup tag may be able to override up to three synapse type parameters, wherein a {ield
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may specily which parameter to overnide, using a defaull value to mndicate none, and
another field specifies the new value to use. This can provide more flexibility using the

sarme amount of memory or even Iess memory

ADDITIONAL FEATUREDS

O087 ] According to certain aspects of the present disclosure, group tags may be
assigned dynamucally., Furthermore, a synapse or artificial neuron may belong to more
than one group. OUnc method of belonging to more than one group is that the
neyrons/synapses track the changes {0 any group they belong to and mamniamn the last

updated vaiues based on their sct of group membership.

088 {Une impicmentation of this approach can be 1o create a larger sct of groups
that comprises all the used expansions of single and multiple mitial group membership.
Then, hardware or software could track the single group value changes and apply them
to both the single groups as well as the existing multiple group scts that the smgle group
is part of. In this way, a change does not need to be propagated to all synapses/neurons
as 1t happens, but rather the synapses/neurons can go to the shared database making
updates elficient in terms of number of writes and occurring quickly in terms of time {0

the first neuron/synapse update using the new value.

R in an aspect of the present disclosure, group parameters may be changed
from within the neural network., For example, the group A plasticity could be enabled
based on a certain neuron spiking and disabled based on a different neuron spiking.
Those neurons may or may not belong to group A. Furthermore, the group A plasticily
could be enabled based on a set of neurons spiking, based on a set of neurons having an
activity rate above/below a threshold, or based on a function of the syoaptlic weights
reaching a metric, such as a sum of weights being above a delined value or percent of

synapses having weights above a specific value.

3090 in accordance with certain aspects of the present disclosure, group tags may
be activity dependent. For exanple, 1o one aspect, all cells {e.g., place cells, superior
colliculus cells, Vi cells, cic) firmng within g window of time may be assigned o group

tag A. In another aspect, all the synapses with weights below a threshold or above a

threshold may be assigned to group tag B, In vet another aspect, all celis {e.g., place
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cells, superior colliculus cells, V1 cells, cic) liring at a rate above/below a threshold
may obtain a certain group tag. In yet another aspect, all cells {e.g., place cells, superior
colliculus celis, V1 cells, ete) liring mside/outside a window of {ime may be assigned o
a certain group lag. Iun vel another aspect, all cells {e.g., place cells, superior colliculus
cells, V1 cells, et} with neuron parameters such as membrane voilages above/below a

threshold may get a specific group tag,

0091 Dynarmce tagging of synapses with weights below a threshold may be
utihized to turn on/off plasticity updates based on processor load availability, Hence,
these dynamuc tags may be used io target the least muportant synapses {or spike
dropping. Dynanuc tagging may aiso be used for flagging underutilized synapses
and/or ncurons {for reallocation or structural plasticity.,  For example, a structural
plasticity enable bit could be set for a dyvnanuc group of synapses with low weights or a
oroup of neurons with low spiking rates. Furthermore, dyvnanuc tagging may also be
used for debug and measurement purposes and statistics, ¢.g., for getting metrics such as

the percentage of populations with given tags,

0921 FIG, 5 18 a flow diagram of exampic operations 500 for operating an
artificial nervous system i accordance with certam aspects of the present disclosure.
The operations 500 may be performed n hardware {¢.g., by one or more ncural
processing umis, such as a neuromorphic processor), n software, or m firroware., The
artificial nervous system may be modeled on any of various biological or imaginary
nervous systems, such as a visual nervous system, an auditory nervous sysiern, the

hippocampus, etc,

(93] The operations S8U may begin, at 302, by assigning at least one of a first
population of synapses or a first population of artificial neurons of the artificial nervous
system to a first group tag, wherein the {irst group tag may be associated with a first set
ol parameters and at least one of a {irst synapse type or a first ncuron type. At 504, at
icast one of a second population of synapses or a second population of artificial neurons
of the artificial nervous system may be assigned (o a second group tag, wherein the
second group tag may be associated with a second set of parameters ang at ieast one of a
second synapse type or a second nouron type. At 586, one or more parameters in at
least one of the first set of parameters or the second set of parameters may be changed

causing changing the one or more parameters for at icast one of: one or More synapses
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in at least one of the first population or the sccond population, or one or more artificial

neurons in at least one of the first popuiation or the second population,

0941 In an aspect of the present disciosure, at least one ofl two or more
populations of synapses, or two or more populations of artificial neurons of the artificial
nervous system may be assigoed to two or more group tags, wheretn the two or more
group tags may be associated with two or more scts of parameters and at least one of
two or more synapse types or two or more neuron lypes. Changing ong or more
parametcrs in at least one of the two or more seis of parameters may cause changing the
ong or more parameters for at ieast one off one or more synapses n at ieast one of the
two or more populations, or one or more artificial neurons in at least one of the two or

more populations.,

H095] In an aspect of the present disclosure, both the first and second group tags
may be utilized {or tagging at least one oft one or more of the artificial neurons or one
or more of the synapses with both the first and second group tags., Changing parameters
associated with the f{irst and second synapse types may cause changing these parameters
for all synapses in the first and second populations., In addition, changing other
parameters associaled with the first and second neuron types may cause changing these

other parameters for all artificial ncurons in the first and second populations.

30961 in an aspect of the present disclosure, parameters 1n the first and second sets
may be controlied simultaneously. In an aspect of the present disciosure, the {irst
synapse type may be same as the second synapse type, and the first ncuron type may be
same as the second neuron type. Furthermore, paramelers i the {irst and second sets
may be changed at different time instants, and a value of a parameter in the {irst set may

ditfer from a value ol that parameter in the sccond set.

30971 in an aspect ol the present disclosure, the lirst and second populations of
synapses may be subsets of a set of synapses of at least one of same layer or same type,
and the first and seccond populations of artificial neurons mav be subscts of a set of
artificial neurons of at lgast one of same layer or same type. Parameters in the {irst and
second sets may be disjoint from parameters associated with the {irst and sccond

Synapse types.
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HHNY For certain aspects of the present disclosure, at least one parameter m the

first and second sets may be common with at least one parameter associated with the
first and second synapse tvpes. Furthermore, overriding of the at least one parameter
associated with the first and second synapse types may be based on the at least one

parameter 1a the first and second sets.

099 Fi(3. 6 15 a flow diagram of exampiec operations 600 for operating an
artificial nervous system i accordance with certam aspects of the present disclosure.
The operations 600 may be performed n hardware {¢.g., by one or more ncural
processing umis, such as a neuromorphic processor), n software, or m firroware., The
artificial nervous system may be modeled on any of various biological or imaginary
nervous systems, such as a visual nervous system, an auditory nervous systemn, the

hippocampus, etc.

3168 The operations 600 may begin, at 602, by assigning a group of artificial
neurons and synapses of the artificial nervous system {0 a group tag with an associated
set of parameters, Al 604, a single message may be send changing values of the
paramciers n the set causing stmuitancous swiich of the parameters for all artificial
neurons and synapses mn the group.  According to certain aspects of the present
disclosure, the parameters 1n the set may comprise parameters applying only to artificial
neurons m the group, parameters applying only to synapses 1o the group, and parameters

applying to both artificial neurons and synapses in the group.

01 Fi(5, 7 iliustrates an example biock diagram 700 of the alorementioned
method for operating an artificial nervous sysiern using a general-purpose processor 702
in accordance with certain aspects of the present disclosure, Variables (neural signals),
synaptic weighis, and/or system parameters associated with a computational network
(neural network) may be stored in a memory block 704, while iastructions related
cxecuted at the general-purpose processor 702 may be loaded from a program memory
706. In an aspect of the present disclosure, the instructions loaded into the general-
purpose processor 702 may comprise code for assigning at least one of a {irst population
of synapses or a first popuiation of artificial neurons of the artificial nervous system (o a
first group tag, wherein the first group tag 1s associated with a first set of parameters and
at least one of a first synapse type or a {irst neuron type, {or assigning at least one of a

second population of synapses or a second population of artificial neurons of the
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artificial nervous system to a second group tag, wherein the second group tag s
associated with a second set of parameters and at least one of a second synapse type or a
second neuron type, and for changing onc or more parameters in at icast one of the first
set ol parameters or the second set of parameters causing changing the one or more
parameters for at least one of one or more synapses mn at least one of the first
population or the second population, or one or more artificial neurons in at least one of
the first population or the second population. In another aspect of the present
disclosure, the mstructions loaded mto the general-purpose processor 702 may comprise
code for assigning a group of artificial neurons and synapses 1o a group fag with an
associated set of parameters, and for sending a singie message changing values of the
parameters in the set causing sumultancous swiich of the parameters {or all artificial

neurons and synapses in the group.

01621 FIG. 8 ilustrates an example block diagram 800 of the alorementioned
method for operating an artificial nervous system where a memory 802 can be
mterfaced viga an mierconnection network 804 with mdividual {distributed) processing
units {neural processorsy 306 of a computational unetwork {(neural network) n
accordance with certain aspects of the present disclosure. Variables {neural signals),
synaptic weights, and/or system parameters associated with the cormputational network
(neural network} may be stored 1 the memory 802, and may be loaded from the
merory 302 via connection{s) of the interconnection nelwork 804 mto ¢ach processing
unit {neural processor} 306, In an aspect of the present disclosure, the processing unit
806 may be conligured Lo assign at least one of a lirst population of synapses or a {irst
population of artificial necurons of the artificial nervous system to a first group tag.
wherein the first group tag s associated with a {irst set of parameters and at least one of
a first synapse type or a {irst neuron type, 10 assign at {east one of a second population
of synapscs or a second population of artificial neurons of the artificial nervous system
to a second group tag, wheremn the second group tag 1s associated with a second set of
parameters and at feast one of a second synapsce type or a second neuron type, and 1o
change one or more parameters in at least one of the first set of parameters or the second
set of parametlers causing changing the one or more parameters for at icast one of! one
or more synapses in at least one of the {irst population or the second population, or one
or more artificial neurons in at least one of the first population or the second population.

In another aspect of the present disclosure, the processing unit 846 may be configured o
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assign a group of artificial ncurons and synapses to a group tag with an associated set of
parameters, and o send a single message changing values of the parameters n the set
causing simullaneous swiich of the paramcters for all artificial neurons and synapses in

the group.

{3103] FIG. 9 adlustrates an example block diagram 900 of the alorementioned
method for operating an artificial nervous system based on distributied weight memorics
902 and distributled processing units (neural processors) 904 1n accordance with cerlain
aspects of the present disciosure. As illustrated in FiIG. 9, one memory bank 902 may
be directly wnterfaced with one processing umi 904 of a computational network {neural
network), wherein that memory bank 902 may store variables {neural signals}, synaptic
weights, and/or system parameters associated with that processing unit {(neural
processory 904, In an aspect of the present disclosure, the processing unit(s) 904 may
be conligured to assign at least one of a first population of synapses or a first population
of artificial neurons of the artificial nervous systeny (o a first group tag, wherein the {irst
group tag i1s associated with a first set of parameters and at least one of a first synapse
type or a first neuron type, to assign at least one of a second population of synapses or a
second population of artificial ncurons of the artificial nervous sysiem to a second group
tag, wherem the second group tag 1s associated with a second set of parameters and al
fcast one of a second synapse type or a second neuron type, and (0 change one or more
pararaeters in at least one of the {irst set of parameters or the second sel of parameters
causing changing the one or more parameters for at icast one of: one or More synapses
i at teast one of the first population or the second population, or one or more artificial
neurons in at least one of the first population or the second population.  In another
aspect of the present disclosure, the processing unit 904 may be conligured to assign a
eroup of artificial neurons and sypapses {0 a group tag with an associated set of
parameters, and to send a single message changing values of the paramciers i the set
causing stmuliancous switch of the parameters for all artificial neurons and synapses in

the group.

(01041 FIG, 10 diustrates an example mmplementation of a neural network 1000 n
accordance with certaimn aspects of the present disclosure. As diustrated in FIG. 10, the
neural network 1000 may comprise a plurality of local processing units 1002 that may

pertorm various operations of methods described above.  Each processing umt 1002
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may comprise a local state memory 004 and a local parameter memory 1006 that store
parameters of the neural network, In addition, the processing unit 1002 may comprise a
memory 1008 with a local (neuron) model program, a memory 1010 with a local
tearning program, and a local connection memory 1012, Furthermore, as diustrated in
FIG. 10, each local processing unit 1002 may be interfaced with a unit 1014 for
configuration processing that may provide configuration for local memories of the local
processing uni, and with routing connection processing clements {016 that provide

routing between the local processing units 1002,

J105] According to cerlain aspects of the present disclosure, each local processing
unit 1002 may be configured to determine parameters of the neural network based upon
desired one or more functional {eatures of the neural network, and develop the one or
more functional features towards the desired functional features as the determined

parameters are further adapted, tuned and updated.

10106] The various operations of methods described above may be performed by
any suitable means capable of performung the corresponding functions. The means may
mclude various hardware and/or sofiware component{s} and/or module(s), mcluding,
but not lmmiled to a circuit, an application specific ntegrated cirawt (ASIC), or
processor, For examiple, the various operations may be performed by one or more of the
vartous processors shown wn FIGS, 7-100 Generally, where there are operations
tiustrated in figures, those operations may have corresponding counterpart means-plus-
function components with suvular numbering.  For example, operations S00-604

tHustrated in FIGS. 5-6 correspond to means 500A-600A illustrated in FIGS, 5A-6A.

31673 For example, means for dispiaying may nclude a display {¢.g., a monutor,
flat screen, touch screen, and the like), a prinler, or any other suitable means for
outputting data for visual depiction {e¢.g., a tiable, chart, or graph}). Means for
processing, means for receiving, means for tracking, means for adjusting, means for
updating, or means {or determuiming may comprise a processing system, which may
include one or more processors or processing units. Means for sensing may mclude a
sensor.  Means for storing may include a memory or any other suitable storage device

{e.g., RAM)}, which may be accessed by the processing system,
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108 As used herein, the term “delermmning” encompasses a wide vanety of
actions. For example, “determuining” may nclude calculating, computing, processing,
deriving, mvestigating, looking up (¢.g., looking up in a table, a database or another data
structure), ascertaining, and the ke, Also, “determining” may include receiving (€.¢.,
recetving miormation}, accessing {©.¢., accessing data in a memory}, and the like. Also,

“determinung’” may wnclude resolving, selecling, choosing, establishing, and the hike.

TULH As used heren, a phrase referning to “at least one of” a list of eras refers to
any combination of those items, including single members. As an example, “at lcast

onie of a, b, or ¢” 18 itended to cover a, b, ¢, a~-b, a-¢, b-¢, and a-b-¢.

01107 The various diustrative logical blocks, modules, and circuits described in
connection with the present disclosure may be tmplemented or performed with a general
purpose processor, a digital signal processor (D5P), an application specific mtegrated
circutt (ASIC), a field programymable gate array signal (FPGA) or other programymable
togic device (PLD), discrete gate or transistor logic, discrete hardware components or
any combination thereot designed to perform the functions described herein. A general-
PUIPOSe Processor may be a microprocessor, but in the alternative, the processor may be
any commercially avatlable processor, controller, microcontrolier, or state machine, A
processor may alse be mmplemented as a combination of computing devices, ¢.g2., a

combination of a PSP and a mucroprocessor, a plurality of muacroprocessors, one or

HOre MICroprocessors in conjunction with a DSP core, or any other such conliguration.

(91111 The steps of a method or algorithm described in connection with the present
disclosure may be embodied directly in hardware, mm a soltware module executed by a
Processor, or i a combination of the two. A software module may reside n any form
of storage medium that 1s known in the art,  Some exarmples of storage media that may
be used inchude random access memory (RAM), read only memory (ROM), flash
memory, EPROM memory, EEPROM memory, registers, a hard disk, a removable disk,
a CD-ROM and so forth. A software module may comprise a single wnstruction, or
many mnstructions, and may be distributed over several different code segments, among
different programs, and across multiple storage media, A storage medium may be
coupied to a processor such that the processor can read mnformation from, and write
miormation o, the storage medmum. In the aliernative, the storage medium may be

integral to the processor.
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1121 The mcothods disclosed herein comprise one or more steps or actions {or

achieving the described method. The method steps and/or actions may be interchanged
with one another without departing from the scope of the claims. In other words, unless
a speciic order of steps or acltions 18 specilied, the order and/or use of spectiic sieps

and/or actions may be modified without departing from the scope of the claims.

HIBR) The functions described may be implemented in hardware, sofiware,
firmware, or any combination thereof., I mmplementied i hardware, an example
hardware configuration may comprise a processing system in a device. The processing
system may be muplemented with a bus architecture. The bus may mclude any number
of interconnecting buses and bridges depending on the specific application of the
processing sysiem and the overall design constraints. The bus may link together various
circuits ncluding a processor, machine-readable media, and a bus terface. The bus
interface may be used 1o connect a network adapter, among other things, to the
processing system via the bus. The network adapter may be used to inplement signal
processing functions. For certain aspects, a user miterface {¢.g., keypad, display, mouse,
joystick, etc.) may also be connected to the bus. The bus may also link various other
circuits such as fiming sources, peripherals, voltage regulators, power management
circuits, and the like, which are well known wmn the art, and therefore, will not be

described any further,

{114} The processor may be responsible for managing the bus and general
processing, mchidimg the execution of software stored on the machineg-readable media.

The processor may be implemented with one or more general-purposce and/or special-

purpose  processors,  Examples mchude microprocessors, mucrocontroliers, DSP
processors, and other circuitry that can execute soliware. Software shall be construed
broadly to mean instructions, data, or any combination thereol, whether referred o as
software, f{irmware, wmuddleware, nucrocode, hardware description language, or
otherwise. Machine-readable moedia may include, by way of example, RAM (Random
Access Memory), flash memory, ROM (Read Ounly Memory), PROM (Programmable
Read-Only  Memory), EPROM (Erasable Programmable Read-Only Memory),
FEPROM  (Electrically  Erasable Programmable Read-Only Memory), registers,

magnetic disks, optical disks, hard drives, or any other suttable storage medium, or any
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combination thercot, The machine-readable media may be embodied 1n a computer-

program product. The computer-program product may comprise packaging materials.

3115] In a hardware maplementation, the machine-readable media may be part of
the processing system separate from the processor. However, as those skilled m the art
will readily appreciate, the machine-readable media, or any portion thereol, may be
external to the processing system. By way of exampie, the machine-readable media
may mclude a transmission hine, a carrier wave modulated by data, and/or a computer
product separate from the device, all which may be accessed by the processor through
the bus miterface. Allematively, or m addition, the machine-readable wedia, or any
portion thereof, may be integrated into the processor, such as the case may be with

cache and/or genceral register files.

01167 The processing sysiem may be conligured as a general-purpose processing
systemn with one or more nucroprocessors providing the processor functionality and
cxiermnal memory providing at least a portion of the machine-readable media, all linked
together with other supporting circuitry  through an external bus architecture,
Alternatively, the processing system may be implemented with an ASIC (Application
Specific Integrated Circuil) with the processor, the bus wmiterface, the user interface,
supporting circuitry, and at lcast a portion of the machine-readablc media integrated mnto
a single chip, or with one or more FPGAs (Freld Programmable Gate Arrays), PLIDs
{Programmable Logic Devices), controliers, state machines, gated logic, discrete
hardware coraponents, or any other suiiable circuitry, or any combination of circuits that
can perform the varnous functionality described throughout this disclosure.  Those
skilled mn the art will recognize how best to implement the described functionality for
the processing system depending on the particular application and the overall design

constraints imposed on the overall sysiem.

01171 The machine-readable media may comprise a number of software modules.
The software modules include instructions that, when executed by the processor, cause
the processing system Lo perform vartous functions., The software modules may mclude
a transmission module and a recerving module. Each software module may reside n a
single storage device or be distributed across multiple storage devices. By way of
exarnpie, a sollware moduie may be loaded wto RAM from a hard drive when a

triggering event occurs, During execution of the software module, the processor may
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load some of the mstructions mto cache to mcrease access speed. Une or more cache
lines may then be loaded mmto a general register {ile {or execution by the processor.
When referring to the functionality of a software module below, 1t will be understood
that such functionality 1s implemented by the processor when executing mstructions

from that sofitware module,

HIRR] i implemented 1in software, the functions may be stored or transmitied over
as ong or more instructions or code on a compuier-readable medmum.  Computer-
readable media mnclude both computer storage media and conumunication media
mcluding any medium that facilitates transier of a computer prograrm from ong place (o
another. A storage medium may be any available medium that can be accessed by a
computer. By way of example, and not limitation, such computer-readable media can
comprise RAM, ROM, EEPROM, CD-ROM or other optical disk storage, magnelic
disk storage or other magnetic storage devices, or any other medium that can be used (o
carry or store desired program code i the form of wstructions or data structures and
that can be accessed by a computer.  Also, any conneciion 1s properly termed a
computer-readable medium. For example, 1f the software s transmutied from a website,
server, or other remote source using a coaxial cable, fiber optic cable, twisted pair,
digiial subscriber hine (DSL), or wireless technologies such as mirared (IR}, radio, and
nucrowave, then the coaxial cabie, fiber optic cable, twisted pair, DSL, or wireless
technoliogies such as nfrared, radio, and nucrowave are inchuded in the defimition of
medium. Disk and disc, as used heremn, include compact disc {CD), laser disc, optical
dise, digital versatile disc (DVDY), floppy disk, and Blu-ray® disc where disks usually
reproduce data magnetically, while discs reproduce data optically with fasers. Thus, 1n
some aspects computer-readable media may comprise non-{ransitory computer-readable
media {¢.g., tangible media). In addition, for other aspects computer-readable media
may comprise transitory compulter-readable media (¢.g., a signal)., Combinations of the

above should also be included within the scope of computer-readable media.

3119] Thus, cerfain aspects may comprise a computer program product for
performing the operations presented herein,  For example, such a compuier program
product may comprise a computer readable mediwm having instructions stored {and/or

encoded) thereon, the mstructions being executable by one or more processors to
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perform the operations described herein,  For certain aspects, the compuier program

product may include packaging material,

3128 Further, it should be appreciated that modules and/or other appropriate
means for performing the methods and techniques described herein can be downloaded
and/or otherwise obtamed by a device as applicable, For example, such a device can be
coupied to a server to factlitate the transfer of means for performung the methods
described herein., Alternatively, vanious methods described herein can be provided via
storage means {e.g., RAM, ROM, a physical storage medium such as a compact disc
(CD) or floppy disk, etc.), such that a device can oblaimn the vartous methods upon
coupling or providing the storage means to the device. Moreover, any other suitable
technmique for providing the methods and techrnigues described heremn to a device can be

utiiized.

1211 it 1s to be understood that the claims are not hmted to the precise
configuration and components ilustrated above., Vartous modifications, changes and
variations may be made i the arrangement, operation and detatls of the methods and

apmaratus described above without departing {rom the scope ol the claims.
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CLAIMY

WHAT IS CLAIMED I5:
i A method for operating an artificial nervous system, comprising:

assigrung at least onc of a first population of synapses or a first population of
artificial neurons of the artificial nervous system to a first group tag, wherein the first
group tag 1s associated with a first set of parameters and at least one of a first synapse

type or a frst neuron type;

assigning at least one of a second population of synapses or a second population
of artificial neurons of the artificial nervous system o a second group tag, wherein the
second group tag 1s associated with a second set of parameters and al least one of a

second synapse type or a second neuron type; and

changing one or more parameters n at least one of the first set of parameters or
the second set of parameters causing changing the one or more parameters for at least
one of; one or more synapses 1o at least one of the first population or the second
population, or one or more artificial neurons n at least one ol the first population or the

second population.
2. The method of clamn 1, further comprising

tagging al teast one of: one or more of the arlificial neurons or one or more of

the synapses with both the first and second group tags.
3. The method of claim 1, further comprising;

changing parameters associated with the first and second synapse types causing

changing these paramcters for all synapses in the first and second populations; and

changing other parameters associated with the first and second neuron types
causing changing these other parameters {or all artificial neurons i the {irst and second

populations,

4, The method of claim 1, wherein the first and second sets of parameters comprise

at feast one of a {lag to enabie plasticity, a flag (o disable plasticity, a flag {or post-
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synaptic potential (PSP} transier, a flag for dopamine, a homeostasis enabie flag, a

homeostasis disable tlag, a plasticity enable flag or a plasticity disable {lag.
3. The method of claum 4, further comprising:

controlling simultaneousiy the tlag to enable plasticity, the {lag to disable

plasticity, the flag for post-synapiic potential (PSP) transfer, and the flag for dopamine.

o. The method of claim 1, wherein paramecters associated with the first and second
synapse types compnse at least one of a spike-timing-dependent plasticity (STDP) table,

a resource model, or plasticity parameters.
7. The miethod of claim 1, further comprising:

controlling simultancously parameters mn the first and second sets.
8. The method of claimy 1, wherein:

the first synapse type 1s same as the second synapse type, and

the first neuron type 1s same as the second neuron type, and the method lurther

COMprising
changing parameters in the first and second sets at different time mstants, and

a value of a parameter 1in the first set differs from a value of that parameter n the

seeond set.
G The method of claim 1, wherein;

the first and sccond populations of synapscs are subscts ol a set of synapscs of at

ieast one of same layer or same type, and

the first and second populations of artificial neurons are subsets of a set of

artificial ncurons of at least one of same layer or same type.

i0.  The method of claim 1, wherein paramcters in the {irst and second sets are

disjoint from parameters associated with the first and second synapse types.
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i1, The method of claim 1, wherein at least one parameter i the first and second
sets 18 common with at least one parameter assoctated with the {irst and second synapse

types, and the method further comprising

overriding, based on the at least one parameter in the first and second sets, the at

teast one parameter associated with the first and second synapse types,

12, The method of 1, wherein at feast one of the {irst group tag or the second group

tag is assigned dynamicaily.

13, The method of claim 12, wherein dynamically assigning the at lgast one of first
group tag or second group tag 1s associated with synapses of at feast one of the first
population of synapses or the second population of synapses with weights below a

threshold.

i4. The method of ¢claim 12, wherein dyvnamically assigning the 4t least one of first
. Y h 5

group tag or second group tag further comprises:

Hagging underutilized synapses ol at least one of the first or second populations
of synapses and underutilized artificial neurons of at least one of the first or second

populations of artificial neurons for at least one of realiocation or structural plasticity.

i35, The method of claim 1, wherein changing the one or more paramcelers comprises

cenabling and disabling plasticity, and the method further comprising;

cnabling plasticity based on a certain artificial neuron of the first population of

artificial neurons or of the second population of artificial neurons spiking; and

disabling plasticity bascd on a different certain artificial neuron of the first

population of artificial neurons or of the second popuiation of artificial neurons spiking.

i6. The method of clamm 1, wherein changing the one or more parameters COmprises

cnabling and disabling plasticity, and the method further comprising:

cnabling plasticity based on a set of artificial neurons of at least one of the first

population of artificial neurons or the sccond population of artificial neurons spiking,
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i7. The method of claim 1, wherein changing the one or more paramcelers comprises

cenabling and disabling plasticity, and the method further comprising;

cnabling plasticity based on a set of artificial neurons of at least one of the first
population of artificial neurons or the second population of artificial neurons having a

detfined aclivity rate,

i3,  The method of claim 1, wherein changmg the one or more parameters cComprises

cnabling and disabling plasticity, and the method further comprising:

enabling plasticity based on a function of synaptic weights associated with at
least one of the first population of synapses or the second population of synapses

reaching a metric.
19, An apparatus for operating an artificial nervous syvstem, comprising:
a processing system configured to:

assign at least one ol a {irst population ol synapses or a first population of
artificial neurons of the artificial nervous system to a first group tag, wherein the
first group tag 1s associated with a first set of parameters and at ieast one of a

first synapse type or a {irst neuron type;

assign at least one of a second population of synapses or a second population
of ariificial neurons of the artificial nervous system {0 4 second group lag,
wherein the second group tag is associated with a second set of parameters and

at least one of a sccond synapse tvpe or a second neuron type; and

change one or more parameters n at least one of the first set of parameters or
the second set of parameters causing changing the one or more parameters for at
icast one of: one or more synapses in at least one of the first population or the
second population, or ong or more artificial neurons in at {east one of the {irst

population or the second population; and
a memory coupied to the processing system,

20 An apparatus tor operating an artificial nervous svstem, comnrising:
& b . .
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rcans {or assigning at least one of a {irst population of synapses or a first
population of artificial neurons of the artificial nervous system to a first group tag,
wherein the first group tag 1s associated with a first sct of parameters and at least one of

a first synapse type or a {ust neuron type;

means for assigning at least one of a second population of synapses or a second
population of artifictal neurons of the artificial nervous system to a second group tag,
wherein the second group tag 15 associated with a second set of parameters and at least

one of a second synapse type or a second neuron type; and

means {or changing one or more parameters i at ieast one of the first set of
parameters or the second set of parameters causing changing the one or more parameters
for at least oune of: one means {or or more synapses i at igast one of the first population
or the sccond population, or one or more artificial neurons n at least one of the first

population or the second population.

21, A computer program product for operating an artilicial nervous system,

comprising a computer-readable medium having instructions executable to;

assign at least one of a {irst population of synapses or a {irst population of
artificial neurons of the artificial nervous system to a first group tag, wherein the first
group tag 1s associated with a first set of parameters and at least one of a {irst synapse

type or a first neuron type;

assign at least one of a second population of synapses or a second population of
artiticial neurons of the artiticial nervous systens (o a second group tag, wherein the
second group tag is associated with a second set of parameters and at least one of a

second synapse type or a second neuron type; and

change one or more parameters in at least one of the first sel of parameters or the
second sct of parameters causing changing the one or more parameters for at feast one
of: ong or more synapses in at least one of the lirst population or the second population,
or one or more artificial neurons n at least one of the first population or the second

population.

22, A method for operating an artificial nervous sysiem, comprising:
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assigning a group of artificial neurons and synapses of the artificial nervous

system 10 a group tag with an associated set of parameters; and

sending a single message changing values of the parameters in the set causing
simultaneous switch of the paramecters for all artificial neurons and synapses in the

STOUP.

23, The method of clamm 22, wherein the parameters in the sel comprise pararneters
applying only to artificial ncurons in the group, parameters applying only {0 synapses in

the group, and parameters applying to both artificial neurons and synapses in the group.

24. The method of claim 23, wherein the parameters applying only to artificial

neurons i the group comprise a homeostasis enabie flag and a homeostasis disable tlag.

25, The method of claim 23, wherein the parameters appiving only to synapses in
the group comprise a posi-synaptic potential (PSP) transi{er cnable flag and a PSP

transier disable tlag.

26.  The method of claim 23, whereimn the parameters applving to both artilicial
neyurons and synapses in the group comprise a plasticity enabie fiag and a plasticity

disable flag.
27.  An apparatus for operating an artificial nervous sysiem, comprising:
a processing system conligured to:

assign a group of artificial neurons and synapses of the artificial nervous

system to a group tag with an associated set of parameters; and

send a single message changing values of the parameters in the set causing
simultancous switch of the parameters for all artificial neurons and synapses in

the group; and
a memory coupled Lo the processing system,

238.  Anapparatus for operating an artificial nervous system, comprising:
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rcans {or assigning a group of artificial ncurons and synapses of the artificial

nervous system (o a group tag with an associated set of parameters; and

racans {or sending a simgle message changing values of the parameters 1o the set
causing simultancous switch of the parameters for all artificial neurons and synapses in

the group.

29, A compuler program product for operating an artificial nervous system,

comprising a computer-readable medium having mstructions executable to:

assign a group of artificial neurons and synapses of the artificial nervous system

to a group tag with an associated set ol parameters; and

send a single message changing values of the parameters in the set causing
sumultancous switch of the parameters for all artificial neurons and synapses in the

oTOUP.
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