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METHODS AND APPARATUS FOR IMPLEMENTING A BREAKPOINT
DETERMINATION UNIT IN AN ARTIFICIAL NERVOUS SYSTEM

CLAIM TO PRIORITY UNDER 35 US.C. 8 119

6001 This application claims benefit of U.S. Provisional Patent Application Serial
No. 61/873,044, {led September 3, 2013, and U.S. Patent Application Serial No,
14/281,118, filed May 19, 2014, both of which are herein incorporated by reference in

thetr entirety.

BACKGROUND
Ficld

16602] Certain aspects of the present disclosure generally relate to artificial nervous
gystems and, more particularly, to using one or more breakpomt determination units in a

neural processing system.

Background

EEIRY An artificial neural network, which may comprise an interconnected group of
artificial neurons {1.¢., neural processing units), is a computational device or represents a
method to be performed by a computational device. Artificial neural networks may
have corresponding structure and/or {function in biological neural networks., However,
artificial neural networks may provide innovative and useful computational technigues
for certain applications in which traditional computational technigues are cumbersome,
imopractical, or inadequate. Because artificial neural networks can infer a function from
observations, such networks are particularly useful in applications where the complexity
of the task or data makes the design of the function by conventional technigues

burdensome.

[ 3004] One type of artificial neural networlk is the spiking neural network, which
incorporates the concept of time into its operating model, as well as neuronal and
synaptic state, thereby providing a rich set of behaviors from which computational
function can emerge in 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 is important to nouron function, When a neuron fires, it

generates a spike that travels to other neurons, which, i turn, may adjust theiwr states
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based on the time this spike is received. In other words, information may be encoded in

the relative or absohute timing of spikes in the neural network.

SUMMARY

HELRY Certain aspects of the present disclosure generally relate to implementing a

breakpoint deternination unit in an artificial nervous systent,

[0006] Certain aspects of the present disclosure provide a method for using a
breakpoint determination unit to examine an artificial nervous system. The method
generally mcludes operating at least a portion of the artificial nervous system; using the
breakpoint determination unit to detect that a condition exists based at least in part on
monitoring one or more components in the artificial nervous system; and at least one of
suspending, examining, modifyving, or flagging the operation of the at least the portion

of the artificial nervous system, based at least in part on the detection.

3807] Certain aspects of the present disclosure provide an apparatus for using a
breakpoint determination unit to examine an artificial nervous systern. The apparatus
generally inchudes a processing system and a memory coupled to the processing system,
The processing system is typically configured to operate at least a portion of the
artificial nervous system; 1o use the breakpoint determination unit to detect that a
condition exists based at lcast in part on monitoring one or more components in the
artificial nervous system; and to at least one of suspend, examine, modify, or flag the
operation of the at least the portion of the artificial nervous gystem, based at least in part

on the detection,

[0608] Certain aspects of the present disclosure provide an apparatus for using a
breakpoint determination unit to examine an artificial nervous system. The apparatus
generally includes means for operating at least a portion of the artificial nervous systemy;
means for using the breakpoint determination unit to detect that a condition exists based
at least in part on monitoring one or more components 1n the artificial nervous system:
and means for at least one of suspending, examining, modifying, or flagging the
operation of the at least the portion of the artificial nervous system, based at least in part

on the detection,
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(5]

[0009] Certain aspects of the present disclosure provide a computer program
product for using a breakpoint determination unit to examine an artificial nervous
system. The computer program product generally includes a computer-readable
medium {e.g,, a storage device or other non-transitory medium) having lusiractions
executable to operate at lcast a portion of the artificial nervous systemy; to use the
breakpoint deternmination unit to detect that a condition exists based at least i part on
monitoring one or more components in the artificial nervous system; and to at least one
of suspend, examine, modify, or flag the operation of the at least the portion of the

artificial nervous system, based at least in part on the detection.

BRIEF DESCRIPTION OF THE DRAWINGS

10616] So that the manner in which the above-recited features of the present
disclosure can be understood in detail, a more particular description, briefly surawarized
above, may be had by reference to aspects, some of which are ilustrated in the
appended drawings. It is to be noted, however, that the appended drawings illustrate
only certain typical aspects of this disclosure and are therefore not to be considered

himiting of its scope, for the description may admit to other equally effective aspects.

108111 FIG. 1 illustrates an example network of neurons in accordance with certain

aspects of the present disclosure.

[60612] FIG. 2 illustrates an example processing uvuit (neuron) of a coraputational
ctwork (ncural system or neural network), in accordance with certain aspects of the

present disclosure,

[0613] FI1G. 3 ilustrates an example spike-timing dependent plasticity (STDP)

curve in accordance with certain aspects of the present disclosure,

[3314] Fi. 4 1s an example graph of state for an artificial neuron, illustrating a
nositive regime and a negative regime for defining behavior of the neuron, in
& o o >

accordance with certain aspects of the present disclosure,

[0015] FIG. § illustrates an example neural processing system having a breakpoint

neuron, int accordance with certain aspects of the present disclosure.
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{0616} FIG. 6 illustrates an example state machine for a breakpoint determination

unit, in accordance with certain aspects of the present disclosure.

[8317] FIG. 7 illustrates example timing diagrams for synchronous event processing

using a breakpoint nouron, in accordance with certain aspects of the present disclosure,

[6318] FIG. 8 illustrates example timing diagrams for delay ovent processing using

a breakpoit neuron, in accordance with certain aspects of the present disclosure.

[0019] FIG. 9 is a flow diagram of example operations for examining an artificial
nervous system using a breakpoint determination unit, in accordance with certain

aspects of the present disclosure,

[0626] FIG. 9A ilustrates example means capable of performing the operations

shown in FIG. 9.

6621} FIG. 10 illustrates example components for implementing examination of at
least a portion of an artificial nervous system using a general-purpose processor, i

accordance with certain aspects of the present disclosure.

10622] FIG. 11 illustrates exaraple components for implementing examination of at
least a portion of an artificial nervous system where a memory may be interfaced with
mdividual distributed processing units, i accordance with certain aspecis of the present

disclosure.

6623 FIG. 12 illustrates example components for implementing examination of at
least a portion of an artificial nervous system based on distributed memories and

distributed processing units, in accordance with certain aspects of the present disclosure.

[0024] FIG. 13 illustrates av example implementation of a neural network in

accordance with certain aspects of the present disclosure,

DETAILED DESCRIPTION
[0025] Various aspects of the disclosure are described more fully hereinafter with
reference to the accompanying drawings. This disclosure may, however, be embodied

in many different forms and should not be construed as limited to any specific structure

or function presented throughout this disclosure. Rather, these aspects are provided so
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that this disclosure will be thorough and complete, and will fully convey the scope of
the disclosure to those skilled in the art. Based on the teachings herein one skilled in the
art should appreciate that the scope of the disclosure is mtended to cover any aspect of
the disclosure disclosed herein, whether iroplemented 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, o
addition, the scope of the disclosure is intended to cover such an apparatus or method
which is practiced using other structure, functionality, or structure and functionalily in
addition to or other than the various aspects of the disclosure set forth herein. It should
be understood that any aspect of the disclosure disclosed hercin may be embodied by

one or more elements of a claim.

[6626] The word “exemplary” is used herein to mean “serving as an exanple,
instance, or illustration.” Any aspect described herein as “exemplary” 1s not necessartly

to be construed as preferred or advantageous over other aspects.

{80271 Although particular aspects are described herein, wany variations and
pernutations 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 is not intended to be limited to particular benefits, uses or objectives. Rather,
aspects of the disclosure are intended to be broadly applicable to different technologies,
system configurations, networks and protocols, some of which are illustrated by way of
example in the figures and in the following description of the preferred aspects. The
detailed description and drawings are merely illustrative of the disclosure rather thao
limiting, the scope of the disclosure being defined by the appended claims and

equivalents thereof.
AN EXAMPLE NEURAL SYSTEM

16028] FIG. 1 tllustrates an example neural system 100 with multiple levels of
neurons in accordance with certain aspects of the present disclosure. The neural system
100 may comprise a level of ncurons 102 connected to another level of neurons 106
though a network of synaptic connections 104 (i.e., feed-forward connections). For
simplicity, only two levels of neurons are illustrated in FIG. 1, although fewer or more

tevels of neurons may exist in a typical neural system. It should be noted that some of
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the neurons may connect to other neurons of the same layer through lateral connections.
Furthermore, some of the neurons may connect back to a neuron of a previous layer

through feedback connections,

[6029] As illustrated in FIG. 1, cach neuron in the level 102 may receive an input
signal 108 that may be generated by a plurality of newrons of a previous level (not
shown in FIG. 1). The signal 108 may represent an input {¢.g., an input current) to the
level 102 neuron, Such inpuls may be accumulated on the neuron membrane to charge
a membrane potential. When the membrane potential reaches its threshold value, the
nouron may fire and generate an output spike to be transferred to the next level of
neurons {e.g., the level 106}, Such behavior can be emulated or simulated in hardware

and/or software, including analog and digital implementations.

06361 In biological neurons, the output spike generated when a neuron fires is
referred 1o as an action potential. This electrical signal is a relatively rapid, transient,
all-or nothing nerve tmpulse, having an amplitude of roughly 160 mV and a duration of
about 1 ms. In a particular aspect of a neural system having a series of connecle

neurons {e.g., the transfer of spikes from one level of neurons to another in FIG. 1),
every action potential has basically the same amplitude and duration, and thus, the
information in the signal is represented only by the frequency and number of spikes {or
the time of spikes}), not by the amplitude. The information carried by an action potential
is determined by the spike, the neuron that spiked, and the time of the spike relative to

one or more other spikes.

0031} The transfer of spikes from one leve!l of neurons to another may be achieved
through the network of synaptic connections {or simply “synapses”) 104, as illustrated
in FIG. . The synapses 104 may receive output signals (i.c., spikes) from the level 102
neurons {pre-synaplic neurons relative to the synapses 104}, For certain aspects, these

w(i,iﬂ} W’_(Z',i'ﬂ}
signals may be scaled according to adjustable synaptic weighis ! ey

(where £ is 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 input signal of cach neuron in the
level 106 (post-synaptic neurous relative to the synapses 104). Every neuron in the

level 106 may generate output spikes 110 based on the corresponding combined input
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signal. The output spikes 110 may be then transferred to another ievel of neurons using

another network of synaptic connections (not shown in FIG. 1),

(63321 Biological synapses may be classified as either electrical or chemical. While
clectrical synapses are used primarily to send excitatory signals, chemical synapses can
mediate either excitatory or inhibitory (hyperpolarizing) actions in postsynaplic neurons
and can also serve to amplify neuronal signals. Excitatory signals typically depolarize
the membrane potential (i.e., increase the membrane potential with respect o the resting
potential). If enough excitatory signals are received within a certain period to
depolarize the membrane potential above a threshold, an action potential occurs in the
postsynaptic neuron. In contrast, inhibitory signals generally hyperpolarize (i.c., lower)
the membrane potential. Inhibitory signals, if strong enough, can counteract the sum of
excitatory signals and prevent the membrane potential frony reaching threshold. u
addition to counteracting synaptic ¢xcitation, synaptic inhibition can exert powerful
control over spontancously active neurons. A spontancously active neuron refers to a
neuron that spikes without further input, for example, due to its dynamics or foedback.
By suppressing the spontancous generation of action potentials in these neurons,
synaptic inhibition can shape the pattern of firing in a neuron, which is generally
referred to as sculpturing. The various synapses 104 may act as any combination of

excitatory or inhibitory synapses, depending on the behavior desired.

18033] The neural system 100 may be emulated by a general purpose processor, a
digital signal processor (DSP), an application specilic integrated circuit (ASIC), a field
programmable gate array (FPGA) or other programmable logic device (PLD), discrete
gate or transistor logic, discrete hardware components, a software moduie cxecuted by a
processor, or any combination thereof, The neural system 100 may be utilized in a large
range of applications, such as image and pattern recognition, machine learning, motor
control, and the like, Each neuron in the neural systern 100 may be implemented as a
neuron circuit.  The neuron membrane charged to the threshold value initiating the
output spikc mav be implemented, for example, as a capacitor that integrates an

electrical current flowing through it.

18834] In an aspect, the capacitor may be eliminated as the electrical current
integraling device of the nouron circust, and a smaller menwisior element may be used in

its place. This approach may be applied in neuron circuits, as well as i various other
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applications where bulky capacitors are utilized as electrical current integrators. In
addition, each of the synapses 104 may be implemented based on a memristor element,
wherein synaptic weight changes may relate to changes of the memristor resistance,
With nanometer feature-sized voemristors, the arca of neuron circuit and synapses may
be substantially reduced, which may make mmplementation of a very large-scale neural

systern hardware implementation praciical,

[6635] Functionality of a neural processor that emulates the neural system 100 may
depend on weights of synaptic connections, which way control strengths of connections
between neurons. The synaptic weights may be stored in a non-volatile memory in
order to preserve functionality of the processor afier being powered down. In an aspect,
the synaptic weight memory may be implemented on a separate external chip from the
matn neural processor chip. The synaptic weight memory may be packaged separately
from the neural processor chip as a replaceable memory card. This may provide diverse
functionalities to the neural processor, wherein a particular functionality may be based

on synaptic weights stored in 2 memory card currently attached to the neural processor,

[ 0036] FIG. 2 illustrates an example 200 of a processing unit {e.g., an artificial
neuron 202) of a computational network (e.g., a neural system or a noural network)
accordance with certain aspects of the present disclosure. For example, the neuron 202
may correspond to any of the ncurons of levels 102 and 106 from FIG. 1. The neuron
202 way receive multiple toput signals 204,-204y (x,-x, ), which may be siguals
external to the neural system, or signals generated by other neurons of the same neural
system, or both. The input signal may be a current or a voltage, real-valued or complex-
valued. The juput signal may comprise a numerical value with a fixed-point or a
floating-point representation, These input signals may be delivered to the neuron 202
through synaptic connections that scale the signals according to adjustable synaptic
welights 2004-206x {w,—w,, }, where N may be a total number of input connecticns of

the neuron 202,

138371 The neuron 202 may combine the scaled input signals and use the combined
scaled inputs to generate an output signal 208 {(re., a signal y). The output signal 208
may be a current, or a voltage, real-valued or complex-valued. The output signal may

comprise a numerical value with a fixed-point or a floating-point representation. The
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output signal 208 may be then transferred as an input signal to other neurons of the
same neural system, or as an input signal to the same neuron 202, or as an output of the

neural system.

[6338) The processing unit (neuron 202) may be emulated by an clectrical circuit,
and iis foput and output connections may be ewulated by wires with synaptic circuils,
The processing unit, its input and output connections may also be enwlated by a
software code. The processing unmit ruay also be emulated by an electric circuit, whereas
its input and output connections may be emulated by a software code. In an aspect, the
processing unit in the computational notwork may comprise an analog clectrical circuit,
In another aspect, the processing unit may comprise a digital electrical circuit. In yet
another aspect, the processing unit may comprise a mixed-signal clectrical circuit with
both analog and digital components. The computational network may comprise
processing units in any of the aforementioned forms. The computational network
{neural system or neural network ) using such processing uniis may be viilized in a large
range of applications, such as image and pattern recognition, machine learning, motor

control, and the like.

18039 During the course of training a neural network, synaptic weights {e.g., the
SRR (A 20 ) BN (¥ 25§ P T e e A A S
weightew™ /., wy” rom FIG. 1 and/or the weights 2064-206, from FIG. 2) may

be initialized with random values and increased or decreased according to a learning
rufe. Some examples of the learning rule are the spike-timing-dependent plasticity
(STDP} learning rule, the Hebb rule, the Oja rule, the Bienenstock-Copper-Munro
(BCM) rule, etc.  Very often, the weights may setile to one of two values (ie, a
bimodal distribution of weights). This effect can be utilized to reduce the number of
bits per synaptic weight, increase the speed of reading and writing fromy/to a memory

storing the synaptic weights, and to reduce power consumption of the synaptic memory.
Symapse Tvpe

160401 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

synapses (weight, delay and comnectivity may change), and variations thereupon {e.g.,
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delay may change, but no change in 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),
Sirntlarly, delay and weight plasticity may be subdivided into operations that may
operate in together or separately, in seguence or in parallel. Different types of synapses
may have different lookup tables or formulas and parameters for each of the different
plasticity types that apply. Thus, the methods would access the relevant tables for the

synapse’s type.

[0641] There are further imphlications of the fact that spike-timing depondent
structural plasticity may be executed independently of synaptic plasticity.  Structural
plasticity may be executed even if there is no change to weight magnitude (e.g., if the
weight has reached a minimum or maximum value, or it is not changed due to some
other reason) since structural plasticity (i.c., an amount of delay change) may be a direct
function of pre-post spike time difference. Alternatively, it 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 a weight change
occurs or if weights reach zero, but not if the weights are maxed out. However, it can
be advantageous to have independent functions so that these processes can be

parailelized reducing the number and overlap of memory accesses.
DETERMINATION OF SYNAPTIC PLASTICITY

13842] Neuroplasticity (or simply “plasticity”) is the capacity of neurons and seural
networks in the brain to change their synaptic connections and behavior in response to
new information, sensory stimulation, developroent, damage, or dysfunction. Plasticity
is important to leamning and memory in biology, as well as to computational
neuroscicuce and neural networks, Various torms of plasticity have been studied, such
as synaptic plasticity {¢.g., according to the Hebbian theory}, spike-timing-dependent
plasticity (STDP), non-synaptic plasticity, activity-dependent plasticity, structural

plasticity, and homeostatic plasticity.

[60G43] STDP is a learning process that adjusts the strength of synaptic connections
between neurons, such as those in the brain, The connection sirengths arc adjusted

based on the relative timing of a particular neuron’s output and received input spikes
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(i.c., action potentials). Under the STDP process, long-term potentiation (LTP) may
occur tf an input spike to a certain neuron tends, on average, to occur immediately
betore that necuron's output spike, Then, that particular input 15 made somewhat
stronger. In contrast, long-terru depression (LTD) roay occur if an juput spike tends, on
average, to occur immediately after an output spike. Then, that particular input is made

t

somewhat weaker, hence the name "spike-timing-dependent plasticity,” Consequently,
inputs that might be the cause of the post-synaptic neuron's cxcitation are made cven
more likely to contribute 1n the future, whereas inputs that are not the cause of the post-
synaptic spike are made less likely to contribute in the future. The process continues
until a subset of the imtial set of connections remains, while the influence of all others is

reduced {0 zero O near zero.

[6G44] Since a neuron generally produces an output spike when many of its inputs
occur within a brief period (i.c., being sufficiently cumulative to cause the output,), the
subset of inputs that typically remains includes those that tended to be correlated in
time. In addition, since the inputs that occur before the output spike are strengthened,
the tnputs that provide the carliest sufficiently cumulative indication of correlation will

eventually become the final input to the neuron.

[6045] The STDP leaming rule may effectively adapt a synaptic weight of a synapse
connecting a pre-synaptic neuron o a post-synaptic neuron as a function of time
difference between spike time £,

e

of the pre-synaptic neuron and spike time ¢, of the

rest

post-synaptic neuron {te., f=7, —7 ) A typical formulation of the STDP is to

! post
increase the synaptic weight (i.e., potentiate the synapse) if the time difference is
positive {the pre-synaptic neuron fires before the post-synaptic neuron), and decrease
the synaptic weight (i.c., depress the synapse) il the time difference is negative (the

post-synaptic neurcn fires before the pre-synaptic nearon),

[3046] In the STDP process, a change of the synaptic weight over time may be

typically achieved using an exponential decay, as given by,

e’ >0

11k

I g <

; (D

{
)=
o
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where k,and & are time constants for positive and negative time dilference,
respectively, @, and @ are corresponding scaling magnitudes, and g 1s an offsct that

may be apphed to the positive tume difference and/or the negative tume difference.

180471 FIG. 3 illustrates an exarople graph 300 of a synaptic weight change as a
function of relative timing of pre-synaptic and post-synaptic spikes in accordance with
STDP. If a pre-synaptic neuron fires before a post-synaptic ncuron, then a
corresponding synaptic weight may be increased, as ilhustrated in a portion 302 of the
graph 300. This weight increase can be referred to as an LTP of the synapse. It can be
observed {rom the graph portion 302 that the amount of LTP may decrease roughly
exponentially as a function of the difference between pre-synaptic and post-synaptic
spike times. The reverse order of firing may reduce the synaptic weight, as illustrated in

a portion 304 of the graph 300, causing an LTD of the synapse.

[0045] As iHustrated in the graph 300 in FIG. 3, a negative offset p may be applied
to the LTP (causal) portion 302 of the STDP graph. A point of cross-over 306 of the x-
axis (y=0) may be configured to coincide with the maximum time lag for considering
correlation for causal inputs from layer i-1 (presynaptic layer), In the case of a frame-
based ioput (i.e., an input is in the forro of a frame of a particular duration comprising
spikes or pulses), the offset value p can be computed to reflect the frame boundary. A
first input spike (pulsec) in the frame may be considered to decay over time either as
modeled by a post-synaptic potential directly or in terms of the cffect on neural state. If
a second wput spike {pulse) in the frame is considered correlaied or relevant of a
particular time frame, then the relevant times before and after the frame may be
scparated at that time frame boundary and treated differently in plasticity terms by
offsetting one or more parts of the STDP curve such that the value in the relevant times
may be different (c.g., nogative for greater than one frame and positive for less than one
frame). For example, the negative offset i 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 is thus part

of LTD instead of TP,
NEURON MODELS AND OPERATION

[06649] There are some general principles for designing a useful spiking neuron

model. A good neuron model may have rich potential behavior in terms of two
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computational regimes: coincidence detection and functional computation. Moreover,
a good neuron model should have two elements to allow temporal coding: arrival time
of inputs affects output time and coincidence detection can have a narrow time window,
Finally, to be computationally attractive, a good neuron model may have a closed-form
sohution in continuous time and have stable behavior inchiding near attractors and
saddle points. In other words, a useful neuron model 1s one that is practical and that can

¢ used to model rich, realistic and biologically-consistent behaviors, as well as be used

to both engineer and reverse engineor neural circutts,

[0056] A neuron rrodel may depend on eveunts, such as aun input arrival, output spike
or other event whether internal or external. To achieve a rich behavioral repertoire, a
state machine that can exhibit complex behaviors may be desired. I the occurrence of
an event itscif, separate from the input contribution (if any) can influence the state
machine and constrain dynamics subsequent to the event, then the future state of the
system is not only a function of a state and input, but rather a function of a state, event,

and input,

0051} In an aspect, a neuron n may be modeled as a spiking leaky-mtegrate-and-

~ s 'R ~ . .
fire neuron with a membrane voltage v {f} governed by the following dynamics,

LN

dv, ( f }

Ql = C{V” (F) + 1’3 E Mjm # Yo (’f Aiw i Ea (2)

wm

where @ and # are parameters, w18 a synaptic weight for the synapse connecting a

w0
pre-synaplic neuron m 1o a post-synaptic newron #, and y, ({) is the spiking output of
the neuron m that may be delayed by dendritic or axonal delay according to A/ until

arrival at the neuron #°s soma.

18052] It should be noted that there is a delay from the time wheun sufficient iuput to
a post-synaptic neuron is established until the time when the post-synaptic neuron
actually fires, In a dynamic spiking neuron model, such as {zhikevich’s simple model, a
time delay may be incurred if there is a difference between a depolarization threshold
v, and a peak spike vollagey For example, in the simple model, neuron soma

¢ peak ©
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dynamics can be governed by the pair of ditferential equations for voitage and recovery,

ie.,
Lign (kv v, v—v, }-u+1)/C, (3)
dr - '
j;“ =alb{y—v, }—u). (4)

where v is a membranc potential, #1s a membrane recovery variable, £ is a parameter
that deseribes time scale of the membrane potential v, g is a parameter that describes
time scale of the recovery variable w, # 15 a parameter that describes sensitivity of the
recovery variable u to the sub-threshold fluctuations of the membrane potential v, v is
a membrane resting potential, 7 i3 a synaptic current, and € is a membrane’s
capacitance. In accordance with this model, the newron is defined to spike when
VY

Hunzineer Cold Maodel

[3053] The Hunzinger Cold neuron model is a minimal dual-regime spiking linear
dynamical model that can reproduce a rich variety of neural behaviors, The model’s
one- or two-dimensional linear dynamics can have two regimes, wherein the time
constant {and coupling) can depend on the regime. In the sub-threshold regimue, the
time constant, negative by convention, represents leaky channel dynamics generally
acting to return a cell to rest in biologically-consistent linear fashion. The time constant
in the supra-threshold regime, positive by convention, reflects anii-leaky channel

dynamics generally driving a cell to spike while incurring latency in spike-generation.

[0654] As illustrated in FIG. 4, the dynaruics of the model may be divided into two
{or more} regimes.  These regimes may be called the negative regime 402 {also
interchangeably referred to as the leaky-integrate-and-fire (LIF) regime, not to be
confused with the LIF neuron roodel) and the positive regime 404 (also wnterchangeably
referred to as the anti-leaky-integrate-and-fire (ALIF) regime, not to be confused with
the ALIF neuron model). In the negative regime 402, the state tends toward rest (v_} at
the time of a future cvent. In this negative regime, the model generally exhibits
temporal input detection properties and other sub-threshold behavior. In the positive

regitne 404, the state tends toward a spiking ovent (v, ). In this positive regime, the



WO 2015/034640 PCT/US2014/051044

model exhibits computational propertics, such as incurring a latency to spike depending
on subsequent input events, Formulation of dynamics in terms of events and separation

of the dynamics into these two regimes arc fundamental characteristics of the model.

[0055] Lincar dual-regime bi-dimensional dynamics (for states vand u )} may be

defined by convention as,

d‘y" 3
T, di:vﬂ]ﬁ (5
du »
B (6
o 6)

where g, and rare the linear transformation variables for coupling.

[3056] The symbol p 1s used herein to denote the dynamics regime with the
convention to replace the symbol p with the sign “” or “+7 for the negative and
positive regimes, respectively, when discussing or expressing a relation for a specific

regire.

[0037] The model state is defined by a mombrane potential (voltage) v and recovery
current » . In basic form, the regime s cssentially determined by the model state.
There are subtle, but fmportant aspects of the precise and general definition, but for the
moment, consider the mode] to be in the positive regime 404 if the voltage v is above a

threshold (v, ) and otherwise in the negative regime 402,

[ H058] The regime-dependent time constants include 7 which i1s the negative
regimie time constant, and 7, which is the positive regime time constant. The recovery
current time constantz, is typically independent of regime. For convenience, the
negative regime time constant 7 is typically specified as a negative quantity to reflect
decay so that the same expression for voltage evolution may be used as for the positive

regime in which the exponent and ¢, will generally be positive, as will be ¢, .

24

[0059] The dynamics of the two state clewents may be coupled at events by
transformations offsetting the states from their null-clines, where the transformation

variables are
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o
g, =7, ,fu-v, (7
r= é‘(v + L} {3)

where o, ¢, # and v, v, arc paramciers. The two values for v ,are the base for
reference voltages for the two regimes. The parameter v is the base voltage for the
negative regime, and the membrane potential will generally decay toward v in the
negative regime. The parameter v, 1S the base voltage for the positive regime, and the

+

membrane poteniial will generally tend away from v, in the postlive regire,

[ 0060] The null-clines for v and ware given by the negative of the transformation
variables g and », respectively. The pararneter & is a scale factor controliing the slope
of the u null-cline. The parameter ¢ is typically set equal to —v . The parameter F is
a resistance value controlling the slope of the v null-clines in both regimes. The 7,
time-constant parameters coutrol not only the exponential decays, but also the null-cline

slopes in each regime separately.

3861] The model is defined to spike when the voltage v reaches a value v,.
Subsequently, the state is typically roset at a reset ovent (which technicaily may be one

and the same as the spike event):

V=Y (9)
= Au {(10)

where ¥_and Aw are parameters. The reset voltage ¥_is typically set tov_.

[3062] By a principie of momentary coupling, a closed-form sohution is possible not
only for state (and with a single cxponential term), but also for the time required to

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

\/"(f ""‘ L/&i\) - {\1’({)'7’ q/) /Pe fﬂ - qf) <1 1 )
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i7
Y
ult + Ar)={ult)+rle ™ —r (12}
[6663] Therefore, the model state may be updated ouly upon events, such as upon

an input {pre-synaptic spike) or output (post-synaptic spike}. Operations may also be

performed at any particular tivoe (whether or not there is aput or oulput}.

[3064] Moreover, by the momentary coupling principle, the time of a post-synaptic
apike may be anticipated so the time to reach a particular state may be determined in
advance without tterative technigues or Numerical Mcthods (e.g., the Euler numerical

method). Given a prior voltage state v, the time delay until voltage state v, is reached

is given by

v, +qg
At =7, log ot (13)
. vﬂ + "1’;,-
[6065] If a spike is defined as occurring at the time the voltage state v reaches v,

then the closed-form sohution for the amount of time, or relative delay, until a spike

occurs as measured {from the time that the voltage is at a given state v 18

Arg={ VT4, ’ (14)

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

1066] The above definitions of the model dynamics depend on whether the model
is in the positive or negative regime. As mentioned, the coupling and the regime p may
be computed upon events. For purposes of state propagation, the regime and coupling
(transformation} variables may be defined based on the state at the time of the last
{prior) event. For purposes of subscquently anticipating spike output time, the regime
and coupling variable may be defined based on the state at the time of the next {current)

event.

[0867] There are several possible implementations of the Cold model, and executing

the simulation, emulation or model in time.  This includes, for example, event-update,
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step-event update, and step-update modes. An event update is an update where states
are updated based on events or “event update” (at particular moments}. A step update is
an updale when the model s updated at intervals {¢.g., | ms). This does not necessarily
require iterative methods or numerical methods, An event-based implementation is also
possible at a limited time resolution in a step-based simmulator by only updating the

model if an event occurs at or between steps or by “siep-event” update,

NEURAL CODING

[0068] A useful neural network model, such as ove cowmposed of the artificial
neurons 102, 106 of FIG. 1, may encode information via any of various suitable neural
coding schemes, such as coincidence coding, temporal coding or rate coding. In
coincidence coding, information is encoded in the coincidence {or temporal proximity)
of action potentials {spiking activity} of a neuron population. In temporal coding, a
neuron encodes information through the precise timing of action potentials (i.e., spikes}
whether in absolute time or relative time. Information may thus be encoded in the
relative timing of spikes among a population of neurons. In contrast, rate coding

involves coding the neural information in the firing rate or population firing rate.

180691 If a neuron model can perform temporal coding, then it can also perform rate
coding {since rate is just a function of timing or inter-spike intervals). To provide for
temporal coding, a good neuron model should have two elements: (1) arrival time of
inputs affects output time; and (2) coincidence detection can have a narrow time
window, Connection delays provide onc means to cxpand coincidence detection to
temporal pattern decoding because by appropriately delaying elements of a temporal

patiern, the elements may be brought into timing coincidence.
Arrival time

[6076] In a good neuron model, the time of arrival of an input should have an effect
on the time of cutput. A synaptic input—whether a Dirac delia {function or a shaped
post-synaptic potential (PSP), whether excitatory (EPSP) or inhibitory (IPSP}-—has a
timne of arrival (e.g., the time of the delia function or the start or peak of a step or other
input function}), which may be referred to as the input time. A neuron output (ie., a
spike) has a time of occurrence {wherever it 18 measured, ¢.g., at the soma, at a pont

along the axon, or at an end of the axon), which may be referred to as the cutput time.
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That output tirae may be the time of the peak of the spike, the start of the spike, or any
other time in relation to the output waveform. The overarching principle is that the

output time depends on the input time,

[0671] One might at first glance think that ali neuron models conform to this
principie, but this is generally not irue. For exarople, rate-based wodels do not have this
feature. Many spiking models also do not generally conform. A leaky-integrate-and-
fire {(LIF) model does not fire any faster if there are exira inpuis (beyond threshold),
Moreover, models that might conform if modeled at very high timing resolution often

will not conform when tirming resolution s limuted, such as to I ms steps,
{npuis

16072] An input to a neuron model may inchude Dirac delta functions, such as inputs
as currents, or conductance-based inputs. In the latter case, the contribution to a neuron

state may be continuous or state-dependent.

EXAMPLE BREAKPOINT DETERMINATION UNIT

[0673] A neural processor is a device that performs neural processing (c.g., using
spikes, artificial neurons, newrornodulators, etc.y in order to execute a behavior. The
behavior 1s trained into the processor. However, training is an imperfect science and
may take a long time. Thus, it becomes advantageous to define methods that allow one

to discover the issues faster,

[6674] Debugging is the process of detecting the issue in a neural processor. Types
of debugging include telemetry monitoring and halting of execution followed by an
inspection of neural state. However knowing when to halt the execution of the

processors is a non-trivial thing.

[0075] Accordingly, what is necded are techniques and apparatus for at least one of
suspending, examining, modifying, or flagging the execution of an artificial nervous

system or a portion thereof.

687 6] Certain aspects of the present disclosure aim to solve the issue regarding
when to begin mspection of the neural state for debugging by triggering av event when a

condition exists where debugging a neural processor should begin.  This detection is
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done scamlessly during cxecution without monitoring from an external entity. 1In
contrast, the monitoring may be accomplished with a breakpoint determination unit,
which may be internal to an artificial nervous sysiern, For certain aspects, the
breakpoint deterraination unit may be implemented as a breakpoint neuron, which may
behave similarly to a typical spiking neuron in the neural processor, except that the
breakpoint neuron may be configured to generate a notification event under a specific
condition. This generated notification event may lead to a suspension of spike

processing.

[0877] Spiking neuwrons in the neural processor generate spikes and  are
interconnected using synapses,  Spike information is conveyed between spiking
neurons. Receive spiking neurons process the spikes from all transmit spiking neurons
connected to the receive spiking newrons. Receive spiking neurons process the
information and determine if a spike should be generated.  Spike generation occurs
when the receive spiking neuron is driven beyond a threshold parameter (iL.e., voltage)

value. Threshold parameters are configurable.

[0078] A breakpoint neuron processes information similarly. However, upon
crossing the threshold, the breakpoint neuron may transmit an event that may causc the
neural processor to stop all spike process and suspend all state transitions, [Example
event notification mechanisms include interrupts, message packets, and a change in a

status register.

13879] For example, FIG. § itllustrates an example neural processing system 500
having a breakpoint nouron Bl 504. Breakpoint neuron Bl 504 is configured to stop
neural processor spike processing when artificial newron N1 506 fires. At time zero,
artificial neuron N3 510 fires, and two time steps later, N1 506 fires. Bl 504
immediately detects that N1 506 has fired. At the end of the current time step, Bl 504
generates an event from event transmitter 502, and the processing is halted. The event
may occur immediately or at the end of a synchronous time boundary, for example.
Spike processing delay may be used when processing spikes from monitored spiking

noUrons.

[3086] A breakpoint determination unit may also or alternatively be configured to

stop neural processor spike processing based on conditions other than the firing of one
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or more artificial neurons. For example, a breakpoint determination unit may be
connected with memory or registers associated with one or more artificial neurons or
global storage that can be used to store variables or system paramcters {or the arfificial
nervous system or a portion thereof, By monitoring one or more values in the global
storage or the memory or registers of one or more artificial neurons, a breakpoint
determination unit may detect a change in one or more values stored in these locations
and generate an event from the event transmitter, which may halt the operation. As
another example, a breakpoint determination unit may be configured to halt execution of
the artificial nervous system {or a portion thercof} if one or more of the stored vahues
meets a particular inequality relation (e.g., is greater than or equal to a predetermined

threshold) or a combination thereof.

6081} FIG. 6 illustrates an example state machine 600 for a breakpoint
determination unit, such as breakpoint neuron Bl in FIG. 5. A Reset state 602 is the
initial state where no spike roonitoring is occurring. The breakpoint determination unit
may be configured with a condition (threshold set}, and a set of transmit neurons o be
monitored may be identified. The breakpownt determination uunit is a receive neuron for
the set of transmit neurons. Once configured, the breakpoint determination unit may

transition to an Idie state 604,

[0082] In the Idie state 604, the breakpoint determination unit is awaiting a Start
conunand to begin monitoring. A Stop command may cause the state transition to the

Reset state 602.

[B083] In a Running state 606, the breakpoint determination unit is monttoring for
transmit neuron spikes.  After processing of received spikes, il the transmit neurons’
spikes drive the system beyond the threshold value {or some other condition exisis), the
breakpoint determination unit will generate an event. A spike way be generated, as
well. The event generation may cause the transition to a Break state 608. A Pause

trigger may cause a transition to the Idle state 604,

{0084} In the Break state 608, the monitoring has stopped. The breakpoint
determination unit may stay in this state until the break event is handled (e.g., after

troubleshooting), causing the transition back to the Running state 606,



WO 2015/034640 PCT/US2014/051044

b
)

[0083] FIG. 7 illustrates example timing diagrams 700, 710 of synchronous event
processing, in accordance with certain aspects of the present disclosure. During
synchronous event processing, the breakpoint neuron (B1) may monitor spikes from the
transvmit neuron (N1} At 0, N1 is processing spike wput. Bl is tn the Runuoing state
and monitoring N1 (and perhaps one or more other artificial neurons}. At t1, N1 goes
above threshold and generates a spike, B receives the spike {rom N1, transitions to the
Break state, and remains there. In the period between t1 and 2, NI and Bl do not
chango state, although debugging may change the state of etther or both N1 and B1. At
2, N1 neuron processing resumes, Bl receives the handled transition and returns to the

Running state for monitoring.

[0086] FIG. § illustrates example timing diagrams 800, 810, 820, 830 of delayed
event processing (also known as asyunchronous event processing) for a first transmit
neuron (N1), a second transmit neuron (N2}, a breakpoint neuron (B1), and for a state
machine, respectively, in accordance with certain aspects of the present disclosure.
During asynchronous event processing, the Bl may monitor spikes from transmit
neurons N1 and N2, In this example, Bl is configured to cross a threshold when Bl
receives two spikes from N1 and one spike from N2 within a specified time window. A
breakpoint determination unit may be configured to respond to other desired conditions

or combinations of conditions, as well.

{33871 At 3, N1 and N2 are processing spike input, and Bl is in the Runuing state
and monitoring, At ti, NI and N2 go above their thresholds, and cach generaies a
spike. Bl does not cross s threshold, so B1 stays in the Running state. At €2, N1 goes
above its threshold and generates a spike, while N2 is processing as usual. Bl detects
the change, but is set to delay acting on it. The delta between (2 and t3 may manifest as
synaptic transmission delay or be configured as neuron processing delay. Bl is held in
a delayed sub-state in the Running state (afier delay, Bl will transition o the Break
state). At 13, B acts on the N1 and N2 spike inputs, goes above its threshold, and
generates a break event. From 3 to 4, N1, N2, and Bl do not change state, although
the process of debugging or intentionally meodifying a component parameter may
change the state(s) of NI, N2, and/or Bi. At ¢4, N1 and N2 ncuron processing
continues. Bl receives the handled transition and returns to the Running state for

monitoring.
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[0088] FIG. 9 is a flow diagram of example operations 900 for examining or
debugging at least a portion of an artificial nervous system, in accordance with certain
aspects of the present disclosure.  The operations 200 may be viewed from the
perspective of the system (which may be composed of a network of artificial neurons,
synapses, neuromodulators, otc.) with a breakpoint determination unit, for example.
The operations 900 may be performed in hardware {(e.g., by one or more neural
processing units, such as a neuromorphic processor), in software, or in firmware. The
artificial nervous systoem may be modeled on any of various biological or imaginary
nervous systems, such as a visual nervous system, an auditory nervous system, the

hippocampus, cic.

{008 The operations 900 may begin, at 902, by operating at least a portion of the
artificial nervous system. At 904, a breakpoint determination unit (which may be in or
external to the artificial nervous system) may be used to detect that a condition exists
based, at least in part, on monitoring one or more components in the artificial nervous
systerm. For example, the components may include neurons, synapses,
neuromodulators, gha, and/or any of various other suitable coraponents in the artificial
nervous system. At 906, the operation of the at least the portion of the artificial nervous
systern may be at least one of suspended, examined, moditied, or tlagged, based at least

in part on the detection at 904,

3380] According to certain aspects, the operations 900 may further include
outputting an indication of the condition based at least in part on the detection and
determining to at least one of suspend, examine, modify, or flag the operation of the at
least the portion of the artificial nervous systom, based at least in part on the indication.
For example, the indication of the condition may include at least one of an interrupt, a
flag being set, or a change in a status register. For certain aspects, the breakpoint
determination unit is configured to output the indication of the condition. For certain
aspects, the indication of the condition may provide an alert of one or more properties of
one or more components in the artificial nervous system. The indication may include,
for example, setting a flag indicating that the artificial nervous system, or a portion
thereof, 1s in a debugging or break state or some other alert indicating that a particular

device within or portion of an artificial nervous system is in a debugging or break state.

¥
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0691} According to certain aspects, the breakpoint determination unit 1s configured
to trigger an event transmitter based at least in part on the detection. In this case, the
cvent transmmitter may be configured to output the indication of the condition, After
being triggered, the event transmitter may be configured to output the indication of the
condition immediately, at an end of a current time step, before the next time step, or

after a predetermined number of time steps have passed.

[6692] According fo certain aspects, the condition may include at least one of a
spiking event, an expectation of the spiking event, a combination of spiking events, an
expectation of the combination of spiking events, or any combination thereof, from the
one or more artificial neurons.  For certain aspeets, the condition may involve the
combination of spiking events occurring within a specified time window. According to
certain aspects, the condition involves a state of the breakpoint determination unit
meeting or exceeding a threshold, For other aspects, the condition is based at least in

part on a spiking rate or an expectation of the spiking rate.

[0093] According to ceriain aspects, the condition may be based, al least in part, on
at least parameter of the one or more components (e.g., a system variable} changing by a
predetermined amount, For example, the condition may include changes in synapse
parameters, the introduction of neuromodulators, glia activity, a spiking rate by one or
more neurons, or other properties in the artificial nervous system. Synapse parameters
may include properties such as synaptic weighting and the amount of synaptic delay. In
an artificial nervous system with simulated neuromodulators to modify such propertics
as plasticity or potentiation of one or more neurons, the condition may include changes
in the amount by which neural inputs are scaled. Conditions based on glia activity may
inchade the amount of background noise introduced into the artificial nervous system by
one or more glia neurons. According to certain aspects, the condition may involve an
amount of a change in one or more parameters or network variables occurring within a

specified time window,

[0694] According to certain aspects, the breakpoint determination unit has at lcast
some of the same capabilitics as an artificial neuron, In this case, the breakpoint
determination unit may be configured to cutput one or more spiking events after being

activated,
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[0693] According to certain aspects, an artificial nervous systern may have more
than one breakpoint determiination unit. For example, an artificial nervous system may
have a first breakpoint determination umit and onc or more sccond breakpoint
determivation units. The first breakpoint determination unit may be used, for example,
to activate (L.e., turn on} at least one of the one or more second breakpoint determination
units, When activated, the one or more sccond breakpoint determination unils may
monitor varicus parameters in the artificial nervous system and trigger a break event, as
described above. The first breakpoint determination unit may also deactivate (1.e., turn
off} the activated one or more second breakpoint determination units based on one or

more parameters.

[6096] According to certain aspects, the operations 900 may f{orther entail
configuring the breakpoint determination unit with the condition and the one or more

artificial neurons to be monttored, before the detecting at 904.

164971 FI1G. 10 illustrates a diagram 1000 of example components for examining at
least a portion of an artificial nervous system using a general-purpose processor 1002 in
accordance with certain aspects of the present disclosure. Variables (neural signals},
synaptic weights, and/or system parameters associated with a computational network
{neural network) may be stored in a memory block 1004, while instructions related
exceuted at the general-purpose processor 1002 may be loaded from a program memory
1086, In an aspect of the present disclosure, the instructions loaded into the general-
purpose processor 1002 may cormprise code for operating the at least the portion of the
network of artificial neurcus; code for using the breakpoint determination uuit to detect
that a condition oxists based at least in part on monitoring one or more components in
the artificial nervous systemy and code for al least one of suspending, examining,
madifying, or flagging the operation of the at least the portion of the artificial nervous

systern, based at least in part on the detection.

[0698] FIG. 11 illustrates a block diagram 1100 of cxample components for
examining at least a portion of an artificial nervous system where a memory 1102 can
be interfaced via an interconnection network 1104 with individual (distributed)
processing units (neural processors) 1106 of a computational network (neural network)
in accordance with certain aspects of the present disclosure. Variables (noural signals),

synaptic weights, and/or system parameters associated with the computational network
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{neural network) may be stored in the memory 1102, and may be loaded from the
memory 1102 via connection{s} of the intercomnection network 1104 into ecach
processing umt (neural processor)y 1106, In an aspect of the present disclosure, the
processing unit 1106 may be coufigured to operate at least a portion of the artificial
nervous systent; to use the breakpoint determination unit to detect that a condition exists
based at least in parl on monitoring one or more coraponents in the artificial nervous
systeny; and to at least one of suspend, examine, modify, or flag the operation of the at

least the portion of the artificial nervous system, based at Icast 1u part on the detection,

[0699] FIG. 12 ilustrates a block diagram 1200 of example components for
examining at least a portion of an artificial nervous system based on distributed
merorics 1202 and distributed processing units (neural processors) 1204 in accordance
with certain aspects of the present disclosure. As illustrated in FIG. 12, one memory
bank 1202 may be directly interfaced with one processing unit 1204 of a computational
network (neuvral network), wherein that mewory bank 1202 may siore variables (neural
signals}, synaptic weights, and/or system parameters associated with that processing
unit {sewral processory 1204, In an aspect of the present disclosure, the processing
unit(s) 1204 may be configured to operate at least a portion of the artificial nervous
system; to use a breakpoint determination unit to determine that a condition exists based
at least in part on monitoring one or more components in the artificial nervous system;
and to at least one of suspend, examine, maodify, or flag the operation of the at loast the

portion of the artificial nervous system, based at least in part on the detection.

[0106] FIG. 13 dlustrates an example implementation of a neural setwork 1300 1o
accordance with certain aspects of the present disclosure. As iHustrated in FIG. 13, the
neural network 1300 may comprise a phurality of local processing uniis 1302 that may
perform various operations of methods described above. Each processing unit 1302
may comprise a local state memory 1304 and a local pararmeter memeory 1306 that store
parameters of the neural network, In addition, the processing unit 1302 may comprise a
memory 1308 with a local (neuron) model program, a memory 1310 with a local
tearning program, and a tocal connection memory 1312, Furthermore, as ilustrated in
FIG. 13, cach local processing unit 1302 may be interfaced with a unit 1314 for

configuration processing that may provide configuration for local memories of the local
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processing unit, and with routing connection processing elements 1316 that provide

routing between the local processing units 1302,

[6101] According to certain aspects of the present disclosure, each local processing
unit 1302 may be configured to detormine parameters of the neural network based upon
desired one or more functional features of the neural network, and develop the one or
more functional features towards the desired functional features as the determined

pararaeters are further adapted, tuned and updated.

10162} The various operations of methods described above may be performed by
any suitable means capable of performing the corresponding functions. The means may
include various hardware and/or software component(s) and/or module(s), including,
but not limited to a circuit, an application specific integrated circuit (ASIC), or
processor. For example, the various operations may be performed by one or more of the
various processors shown m FiGs. 10-13.  Generally, where there are operations
iltustrated in figures, those operations may have corresponding counterpart means-plus-
function components with similar numbering. For example, operations 900 illustrated

in FIG. 9 correspond to means 900A illustrated in FIG. 9A.

[3103] For example, means for displaying may comprise a display {e.g., a monitor,
flat screen, touch screen, and the like), a printer, or any other suitable means for
outputting data for visual depiction (s.g., a table, chart, or graph). Means for
processing, means for operating, means for detecting, means for at least onc of
suspending, examining, or flagging, means for outputting, means for configuring, or
means for determining may comprise a processing system, which may include one or
More processors or processutg units. Means for storing wmay comprise a mermory or any
other suitable storage device (e.g., RAM), which may be accessed by the processing

system,

o

[0104] As used herein, the term “determining” encompasses a wide variety of
actions. For example, “determining” may include calculating, computing, processing,
deriving, investigating, looking up (e.g., looking up in a table, a database or another data
structure), ascertaining, and the like. Also, “determining” may include receiving {¢.g.,
receiving information), accessing (¢.g., accessing data in a memory), and the hike, Also,

“determining” may inchude resolving, selecting, choosing, establishing, and the like.
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[0105] As used herein, a phrase referring to “at least one of” a list of iterns refers to
any combination of those items, inchuding single members. As an example, “at least

one of a, b, or ¢” 18 mtended to cover a, b, ¢, a-b, a-¢, b-c, and a-5-c.

[01046] The various illustrative logical blocks, modules, and circuits described in
connection with the present disclosure may be imoplemented or performed with a general
purpose processor, a digital signal processor {DSP), an application specific integrated
circuit {ASIC), a field programmable gate array signal (FPGA) or other programmable
logic device (PLD), discrete gate or transistor logic, discrete hardware components or
any combination thereof designed to perform the functions described herein. A general-
purpose processor may be a microprocessor, but in the alternative, the processor may be
any commercially available processor, controller, microcontroller, or state machine, A
processor may also be implemented as a combination of computing devices, e.g., a
combination of a DSP and a microprocessor, a plurality of microprocessors, one or

More MICroprocessors in conjunction with a DSP core, or any other such configuration.

{0107} The steps of a method or algorithm described in connection with the present
disclosure may be embodied directly in hardware, in a software module executed by a
processor, or in & combination of the two. A software module may reside 1 any form
of storage medium that is known in the art.  Some examples of storage media that may
be used include 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 instruction, or
many instructions, and may be distributed over several different code segments, among
different programs, and across multipic storage media. A storage medium may be
coupled o a processor such that the processor can read information from, and write
information to, the storage medium. In the alternative, the storage medium may be

integral to the processor.

[0108] The methods disclosed herein comprise one or more steps or actions for
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 specific order of steps or actions is specified, the order and/or use of specific steps

and/or actions may be moditied without doparting from the scope of the claims,
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16169] The functions described may be implemented in hardware, software,
firmware, or any combination thereof. If implemented in hardware, an example
hardware configuration may comprise a processing system in a device, The processing
system may be implemented with a bus architecture. The bus may include any nomber
of interconnecting buses and bridges depending on the specific application of the
processing system and the overall design constraints, The bus may link together various
circuits including a processor, machine-readable media, and a bus interface. The bus
nterface may be used to connect a network adapter, among other things, to the
processing system via the bus. The network adapter may be used to implement signal
processing functions. For certain aspects, a user interface {(e.g., keypad, display, raouse,
joystick, eic.) may also be connected to the bus. The bus may also link various other
circuits such as timing sources, peripherals, voltage regulators, power management
circuits, and the like, which are well known in the art, and therefore, will not be

described any further.

10110} The processor may be responsible for managing the bus and general
processing, including the execution of software stored on the maching-readable media.
The processor may be implemented with one or more general-purpose and/or special-
purpose processors.  Dxamples include microprocessors, microcontrollers, DSP
processors, and other circuitry that can execute software. Software shall be construed
broadly to mean instractions, data, or any combination thereof, whether referred to as
software, firmware, middleware, microcode, hardware description language, or
otherwise. Machine-readable media may include, by way of example, RAM (Random
Access Memory), flash memory, ROM (Read Only Memory), PROM (Programmable
Read-Only Memory), EPROM (Erasable Programmable Read-Only Memory),
EEPROM (Electrically Erasable Programmable Read-Only Mewory), registers,
magnetic disks, optical disks, hard drives, or any other suitable storage medium, or any
combination thereof. The machine-readable media may be cmbedied in a computer-

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

HIERY In a hardware implementation, the wachine-readable media may be part of
the processing systom separate from the processor. However, as those skilled in the art
will readily appreciate, the machine-readable media, or any portion thereof, may be

external to the processing system. By way of example, the machine-readable media
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may include a transmission line, a carrier wave modulated by data, and/or & computer
product separate from the device, all which may be accessed by the processor through
the bus mterface. Alternatively, or in addition, the machine-readable media, or any
portion thereof, may be infegrated into the processor, such as the case may be with

cache and/or goneral register files,

3112} The processing system may be configured as a general-purpose processing
system with one or more microprocessors providing the processor functionality and
external 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 Circuity with the processor, the bus interface, the user interface,
supporting circuitry, and at least a portion of the machine-readable media integrated into
a single chip, or with one or more FPGAs (Field Programmable Gate Arrays), PLDs
{Programmable Logic Devices), controllers, state machines, gated logic, discrete
hardware components, or any other suitable circuitry, or any combination of circuits that
can perform the various tunctiovality described thronghout this disclosure. Those
skilled in 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 system.

{3113} 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 to perform various functions., The software modules may include
a transmission module and a receiving module. Each software module may reside in a
single storage device or be distributed across multiple storage devices. By way of
example, a software module may be loaded into RAM from a hard drive when a
triggering event occurs, During execution of the software module, the processor may
load some of the instructions into cache to increase access speed. One or more cache
lines may then be loaded into a general register file for exccution by the processor.
When referring to the functionality of a software module below, it will be understood
that such functionality is iraplemented by the processor when cxecuting instructions

from that software module.
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[0114] If implemented in software, the tunctions may be stored or transmitted over
as one or more instructions or code on a compuier-readable medium. Computer-
readable media include both compuler storage media and communication media
inchuding any medium that facilitates transfer of a computer prograr {rov ove place to
another. A storage medium may be any available medium that can be accessed by a
computer. By way of example, and not hmitation, such computer-readable media can
comprise RAM, ROM, EEPROM, CD-ROM or other optical disk storage, magnetic
disk storage or other magnetic storage devices, or any other medium that can be used to
carry or store desired program code in the form of instructions or data structures and
that can be accessed by a computer.  Also, any connection is properly termed a
computer-readable medium. For example, if the software is transmitted from a website,
server, or other remote source using a coaxial cable, fiber optic cable, twisted pair,
digital subscriber line (DSL), or wireless technologies such as infrared (IR), radio, and
microwave, then the coaxial cable, fiber optic cable, twisted pair, DSL, or wircless
technologies such as infrared, radio, and microwave are included in the definition of
medium. Disk and disc, as used herein, include compact disc {CD), laser disc, optical
dise, digital versatile disc (DVD), Hoppy disk, and Bh}-fza,y@ disc where disks usually
reproduce data magnetically, while discs reproduce data optically with lasers. Thus, in
some aspects cormputer-readable media may comprise non-transitory computer-roadable
media {(e.g., tangible media). In addition, for other aspects computer-readable media
may comprise transitory computer-readable media {e.g., a signal}. Combinations of the

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

10115] Thus, certain aspects may comprise a computer programs product for
performing the operations presented herein, For example, such a computer program
product may comprise a computer readable mediura having isstructions stored {(and/or
encoded) thereon, the instructions being executable by one or more processors to
perform the operations described herein, For certain aspects, the corputer program

product may include packaging material.

[3116] 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 obtained by a device as applicable. For example, such a device can be

coupled to a server to facilitate the transfer of means for performing the methods
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described herein. Alternatively, various methods described herein can be provided via
storage means {2.g., RAM, ROM, a physical storage medium such as a compact disc
(CD) or foppy disk, etc.), such that a device can obfain the various methods upon
coupling or providiong the storage means to the device. Moreover, any other suitable
technique for providing the methods and techniques described herein to a device can be

utifized.

[6117] It is to be understood that the claims are not limited to the precise
configuration and components illustrated above. Various modifications, changes and
variations may be made in the arrangement, operation and details of the methods and

apparatus described above without departing from the scope of the claims.



WO 2015/034640 PCT/US2014/051044

33
CLAIMS
WHAT IS CLAIMED i8:
1. A method {or using a breakpoint determination unit to examine an artificial

nervous system, corprising:

operating at least a portion of the artificial nervous systen;

using the breakpoint determination unit fo detect that a condition exists based at
least in part on monitoring one or more components in the artificial nervous system; and

at least one of suspending, cxamining, modifying, or flagging the operation of
the at least the portion of the artificial nervous system, based at least in part on the

detection,

2. The method of claim 1, further comprising:

outputting an indication of the condition based at least in part on the detection;
and

determining to at least one of suspend, examine, modify, or flag the operation of
the at feast the portion of the artificial nervous system, based at least in part on the

indication.

5

3. The method of clam 2, wherein the indication of the condition comprises at

teast one of an interrupt, a flag being set, or a change in a status register.

4, The method of claim 2, wherein the breakpoint determination unit is configured

to output the indication of the condition.

5. The method of claim 4, wherein the indication of the condition provides an alert
of one ot more properties of the one or more coruponents in the artificial nervous

systen.

6. The method of claim 2, wherein the breakpoint determiination unit is configured
to trigger an event transmitier based at least in part on the detection and wherein the

event transmitter is configured to output the indication of the condition,

7. The method of claim 6, wherein the event transmitter, after being triggered, is

configured to output the indication of the condition immediately, at an end of a current
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time step, before the next time step, or atter a predetermined number of time steps have

passed.

K. The method of claim 1, wherein the condition comprises at least one of a spiking
ovent, an cxpectation of the spiking event, a combination of spiking cvents, an
expectation of the combination of spiking events, or any combination thereof, from the

O1e OF More COi‘ﬂpOHGHtS.

9. The method of claim 8, wherein the condition comprises the combination of

spiking events occurring within a specified time window.

10, The method of claim 1, wherein the condition cormprises a state of the

breakpoint determination unit meeting or exceeding a threshold.

i1, The method of claim 1, wherein the condition is based at least inparton a

spiking rate or an expectation of the spiking rafe,

12, The method of claim 1, wherein the condition is based at least in part on at least

one parameter of the one or more components changing by a predetermined amount.

13, The method of ¢laim 1, wherein the breakpoint determination unit has at least

some of the same capabilities as an artificial neuron.

14, The method of claim 13, wherein the breakpoint determination unit is configured

to output ene or more spiking events after being activated.

15, The method of claim 1, further comprising configuring the breakpoint
determination unit with the condition and the one or more components to be monitored,

before the detecting.

ie. An apparatus for using a breakpoint determination unit to cxaminge an artificial
nervous system, comprising:
a processing system configured to:
operate al least a portion of the artificial nervous systemy
using the breakpoint determination unit to detect that a condition exists
based at least in part on monitoring one or more components in the artificial

nervous system; and
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at least one of suspend, examine, modity, or flag the operation of the at
least the portion of the artificial nervous system, based at least in part on the
detection; and

a memory coupled to the processing systern,

[y
~1

The apparatus of claim 16, wherein the processing system is further configured

output an indication of the condition based af least in part on the detection; and
determine to at least one of suspend, examine, modify, or flag the operation of
the at least the portion of the artificial nervous system, based at least in part on the

indication.

18, The apparatus of ciaim 17, wherein the indication of the condition comprises at

least one of an interrupt, a flag being set, or a change in a slatus register,

19, The apparatus of claim 17, wherein the breakpoint determination unit is

configured to oulput the indication of the condition.

20, The apparatus of claim 19, wherein the indication of the condition provides an
alert of one or more properties of the one or more components in the artificial nervous

system.

21.  The apparatus of claim 17, wherein the breakpoint determination unit s
configured to trigger an event transmitter based at east in part on the detection and

wherein the event fransmitter is configured to output the indication of the condition.

22.  The apparatus of ¢laim 21, wherein the event transmutter, afier being triggered, s
configured to output the indication of the condition immediately, at an end of a current
time step, before the next time step, or after a predetermined number of time steps have

passed.

23. The apparatus of claim 16, wherein the condition comprises at least one of a
spiking event, an expectation of the spiking event, a combination of spiking events, an
expectation of the combination of spiking events, or any combination thereof, from the

one Or more components,
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24, The apparatus of claim 23, wherein the condition comprises the combination of

spiking events occcurring within a specified time window.

25. The apparatus of claim 16, wherein the condition comprises a state of the

breakpoint deternunation unit meeting or exceeding a threshold.

20. The apparatus of claim 16, wherein the condition is based at least in parton a

spiking rate or an expeciation of the spiking rate.

27.  The apparatus of claim 16, wherein the condition is based at least in part on at
teast one parameter of the one or more components changing by a predetermined

amount.

28.  The apparatus of claim 16, wherein the breakpoint determination unit has at least

some of the same capabilities as an artificial neuron.

29.  The apparatus of claim 28, wherein the breakpoint determination unit is

configured to output one or more spiking cvents after being activated,

34. The apparatus of claim 16, wherein the processing system is further adapted to
configure the breakpoint determination unit with the condition and the one or more

components to be monitored, before the detecting.

31, Anapparatus for using a breakpoint determination unit to examine an artificial
nervous system, coraprising:

means for operating at least a portion of the artificial nervous systemy;

means for using the breakpoint determination unit to detect that a condition
exists based at least in part on monitoring one or more components in the artificial
nervous system; and

means {or at least one of suspending, examining, modifying, or flagging the
operation of the at least the portion of the artificial nervous system, based at least in part

on the detection,

32, A computer program product for using a breakpoint determination unit (o
examing an artificial nervous system, comprising a non-transitory computer-readable
mediurm having instructions executable to:

operate at least a portion of the artificial nervous system;
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use the breakpoint deterraination unit to detect that a condition exists based at
least in part on monitoring one or more conponents in the artificial nervous systen; and
at least one of suspend, exarmine, modify, or flag the operation of the at least the

portion of the artificial nervous sysiern, based at least tn part on the detection,
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