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Neuromorphic VLSI
 Giacomo Indiveri
 Institute of NeuroinformaticsUniversity of Zurich and ETH Zurich
 Introduction to Neuroinformatics
 G.Indiveri (INI) Neuromorphic VLSI 1 / 38
 Outline
 1 Neuromorphic VLSI Systems
 2 Neuromorphic circuitsBasic MOSFET characteristicsBasic static CMOS circuits
 3 Synapses and neurons
 4 Conclusions
 G.Indiveri (INI) Neuromorphic VLSI 2 / 38
 The term “neuromorphic”
 The term neuromorphic was coined by Carver Mead inthe late ’80s to describe very large scale integration(VLSI) systems containing electronic analog/digitalcircuits that exploit the physics of silicon to reproducethe bio-physics of neural circuits present in the nervoussystem.
 It is a discipline characterized by two main goals.1 To understand the computational properties of biological neural systems
 using standard CMOS VLSI technology as a tool.2 To exploit the known properties of biological systems to design and
 implement efficient devices for engineering applications.
 G.Indiveri (INI) Neuromorphic VLSI 4 / 38
 Neuromorphic VLSI systemsAn attractive alternative computing paradigm
 Exploit the physics of silicon to reproduce thebio-physics of neural systems.
 G.Indiveri (INI) Neuromorphic VLSI 5 / 38
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Silicon cortical microcircuits
 100µ
 Nuno da Costa, INI, 2008
 Goals:
 to reproduce the physics of neural computation using subthresholdanalog circuits and asynchronous digital circuits.
 to build autonomous learning behaving systems that can interact with theenvironment in real–time.
 G.Indiveri (INI) Neuromorphic VLSI 6 / 38
 Spiking multi-neuron architectures
 Networks of I&F neurons with adaptation,refractory period, etc.
 Synpases with realistic temporal dynamics
 Winner-Take-All architectures
 Spike-based plasticity mechanisms
 G.Indiveri (INI) Neuromorphic VLSI 7 / 38
 Spikes and Address-Event Systems
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 Distributed multi-layer networksAnalog processing, asynchronous digital communication
 The basic problem with these models is, of course, generalization:a look-up table cannot deal with new events, such as viewing a facefrom the side rather than the front, and it cannot learn in the predic-tive sense described earlier. One of the simplest and most powerfultypes of algorithm developed within learning theory corresponds tonetworks that combine the activities of ‘units’, each broadly tuned toone of the examples (Box 1). Theory (see references in Box 1) showsthat a combination of broadly tuned neurons — those that respondto a variety of stimuli, although at sub-maximal firing rates — mightgeneralize well by interpolating among the examples.
 In visual cortex, neurons with a bell-shaped tuning are common.Circuits in infratemporal cortex and prefrontal cortex, which com-bine activities of neurons in infratemporal cortex tuned to differentobjects (and object parts) with weights learned from experience, mayunderlie several recognition tasks, including identification andcategorization. Computer models have shown the plausibility of thisscheme for visual recognition and its quantitative consistency withmany data from physiology and psychophysics2–5 .
 Figure 2 sketches one such quantitative model, and summarizes aset of basic facts about cortical mechanisms of recognition establishedover the last decade by several physiological studies of cortex6–8. Objectrecognition in cortex is thought to be mediated by the ventral visualpathway running from primary visual cortex, V1, over extrastriatevisual areas V2 and V4 to the inferotemporal cortex. Starting fromsimple cells in V1, with small receptive fields that respond preferably tooriented bars, neurons along the ventral stream show an increase inreceptive field size as well as in the complexity of their preferred stimuli.At the top of the ventral stream, in the anterior inferotemporal cortex,neurons respond optimally to complex stimuli such as faces and otherobjects. The tuning of the neurons in anterior inferotemporal cortexprobably depends on visual experience9–19. In addition, some neuronsshow specificity for a certain object view or lighting condition13,18,20–22.For example, Logothetis et al.13 trained monkeys to perform an objectrecognition task with isolated views of novel three-dimensional objects(‘paperclips’; Fig. 1). When recording from the animals' inferotemporalcortex, they found that the great majority of neurons selectively tunedto the training objects were view-tuned (see Fig. 1) to one of the trainingobjects. About one tenth of the tuned neurons were view-invariant,consistent with an earlier computational hypothesis23.
 In summary, the accumulated evidence points to a visual recog-nition system in which: (1) the tuning of infratemporal cortex cells isobtained through a hierarchy of cortical stages that successivelycombines responses from neurons tuned to simpler features; and (2)the basic ability to generalize depends on the combination of cellstuned by visual experience. Notice that in the model of Fig. 2, thetuning of the units depends on learning, probably unsupervised (forwhich several models have been suggested24; see also review in thisissue by Abbott and Regehr, page 796), since it depends only onpassive experience of the visual inputs. However, the weights of thecombination (see Fig. 3) depend on learning the task and require atleast some feedback (see Box 2).
 Thus, generalization in the brain can emerge from the linear com-bination of neurons tuned to an optimal stimulus — effectivelydefined by multiple dimensions25,23,26. This is a powerful extension ofthe older computation-through-memory models of vision andmotor control. The question now is whether the available evidencesupports the existence of a similar architecture underlying general-ization in domains other than vision.
 insight review articles
 Figure 1 Tuned units in inferotemporal cortex. A monkey was trained to recognizea three-dimensional ‘paperclip’ from all viewpoints (pictured at top). The graphshows tuning to the multiple parameters characterizing each view summarized interms of spike rate versus rotation angle of three neurons in anterior inferotemporalcortex that are view-tuned for the specific paperclip. (The unit corresponding to thegreen tuning curve has two peaks — to a view of the object and its mirror view.) Acombination of such view-tuned neurons (Fig. 2) can provide view-invariant, objectspecific tuning as found in a small fraction of the recorded neurons. Adapted fromLogothetis et al.13.
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 Figure 2 A model of visual learning. The model summarizes in quantitative termsother models and many data about visual recognition in the ventral stream pathwayin cortex. The correspondence between the layers in the model and visual areas isan oversimplification. Circles represent neurons and arrows represent connectionsbetween them; the dots signify other neurons of the same type. Stages of neuronswith bell-shaped tuning (with black arrow inputs), that provide example-basedlearning and generalization, are interleaved with stages that perform a max-likeoperation3 (denoted by red dashed arrows), which provides invariance to positionand scale. An experimental example of the tuning postulated for the cells in thelayer labelled inferotemporal in the model is shown in Fig. 1. The model accountswell for the quantitative data measured in view-tuned inferotemporal cortex cells10
 (J. Pauls, personal communication) and for other experiments55. Superposition ofgaussian-like units provides generalization to three-dimensional rotations andtogether with the soft-max stages some invariance to scale and position. IT,infratemporal cortex, AIT, anterior IT; PIT, posterior IT; PFC, prefrontal cortex.Adapted from M. Riesenhuber, personal communication.
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MOSFETs in subthreshold
 Vg
 Vs
 Vd
 Idsn-FET subthreshold transfer function
 Ids = I0eκnVg/UT
 (e−Vs/UT −e−Vd/UT
 )
 where
 I0 denotes the nFET current-scaling parameter
 κn denotes the nFET subthreshold slope factor
 UT the thermal voltage
 Vg the gate voltage, Vs the source voltage, and Vd the drain voltage.
 The current is defined to be positive if it flows from the drain to the source
 G.Indiveri (INI) Neuromorphic VLSI 12 / 38
 Diffusion and saturation
 If
 Vg
 Vg
 Vs
 Vs
 Vd
 Vd
 IfIr
 Ir
 VE Qs Qd
 Ids = I0eκnVg/UT
 (e−Vs/UT −e−Vd/UT
 )is equivalent to:
 Ids = I0eκVgUT− Vs
 UT −I0eκVgUT− Vd
 UT
 Ids = If −Ir
 If Vds > 4UT the Ir term becomes negligible,and the transistor is said to operate in thesaturation regime:
 Ids = I0eκnVg/UT−Vs/UT
 G.Indiveri (INI) Neuromorphic VLSI 13 / 38
 Exponential voltage dependence
 Id vs Vgs
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 Saturation regime
 Id vs Vds
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n-FETs and p-FETs
 In Complementary Metal-Oxide Semiconductor (CMOS) technology, there aretwo types of MOSFETs: n-FETs and p-FETs.
 Vg
 Vd
 Vs
 Vg
 Vs
 Vd
 Vb
 In traditional CMOS circuits, all n-FETs have the common bulk potential (Vb)connected to Ground (Gnd), and all p-FETs have a common bulk potential(typically) connected to the power supply rail (Vdd ).
 G.Indiveri (INI) Neuromorphic VLSI 16 / 38
 Transistor Subthreshold Equations
 nFET
 I = In0eκnVg/UT
 (e−Vs/UT −e−Vd/UT
 )pFET
 I = Ip0eκp(Vdd−Vg)/UT
 (e−(Vdd−Vs)/UT −e−(Vdd−Vd )/UT
 )where
 In0 and Ip0 denote the nFET/pFET current-scaling parameter
 κn and κp denote the nFET/pFET subthreshold slope factor
 UT the thermal voltage
 Vg the gate voltage, Vs the source voltage, and Vd the drain voltage.
 The current is defined to be positive if it flows from the drain to the source.
 G.Indiveri (INI) Neuromorphic VLSI 17 / 38
 Early Effect
 L
 Vd
 n+n+
 VsVg
 p -Leff
 Vds
 I
 -Ve
 Slope= gds
 (Early voltage)
 In the previous equations we assumed that the Id current is constant in thesaturation regime. This assumption is not precise for short-length MOSFETs.This was first obseved by Jim Early, who defined the “Early Voltage”: theabsolute value of the voltage at which the slope intersects the voltage axis onthis curve.
 Ve =−Leff∂Vds
 ∂Leff
 I = I0eκVg/UT−Vs/UT
 (1 +
 Vds
 Ve
 )= Idsat
 (1 +
 Vds
 Ve
 )G.Indiveri (INI) Neuromorphic VLSI 18 / 38
 One, two, and three transistor circuits
 Ideal current source
 I out
 Vin
 Vd
 Inverting amplifier
 Vin Vout
 Current-mirror
 M 2M1
 I outI in
 Differential pair
 Vbn
 V1 V2M3
 M 1
 M 2
 I 1 I 2
 Vs
 G.Indiveri (INI) Neuromorphic VLSI 20 / 38
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Ideal current source
 If we can neglect the Early effect (use long transistors)
 Vg
 Vs
 Vd
 IdsI = In0e(κnVg−Vs)/UT for|Vd−Vs| ≥ 100mV
 G.Indiveri (INI) Neuromorphic VLSI 21 / 38
 Inverting amplifier
 Intrinsic transistor voltage gain:
 I
 Vd
 dsatd
 E
 Ig
 V=
 Vd
 II
 Vd
 dsatd
 E
 Ig
 V=
 Vd
 I
 Gain A =∂Vd
 ∂Vg=
 ∂ I∂Vg
 ∂Vd
 ∂ I=
 κVE
 UT
 G.Indiveri (INI) Neuromorphic VLSI 22 / 38
 Current mirror
 Vs1
 Vg
 Iin
 M1
 Vs2
 Iout
 M2
 If both MOSFETs are of the same size andhave the same source voltage, the outputcurrent is a mirrored copy of the input current.
 G.Indiveri (INI) Neuromorphic VLSI 23 / 38
 Differential pair
 Vbn
 V1 V2M3
 M 1
 M 2
 I 1 I 2
 VsI1 = Ib
 eκV1UT
 eκV1UT + e
 κV2UT
 I2 = Ibe
 κV2UT
 eκV1UT + e
 κV2UT
 Ib = I0e−VsUT
 (e
 κV1UT + e
 κV2UT
 )e−
 VsUT =
 IbI0
 1
 eκV1UT + e
 κV2UT
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Differential pair outputs
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 G.Indiveri (INI) Neuromorphic VLSI 25 / 38
 Implementing synaptic dynamicsusing a log-domain pulse integrator
 Vw
 Mτ
 Mw
 Vτ
 Msyn
 Isyn
 Vsyn
 Csyn
 Mpre
 Iw
 Iτ
 Iw = I0eκ
 UT(Vsyn−Vw )
 Iτ = I0eκ(Vdd−Vτ )
 UT
 Ic = Cddt
 (Vdd −Vsyn)
 Isyn = I0eκ(Vdd−Vsyn)
 UT
 ddt
 Isyn =−Isynκ
 UT
 ddt
 Vsyn
 τ ,CsynUT
 κ Iτddt
 Isyn + Isyn =IsynIw
 Iτ
 ddt
 Isyn + Isyn =I0Iw0
 Iτ, Iw0 = I0e−
 κ(Vw−Vdd )UT
 G.Indiveri (INI) Neuromorphic VLSI 27 / 38
 The Axon-Hillock Circuit
 A
 Vpw
 Vmem Vout
 Input currentMembrane voltage
 Output voltage
 Positive Feedback
 Reset
 G.Indiveri (INI) Neuromorphic VLSI 28 / 38
 The Axon-Hillock Circuit
 A
 Vpw
 Vmem Vout
 Vout
 Vmem
 time
 volta
 ge
 Vmem
 Vou
 t
 Slope = A
 G.Indiveri (INI) Neuromorphic VLSI 29 / 38
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Capacitive Divider
 Given the change ∆V2, what is ∆V1?
 Q = C1V1 + C2(V1−V2) = constant
 C1∆V1 + C2(∆V1−∆V2) = 0
 ∆V1 =C2
 C1 + C2∆V2
 A∆V2∆V1 C1
 C2
 Q
 G.Indiveri (INI) Neuromorphic VLSI 30 / 38
 Positive Feedback
 A
 Vpw
 Vmem Vout
 Vout
 Vmem
 time
 volta
 ge
 Positive Feedback
 ∆Vmem =
 Cm
 Cfb
 Cfb
 Cm + CfbVdd
 G.Indiveri (INI) Neuromorphic VLSI 31 / 38
 Axon-Hillock Circuit Dynamics
 A
 Vpw
 Vmem Vout
 Vout
 Vmem
 time
 volta
 ge
 Cm
 Cfb
 Iin
 tH tL
 Ir
 tL =Cfb + Cm
 Iin∆Vmem =
 Cfb
 IinVdd
 Frequency ∝ Iin
 tH =Cfb + Cm
 Ir − Iin∆Vmem =
 Cfb
 Ir − IinVdd
 Pulse width ∝ 1/Ir for Ir � Iin
 G.Indiveri (INI) Neuromorphic VLSI 32 / 38
 Gain
 How to make voltage gain
 A
 What’s bad about this?
 G.Indiveri (INI) Neuromorphic VLSI 33 / 38
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Power Dissipation
 The Axon-Hillock circuit is very compact and allows forimplementations of dense arrays of silicon neurons
 BUTit has a major drawback: power consumptionDuring the time when an inverter switches, a large amountof current flows from Vdd to Gnd .
 G.Indiveri (INI) Neuromorphic VLSI 34 / 38
 An ultra low-power generalized I&F circuit
 Cahp
 Cmem
 Vtau_ahp
 Vahp
 Vspk
 Vtau
 Vmem
 Vrf
 Positive Feedback
 Refractory Period
  Iin
 Leak
 Adaptation
 Vthr 
  M1
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 VrestVthr_ahp 
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 M5 
 M9 
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  M13
  M14
  M15
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  M18
  M22
  Imem
 DPI
 DPI
  Iahp
  Ifb
 (G. Indiveri, P. Livi, ISCAS 2009)
 G.Indiveri (INI) Neuromorphic VLSI 35 / 38
 Spiking multi-neuron architectures
 Networks of I&F neurons with adaptation,refractory period, etc.
 Synpases with realistic temporal dynamics
 Spike-based plasticity mechanisms,winner-take-all architectures, learning andclassification, etc.
 G.Indiveri (INI) Neuromorphic VLSI 36 / 38
 Summary
 Vbn
 V1 V2M3
 M 1
 M 2
 I 1 I 2
 Vs
 A
 Vpw
 Vmem Vout
 Neuromorphic Engineering courses
 Fall Semester Neuromorphic Engineering I (analysis & testing)
 Spring Semester Neuromorphic Engineering II (simulation & design)
 G.Indiveri (INI) Neuromorphic VLSI 38 / 38
 http://www.ini.uzh.ch/~giacomo/papers/pdf/iscas09.pdf
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