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Hausser et al 1997

Dendritic recordingDendritic recording

Serial Scanning EMSerial Scanning EM

Denk et al 2005

Reid et al 2005

TwoTwo--photon LMphoton LM
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Levels of InvestigationLevels of Investigation

AnalyzeAnalyze

ExperimentExperiment

SimulateSimulate
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CellCell CompartmentCompartment

Shenoy et al. 2006
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IonIon--channelchannel

Blue Gene SupercomputerBlue Gene Supercomputer
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Jun MakinoJun Makino

Hubble Telescope 1999

Two spiral galaxiesTwo spiral galaxies Point mass approx.Point mass approx.

Law of gravityLaw of gravity
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GRAPE6 SupercomputerGRAPE6 Supercomputer
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88××8844××44NeurogridNeurogrid (chips)(chips)

18,20018,200280280SpeedSpeed (teraflops)(teraflops)

64M64M1M1MTotalTotal (neurons)(neurons)

1K1K××1K1K256256××256256NeurocoreNeurocore (neurons)(neurons)

5 years5 years2 years2 years
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Ion channelIon channel
TransistorTransistor

Decoded ImageDecoded Image

Spike OutputSpike Output

Zaghloul & Boahen 2004
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Limitations of neuromorphic chips Limitations of neuromorphic chips 
as simulation platformsas simulation platforms
Specialized circuitsSpecialized circuits

Neuronal properties are fixedNeuronal properties are fixed

Hardwired connectionsHardwired connections

Synaptic organization is fixedSynaptic organization is fixed

Boahen & Andreou 1992

Proposed solutionsProposed solutions
Implement HodgkinImplement Hodgkin--Huxley modelHuxley model

Describes various ionDescribes various ion--channelschannels

Implement Implement softwiressoftwires

User can specify connectivityUser can specify connectivity
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Hynna & Boahen 2006

A first in silicon!A first in silicon!

Transistor circuit Transistor circuit 
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Huguenard & McCormick 1992

IonIon--channel populationchannel population
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⇔

Ion channelIon channel TransistorTransistor

Transistors and ionTransistors and ion--channels are analogschannels are analogs

GatingGating--particles and electrons both overcome their particles and electrons both overcome their 
energy barriers at exponential rates. energy barriers at exponential rates. 

This observation yields a compact silicon modelThis observation yields a compact silicon model

We modulate the transistorWe modulate the transistor’’s barriers barrier--height the height the 
same way the ionsame way the ion--channelchannel’’s is modulated. s is modulated. 

En
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State

Closed Open

En
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gy

Channel
Source Drain
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Chip 1

Chip 2

0 1 2 3

0 1 2 3

0 1 2 3
1 3 2 0

pre
post
RAM

Soft wiresSoft wires

RAM

Computer
STDP Chip

USB

CPLD

Arthur & Boahen 2006

Silicon cortex [Douglas et al 99] Silicon cortex [Douglas et al 99] 

IFAT [IFAT [AndreouAndreou et al 01]et al 01]

NeurotropeNeurotrope [[TabaTaba & & BoahenBoahen 03]03]
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HardwiredHardwired

Neurons (

Neurons (nn))
Synaptic Synaptic 
sites (sites (nn22))

Reduce cost from O(nReduce cost from O(n22) to ) to O(nO(n) by exploiting:) by exploiting:

Sparse connectivity (Sparse connectivity (f f << << nn) ) 

Local connectivity (Local connectivity (ff clustered)clustered)

CableCable--like arbor and binary synapseslike arbor and binary synapses

SoftwiredSoftwired

NeuronsNeurons

RAM (RAM (nfnf))

AddrAddr

FanoutFanout: : ff = 3= 3

Plus ArborsPlus Arbors

NeuronsNeurons

RAM (RAM (nn))

AddrAddr

ff = 8= 8
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BioE332BioE332’’s 1,280s 1,280--neuron simulatorneuron simulator

RAM

Computer
STDP Chip

USB

CPLD

Students perform Students perform ninenine labs on:labs on:

Synapses and neuronsSynapses and neurons
Spiking, adaptation, burstingSpiking, adaptation, bursting

SynapseSynapse--Neuron InteractionNeuron Interaction
PhasePhase--response curve, lockingresponse curve, locking

Inhibitory NetworksInhibitory Networks
Rhythms, synchrony, delaysRhythms, synchrony, delays

ExcitaExcita--Inhibitory NetworksInhibitory Networks
Entrainment, bindingEntrainment, binding

Synaptic PlasticitySynaptic Plasticity
SpikeSpike--timing dependent plasticitytiming dependent plasticity

Enhancing synchronyEnhancing synchrony

Episodic MemoryEpisodic Memory
Storing and recalling patternsStoring and recalling patterns

Demo
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11--D grid: 32,768 neurons on 4 chipsD grid: 32,768 neurons on 4 chips

MultichipMultichip model of cortical orientation hypercolumnsmodel of cortical orientation hypercolumns

Odd

90° 45° 0° -45°
Even

SteerableSteerable orientation orientation 
Even/odd, on/off Even/odd, on/off 

3232××6464××4 4 
neuronsneurons

1 cm

Shih, Shih, BoahenBoahen
et al 2005et al 2005

8,192 neurons8,192 neurons
TSMC 0.25 umTSMC 0.25 um
9.8 mm9.8 mm22; 3 ; 3 mWmW
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dpitch

bus pitch chip(2ns inch)T d n=

link pitch(2ns inch)T d=

dpitch

BusBus

GridGrid

BusBus’’ capacity drops as more chips are addedcapacity drops as more chips are added

GridGrid’’s capacity remains the same (expandable)s capacity remains the same (expandable)
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320320××240240××4pixels4pixels
256256××1616--bit  SRAMbit  SRAM

TSMC 0.18um TSMC 0.18um 
6.26.2××4.8mm 4.8mm 

Lin, Boahen et al. 2006Lin, Boahen et al. 2006

NeuroscopeNeuroscope
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Lin, Boahen et al. 2006

WordWord--serial formatserial format

DelayDelay--insensitive linkinsensitive link 63M spikes/sec!63M spikes/sec!
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NeurogridNeurogrid

CortexCortex

RAM

Vertical

RAM

Horizontal

Resistors

Arbor

OnOn--chip RAM: chip RAM: 
VVertical ertical 
projections          projections          
(f = 6)(f = 6)

OffOff--chip RAMchip RAM: : 
Horizontal Horizontal 
projections           projections           
(f = 10)(f = 10)

Resistive meshResistive mesh: : 
Adjustable electroAdjustable electro--
tonic spread         tonic spread         
(f ~100)(f ~100)

Connecting 6000 Connecting 6000 
synapsessynapses
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Layered projectionsLayered projections

Forward Backward Lateral

⇒ ⇒

Modulation

Luscher et al. ‘01

Projections target Projections target 
apical or basal apical or basal 
dendritesdendrites

Terminate in Terminate in 
distinct cortical distinct cortical 
layerslayers

Apical input Apical input 
modulates modulates 
pyramidal cellpyramidal cell’’s s 
response to basal response to basal 
inputinput

BackBack--propagating propagating 
spikes recruit Ca spikes recruit Ca 
current if dendrite current if dendrite 
is depolarizedis depolarized

TwoTwo--compartment abstractioncompartment abstraction
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Mainen & Sejnowski ‘96

Multi- versus two-compartment

Same ionSame ion--channel types & densitieschannel types & densities

Only morphology differed Only morphology differed 
TwoTwo--compartment captured thiscompartment captured this

Conductances

L4

L3

L5
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Society for Neuroscience 2005

Van Essen & Fellerman 1991

Visual areasVisual areas

Sillito 2006

MTMT

V1V1

B
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Forw
ard
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Summary: We have developed three Summary: We have developed three 
enabling technologies for Neurogridenabling technologies for Neurogrid

Putting supercomputers on neuroscientistsPutting supercomputers on neuroscientists’’ desksdesks
with realwith real--time cortextime cortex--scale simulation is feasible scale simulation is feasible 

in 5yrs.in 5yrs.

Analog VLSI for realAnalog VLSI for real--time simulationtime simulation

Models ionModels ion--channel populations channel populations 

Digital VLSI for programmabilityDigital VLSI for programmability

Specifies synaptic connectionsSpecifies synaptic connections

Grid network for expandabilityGrid network for expandability

Relays spikes from chip to chipRelays spikes from chip to chip
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Circuit analysisCircuit analysis

( )0 0
O V CH LV u Vu uV

ds ds
duC I e e e I e e
dt

κ κ− − −= − −

( )0 01O H C LV u V uds ds

T T

I Idu e u e u
dt C U C U

κ κ− −= − −

V Hu uu e −=

( ) ( )0 0andO H C LV u V uds ds
O C

T T

I IV e V e
C U C U

κ κα β− −= =⇒

Assuming N1 is in saturation:Assuming N1 is in saturation:

Rates are exponentially dependent if VRates are exponentially dependent if VOO and Vand VCC vary linearly with vary linearly with VVmemmem

Slopes should be complementarySlopes should be complementary
VVOO increases while Vincreases while VCC decreases for activation variabledecreases for activation variable

The reverse is true for an inactivation variableThe reverse is true for an inactivation variable


