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ABSTRACT

Embodiments of the invention provide electronic synapse
devices for reinforcement learning. An electronic synapse 1s
configured for interconnecting a pre-synaptic electronic neu-
ron and a post-synaptic electronic neuron. The electronic
synapse comprises memory elements configured for storing a
state of the electronic synapse and storing meta information
for updating the state of the electronic synapse. The electronic
synapse Iurther comprises an update module configured for
updating the state of the electronic synapse based on the meta
information in response to an update signal for reinforcement
learning. The update module 1s configured for updating the
state of the electronic synapse based on the meta information,
in response to a delayed update signal for reinforcement
learning based on a learning rule.
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ELECTRONIC SYNAPSES FOR
REINFORCEMENT LEARNING

This invention was made with Government support under
HROO011-09-C-0002 awarded by Defense Advanced

Research Projects Agency (DARPA). The Government has
certain rights 1n this mvention.

BACKGROUND

The present mvention relates to neuromorphic and syna-
patronic systems, and 1n particular, producing spike-timing,
dependent plasticity 1n a synapse cross-bar array.

Neuromorphic and synapatronic systems, also referred to
as artificial neural networks, are computational systems that
permit electronic systems to essentially function 1n a manner
analogous to that of biological brains. Neuromorphic and
synapatronic systems do not generally utilize the traditional
digital model of manipulating Os and 1s. Instead, neuromor-
phic and synapatronic systems create connections between
processing elements that are roughly functionally equivalent
to neurons of a biological brain. Neuromorphic and synapa-
tronic systems may be comprised of various electronic cir-
cuits that are modeled on biological neurons.

In biological systems, the point of contact between an axon
of a neuron and a dendrite on another neuron 1s called a
synapse, and with respect to the synapse, the two neurons are
respectively called pre-synaptic and post-synaptic. The
essence of our individual experiences 1s stored in conduc-
tance of the synapses. The synaptic conductance changes
with time as a function of the relative spike times of pre-
synaptic and post-synaptic neurons, as per spike-timing
dependent plasticity (STDP). The STDP rule increases the
conductance of a synapse 1f 1ts post-synaptic neuron fires
after 1ts pre-synaptic neuron fires, and decreases the conduc-
tance of a synapse 11 the order of the two firings 1s reversed.

BRIEF SUMMARY

Embodiments of the invention provide electronic synapses
configured for reinforcement learning. In one embodiment,
an electronic synapse 1s configured for interconnecting a pre-
synaptic electronic neuron and a post-synaptic electronic
neuron. The electronic synapse comprises memory elements
configured for storing a state of the electronic synapse and
storing meta information for updating the state of the elec-
tronic synapse. The electronic synapse further comprises an
update module configured for updating the state of the elec-
tronic synapse based on the meta mnformation 1n response to
an update signal for reinforcement learning. The update mod-
ule 1s configured for updating the state of the electronic syn-
apse based on the meta information, 1n response to a delayed
update signal for reinforcement learning based on a learning,
rule.

In another embodiment, the invention provides a system,
comprising a plurality of electronic neurons and a cross-bar
array configured to interconnect the plurality of electronic
neurons. The cross-bar array comprises a plurality of axons
and a plurality of dendrites such that the axons and dendrites
are transverse to one another. The cross-bar array further
comprises multiple electronic synapses, wherein each elec-
tronic synapse 1s at a cross-point junction of the cross-bar
array coupled between a dendrite and an axon, each electronic
synapse configured for interconnecting a pre-synaptic elec-
tronic neuron and a post-synaptic electronic neuron.
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2

These and other features, aspects and advantages of the
present ivention will become understood with reference to
the following description, appended claims and accompany-
ing figures.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1A shows a diagram of a neuromorphic and synapa-
tronic system having a cross-bar array of electronic synapses,
in accordance with an embodiment of the imnvention;

FIG. 1B shows a diagram of an electronic synapse at the
cross-point junction of a pre-synaptic path and a post-synap-
tic path, 1n accordance with an embodiment of the invention;

FIG. 2 shows a diagram of an electronic synapse at a
cross-point junction involved 1n a read operation, 1n accor-
dance with an embodiment of the invention;

FIG. 3 shows a diagram of an electronic synapse at a
cross-point junction mvolved 1 a STDP-set operation, 1n
accordance with an embodiment of the invention:

FIG. 4 shows a diagram of an electronic synapse at a
cross-point junction mvolved 1n a STDP-reset operation, 1n
accordance with an embodiment of the invention;

FIG. 5 shows a diagram of an electronic synapse at a
cross-point junction involved i a STDP-set operation, 1n
accordance with an embodiment of the invention;

FIG. 6 shows a diagram of an electronic synapse including
an array of junctions, in accordance with an embodiment of
the invention;

FIG. 7 shows a diagram of an electronic synapse imnvolved
in a STDP operation for an R bit, 1n accordance with an
embodiment of the invention;

FIG. 8 shows a diagram of an electronic synapse imnvolved
in a STDP operation for a G bit, in accordance with an
embodiment of the invention;

FIG. 9 shows a diagram of an electronic synapse involved
in a STDP operation for a B bit, in accordance with an
embodiment of the invention;

FIG. 10 shows a diagram of a cross-bar array of electronic
synapses, 1n accordance with an embodiment of the inven-
tion;

FIG. 11 shows a diagram of an electronic synapse, 1n
accordance with an embodiment of the invention;

FI1G. 12 shows a diagram of a static random access memory
(SRAM)-based electronic synapse, 1n accordance with an
embodiment of the invention;

FIG. 13 shows a diagram of a dynamic random access
memory (DRAM)-based electronic synapse, in accordance
with an embodiment of the invention; and

FIG. 14 shows a high level block diagram of an information
processing system useful for implementing one embodiment
ol the present invention.

DETAILED DESCRIPTION

Embodiments of the invention provide electronics syn-
apses configured for reinforcement learning (RL). Embodi-
ments of the invention further provide neuromorphic and
synapatronic systems, including cross-bar arrays which
implement spike-timing dependent plasticity (STDP), utiliz-
ing such electronics synapses for RL.

Referring now to FIG. 1A, there 1s shown a diagram of a
neuromorphic and synapatronic system 10 having a cross-bar
array 1n accordance with an embodiment of the invention. In
one example, the cross-bar array may comprise an “ultra-
dense cross-bar array” that may have a pitch in the range of
about 0.1 nm to 10 um. The neuromorphic and synapatronic
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system 10 includes a cross-bar array 12 having a plurality of
neurons 14, 16, 18 and 20. These neurons are also referred to
herein as “electronic neurons™. Neurons 14 and 16 are axonal
neurons and neurons 18 and 20 are dendritic neurons. Axonal
neurons 14 and 16 are shown with outputs 22 and 24 con-
nected to axon paths (axons) 26 and 28, respectively. Den-
dritic neurons 18 and 20 are shown with puts 30 and 32
connected to dendrite paths (dendrites) 34 and 36, respec-
tively. Axonal neurons 14 and 16 also contain mputs and
receive signals along dendrites, however, these inputs and
dendrites are not shown for simplicity of illustration. Thus,
the axonal neurons 14 and 16 will function as dendritic neu-
rons when receiving inputs along dendritic connections.
[ikewise, the dendritic neurons 18 and 20 will function as
axonal neurons when sending signals out along their axonal
connections. When any of the neurons 14, 16, 18 and 20 fire,
they will send a pulse out to their axonal and to their dendritic
connections.

Each connection between axons 26, 28 and dendrites 34,
36 are made through a synapse device 31. The junctions
where the synapse device are located may be referred to
herein as “cross-point junctions”. Neurons 14, 16, 18 and 20
cach include a pair of RC circuits 48. In general, 1n accor-
dance with an embodiment of the invention, axonal neurons
14 and 16 will “fire” (transmit a pulse) when the mputs they
receive from dendritic input connections (not shown) exceed
a threshold. When axonal neurons 14 and 16 fire they main-
tain an A-STDP vaniable that decays with a relatively long,
predetermined, time constant determined by the values of the
resistor and capacitor 1 one of 1ts RC circuits 48. For
example, 1n one embodiment, this time constant may be 50
ms. The A-STDP variable may be sampled by determining the
voltage across the capacitor using a current mirror, or equiva-
lent circuit. This variable 1s used to achieve axonal STDP, by
encoding the time since the last firing of the associated neu-
ron, as discussed 1n more detail below. Axonal STDP 1s used
to control “potentiation”, which 1n this context 1s defined as
increasing synaptic conductance.

When dendritic neurons 18, 20 fire they maintain a
D-STDP vanable that decays with a relatively long, predeter-
mined, time constant based on the values of the resistor and
capacitor in one of 1ts RC circuits 48. For example, 1n one
embodiment, this time constant may be 50 ms. In other
embodiments this variable may decay as a function of time
according to other functions besides an exponential curve.
For example the variable may decay according to linear,
polynomial, or quadratic functions. In another embodiment
of the imnvention, the variable may increase instead of decreas-
ing over time. In any event, this variable may be used to
achieve dendritic STDP, by encoding the time since the last
firing of the associated neuron, as discussed 1n more detail
below. Dendritic STDP 1s used to control “depression”, which
in this context 1s defined as decreasing synaptic conductance.

The tunctions of an electronic synapse 31 include: read
state, and program state according to STDP and RL-based
STDP. The electronic synapse 31 1s power etlicient, which
makes 1t suitable for asynchronous implementation. Further,
the electronic synapse 1s space efficient, which makes 1t suit-
able for cross-bar implementation. FIG. 1B shows a perspec-
tive view of an electronic synapse 31 at the cross-point junc-
tion of a pre-synaptic path 26 and post-synaptic path 36,
according to an embodiment of the invention.

Referring to FIG. 2, with respect to a synapse 31 at the
cross-point junction of contact between an axon 26 of a neu-
ron 14 and a dendrite 36 on another neuron 20, the two
neurons are respectively called pre-synaptic and post-synap-
tic. When the pre-synaptic neuron 14 fires, a “read” signal 1s
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4

sent from the pre-synaptic neuron 14 to the post-synaptic
neuron 20. Referring to FIG. 3, when the pre-synaptic neuron
14 fires and then the post-synaptic neuron 20 fires, the syn-
apse 31 1s STDP-set. Referring to FIG. 4, when the post-
synaptic neuron 20 fires and then the pre-synaptic neuron 14
fires, the synapse 31 1s STDP-reset.

Reinforcement learning (RL) generally comprises learning
based on consequences of actions, wherein an RL module
selects actions based on past events. A reinforcement signal
(e.g., a reward signal) received by the R module 1s a reward
(a numerical value) which indicates the success of an action.
The RL module then learns to select actions that increase the
rewards over time. In one implementation of reinforcement
learning according to the mvention, the STDP-set and STDP-
reset operations do not take place immediately. Rather, 1f a
reward (“value”) signal occurs within a time window, then
STDP-set or STDP-reset operations are applied.

According to an embodiment of the invention, the synapse
31 implements multiple information bits. In one example,

according to an RGB scheme, the synapse 31 maintains three
bits including a bit R, a bit G and a bit B. Bit R 1s for read, bit

G 1s for STDP-set and bit B 1s for STDP-reset. Initially, bits G
and B are set to 0 as their natural state. If the pre-synaptic
neuron fires and then the post-synaptic neuron fires, then for
STDP-set the bit G 15 set (e.g., set to 1). If post-synaptic
neuron fires and then the pre-synaptic neuron fires, then for
STDP-set the bit B 1s set (e.g., setto 1).

In one embodiment, the post-synaptic neuron fires and then
the post-synaptic neuron fires, then STDP-reset 1s applied to
bits B and G. For example, bits B and GG are reset to O based on
a time constant decay (e.g., 1 second). In another embodi-
ment, resetting bits B and G comprises a random process
resetting B and G, independent of neuron firing.

In one embodiment, bit R 1s set and reset when a reward
occurs as follows:

when a reward occurs:
1t G=1 and B=0, then set R,
1f B=1 and G=0, then reset R,
1t G=1 and B=1, or G=0 and B=0, take no action on R.

Referring to FIG. 5, 1n one implementation, a synapse 31
comprises annxn array of junctions. FIG. 6 shows an example
synapse 31 comprising a 3x3 array of 9 junctions (n=3),
wherein 3 diagonal junctions are used.

Logic for reading bit R 1s at the periphery of the synapse 31
as shown by example 1n FIG. 7, further 1llustrating reading bat
R of the synapse 31, wherein when a pre-synaptic neuron
fires, 1t sends a read pulse to the post-synaptic neuron. Then
the post-synaptic neuron asynchronously reads the pulses as
they arrive from the pre-synaptic neuron via R junction of the
synapse 31. Logic for set/reset of bit R 1s contained within the
synapse 31. In one implementation, bit R may be imple-
mented using DRAM devices.

Logic for setting bit G 1s at the periphery of the synapse 31
as shown by example in FIG. 8, further illustrating setting bat
G of the synapse 31, wherein when a post-synaptic neuron
fires, 1t sends an alert pulse to the pre-synaptic neuron.
Depending upon when 1t last fired, the pre-synaptic neuron
probabilistically sets a pre-synaptic set pulse. The post-syn-
aptic neuron always sends a post-synaptic set pulse. If both
pre-synaptic set and post-synaptic set pulses arrive at the
junction for bit G together, then bit G 1s set.

Further, logic for re-setting G 1s disposed at the periphery
of the synapse 31. In one embodiment bit G has a preferred set
value of zero, and resets after a certain time constant (for
example, 1 sec). In another embodiment, re-setting G com-
prises a random stochastic process the resets bit G, 1n a fully
asynchronous fashion, independent of firing of neurons. In
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one example, the process has a mean resetting time of about
1 second and has a heavy tail distribution. In one example, the
reset of GG 1s 1mtiated by pre-synaptic neuron. In one 1mple-
mentation, bit G may be implemented using DRAM devices.

Logic for setting bit B 1s at the periphery of the synapse 31.
Referring to FIG. 9, in one embodiment, 11 the post-synaptic
neuron fires and then the pre-synaptic neuron fires, bit B 1s set.
If the pre-synaptic neuron fires and then the post-synaptic
neuron fires, bit G 1s set The pre-synaptic neuron, when 1t
fires, alerts a post-synaptic neuron. Depending upon when 1t
last fired, the post-synaptic neuron probabilistically sets a
post-synaptic set pulse. Pre-synaptic neuron always sends a
pre-synaptic set pulse. If both pre-synaptic pulse and post-
synaptic set pulses arrive together at B bit, then bit B 1s set.
Further, logic for re-setting B resides 1n the block 31. The bit
B has a preferred set of zero and it simply resets after a certain
time constant (e.g., about 1 sec). In another embodiment, a
random stochastic process resets bit B, 1n a fully asynchro-
nous fashion, and independent of firing of neurons. In one
example, the process has a mean resetting time of about 1
second and has a heavy tail distribution. In one example, the
reset 1s 1mmitiated by post-synaptic neuron. In one implemen-
tation, bit B may be implemented using DRAM devices.

Referring to FIG. 10, 1n one embodiment the present inven-
tion provides a system 70 for implementing electronic rein-
forcement learning synapses according to an embodiment of
the invention 1s 1llustrated. The system 70 comprises an NxN
cross-bar array of RGB synapse blocks 31 asynchronously
operable 1n parallel (N rows and N columns). The system 70
turther comprises N pre-synaptic neurons (e.g., Prel,
Pre 2, ..., Pre N) and N post-synaptic neurons (e.g., Postl,
Post 2, . .., Post N), interconnected via the cross-bar array of
synapses 31. In one implementation, each post-synaptic neu-
ron 31 comprises an electronic mixed-mode (analog-digital)
asynchronous neuron.

States are programmed according to STDP and RL-based
STDP for asynchronous implementation. When a pre-synap-
tic neuron fires, a read signal 1s sent from the pre-synaptic
neuron to a post-synaptic neuron that asynchronously reads
the pulses as they arrive and probabilistically sets a pre-set
pulse and always sets a post-set pulse.

In one embodiment of the invention, each electronic syn-
apse 31 1s configured for interconnecting a pre-synaptic elec-
tronic neuron and a post-synaptic electronic neuron. The elec-
tronic synapse 31 comprises memory elements (€.g., memory
devices 31R, 31G, 31B 1n FIG. 11) configured for storing a
state of the electronic synapse and storing meta information
for updating the state of the electronic synapse. Each elec-
tronic synapse cell 31 further comprises an update module
(e.g., module 31L in FIG. 11) configured for updating the
state of the electronic synapse based on the meta information
in response to an update signal for reinforcement learning.
The update module 1s configured for updating the state of the
clectronic synapse based on the meta information, in response
to a delayed update signal for reinforcement learning based
on a learning rule.

FIG. 11 1llustrates an example implementation of an R, G,
B synapse array 31 as a synapse cell (block) which can be
operated 1n parallel with other synapse cells 31, without
requiring phases (and without requiring time-division mul-
tiple access for read, set, and reset). Each synapse cell 31 can
be operated completely asynchronously of other synapse
cells 31, thus eliminating the need for a clock.

In one embodiment of the imvention, each RGB synapse
cell 31 comprises a digital complementary metal-oxide-semi-
conductor (CMOS) update logic 31L at the local synapse cell
level can be used to write the R cell. In one implementation,
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the cell 31 comprises memory elements 31R, 31B, 31G for
bits R, B and G, respectively. The memory elements can
comprise static random access memory (SRAM), dynamic
random access memory DRAM, Phase-change memory
(PCM), magnetic tunnel junction (MT1), etc. In this embodi-
ment the synapse cell 31 comprises a space-division multiple
access electronic synapse wherein the electronic synapse 1s
represented as a 6-terminal device with two terminals for
reading, two terminals for setting and two terminals for reset-
ting.

In another embodiment of the invention, the update module
31L comprises a software module including computer read-
able program code to execute on a processor (e.g., informa-
tion processing system 100 1n FI1G. 14), wherein the software
module includes computer readable program code configured
to update the state of the electronic synapse as described
herein according to the embodiments of the mvention.

The R memory cell maintains the state of the synapse. The
G and B memory cells maintain meta information used for a
subsequent update of the synapse. The neurons determine the
read/write information for the memory cells. In FIG. 11, the
synapse 31 provides a connection from a pre-synaptic neuron
to a post-synaptic neuron which collaborate to activate the
appropriate word line and bit lines to read/write the R, G and
B memory cells. Neurons only write the G and B memory
cells externally using Write ports. The G and B memory cells
are read internally by the update logic 31L using Read ports to
accordingly update the R memory cell. The R memory cell 1s
read externally using a Read port and written (1.e., updated)
internally by the update logic 31L using a Write port.

The state of the synapse can have one or more bits storing,
multiple values indicating level of conductivity of the syn-
apse. In one embodiment, R memory cell stores state of the
synapse, wherein the state of the synapse 1s a 1-bit synapse (O
for a conducting state indicating a connection, 1 for non-
conducting state indicating no connection). A neuron can
determine a connection through a synapse by reading the R
memory cell. To update the R cell for a learning operation, the
pre-synaptic neuron and the post-synaptic neuron coupled to
the synapse implement a process to write the B and Gmemory
cells for reinforcement learning. The neurons store update
values into B and/or G memory cells using Write ports. There-
alter, an update value from the B or G memory cell 15 used to
update the R memory cell as state of the synapse 1n response
to an incoming reward signal. The R memory cell 1s updated
with the value of the B memory cell or the value of the G
memory cell depending on a later incoming reward signal as
a reinforcement signal (delayed update), as described above.
In one example, the STDP value is stored 1n a G or B memory
cell, and at a later time the state of the synapse 1s updated by
updating the R memory cell with the values from G or B cells.

In one implementation, parallel word lines (horizontal ) and
bits lines (vertical) are used to access the memory cells. Each
memory cell has a read word line, read bit line, a write word
line and write bit line. In one example, the update logic 31L
implements a logical exclusive or (XOR) combination of the
B and G memory cell meta information, to update the R
memory cell state of the synapse. The synapse cell 31 pro-
vides reinforcement learning with SRAM and DRAM imple-
mentation. Referring to FI1G. 12, in an SR AM-based RGB cell
implementation, each SRAM cell 31 is transposable (can be
accessed by peripheral circuits 1n either rows or columns).
Referring to FIG. 13, 1n a SRAM and DRAM-based 1mple-
mentation, data in DRAM memory elements decays over
time to a base state. A clocking signal 1s used to clock the
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operation of the memory cells i the cross-bar array. The
memory cells can be accessed synchronously or asynchro-
nously.

When the pre-synaptic neuron fires and then the post-
synaptic neuron fires, the synapse 1s set. When the post-
synaptic neuron fires and the pre-synaptic neuron fires, the
synapse 1s reset, and 11 a reward (value) signal occurs within
a time window, STDP-Set or Reset 1s applied.

Electronic reinforcement of learning synapses further
comprises: reading R rows in parallel, reading and setting G
columns 1n parallel, resetting G rows 1n parallel, reading and
setting B rows 1n parallel, setting B columns in parallel,
estimating a number of set bits on R rows and columns, and
implementing/providing a global value signal and setting and
resetting all N* R bits, in parallel, in the cross-bar array when
a reward signal arrives.

FI1G. 14 1s a hugh level block diagram showing an informa-
tion processing system 100 useful for implementing one
embodiment of the present invention. The computer system
includes one or more processors, such as processor 102. The
processor 102 1s connected to a communication infrastructure
104 (¢.g., a communications bus, cross-over bar, or network).

The computer system can include a display intertace 106
that forwards graphics, text, and other data from the commu-
nication inirastructure 104 (or from a frame buifer not shown)
for display on a display unit 108. The computer system also
includes a main memory 110, preferably random access
memory (RAM), and may also include a secondary memory
112. The secondary memory 112 may include, for example, a
hard disk drive 114 and/or a removable storage drive 116,
representing, for example, a floppy disk drive, a magnetic
tape drive, or an optical disk drive. The removable storage
drive 116 reads from and/or writes to a removable storage unit
118 in a manner well known to those having ordinary skill 1n
the art. Removable storage unit 118 represents, for example,
a floppy disk, a compact disc, a magnetic tape, or an optical
disk, etc. which 1s read by and written to by removable storage
drive 116. As will be appreciated, the removable storage unit
118 includes a computer readable medium having stored
therein computer software and/or data.

In alternative embodiments, the secondary memory 112
may 1nclude other similar means for allowing computer pro-
grams or other instructions to be loaded into the computer
system. Such means may 1nclude, for example, a removable
storage unit 120 and an interface 122. Examples of such
means may iclude a program package and package interface
(such as that found in video game devices), a removable
memory chip (such as an EPROM, or PROM) and associated
socket, and other removable storage units 120 and interfaces
122 which allow software and data to be transferred from the
removable storage unit 120 to the computer system.

The computer system may also include a communications
interface 124. Communications interface 124 allows software
and data to be transierred between the computer system and
external devices. Examples of communications interface 124
may include a modem, a network interface (such as an Eth-
ernet card), a communications port, or a PCMCIA slot and
card, etc. Software and data transferred via communications
interface 124 are in the form of signals which may be, for
example, electronic, electromagnetic, optical, or other signals
capable of being received by communications interface 124.
These signals are provided to communications interface 124
via a communications path (1.e., channel) 126. This commu-
nications path 126 carries signals and may be implemented
using wire or cable, fiber optics, a phone line, a cellular phone
link, an RF link, and/or other communications channels.
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In this document, the terms “computer program medium,”
“computer usable medium,” and “computer readable
medium™ are used to generally refer to media such as main
memory 110 and secondary memory 112, removable storage
drive 116, and a hard disk installed 1n hard disk drive 114.

Computer programs (also called computer control logic)
are stored 1n main memory 110 and/or secondary memory
112. Computer programs may also be received via commu-
nications mtertace 124. Such computer programs, when run,
enable the computer system to perform the features of the
present mnvention as discussed herein. In particular, the com-
puter programs, when run, enable the processor 102 to per-
form the features of the computer system. Accordingly, such
computer programs represent controllers of the computer
system.

From the above description, 1t can be seen that the present
ivention provides a system, computer program product, and
method for implementing the embodiments of the invention.
Retferences 1n the claims to an element in the singular 1s not
intended to mean “one and only” unless explicitly so stated,
but rather “one or more.” All structural and functional equiva-
lents to the elements of the above-described exemplary
embodiment that are currently known or later come to be
known to those of ordinary skill in the art are intended to be
encompassed by the present claims. No claim element herein
1s to be construed under the provisions of 35 U.S.C. section
112, sixth paragraph, unless the element 1s expressly recited
using the phrase “means for” or “step for.”

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting of the invention. As used herein, the singular forms
“a”, “an” and “the” are intended to include the plural forms as
well, unless the context clearly indicates otherwise. It will be
turther understood that the terms “comprises™ and/or “com-
prising,” when used 1n this specification, specity the presence
of stated features, integers, steps, operations, elements, and/
or components, but do not preclude the presence or addition
of one or more other features, integers, steps, operations,
clements, components, and/or groups thereof.

The corresponding structures, materials, acts, and equiva-
lents of all means or step plus function elements 1n the claims
below are intended to include any structure, material, or act
for performing the function in combination with other
claimed elements as specifically claimed. The description of
the present mvention has been presented for purposes of
illustration and description, but 1s not intended to be exhaus-
tive or limited to the invention in the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of the invention. The embodiment was chosen and
described 1n order to best explain the principles of the mnven-
tion and the practical application, and to enable others of
ordinary skill 1n the art to understand the invention for various
embodiments with various modifications as are suited to the
particular use contemplated.

What 1s claimed 1s:

1. An apparatus, comprising;

an electronic synapse configured for interconnecting a pre-

synaptic electronic neuron and a post-synaptic elec-

tronic neuron, the electronic synapse comprising:

a first memory element maintaining a first bit for read-
ing, whereimn the first bit represents a state of the
clectronic synapse;

additional memory elements maintaining meta informa-
tion used for updating the state of the electronic syn-
apse, wherein the meta information includes a second
bit and a third bit for setting and resetting, respec-
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tively, the state of the electronic synapse for reinforce-
ment learning based on a learning rule; and
an update module configured for:
reading the meta information from said additional
memory elements 1n response to an update signal
for remnforcement learning; and
updating the state of the electronic synapse 1n the first
memory element based on the meta information 1n
response to the update signal;
wherein the meta information 1s based on a pre-syn-
aptic neuron spiking signal and a post-synaptic
neuron spiking signal of the pre-synaptic neuron
and the post-synaptic neuron, respectively; and
wherein the state of the electronic synapse 1s set and
reset based on the meta information.
2. The apparatus of claim 1, wherein the update module 1s
configured for updating the state of the electronic synapse
based on the meta information, 1 response to a delayed
update signal for reinforcement learning based on a learning
rule.
3. The apparatus of claim 2, wherein:
the update module 1s configured for updating the state of
the electronic synapse based on electronic remnforce-
ment learning such that the electronic synapse 1s updated
based on spike-timing dependent plasticity learning
rule;
the meta information comprises a first data value and a
second data value corresponding to setting and resetting,
the state of the electronic synapse, respectively; and

the update module 1s further configured for updating the
state of the electronic synapse based on an exclusive or
of the first data value and the second data value.

4. The apparatus of claim 2, wherein:

the update module 1s configured for updating the electronic

synapse such that:

in response to the pre-synaptic neuron spiking signal, the
state of the electronic synapse 1s updated by a read
signal sent from the pre-synaptic neuron to the post-
synaptic neuron via the electronic synapse;

in response to the pre-synaptic neuron spiking signal and
then the post-synaptic neuron spiking signal, the state
of the electronic synapse 1s updated such that the

clectronic synapse 1s set according to learning rules;
and
in response to the post-synaptic neuron spiking signal
and then the pre-synaptic neuron spiking signal, the
state of the electronic synapse 1s updated wherein the
clectronic synapse 1s reset according learning rules.
5. The apparatus of claim 2, wherein:
the update module 1s configured for updating the electronic
synapse such that, 11 an update signal 1s recerved within
a time window:
in response to the pre-synaptic neuron spiking signal, the
state of the electronic synapse 1s updated by a read
signal sent from the pre-synaptic neuron to the post-
synaptic neuron via the electronic synapse;
in response to the pre-synaptic neuron spiking signal and
then the post-synaptic neuron spiking signal, the state
of the electronic synapse 1s updated wherein the elec-
tronic synapse 1s set according to learning rules; and
in response to the post-synaptic neuron spiking signal
and then the pre-synaptic neuron spiking signal, the
state of the electronic synapse 1s updated wherein the
clectronic synapse 1s reset according to learnming rules.
6. The electronic synapse device of claim 5, wherein the
clectronic synapse comprises a 6-terminal device wherein
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two terminals are for reading, two terminals are for setting
and two terminals are for resetting.

7. The apparatus of claim 1, wherein:

the electronic synapse 1s configured for interconnecting an

axon of a pre-synaptic electronic neuron and a dendrite

of a post-synaptic electronic neuron.

8. The apparatus of claim 1, wherein the electronic synapse
further comprises multiple axon paths transverse to multiple
dendrite paths forming an array of junctions, such that each
memory element resides on the junctions on a diagonal of the
array.

9. A system, comprising:

a plurality of electronic neurons;

a cross-bar array configured to interconnect the plurality of

clectronic neurons, the cross-bar array comprising:
a plurality of axons and a plurality of dendrites such that
the axons and dendrites are transverse to one another:
and
multiple electronic synapses, wherein each electronic
synapse 1s at a cross-point junction of the cross-bar
array coupled between a dendrite and an axon, each
clectronic synapse configured for interconnecting a
pre-synaptic electronic neuron and a post-synaptic
electronic neuron:
wherein each electronic synapse comprises:
a {irst memory element maintaining a first bit for
reading, wherein the first bit represents a state of
the electronic synapse;
additional memory elements maintaining meta infor-
mation used for updating the state of the electronic
synapse, wherein the meta information includes a
second bit and a third bit for setting and resetting,
respectively, the state of the electronic synapse for
reinforcement learning based on a learning rule;
and
an update module configured for:
reading the meta information from said additional
memory elements in response to an update signal
for reinforcement learning; and

updating the state of the electronic synapse in the
first memory element based on the meta infor-
mation 1n response to the update signal;

wherein the meta information 1s based on a pre-
synaptic neuron spiking signal and a post-syn-
aptic neuron spiking signal of the pre-synaptic
neuron and the post-synaptic neuron, respec-
tively; and

wherein the state of the electronic synapse 1s set
and reset based on the meta information.

10. The system of claim 9, wherein the electronic synapses
are asynchronously operable 1n parallel.

11. The system of claim 9, wherein electronic synapse
states are programmed according to reinforcement learning,
based on delayed update signals.

12. The system of claim 11, wherein:

the update module of each electronic synapse 1s configured

for updating the electronic synapse such that:

in response to the pre-synaptic neuron spiking signal, the
state of the electronic synapse 1s updated by a read
signal sent from the pre-synaptic neuron to the post-
synaptic neuron via the electronic synapse;

in response to the pre-synaptic neuron spiking signal and
then the post-synaptic neuron spiking signal, the state
of the electronic synapse 1s updated such that the
clectronic synapse 1s set according to learning rules;
and
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in response to the post-synaptic neuron spiking signal
and then the pre-synaptic neuron spiking signal, the
state of the electronic synapse 1s updated wherein the
clectronic synapse 1s reset according learning rules.

13. The system of claim 9, wherein: 5

the update module of each electronic synapse 1s configured

for updating the electronic synapse based on reinforce-

ment learning such that the electronic synapse 1s updated

based on spike-timing dependent plasticity in response

to an update signal; 10
the meta information of each electronic synapse comprises

a first data value and a second data value corresponding

to setting and resetting the state of the electronic syn-

apse, respectively; and

the update module of each electronic synapse 1s further 15

configured for updating the state of the electronic syn-
apse based on an exclusive or of the first data value and
the second data value of the electronic synapse.

14. The system of claim 9, wherein each electronic synapse
turther comprises multiple axon paths transverse to multiple 20
dendrite paths forming an array of junctions, such that each
memory element resides on the junctions on a diagonal of the
array.

15. The system of claim 12, wherein each electronic syn-
apse Comprises: 25
three memory elements configured for maintaining infor-

mation; and

three axon paths transverse to three dendrite paths forming

a 3x3 array of 9 junctions, such that the three memory
clements reside on the junctions on a diagonal of the 30
array, providing an R bit for reading, a G bit for re-
setting, and a B bit for setting.

16. The system of claim 15, wherein:

the cross-bar array comprises a plurality of cross-point

junctions with multiple electronic synapses; 35
cach electronic synapse 1s configured for electronic rein-
forcement learning for:
reading a first plurality of rows in parallel;
reading and setting a first plurality of columns 1n paral-
lel; 40
resetting a second plurality of rows 1n parallel;
reading and setting a third plurality of rows in parallel;
setting a second plurality of columns in parallel;
estimating a number of set bits on said first plurality of
rows and a third plurality of columns; and 45
providing a global value signal and setting and resetting
all R bits for reading in the cross-bar array when a
reward signal arrives.

17. The system of claim 16, wherein each electronic syn-
apse comprises a 6-terminal device with two terminals for 50
reading, two terminals for setting and two terminals for reset-
ting.

18. The system of claim 14, wherein each electronic syn-
apse comprises static random access memory (SR AM)-based
memory elements. 55

19. The system of claim 14, wherein each electronic syn-
apse comprises dynamic random access memory (DRAM)-
based memory elements.

20. The system of claim 9, wherein each electronic synapse
1s configured for iterconnecting an axon of a pre-synaptic 60
clectronic neuron and a dendrite of a post-synaptic electronic
neuron.

21. A non-transitory computer program product compris-
ng:

a computer usable medium having computer readable pro- 65

gram code embodied therewith for execution on a com-
puter;

12

the computer readable program code configured to update

the state of an electronic synapse based on meta nfor-

mation, in response to a delayed update signal for rein-
forcement learning based on a learning rule;

wherein the electronic synapse 1s configured for intercon-

necting a pre-synaptic electronic neuron and a post-

synaptic electronic neuron, the electronic synapse com-
prising;:
a first memory element maintaining a first bit for read-
ing, whereimn the first bit represents a state of the
clectronic synapse;
additional memory elements maintaining meta informa-
tion used for updating the state of the electronic syn-
apse, wherein the meta information includes a second
bit and a third bit for setting and resetting, respec-
tively, the state of the electronic synapse for reinforce-
ment learning based on a learning rule; and
an update module configured for:
reading the meta information from said additional
memory elements in response to an update signal
for reinforcement learning; and

updating the state of the electronic synapse 1n the first
memory element based on the meta information in
response to the update signal;

wherein the meta information 1s based on a pre-syn-
aptic neuron spiking signal and a post-synaptic
neuron spiking signal of the pre-synaptic neuron
and the post-synaptic neuron, respectively; and

wherein the state of the electronic synapse 1s set and
reset based on the meta information.

22. The computer program product of claim 21, wherein
the computer readable program code configured to:

update the state of the electronic synapse based on elec-

tronic reinforcement learming such that the electronic

synapse 1s updated based on spike-timing dependent
plasticity learning rule;

wherein the meta information comprises a first data value

and a second data value corresponding to setting and

resetting the state of the electronic synapse, respec-
tively; and

wherein the state of the electronic synapse 1s updated based

on an exclusive or of the first data value and the second

data value.

23. The computer program product of claim 21, wherein
the computer readable program code configured to update the
clectronic synapse such that:

in response to the pre-synaptic neuron spiking signal, the

state of the electronic synapse 1s updated by aread signal

sent {rom the pre-synaptic neuron to the post-synaptic
neuron via the electronic synapse;

in response to the pre-synaptic neuron spiking signal and

then the post-synaptic neuron spiking signal, the state of

the electronic synapse 1s updated such that the electronic
synapse 1s set according to learning rules; and

in response to the post-synaptic neuron spiking signal and

then the pre-synaptic neuron spiking signal, the state of

the electronic synapse 1s updated wherein the electronic
synapse 1s reset according to learning rules.

24. The computer program product of claim 21, wherein
the computer readable program code configured to update the
clectronic synapse such that 1f an update signal 1s recerved
within a time window:

in response to the pre-synaptic neuron spiking signal, the

state of the electronic synapse 1s updated by aread signal

sent from the pre-synaptic neuron to the post-synaptic
neuron via the electronic synapse;
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in response to the pre-synaptic neuron spiking signal and
then the post-synaptic neuron spiking signal, the state of
the electronic synapse 1s updated wherein the electronic
synapse 1s set according to learning rules; and

in response to the post-synaptic neuron spiking signal and 5
then the pre-synaptic neuron spiking signal, the state of
the electronic synapse 1s updated wherein the electronic
synapse 1s reset according to learning rules.

25. The computer program product of claim 21, wherein:

the electronic synapse comprises a 6-terminal device 10
wherein two terminals are for reading, two terminals are
for setting and two terminals are for resetting; and

the electronic synapse 1s configured for interconnecting an
axon of a pre-synaptic electronic neuron and a dendrite
ol a post-synaptic electronic neuron. 15
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