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Methods and Apparatus for lierative Nonspecific Distributed Runtime Architecture

and its Application o {Cloud Intelligence
CROSS-REFERENCE TO RELATED PATENT APPLECATION

{8061} This application claims priority, under 35 U.S.C. § 119(e}, from UK, Application
Ne. 61/826,380, filed May 22, 2013, and entitled “lierative Nonspecific Distributed Runtime

Architecture,” which application is hereby tncorporated herein by reference 1o its entirety.
GOVERKNMENT SUPPORT

{8662] This invention was made with government support under Contract No. FAS758-12-

C-0123 awarded by the U.S. Ay Force. The government has cortain rights in the invention.
BACKGROUND

{8883] Curront computer hardware central processor architectures and often even graphic
processor enabled workstations are ofton unable to achicve the highly paraliel requircrents
needed to perform computationally expensive massive data-driven algorithmos, especially

those that are based on dynamic systems approach.
SUMMARY

{8804  The systers and methods described herein are based on a network of processing
nodes that can be individual heterogenecons workstations or a cluster of homogeneous
compuier boards, An example of the system enables a runtime architecture based on this
hardware to load a nonspecific sot of systems of differential equations, distribute them across
network nodes according to hardware capabilitics of each node, and iteratively integrate them
through time with a possibility to cutput the results on every ifcration. An exemplary system
may be used for a varicty of applications, including but not limited to neural computations.
For instance, an exemplary system can be used as a standalone coroputational engive engaged
on a hardware cluster divectly or as a part of other compuitational software that at some point
uses massively paraliel numerical intogration of data driven dypamical systems on a notwork
of remote computational hardware. Furthermore, a resulting computational engine can serve
as a remote {¢.g., cloud) back end that can engage remote hardware resources to support local
autonomous hardware devices such as robots, automatic houschold devices, mobile

navigators, and other devices.
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{88851 In some implementations, a method for processing sensory data in parallel may
comprise receiving, at a master node, a request to process incoming sensor data, receiving,
from the masier node, a selection of a set of slave nodes, the set of slave nodes selected from
a set of nodes capable of processing the meoming sensor data, and establishing a conmection
between the master node and the set of slave nodes. For at least one slave node in the set of
slave nodes, the implementation may forther inchude determining a dypamic system model
for a portion of the Incoming sensor data reccived by the at least one slave node, distributing,
from the master node to the at least one slave node, a reprosentation of the dynamic system
model and 8 representation of corresponding graph connections between slave nodes in the
set of slave nodes, instantiating at least one local data structure for processing the incoming
seusor data based at least in part upon the representation of the dynamic system model
distributed earlier, connecting the at least one slave node to other slave nodes in the set of
slave nodes according to the representation of the graph conpections distributed earlier,
receiving a sigoal from the master node to process the ncoming sensor data; and tteratively
processing the mconming sensor data using the at least one local data structare instantiated

previously.

{8886 In some implementations, the process may alse comprise selecting the set of slave
nodes sutomatically, or selecting the set of slave nodes according to user nput. In some
implomentations, distributing the representation of the dypamic system model may further
comprise assigning at least one system of equations corresponding to the dynamical systom
maodel to the at least one slave node based on at least one of computational power of the at
least one slave node, computational complexity of the at least one system of equations, and
comuunication between parts of a dynamical system represented by the dypamical system
maodel. Distributing the representation of the dynamic system model may also comprise
assigning, by the at least one slave node, a set of computational threads for processing at least

a portion of the incoming sensor data.

{8087} In some implementations, connecting the at least one slave node o other slave nodes
may further comprise determining an operating mode of the master node, and connecting the
masier node to the at least one slave node based on the operating mode of the master node. In
some implementations, this meay further comprise connecting the master node to the at least
one slave node via 8 network connection if the master node is configured to operate in a
networked mode, and compiling the slave node into the master node if the master node is

configured to operate in a standalone mode. In some tmplementations the master node is

3y
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configured (o operate in 8 notworked mode or a standalone mode based on available
resourees, and is configured to operate in the networked mode if the master node is able to

connect to a network and if there 5 at feast one slave node connected to the network.

{8808] In some implementations, processing the data may fiwther comprise storing results of
the iterative processing in a data queuve in the at least one slave node for communication with
the other slave nodes in the set of slave nodes, and storing results of the Herative processing

in a storage medium for off-line analysis.

{8009] An excmplary systom for processing and forwarding slave node data may comprise a
first slave node operatively coupled 1o an outgoing axonal quene associated with a syster of
gquations processed on the first slave node, a shadow axonal queue corresponding to
respective outgoing axonal quenes of other slave nodes configured to provide input data to
the furst slave nede, a set of sypaptic queues corresponding 1o the system of equations
processed on the first slave node, the set of synaptic gueues configured to preprocess the
mput data received from the shadow axonal queue. and a processing device, operably coupled
to the set of synaptic gueues, to apply the systern of equations to the input data preprocessed
by the synaptic gueue so as to generate at least one output data value. The systenm may further
comprise a local outgoing axonal queae, operatively coupled to the processing device, 1o
receive the at least one output data valoe from the processing device and to provide the at
least one output data value to a second shadow axonal gueue in at least one of the first slave
node or a second slave node. The shadow axonal queue may be configared to receive at least
one data value from a corresponding ootgoing axonal quene operatively coupled to a slave

node,

{8018} The outgoing axonal gueues and shadow axonal queues can be implemented with a
standard teroplate library {(STL) class called nmudtimap that holds key-value pairs. The key in
the key-value pair may be event production time and the value in the key-value patr can
mehide for example receiver address and output valoe. STL nultimap does automatic sorting
by key, so this queus may have ootput events sorted by their production times. The synaptic
gueue can also be tmplemented with a standard template brary (STL) class called multimap
that bolds key-value pairs, except that the receiver address is no longer needed, the timing
represents delivery time rather than production time, and the valoe in the key-value pair is

adjusted according to the parameiers of the synapse.
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{88111 An exomplary system for aggregating and processing sensor data from a robot
comprising a local processor that tmplements a local brain may comprise at least one slave
node, located on a computer network, to imploment a cloud brain for receiving and
processing the sensor data from the robot, the fivst processor including a main memory
module to store the sensor data from the robot, and 2 commumications device, operably
coupled to the main memory module, to transmit at least a portion of the sensor data to the
local brain foplemented 1n the local processor of the robot and to receive, from the local
brain, at least one data value based at least in part on the at least a portion of the sensor data

and on a current state of the local brain.

{8812] The main memory module may store a representation of at least one of an outgoing
axonal queue associated with a system of equations processed on a first slave node, a shadow
axonal guoue corresponding to respective outgoing axonal gueue of a second siave node
configured to provide put data to the first slave node, a sypaptic gueues corresponding to
the system of equations processed on the first slave node, the set of synaptic queues
configured to preprocess the input data received from the shadow axonal queoue, and a data
structure for processing the sensor data from the robot. The communications device 15
operably coupled to another local brain implemented in another vobot and configared 1o
transmit the at least one data value to the other local brain, The communications device may
be further configured to transmit data from a dedicated memory block in the main memory
module to the other local brain and to reccive, from the other local brain, at least one other

data value based at least in part on the data from the dedicated memaory block.

18813] 11 should be appreciated that all combinations of the forcgoing concepts and
additional concepts discussed o greater detail below (provided such concepts are not
mutually inconsistent) are contemplated as being part of the mventive subject matter
disclosed hergin, In particular, all combinations of claimed subject matter appearing at the
end of this disclosure are comtemplated as being part of the inventive subject matter disclosed
hervein. It should also be appreciated that terminology explicitly employed herein that also
may appear in any disclosure incorporated by reference should be accorded 4 meaning most

consistent with the particular concepts disclosed herein.
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BRIEF BESCRIPTION OF THE DRAWINGS

{8014  The skilled artisan will understand that the drawings primartly ave for illastrative
puiposes and are not intended to lunit the scope of the inventive subject matter described
herein, The drawings arc not necessarily to scale; in some instances, various aspects of the
mventive subject matier disclosed hevein may be shown exaggerated or enlarged in the
drawings to facilitate an understanding of different features. In the drawings, like reference
characters gencrally refer to like featores {e.g., functionally stmilar and/or stracturally similar

clements).

{#818]  Figures 1A and 1B are diagrams of a networked system and a standalone system
cach implementing Herative Nonspecific Distributed Runtime Architectures, respectively,

according to iHustrative implementations.

{8816] Figure 2 is a flow chart of the control flow through the systems of Figures 1A and

1B, according to one illustrative inplementation.

{8017} Figures 3A and 3B illustrate data flow on the slave hardware nodes of system of
Figure 1A and standalone system of Figure 18, according o illustrative implementations.
Figure 3A shows data flow during system and model setup. Figure 38 shows the data flow
during the computation.

{8818] Figure 3C 15 a flow chart of & method for event processing, according to one
iHustrative implementation.

{8019} Figure 3D is a flow chart of event communications between hardware nodes on the
network, according o one Ulustrative impicmentation.

{88281 Figure 4 1s 8 diagram of an llustrative tmplementation of a cloud seyver (brain) and
a lecal robot, according to one illustrative implementation.

{8211  Figwre 5 is a disgram of an illustrative implementation of a cloud server (brain) and
a plorality of local robots, according to one ilhustrative implomentation.

{88221 Figure 6 15 a diagram of an illostrative implementation of a cloud server (bram) with
separation of processors and memory dedicated to a plurality of robots, aceording to one

iflustrative implementation.

(o
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{88231 Figure 7 is 8 diagram of an llustrative tmplementation of transferring knowledge to
a first robot from a portion of a cloud server (brain} dedicated to a second robot, according to

one iflustrative implementation.

{8824 Figwre 8 1s a diagram of an ilhustrative implementation of sharing knowledge on a

cloud server {brain) withouot copying network structure,
DETAILED DESCRIPTION

{88281  The system and methods described herein relate to a hardware computational engine
consisting of two or more computational nodes such as workstations or cluster componenis
connected through a wired or wireless network. In some implemerntations, the engme
anderlies and subserves neural simudations and/or other simulations. The system employs
network commumication management, thread management, ovent based conununication, over

the network data exchange, and data structures used fo facilitate the functionality herein.

{8281  In some implementations, the system inclodes a computer readable memory onto
which processor executable instructions are wriiten. The computer readable memory can
store a pharality of Hbrarics. For example, the systom oun a slave conputational node may
mchide: a pthreads library that is used to manage multithreaded control flow; a standard
template hibrary (STL) that may be used for structuring the data; and a CUDA or OpenCL
library to control execution on graphic processors. In some implementations, the graphics
processor undt {GPU) libraries may not be required. The system on the master node may
mnclade additional libraries for graphic user nterface and data visualization and/or other

additicnal libraries and/or like information.

{80271 Figure 1A is a system diagram of a networked mmplementation 100 of an berative
Nonspeeific Distributed Rontime Architecture {(INDRA). The networked fmplementation 100
nchudes 2 single master node 102 receiving commands through an application programming
mierface (AP and controlling an arbitrary number of slave nodes 106a-b. Figure 1B shows a

standalone version 108 of an INDRA receiving commands through the same AP (master

created and connected to locally by the master node (e.g., the slave node 112 may be divectly
merged into the master node}.

{8028} As illustrated in Figure TA, the structure of the system 100 comprises a single
master node 102 and an arbitrary nomber of slave nodes 106a, 106h, ... {collectively, slave

6.
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nodes 106). The master node 102 is a computing hardware component where a user or an
external applcation can instantiate the engine control structures (those engine countrol
structures including but not Huwited to a parser that converts user provided description of a
dynamical system in machine readable data structures, a network conmmunication manager
that establishes connections with slaves, and a command and synchronization module that
passes commands (e.g. run, stop, roset) and synchronization signals from master to the
slaves). 1t can be implemented as a user controlled workstation, portable clectronic device, or
as an autonomous electronie device such as robot. The engine control structures may initiate
engine exocution on remote compuier systems serving as slave nodes 106 to the engine,
gathor the information about available hardware resources for each slave (CPU cores, GPUs,
e AV Ftatrs N o < ieal gus N 10 5 alee A OV O
memory}, and distribute the dynamical systems, which may take the form of neuronal
popalations (or systems of differential or algebraic cquations) and corresponding synapses

(gvent-based dependencies between these equations) across the slave nodes 106,

{80291 As used herem, a dynamical system is a set of systems of differential and or
algebraic equations that describe some natural process through time. A nevral model is a
subset of & dyramical system where equations represent nouronal dynamics. A neuronal
population is a part of a neural model that comprises at least one neuronal element and for all
neuronal clements the governing system of equations is identical up {0 a parameter choice. A
synapse 15 a dependency between two neoronal clements that can be in the same or different
populations such that it connects a source neuronal element with the target neuronal element
and passes output events from the source to the target according to some rale defined by the

asey.

{8038]  The above tasks correspond {o the System Setup and Model Initialization phases of
the example flow chart in Figore 2 and example data exchange diagram in Figure 3A. During
these stages the slave nodes 106 receive network communication from the master node
control structures and tnstantiate local data structures, alocate hardware memory, query

processing devices, and otherwise prepare to perform the computation on the local hardware.

{8831} The dynamical syster roay comprise a set of populations, where cach population is

a collection of identical systems of equations, and where cach element in a populationis a

computational element.
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{8833} An cxample mplementation of a computational element data struchwe may be s

TVariable class. TVariable class may be based on 2 TBasicButfer tomplate class, which may
be part of a BbSMARTIO (Sensory-Motor Asynchronous Real Time Input Output) Hbrary
that provides the basic structure and conmectivity between populations in the dynamical
system. Other portions of TBasicBoffer may allow the system to acquire scnsory input from
the enviromment {TTnputBuiffer) and deliver action output to the agent (TOutpuiBufier), both
i real tme. In some implementations, T BasicBuffer objects may have a name, a number of
clements, an index of a non-CPU device, and may facilitate saving variable values, accessing
values for various computations, and/or may have other attributes or methods. o some
mplementations, a TVariable data structure may nelode comections 1o an Input sowrce, a
number of equations associated with the data structure, an event conmection that may look for
events on a local recetver and process them, and/or may include other attributes and/or

methods.

{8834} TVariable may also provide memory allocation and methods to maintain a population
{array) of variables governed by a system of equations. For exampie, if a dynamical systom
has a system of equations with variables x1, x2, and x3, an example fmplementation may use
a TVariable-based class, If there are 100 processes in the dynamical system, cach of which is
govemed by the same system of equations with these three variables, then TVariable-based
class may contain 100 elemends with 3-component system cach. Classes derived

from TVariable class may perform ininialization procedures, assignment of pointers to
equations and numerical methods, and implement different computational backends based on
available hardware sach as GPU or CPU. They may also provide different implementations
ofthe above methods depending on whether the system is used in a standalone or networked

maode.



PCT/US2014/039162

WO 2014/204615

Store it

ternal vartable and

34}

ste to compute the new value of 1

, it s possi

(]
5
Cims
s
o
Q2
=
i

&

ad from doring

o

nk where the old value was ¢

in the memory ba

ion

focai

7

A MO

he s

mi

cormputation.

the

n, the master node 102 utilizes network connections with the

¢ computatio

{8037} During th

]

corresponds ¢

1S

L Th

5

{

s 102, 1

o~
v

g across the nod

Processin

onize the

nchy

7

{0 8y

s 106 1

=Y

slave nod

C

and exarople data flow

2

gure

Fi

art in

flow ¢h

o
N

«cles of the exampl

¥

[S1EEELY

ompute and Post S

”

n the

ace Q

f

1 gser inter

<
<

rstem includes

-

{ementations, the s

. In some tp

3
2

in Figure

art i

¢h

computer

through

operations

master node that allows direct control of the software

The system can also

CVICOS.

g, trackballs and other d

‘boards, mic
n 104 th

Y
7

has ke

pherals suc

pert

about neural popudations. The

ation

form

IAICS I

8
v

Pro

at

§)

1catic

an external appl

meclude

are,

fiw

rd party so

i

ath

APT calls by

~
£

gh

sed throa

s

system may be acees

it fmks

W-to-po

er that estabiishes po

anag

ve a network m

a
chw

o

¢ nodes may h

8] Slav

3

{840

fevents. The system

tving o

mid recet

mg &

end

S

ces for

tve hardware devi

Ir respect

between the

or

dj.'

ronation an

yach

¢reation, execution, 8

d manager that controls

ca
thr

fode a thy

S0 inC

may ak

ization. A

ze hardware uil

o maximi

e node t

hun each slav

i

ads w

<

working

of

destruction



WO 2014/204615 PCT/US2014/039162

list of these threads is shown in the Figures 2, 3A, and 3B. The threading stractore in the
depicted example tmplementation is based on US Patent No. 8,648,867, which is hereby
ncorporated herein by reference i Uis entirety. An example threading structure can include a
disk thread that controls the disk output of a node (utilizing a local hard drive of
workstation or a shared disk space of a cluster), opens and closes the files, and does the
output for the state variables that are marked for output by the user. Another example thread
1§ communication thread that controls the exchange of output cvents between neuronal
populations or systems of equations within the node and across the network, Gther exampie
threads may include non-central processing unit {CPL) computational threads which may be
used for computation of nouronal populations on suitable processing devices {o.g., GPUs). In
some embodiments, one or more Non-CPU Computational threads are created for cach
utilized device on the node. Further examples may inclode CPU Computational threads,
which may be used for computation of neuronal populations or systems of equations on
available cores of the coutral processing unit of the slave nede. In some implementations, the
pumber of CPU computational threads may be determined by taliing the nomber of cores on
the node, subtracting the nurnber of all other threads including the main thread and use the
result as the number of CPU Computational threads. In some tuplementations, for small
populations or systems of equations having only one CPU Computational thread yoight be

more efficient.

18039} Figure 1B illustrates a standalone version 110 in which the condrol structures of the
master node and the computational structures of the slave node are hosted together i {or
merged together into) a single software anit that is executed on a standalone workstation or
other computer hardware. In such implerentations of the systom, conunutations between the
systems of equations may happen on the same node. fn this implementation of the systero a
user or external application may inifiate the simudation and thread manager diveetly, and the
network management and across-network synchronization may be removed from the sysiem.
Everything under the thread manager may remain identical to a slave node 106 1o the
networked version 100 shown in Figure 1AL In some implementations, an INDRA system
may allow switching between instantiating 8 networked implementation 100 and a standalone

version 10 depending on available resources at the moment of instantiation,

{8048] Figure 2 illustrates the control flow through a standalone version of the system (e.g.,
as shown in Figure 1A). An external application may initiate the cngine by starting a

simulation and/or thread mavager (207}, The thread manager may fork and initialize a
0.
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requested nomber of computational threads plus one disk VO thread (204) and one
communication thread (206). During thread initislization, the thread manager may pass
network addresses, number of CPU cores (208) and GPU devices (210) to the communication
and/or computational threads on the node as itlustrated in Figure 3A. These threads may
become inttialized and gather on the mitialization barrier 212 waiting for the stmulation
manager to prepare the model and simuldation setup. The physical location of the simolation
manager way differ between the networked tmeplomentation and the standalone
implementation. While in the standalone version it may reside on the same hardware as the
thread manager; in the networked version the simulation manager may reside on the master

node while thread managers may reside only on the slave nodes.

{88411  Model and stmulation setup on the system may be accomplished through interaction
between the simulation magager with an external application and/or user {214). When the
parameterization of the model s substantially complete (216), the user may notify the
stmulation and thread manager that the model 15 ready and they may proceed to the
mitialization bamicr. This may aliow threads to enter the next stage {¢.g., model initializations
218 and 3072 in Figures 2 and 34, respectively). At this stage a model and simulation
description may be parsed by the sionidation manager (220} on the master node and passed on
to varions threads on the slave nodes either through network connection if the system is in
networked mode or divectly if the system is in singie node mode. On the slave node, the

wformation is distributed as depicted in Figure 3A.

{8842} Population names are used in disk /O thread to creaic corresponding files for the
result output (304). List of populations that have outputs 15 used in commmumication theead 1o
establish input and output quencs on the slave node to coronumicate between connected
populations (306), Equations and relating to the data are commumicated to computational
threads to tustantiate the corresponding data structies (308}, On the slave nodes, components
of the model may be assigned to different computational threads depending on the bardware

configuration of a particular slave.

18043]  Aficr instantiation of the componends, the communication queucs between these
components may be defined (224) as Ulustrated m Figure 3A (310). In some
implementations, this information is passed to computational threads (e.g., model
components) and/or to communication threads (e.g., connectivily patiern between

componenis), where the respective data structures are created and initialized 226, After the

1.
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imitialization, the initial valoes of ootput variables might be passed to disk YO thread for
output as iHustrated in Figure 3A (3120 Next, disk VO thread, communication threead, and
computational threads may then ender the main sinmulation loop of the system, so they signal
their readiness to the stomlation manager and wait on the Post barrier for the Run signal from

the simulation manager.

{8844}  The roato simudation loop of the system may be controlied by an external
application on the master node through a set of AP commands that it can pass to the

simmulation manager. The comumands may mclude:

» Quit, which may cause the simulation manager to exit the main loop and inform the slave
thread managers locally (standalone version) or through network communication {networked
version). The thread managers may inform other threads that the engine is exiting, wait for
them to clean up and exit, and then exit the eogine.
« Reset, which causes the reset of the components and connections in the model to their mnitial
states. In some implementations, there are several versions of Reset depending on whether
the user wants fo reinitialize activations (current values) of components, connectivity
strengths, or both.
» Re-create, which may cause the engine to return to the model and stiudation setup stage
and re-parse all the data structures. This command may also redistribuie the components of
the model to differcot nodes and/or computing hardware.
« Rum, which enters the computational loop. This conumand may have a parameter that

cfines whether a user wands a single step though computation, a defined number of steps, or
a continuous calculation.
» Stop, which may interrupt the currently executing computational loop after finishing the
current cyele.
{8845] o some cmbodiments, iterations through a computational loop may include two
phases or semi-cyeles. During the Compute Semicycle, the model components may read their
mputs from read-only output memory locations of other components, compute their own new
values {228) and write them into their own write-only memory locations. During a Post
Semicycle 230, the values from write-only locations in the component may be moved to its
read-only locations 1o be available for others on the next Compute Semicycle. In some
implementations, to reduce memory copying, the pointers to read-only and write-only

memory locations are interchanged and the actual data is not copied.

12
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{8046} In some embodiments the communication between neurenal populations or systems
of equations during the computational cycles may proceed as shown in Figure 3B. During the
Compute Semicyele output events produced in either CPU 312 or non-CPY 314
computational threads are pushed mto queunes (316) corresponding to these populations’
sutgoing event quenes 232, At the same time a commuumication thread might receive events
(318} from other nodes as well as from local cutput event queues and insert them into
cortesponding nput event quenes. During the Post Semicyeie the conumumication thread
delivers (320} the events from put quenes to target populations and sends the cutput queues
{322} to disk VO thread for the output. At the same time the values of the variables can be

comununicated from the slaves 1o the master (324} for visualization.

{8471 Figure 3C provides a further elaboration on an example embodiment of the system
in torms of event queues engaged by a single population on a single slave node, while Figure
3D shows the same conurunication schome from the network standpoint for a slave node
with multiple populations. Each neuronal population or system of equations has one outgoing
gueue termed a local axonal quene 326, where the ovents produced by this population 32¥ are
mserted during a first Compute Semicycie 303 afier synchronization 301, In some
mplementations, local {outgoing) axonal queues can be implemented with a standard
template library class called multimap that holds key-valae pairs. For this queue the key may
be event production time and the value can incluode, for example, recetver address and cutput
value, STL multimap may facilitate automatic sorting by key, so this gueue may have all
output events sorted by their production time. For each receiver of events produced by this
population, there is also a shadow axonal queue 330 located on the node where the receiver
resides, which may be implemented in & manner similar 1o local axonal queues. To save
memory, there may be only one shadow axonal queue per sender per node, from which all
receivers may recctve their respective nput events coming from this particular sender.
Draring the first Post Semnicyele 303, the events are sent from the local axonal queunes 326 to
shadow axonal queues 330, During 2 fivst Compute Semicyceles 305 following the first Post
Semicycele 303, the events are collected by each node’s shadow axonal gueue 332, During the
next Post Semieycle 307, the events are delivered from shadow axonal quenes to
corresponding receivers through input (synaptic) queucs 334, which may be implemenied ina
manner similar to local axonal queues, but which may not require a receiver address, may
represent fiming via delivery time rather than production time, and may adjust the value
according to the parameters of the synapse. As a result of this scheme, each cufput event can

13
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be delivered to the shadow axonal queues 330 as early as two cyeles from its production (Le,,
at the ond of a sccond Compute Semicyele 309). The length of each semicyele in real time is
determined by the computational load on the system, network load and latency, and way be
bound from below by the slowest component. For siraple moedels without much
computational load using a standalone system, the semicycle length can be as short as 10

microseconds per a pair of Compute and Post Semicycles,

{88481 In the case of dynamical systems, however, especially those simulating neoral
populations, there can be axonal delay, and events are often delivered on the millisecond time
scale, while the time steps of numerical integration of these equations are significantly shorter
for reasons of numerical stability. Thus event delivery often may happen many more than two
cycles from their prodoction. The example system presented herein takes advantage of that by
bundhing the events betwoen nodes in packages and sending these packages over the network
only when the first event in the package is due for the delivery. Bundling and sending

packages reduces network compumication overhead.

{8849 The CPU based computational threads may be organized differenily from non-CPU
based threads. A component of the model that represents a roassive data-paralle! population
may be passed as a whole to non-CPU thread and to the hardware device #t controls to reduce
cross-device commumnication. In some embodiments, the CPU thread population may be split
o as many parts as there are CPU threads to balance the CPLU load. Thus, inttialization and
posting for CPU populations may happen as 2 whole population across threads operation,

while computation is done in parts by respective CPUs.

{8058]  In some implementations some slave nodes can reside in a cloud enviromment and
other slave nodes can reside on individual robots, while a master node can reside on a user
device, such as a tablet device, smartphone, laptop, or desktop computer. This may cnable
running large-scale robotic artificial brains, where part of the computation cocurs on the
processors on board of the robot (e.g., a CPU and a GPU on a Single Board Computer(SBCY;
another example can be a portable handheld dovice installed onboard and controlling the
robot with their respective CPU and GPU), and part of the computation occurs on a server
connected via a tethered or wireless hink. In some toplementations the on-board computation
device may be referred to as a “Local brain” and the remote computation device may be
referred to as a “Cloud brain” {e.g., sce Figure 4}, but in both cases these may be hosting

slave nodes, while the master node may allow the user to control the systom remotely.

14
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{88811 Reformring to Figure 4, the Local brain 400 includes (bat is not Hmited to} a GPU
410, which includes o torn a GPU processor 420 and associated GPU registers 430 and GPU

memory 440, a Main Memory 450, a CPU 470, and & Network adapterd 60,

{8052]  The Cloud brain 480 includes (but is not Hted to) one or more interconnected
compuiers whether encased separately or within a cluster rack, each of which may include a
GPU 482, which includes inturn a GPU processor 484 and associated GPU registers 486 and

GPU memory 488, a Main Memory 490, a CPU 492, and a Network adapter 494,

{8083]  in general, the Cloud brain 480 has a larger computational capacity with respect to
the Local brain 400, Commumnication between the Local brain 400 and the Cloud brain 480 s
established through the network osing existing protocoels which include but are not hmited to
Wi-Fi, Bluetooth, and others, and allows for intermediary routers that will convert wired
commurication with the Cloud brain 480 into wircless communication with the mobile robot.
On top of these commumication protocols there may be a commumnication layer that allows

mformation passing between slave nodes described above.

{8854] Newral models can be distributed between slaves in the Local brain 400 and the
Cloud brain 480 based on several considerations, for tnstance, to process some of the neural
stages on board in order to reduce network communication load, or minimize the reaction

time of the robot {c.g., computing optic flow for collision avoidance).

{8085} A cloud brain 480 may connect to one or more robots, Figure 5 illustrates the case
of one slave node, but the method lustrated below can be generalized to an arbitrary number

of slave nodes.

{8856  Figure 5 illustrates an example of how Local brains can update the knowledge of the
Cloud brain, and how the resulting collective knowledge can be then used by each individual
Local brain. The exampies below pertain visual input, bt the same prineiple can be applicd
i all sensory modalities and in general {0 any neoral network stage present in the Robot

brain.

{8687 In Figure §, Local brains 1 (500a), 2 (500b), and 3 (500c¢) are running on Robot 1, 2,
and 3, respectively, in order to learn the identity of three different objects. Robot 1 (§02a}, 2
{502b) and 3 (502¢) can belong to the same user, o to respective users. Since, in some
wnplementations, the robots may be sharing knowledge, the robots” users may, a prior,

agree to share it. Such implementations may be usefiyd to vsers within a company where all

15
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robots share company-specific knowledge, as a non-Hmiting example. In this example, the
Cloud brain 504, which can reside in one or nieltiple slave nodes, has 3 Main Memory 506
connected to a plarality of CPU or non-CPU devices 508a-¢, and the resulting brain jointhy
leams the identity of the objects encountered by cach robot. Given each Robot is condrollex
by the Cloud Brain, the knowledge gained via one Robot Input is available to all Robot

connected 1o the same Cloud brain.

{88881 TFigure 6 illustrates an example of an aggregate Cloud brain 602, where there exists
a physical separation of the processors 610 and the memory 606, which inchudes memory
blocks 608a—-608¢ {collectively, dedicated momory biocks 60%) and processors 604a—604f
{collectively, processors 604 that form respective cloud brains 610a~610¢ {collectively,
cloud brains 610} dedicated to each Robot 630a-600¢. This version can used by users who do
not wish to share the robotic knowledge on a constant basis. In some mmplementations sharing
may still be possible through specific requaests, e.g., i all of the users involved in the
exchange of information agree to share. In this example, each Robot 600 may have a separate
set of processors 604a-604{ and associated memory blocks 608a-608¢ available that may not

overlap with other Robots.

{88581 Figure 7 illustrates an example of how the knowledge derived from the portion of
the Cloud brain 602 dedicated to a robot 600 can be transferred to another robot by copying
and pasting 708 the model architecture and the associated weight matrices processed by the
corresponding processors 604 and stored in the respective dedicated memory block 608 or the

Main memory 606,

{8868 Figwre § 1llustrates an example of how dedicated Cloud brains can share knowledge
without copying or pasting network structure or weights. In the example, a dedicated Cloud
brain 61{a has been exposed to the visual presentation of three cars, coded by the network
represented in 816, which includes nourons coding for different views of the cars {e.g., Object
views 818), of the collective object “Car” {e.g., Object category 820}, and the representation
of an associated verbal label to this object (e.g., “Car™ 822). These neural representations
stored in Main memory 606 of the dedicated Cloud brain 610a and processed by processors
H604a and 604b can be reactivated, for instance m a “sleep” cycle (or off-eycle, namely when

the Robot 18 not active), in the following way:

& A “Car” label 1s activated in the Cloud brain 610a;

16.
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¢ This leads to the activation of 1 or more Object categories in Cloud brain 610a

associated with that name;

[

e Hach Object category has 1 or more Object views, represented the neural
representation of an object associated with that object view, ¢.g. multiple views of a
car {in the figure, only one view of each car class is represenied);

s Bach Object view and its associated label are then presented to the Cloud brain 610¢;

¢ Inthe the Cloud brain 618c¢, previous knowledge was already present in 814 {in the
example, the “Car” category already inchuded one example);

s As aresult of this learning, the Clood brain 610¢ now has knowledge of alf objects
fearned from Cloud bramn 610a phis s own knowledge (814), and can Quther
process the nformation via processors 610e and 6168

{$#861] The same process can be applied for different data samples of the same object or

environment, ¢.g., when different Robots have collected several views of the same object

from different angles, or when several robots have explored the same environment with

different paths.
{8862} Conclusion

{8863}  While various inventive embodiments have been described and illusirated herein,
those of ordinary skill 1o the art will readily enviston a varicty of other means and/or
structures for performing the function and/or obtatning the results and/or one or more of the
advantages described herein, and cach of such variations and/or modifications is deemed to
be within the scope of the foventive cmbodiments described hercin, More generally, those
skilled  the art will readily appreciate that all parameters, dimensions, materials, and
configorations described herein are meant to be exomplary and that the actual parameters,
dimensions, materials, and/or configurations will depend upon the specific application or
applications for which the inventive teachings i9/are used. Those skilled in the art will
recognize, or be able to ascertain using no more than routine experimentation, many
equivalents to the specific mventive embodiments deseribed herein. It s, therefore, to be
understood that the forogoing embodiments arc presented by way of example ounly and that,
within the scope of the appended claims and cquivalents thereto, inventive embodiments may
be practiced otherwise than as specifically deseribed and claimed. Tnventive embodiments of
the present disclosure are directed to cach individual feature, system, article, material, kit,
and/or method deseribed herein. Tn addition, any combination of two or more such features,

systems, articles, matenials, kits, and/or methods, if such features, systems, aricles, materials,
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kits, and/or methods are not mutoally inconsistent, is mncladed within the inventive scope of

the present disclosure.

{8064] The above-described embodiments can be tmplemented in any of numerous ways.
For example, embodiments of designing and making the coupling structures and diffractive
optical elemenis disclosed herein may be tmplemented using hardware, softwarc or a

combination thercof. When implemented in software, the software code can be exceuted on
any suitable processor or collection of processors, whether provided i a single computer or

distributed among multiple computers,

{808658]  Further, 1t should be appreciated that a computer may be embodied in any of a
number of forms, such as a rack-mounted computer, a desktop computer, a laptop computer,
or a tablet computer. Additionally, a compuier may be embedded in a8 device not generally
regarded as a computer but with suitable processing capabilitics, including a Personal Digital

Assistant (PDA), a smart phone or any other suitable portable or fixed electronic device.

18866  Also, a computer may have one or more input and output devices. These devices
can be used, among other things, to present a user fnterface. Examples of output devices that
can be used to provide a user interface include printers or display screens for visoal
prescntation of cutput and speakers or other sound generating devices for audible
presentation of cutput. Examples of ieput devices that can be used for a user interface
mehide keyboards, and pointing devices, such as mice, touch pads, and digitizing tablets. As
another example, a computer may receive input information throogh speech recognition or in

other audible format.

{88671  Such computers may be interconnected by one or more networks in any suitable
form, incloding a focal area network or a wide area network, such as an enterprise network,
and intelligent network (IN) or the Intemnet. Such networks may be based on any suitable
technology and may operate according to any suitable protocol and may include wireless

networks, wired networks or fiber optic networks,

{8868  The various methods or processes {e.g., of designing and making the coupling
stractures and diffractive optical elements disclosed above) cuthined herein may be coded as
software that 1s executable on one or more processors that emaploy any one of 3 variety of
operating systems or platforms. Additionally, such software may be written using any of a

nurnber of suitable programaming languages and/or progranuming o seripting tools, and also
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may be compiled as executable machine language code or intermediate code that 1s executed

on a framework or virtual machine.

{80869 In thus respect, various mventive concepts may be embodied as a computer readable
storage medinm (or maltiple computer readable storage media) {e.g., a computer memory,
one or more floppy discs, compact discs, optical discs, magnetic tapes, flash memorics,
cireutt configurations m Field Progranmmable Gate Asrays or other semiconductor deviees, or
other non-transitory medium or tangible computer storage medium} encoded with one or
more programs that, when execuoted on one or more computers or other processors, perform
methods that taplement the various embodimoents of the jnvention discussed above. The
compuier readable medium or media can be transportable, such that the program or programs
stored thereon can be loaded onto one or more different computers or other processors to

implement various aspects of the present invention as discussed above.

{88781  The terms “program” or “software” are used herein in a generic sense to refer to any
type of computer code or set of computer-executable tusiructions that can be employed to
program a compuicr or other processor to implernent various aspects of embodiments as
discussed above. Additionally, 1t should be appreciated that according to one aspect, one or
more computer programs that when exccoted perform methods of the present invention need
not reside on a single compuier or processor, but may be distributed in a modular fashion
amongst a number of different computers or processors to implement various aspects of the

present invention.

18871}  Computer-cxecutable instructions may be 1o many forms, such as program modules,
executed by one or more computers or other devices, Generally, program modules inchude
routines, programs, objects, components, data structures, etc. that perform particular tasks or
implement particular abstract data types. Typically the functionality of the program modules

may be combined or distributed as desired in various cmbodiments,

{8072} Also, data structures may be stored in computer-readable media in any suttable
form. For simplicity of illustration, data structures may be shown o have ficlds that are
related through location i the data structure. Such relationships may likewise be achieved
by assigning storage for the fields with locations in a computer-readable median that convey
relationship between the fields. However, any suitable mechanism may be used (o cstablish a
relationship between information in ficlds of a data structure, including through the use of

pointers, tags or other mechanisms that establish relationship between data elements.
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{80731 Also, various mventive concepts may be embodied as one or more methods, of
which an example bas been provided. The acts performed as part of the method may be
ordered in any suttable way. Accordingly, cmbodiments may be constructed in which acts
are performed i an order different than illustrated, which may include performing some acts

simulancously, even though shown as sequential acts in ilhstrative embodiments.

{8674  All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary

meanings of the defined terms.

{8075]  The indefinite articles “2” and “an,” as used heren in the specification and in the

claims, unless clearly indicated to the contrary, should be mnderstood to mean “at least one.”

{98761  The phrase “and/or,” as used herein in the specification and in the claims, should be
understood 1o mean “either or both™ of the elements so conjoned, 1.¢., clements that are
conjunctively present 1n some cases and disjunctively present in other cases. Multiple
clements listed with “and/or” should be construed in the same fashion, i.¢., “one or more” of
the clements so comjoined. Other clements may optionally be present other than the clements
specifically identified by the “and/or” clause, whether related orwrelated to those elements
specifically identified. Thus, as a non-limiting example, a reference to “A and/or B”, when
used in conjunction with open-ended language such as “comprising” can refer, in one
embodiment, to A only (optionally inchuding clements other than B); i another embodiment,
to B only {optionally including elements other than A); in yet another embodiment, to both A
and B {optionally including other elemenis); etc.

{8077 As used herein in the specification and in the claims, “or” should be undesstood to
have the same meaning as “and/or” as defined above. For example, when separating items in
a list, “or” or “and/or” shall be interpreted as being inchusive, 1.¢., the inclusion of at fcast
one, but also melading more than one, of a number or hst of clements, and, optionally,
additional unlisted items. Only terms clearly indicated o the contrary, such as “only one of”
or “exactly one of)” or, when used in the claims, “cousisting of,” will refer to the inclusion of
exactly one clement of a number or list of clements. In general, the term “or” as used herein
shall only be interpreted as indicating exelusive alternatives (1.e. “one or the other but not
both™) when preceded by terms of exclusivity, such as “either,” “one of,” “only one of” or
“exactly one of.” “Consisting essentially of,” when used in the claims, shall have s ordinary

meaning as used in the field of patent law,



WO 2014/204615 PCT/US2014/039162

{8078] As used herein in the specification and n the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at feast one clement
sclected from any one or more of the eloments it the bist of eloments, but not necessarily
melading at least one of cach and every cloment specifically listed within the list of clements
and not excluding any combinations of elements in the Hst of eloments. This definition also
allows that cloments may optionally be present other than the elements specifically ideutified
within the lst of elements to which the phrase “at lcast one” refors, whether related or
anrelated to those elements specifically identified. Thas, as 2 non-himiting example, “at least
one of A and B” {or, equivalently, “at least one of A or B,” o1, equivalently “at least one of A
and/or B} can refor, in one embodiment, to at least one, optionally including more than one,
A, with no B present {and optionally including clements other than B); in another
embodiment, to at least one, optionally inchuding more than one, B, with no A present {and
optionally including clements other than A}; in yet another embodiment, to at least one,
optionally including more than one, A, and at least one, optionally including more than ong,
B {and optionally inclading other elemenis); ete.

18879 Inthe claims, as well as in the specification above, all transitional phrases such as

“comprising,” “inclading,” “carrying,” “having,” “containing,” “involving,” “holding,”

“composed of,” and the hike are to be understood to be open-ended, Le., to mean including
but not limited to. Only the transitional phrases “consisting of” and “cousisting essentially
of” shall be closed or semai-closed transitional phrases, respectively, as set forth in the United

States Patent Gffice Manual of Patent Examining Procedures, Section 211103,
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CLAIMS

L A method of processing sensory data fn parallel, comprising:

{A) receiving, at a master node, a request {0 process incoming sensor data;

(B} receiving, from the master node, a selection of a set of slave nodes, the set of
slave nodes selected from a set of nodes capable of processing the incoming sensor data;

{C} establishing a connection between the master node and the set of slave nodes; and,
for at least one sfave node in the set of slave nodes:

(I3} determining a dynamic systern model for a portion of the incoming sensor
data received by the at least one slave node;

(E) distributing, from the master node to the at least one slave node, a
representation of the dynamic system mode] and a representation of corresponding
graph connections between slave nodes o the set of slave nodes;

{F} instantiating at least one local data struchure for processing the incoming
sensor data based at least in part upon the representation of the dynamic systom model
distributed in (E);

(G} commecting the at least one slave node to other slave nodes in the set of
slave nodes according to the representation of the graph connections distributed
(E};

{H} receiving a signal from the master node to process the incoming scnsor
data; and

{I) iteratively processing the incoming sensor data using the at least one local

data straciure instantiated in (F).

2. The method of claim 1, wherein (B) finther comprises selecting the set of slave nodes

automatically.

3. The method of claim 1, wherein (B} further comprises selecting the set of slave nodes

according to user input,

4. The method of clatm 1, wherein (H)} further comprises:
assigning at least one syster of equations corresponding to the dynamical system
model to the at least one slave node based on at least one of! compatational power of the at

least one slave node, compitational complexity of the at feast one system of equations; and
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communication between parts of a dynamical system represented by the dynamyical system

maodel.

5. The method of claim 4, wherein (B} further comprises:
assigning, by the at feast one slave node, a set of computational threads for processing

at least a portion of the mcoming sensor data.

6. The method of claim 1, wherein ((G) further comprises:
{G1) determining an operating mode of the master node; and
{G2) connecting the master node 1o the at least one slave node based on the operating

mode of the master node.

7. The method of claim 6, whergin {C) comprises:

connecting the master noede 1o the at least one slave node via @ network connection if
the master node is configured to operate jn a networked mode; and
compiling the slave node into the master node if the master node is configured to

operate in a standalone mode.

8. The method of claim 6, wherein the master node is configured to operate in a

networked mode or a standalone mode based on available resources.

9. The method of claim 8, wherein the master node is configored to operate inthe
networked mode 1 (§) the master node 18 able to connect to a network and (3i) there is at least

one slave node connected to the network.

1 The method of claim 1, firther comprising:
{(J) storing results of the terative processing in a data queue in the at least one slave

node for communication with the other slave nodes 1n the set of slave nodes.

i1 The method of claim 1, further comprising:
{¥) storing results of the tterative processing in 3 storage medium for off-ine

analysis.

12, A systen for processing and forwarding slave node data, the systom comprising:
{A) a first slave node operatively coupled to:
{Al) an cutgoing axonal quese associated with a system of equations

processed on the first slave node;

(N7
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{AZ) a shadow axonal queue corresponding to respective outgoing axonal
gueues of other slave nodes configured to provide inpat data to the first slave node;
{A3) a set of synaptic queucs corresponding to the system of equations
processed on the first slave node, the set of synaptic queunes configured to preprocess
the input data received from the shadow axonal queue; and
{Ad) a processing device, operably coupled to the set of synaptic quouss, {0
apply the system of equations to the input data preprocessed by the synaptic queuce so
as to generate at least one ootput data value; and
{B} a local outgoing axonal quoue, operatively coupled to the processing device, to
receive the at least one oufput data value from the processing device and fo provide the at
least one cutput data valoe 1o a second shadow axonal gueue 1o at least one of the first slave

node or a second slave node.

13, The system of claim 12, wherein the shadow axonal gquene is configured to recetve at
least one data value from a corresponding outgoing axonal quene operatively coupled to a

slave node.

14. A system for aggregating and processing sensor data from a robot comprising a local
processor that implements a local brain, the systom comprising:
at least one slave node, located on a computer network, to fmplement a cloud brain for
recciving and processing the sensor data from the robot, the first processor inchiding:
a main wemory module fo store the scusor data from the robot, and
a comynonications device, operably coupled 1o the main memory module, to
transmit at least a portion of the sensor data to the local brain fmplemented in the local
processor of the robot and to veceive, from the local brain, at least one data value
based at least in part on the at least a portion of the sensor data and on a current stake

of the local brain.

15 The system of claim 14, wherein the main memory module stores a representation of
at least one of!

an culgoing axonal queue associated with a system of cquations processed on a first
slave node;

a shadow axonal queus corresponding to respective outgoing axonal queue of a

second slave node configured to provide imput data to the first slave node;

24,
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a synaptic quencs corresponding to the system of equations processed on the first
slave node, the set of synaptic queues configured to preprocess the input data received from
the shadow axonal queue; and

a data structure for processing the sensor data from the robot,

16. The system of claim 14, wherein the convnunications device 1s operably coupled to
another focal bram implemented in another robot and contfigured to transmit the at least one

data value to the other local brain.

17. The system of claim 16, wherein the commumications device is further configured to
transmit data from a dedicated memory block in the main memory module to the other local
brain and 1o receive, from the other local brain, at feast one other data value based at least in

part on the data from the dedicated memory block.

thn



WO 2014/204615 PCT/US2014/039162

. .
i Nass
W Ry
S SN
N x 13
[ Ry N N
RN N [ 3
R N RN 3
A& 3 g
N L SN R
S A N {
e PSR o L $ fe
£ SR A H
- s ™M
PRt haN & B
&N O S N
o N Red o
e o R o
& A N
[N, B
SN TN ey
A [ e XN
- —~ { S N
SN oy s oy 3
L L o SN ETN
e o * N A
&N N D X (W
Noww® N RN s N
o o S e Y hetey
N S e s 3 Ry
N SN T oo & By
QN o N § SRR Niad
NN e Rand o R
: o a0 s ;
o RO e W
o -\\\
oy T & N
§ 3 &) 8
L0 N S
s SN et
0y PR
R 3
&8 N BRED
WY PR
®
N
R
B
N N
R
SRR
N 3
N §
S N
CEERN o
\a‘ N
v SN Ay PR 5
b R N RS
R A S s R N N .
e of el § R o
&9 I NN 3
. N A L Ry
N SN SN oo o e
AN Nt N & } N X
S e R e & \‘\

s N N R MR
S § R SN \:\ N
Q& [ N NS

&t . R N 3 N
¢ 3 = o [

o &G T N e -~

&5 SR : o~ AR ]
oo ¥ 3 s

W « 3 oy
&% A S NN
N RN K —
aran W R <
¥ A D §§
B ey S PSS\
Y RN
N 3
N PNy o
R N \“:
Soclow 2
FANE N ERS
3 &N %
s 3 S XA
3 Nowd ey
e
RN
R
e
ot
PV aew
RUCRN) h
-~ g
Y A
WO
N N
Afaan? N
. N
& e S \‘;“\
coad ~ RN o
AN > N N Ry
N N GWOW
R R N o N
SUNT TN - — TN
N ot N oy :
N R N <3 SN
o -~ = N Rt e
- st R Nl . RON [N
N SR X 3 Ny o™ N & A
N ST s NN &3 RRERNY
NN A SYNIRAE N = %
o AnaRa 2 N WY ¥
RN ; 38 ey o <3 e
Lot ey \\\\\:\‘ N £ A AN
SN S = ~ Lt &3
N o AN . ”
s v NN NNy A n
reee ey N o e
g o ey Tt X e
S N N Dol ARSI
Ve R ooge o
. R et '
AN AN N - [ERCERRN e v oo
N = b W N .
\‘\\ AW N \}\ R
£ s &% N N
Moo’ RN St Al A
. W & &N
e . N
SN N & .
AN - . "
AR E N 5 ~‘\‘ o
=y NS oo
(R




PCT/US2014/039162
WO 2014/204615 i

O e
N DT
< X -~ §
Ry PR : (\ } R
N N
RANEN &Y N o
$ » S &K Sy W
o e N ot { \\ N N
T [ RS SNy NN i\\\\*‘ s
N paeen N - RN =
. O 3 .- - o NN T
ey ot Y s Nt R o™ N oo Y Todod
- Sy . g 3 R N i
N N N RS R w X g
) ARy N — PN R - N
. R T3 A U of
e N © N N N R "R .
L RSN R A Ry o SN
o N B N SNAR . NS
A AN \‘ 0 = et R ™ N
Lond g PR e o R =3 o
Bony Ad 8 - N, g
D adaoa A a J
SN £ N N R N At
B Naww Nl R o NN -~
BRG] RN SRR N IR Tadan N
L3 o e ™ L
i = B NN o
SRR SN o R 3 o
3 N ~ X Ay L N
o E PR
s N REEEY RN R BN R R Tl
N = WS Y - Do =
0 R B e o
Nl o . W N S
b RY N N NN s Ny s AN ey
Sty s RS ¥ 3 R R 3 3
s N o~ faed Sy PN
N § N W TS AW
N Y S 3 & &8
B Tt S N > ¢ 3
o &N SN 3 AR
3 ¢ NI o
Nidd Nt PN N
o B Rl
\.\\\
Nt N
S N
&
R




WO 2014/204615 PCT/US2014/039162
3/12

e

fr2oeg

\ &
] R R O NN ALY SRR
§\\\\\\\\\\\ N § N § N N T
} ‘ D D 3 -
\ & i { R
N B N s § §
N i N N
R AR MR b RN
S N > e
N § 3 4 RS RS 3
N SN AN
N 8 o SN 3
y N N N
3 0 SN
b A SN
§\\\\\\\\\\ ) s\\\\\\\\\\ o
§ 3 BN N ot
N N N N
N TR B 3 ¥
\\\\\\\\‘\\\\§ I \\\ D R \\\s SRRSO
BN A 3 : }
T N N N
N N D N
N D
3
N
N 3 Ry
N N N
N St §ED
R Ny -
N = \
S T N
e N = N AN
e N o B AR
Nong § S By SRS
e 3 s R
e = a0\
S = Svan = X NS X x B
Qo \\\\ S X o 8 N\;
Nl « \\ N ] M R Y SN N
RN RS \\\\\ B N B S
St ® o W N R
N e . "N NN
; ™ N M NI -
e N \\\\\\ &0
W
et AN N
S N 3
= § 3 N\ o
X N R/
¥
§
3
¥ < Q‘\‘
ST i Sr
N N AN 3 N
\ N o 2 N
SN 3 ‘ LN 3
8 N 3
x sy 3 e sy W &8
N N N N N
N N N 8 A
NN 3 8 3
AR Do
3 Sy
% TN N
X Nl S
O =8 3
N NGB N
. RN N
e N o SN D
Y 3 SN 3 SN =
N’ . 3 3
SN § § N
N N
8
N
N
i
N
N 8
N N
ONd S \\\\\\\\\\\\§\\\\§\\ Sl =
\ N S
e N Ry
Nt N § §
SN X
N N
R SN e § N § i
¥ Q& R 3
o B N §\§ N
SO S SO < N
N N N 3 \
X 3
3
N
N
§ N
RN e B\ “‘k\\ RN D R W

%
3

el
7
Z,

A 10




WO 2014/204615
4/12

PCT/US2014/039162

=
G
el
4
]
. N
¥ 2 8
i
. R
By -
3 N y
- 8
3
Ry 9
8 5 N
= N 3
R R
N N g 0
N N RS i
NS X TR
PRI N N
Rk POSNSRRERAN S
R § TN AR O
iRy 3§ I AR 8
SN 3 RGN R %
ey SR R ]
g N Ry
3 . § DR 8
p X X SR §
W SX g
N IR -
A | =
& N N
&
3
N
N N
82
N
& N .
Nadv § ~ §
N T3 3 b
N . SN o
~ N § N X N
S W N N
N 8 N
NS 8
N’ A 8 N A
o ¢ N § Y
sy A RN 3 RERN S
o E ; § §
SO0 : K
Q. § o
R X N
N 8
3 N
N N
i ~ N
i 3
A N
&3 ¥ [ :
N 3 = 8
R ®
3 3 :
X s i
b ]
N
N N .
R N N
PR N
o 3
A 3
N 3
§ N
“p T et R
= § AW
W RIS N
S BN 3
Q8 N 8
~ N
&~ R
sty SN A 3 8
§ FOIRN NS 4§ ]
foe 33 VW N
¢ § I8
whe R N
T N N
s H 3
N 134
SN N .
fad § 18 §
L3 2
oA
§o3 :
N N
N »
SN
R ay & N
& -\\“\ 5 & 2
\\«{ LR S
Ry § 5
MO 3 §
SN N
= 8 Sw S
N SOw NN N
s Ry R[N R 3 8
e o S 3 5
S &
iu«“ \\‘: E““ R § =
woAg 8
W
AR
W R
WS



WO 2014/204615

5/12

s

N
N
N

PCT/US2014/039162

e SR
SRR \\\ S
o {
R } N
N
R TN Baea &
3 N 3 5
S T :
& g &
3 N 4 2
S N S
Ky N '}; R
& ™
& NN
3 RO % X
e . e
Nt N & : R
3 kY B
s i SX & A
N N $ § B
X 3 3 8
i 3 SN
R L
S & PR N
R % RSB §
¥ A N
>
R §
N S §
N
3 ¥
O ey S
NN N
Ao o * A §
R oM N o Ry
RSN 3 ey WY N
N ~s X . —
)Y W RN NS A
RN & Batan e Q &
- S S SN W3 3 S\
N 3 SN N 3
Ny N £y NS N
- N 3§ Sod e N
h
N, W 8
&N &8N N
N Q\; W §
NN -
N (= R N
T NN
Ll » .
N N ]
P
DERGERS
< N &N S
N i N §
X Pl a W >
Lo . &0
§ou ¥ Ly N
= Niid SNy N
Y & Nd & ]
N L
SN 3
§ B s
N 3
§ KRN
N
N
S = & N
N R N N
8 =™ &\ e N
N \ ¢
8 KR X d <
¥ e X ]
3 S §
FOn e N
iy RRRARA
N - = 3
N e N
N N N
N N
N N
¥ N
3 [N N e A N &
N g N ey N § NS
N S ] ' ¥ W
2w =
R e Rl
N RS N sy
N N A
N O X 3 =
R .*\= R
N N
N N
N N
& 3 §
)
fad .
N N
N N
R N N
At
L L .
SN o X N
B BN W § BN N R N s
i S RN
. Qv LAl
T S OO § et < 3 §
S o W N ) -
L \w N ¥ S‘\\ W3 = 2
AN e WA RS ey Rt UG
R R N o N XNy
R AR N fad & . Rele
Foed S 3 OGN
RN | N X NN TN
ST o R N R
“1‘\\;: : W N

,
7
%
o

4

= 3B

GURE



WO 2014/204615

g

ez
4
%

s

et s P T P g

g

v

peeerees
R

S
o

ernti  eess P R I RS

)

6/12

AL AL S, s

e

PCT/US2014/039162

3
3
§
. s
sy
L3
o, 3§
% N
N R
¥
WE )
o N
¥
X
RIS
St <
I 3
PR N
SR ¥
ANy
X

Jeeeee
N
A
Ry
NN
N
NN
S
|
Lo
s
RN
:\Q\\" a8 \: \:
R JReERESy =N
Y
% SN AR
it NS
oo e
W T
o~y RN
: S
ey R
Aoy Rt
SN SN
NEN o LS
o Ny N
&S Py PR
N
t}.\\t\‘ \\\)‘.\“ »‘}.\\\\\‘
3 H
A R
Noud
TR
BRE
d R
RS .
[reaeey r
: %,
S T
R RERy
sy i
T [
S
e
Eusi s
e
Qs PN
e §SNE INEN 3§ ™
NS X
§OANgNA




PCT/US2014/039162

WO 2014/204615

7/12

§\.\.\.\.\\\

PN NN

R

e

R

,\.
7

7

7
G

S
O
i

\\\\.\\\\\\\\.\

ey
7

7

G,

7

7

s

i

Z \ﬁ»iiiiwi\\!\!\\i w u

AR

SaS

a0
>

f

h
R T |




PCT/US2014/039162

WO 2014/204615

S e

R
LN

B




PCT/US2014/039162

WO 2014/204615

9/12

]
74
Sdeses



PCT/US2014/039162

WO 2014/204615

10/12




PCT/US2014/039162
11/12

WO 2014/204615

2 )
< <

ot s
[5s] 431

Htres,

ooy

#i
5]
Lid
reaa
cora
P
7y
Yon S
]
23
Srdesas

§

A A A AR AR AR

i unvsaas v a




PCT/US2014/039162

WO 2014/204615

12/12

r et

%

vrvreres,

R

:
{
S
L
o

et et aen

i
i
i

1

¥
AR AR

EREN

i

A R A e e

o

T

5 %
[ 7
S5 A
i :
% b
e IO A
9]
[
(e
K
N i
S s
R i
4 TN B A
. % [ Z 7
% % P )
Z 4 ¢ % H
i [ i
i
v 4 - Gorlivrece,
% % ¢ % H %,
<o H % 7 “ o
i [ z s %’
5 % ¢k H . 7
%3 - 7 8 e
i ; o7 .
A
3 N N B o
R EL R
it 0 Dt
/ L H
7
; 5
Z .
. s
rs
P
Z, %,
P 4 .
] 4 %
v h G %
ARt
7z g
Z z
e i
Z s wimrienien
e *
e
e
e
e
e
z
.,

7

s

H
H
Eo

£,
Yoiid

)
i
:

iy

H

-



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings

