61Chapter 5: Low Level Details of the GraspingM o d e l

In this chapter, the region-level model presented in the previous chapter is expanded to aneural level of detail. We first introduce a computational structure, referred to as a m-schema,that serves as an intermediary between the schema level of analysis and the neural level ofimplementation. Making use of the m-schema mechanism, we turn to the implementation of themodel, and discuss 1) how information is represented within each region, and 2) how individualcomputing units are connected in micro-circuits to implement particular aspects of the neuraldynamics.In addition, the basal ganglia are implicated as a mechanism that is responsible for thegeneral management of schemas. In particular, the basal ganglia are involved in this model inthree distinct ways:1.Arbitration between competing schemas in F5 and AIP.2.Managing the phasing that takes place within F5.3.Providing a mechanism through which the selection of a grasp may be biased as afunction of either task requirements or abstract stimuli.

m-schemas: An Intermediate Computational MechanismUp to this point in our modeling discussion, we have thought of the various components ofour motor program as abstract entities (schemas) that exist within a layer (or set of layers), but

62we have not yet significantly addressed the issue of how these entities might be implementedat the neural level. The schema level of analysis is useful because we have been able to treatdifferent programs, such as those for power grasp and precision pinch, as discrete andencapsulated entities. This allows us to assume essentially independent implementation andexecution of these entities. Combined with the concepts of schema priming,cooperation/competition, and activation, this level of analysis significantly simplifies theimplementation and our understanding of the resulting system.In moving down to the neural level of analysis, we would like to maintain some notionsanalogous to the high-level computational concepts that we used at the schema level.However, two factors conspire against this. First of all, the discreteness assumption begins tobreak down. We have already seen in the analysis of the Sakata data how an individual AIPcell might participate in several distinct grasps. In fact, the level of participation is graded:for some grasps, the cell responds more strongly than others. The second difficulty is that sincewe have assumed that an appropriate level of the neural model is the leaky-integrator (Arbib,1989), we necessarily lose the specialization of the various inputs that we had at the schemalevel (i.e., priming, competition/cooperation, and activation).In order to address these difficulties, we introduce the notion of a m-schema (pronounced"micro-schema"), which is a computational unit that acts as an intermediary between schemasand neurons. Physically, an individual m-schema is composed of a set number of leaky-integrator neurons, each with a specialized function. A schema is then constructed by gatheringtogether a set of m-schemas. However, it is possible for two schemas to share a single m-schema(we would refer to these schemas as overlapping). In addition, a m-schema’s participation in aschema can be graded. In other words, its contribution to a schema’s output may rangecontinuously from significant to not at all.A m-schema differs from the concept of a sub-schema (already provided by schema theory)in that sub-schemas are themselves schemas. m-schemas, on the other hand, are considered

63atomic elements and cannot be decomposed further without losing the properties of the m-schema.In the remainder of this section, we first show the m-schema implementation using a groupof neurons, referred to as a column, and then show how columns within the different regionsconnect together to implement the neural programs described in Chapter 5.The Columnar StructureThe columnar structure of the m-schema is designed such that the schema theoretic conceptsof priming, mutual cooperation/competition, and activation can still be used in the design andanalysis of our neural models. In addition, the column is intended as a generic computing unit;every brain region in our model is made up of a set of these columns (as will be discussed, someconfigurational differences exist from one region to another).The column consists of a set of four neural units (Figure 5.1). The primary function of thecolumn is performed by the signal unit. This unit fires in response to the presentation of aspecific set of trigger inputs. Trigger inputs can be, for example, go signals (as is the case for F5)or some combination of object features (as in AIP). Activation of the signal unit can cause theoutput unit to fire, which results in the generation of an output from the column. When thishappens, we refer to the column as being active. The column output, depending upon the brainregion, is connected either to other columns (in the same or other layers) or to actuators.The simple feature detection that is performed by the signal unit is subject to two levels ofconstraints, without which the column cannot become active. The first constraint is that thecolumn must be primed. Priming signals (detected by the priming unit) are typically receivedfrom high-level regions. For example, when F6 begins to prepare a grasp program, it will primeall the columns within F5. In this architecture, priming signals are considered to be non-specific; the priming of F5 by F6 prepares the system to perform a grasp, but does not necessarilyspecify the details of the grasp.

positive supportnegative supporttrigger inputs priminginputcolumnoutputprimingunitsupportunitsignalunitoutputunit

Figure 5.1: Column architecture.The second level of constraints, received through the positive/negative support inputs, areused in two different ways. First, in order to enforce the coactivation of columns thatparticipate in the same schema (e.g., a power grasp), positive connections are established fromeach column output to the support input of the other columns. Likewise, when two columns areinvolved in different schemas (e.g., a power and a precision grasp), mutually inhibitoryconnections are established. Second, when a higher-level region (e.g., area 46) selects a veryspecific schema within another region (a grasp in F5 as a function of some task constraints), itwill establish positive connections to the support input of the columns participating in theschema.

65The constraints are considered to be satisfied only when the column is both primed andreceiving (at the very least) non-negative support. When this occurs, the column is prepared tobecome active when the correct trigger input is received.The cortical column model proposed by (Alexandre, Guyot, Haton, & Burnod, 1991) is aconnectionist-level model that attempts to capture the basic computations that are performedby small assemblies of real cortical neurons. This model has a number of interestingsimilarities to the m-schema structure presented here. First, the state of the fundamentalcomputing unit (the column) is multi-dimensional; the outputs that are generated by the columnare affected by the state of the two internal neurons (although the individual neurons can haveonly one of three states). Second, the inputs are segregated into two classes, the contribution ofwhich depends upon the entry point into the column. In contrast, a self-organization-basedlearning algorithm has been proposed that relies on Hebbian-like mechanisms to adjust thecolumn’s connectivity with other structures.Column DynamicsThe equations that describe the dynamics of the column are given below. For computationalefficiency reasons, only the output unit is implemented as a leaky-integrator neuron (Arbib,1989). All other units in the column are implemented in a simple feed-forward manner.The state of the priming unit is computed according to:

prime_mem= prime_inputs⋅prime_weights

(5.1) prime = Esat(prime_mem,p_base)

(5.2)where:

prime_mem

is the membrane potential of the priming unit.

prime

is the firing rate of the priming unit.

prime_inputs

is a vector of inputs from other columns.

prime_weights

is a vector of corresponding connection strengths.

p_base

is the minimum firing rate when a non-zero priming input is received.

Esat(x,base) = 1+ base 1≤ x x + base 0 < x < 1

0 x < 0

(5.3)The support unit state is computed as follows:

support_mem= prime + support_inputs⋅support_weights

(5.4)

support = Esat support_mem− s_threshold,s_base ( )

(5.5)where:

support_mem

is the membrane potential of the support unit

support

is the firing rate of the support unit

support_inputs

is a vector of inputs from other columns.

support_weights

is a vector of corresponding connection strengths.

s_threshold

is the unit’s threshold.

s_base

is the minimum firing rate when positive support is received.

s_threshold

and

p_base

are chosen such that the support unit can only fire if 1) apriming input is received and 2) the input from the support connections is at least non-negative.The state of the signal unit is computed accordingly:

signal_mem= signal_inputs⋅signal_weights

(5.6)

signal = NSLramp signal_mem− sig_threshold,sig_base ( )

(5.7)where:

signal_mem

is the membrane potential of the signal unit.

signal

is the firing rate of the signal unit.

signal_inputs

is a vector of inputs from sensory inputs or other columns.

signal_weights

is a vector of corresponding connection strengths.

sig_threshold

is the threshold of the signal unit.

sig_base

is the minimum firing rate when a non-zero signal is received.

NSLramp(x,base) = x+ base 0 < x 0 otherwise

(5.8)The output state of the column is computed according to:

τ d output_mem

dt = − output_mem+ support + signal

(5.9)

output = threshexp output_mem− o_thresh,o_gain ( )

(5.10)where:

output_mem

is the membrane potential of the column’s output unit.

output

is the firing rate of the output unit. It is this value that is connected back intoother columns.

o_thresh

is the output unit threshold.

threshexp x,gain ( ) = xgain 0 < x 0 otherwise

(5.11)

o_gain

determines the steepness of the activation curve. In the model presented here,the two values used (depending upon the region) are 0.45 and 1.

o_thresh

,

sig_base

, and

s_base

are set such that both the support unit and the signalunits must both be firing in order for the output unit to fire.

68 columnoutputpriminginputnegative supportpositive supporttrigger input

Figure 5.2: Convention used for drawing columns.Connectivity of RegionsIn this section, we define the representation of information that is used in each region andhow the columns within the different regions are connected together. In what follows, columnsare drawn as rectangles, as shown in Figure 5.2. Priming inputs are drawn as entering the top ofthe rectangle. Positive and negative support inputs enter from the sides of the upper half of therectangle; signal inputs from the lower sides. Outputs from the column exit from the bottom.Object Representations in PIP and ITThe different object classes are represented in PIP by separate populations of neurons (Figure5.3). Within each population, we use a unit that codes for the general recognition of the shapeitself, as well as sub-populations of units to code for the object’s parameters. The parametricinformation is coded using a population code (Georgopoulos, Ashe, Smyrnis, & Taira, 1992;Georgopoulos, Kalaska, Caminiti, & Massey, 1982). Each of the neurons responds maximally toa particular parameter value (referred to as a preferred value). The activity of a parametricneuron is related to the difference between its preferred value and the actual value being coded(in the case of this model, the activity level is related through a Gaussian function with aspecified standard deviation). Note that as it is used here, the term population code is not as

69CylinderBoxSpherePIP

generaldiameterlength

generalwidthlength

generaldiameterheight

Figure 5.3: Illustration of PIP coding. Every object class is represented by a population ofunits. Sub-populations of units code for the object parameters.strict as is used by Georgopoulos. Here, we relax the cosine tuning function requirement(replacing it with a Gaussian), and do not necessarily interpret the coded parameters in aperipersonal coordinate system.Note also that each fundamental object class maintains its own set of parameter sub-populations. As a result, the diameter of a cylinder and the diameter of a sphere are codedusing non-overlapping sets of cells. However, this is not to say that the space of all objects canbe partitioned into discrete sets. Rather, we imagine these sets as defining a space of objects;objects that mix properties of two classes will have PIP representation that recruits from bothsub-populations.As is noted in Chapter 5, individual cells in IT appears to capture complex combinations ofobject features (such as shape and color of the object). This combined with the observation thatobject representations appear to be rather sparse (Logothetis & Pauls, 1995), implies thatrelatively different objects are coded by disjoint groups of neurons. In the model, we furthersimplify the coding by dropping the view-direction dependence (for rotations out of the plane)(Logothetis, et al., 1995), and assign a single unit to each object with which the model is"familiar."

70CylinderBoxSpherePIP

generaldiameterlength

generalwidthlength

generaldiameterheight

ITCylinderBoxSpherePIP

ITFigure 5.4: Example coding of three objects (pencil, stick, and a ball) in PIP and IT.These two distinct representations are illustrated in Figure 5.4 for three different(familiar) objects. Note that because the pencil and stick are roughly the same shape and size,they are coded by PIP using identical activity patterns. However, the respective codes areorthogonal in IT. This simplification in the model captures the notion that these objects areconceptually different from one another. In the more general case, we would expect that ITwould represent conceptual classes of objects in an overlapping manner (e.g., the set of alldifferent mugs). Also, note in the Figure that the medium sphere is coded in a manner that iscompletely orthogonal (in both PIP and IT) to the stick and pencil.

71AIPIn this section, we will first discuss how individual AIP units are described behaviorally.Then, we will show how these behavioral descriptions give rise to projections from PIP and IT,as well as connections that implement cooperation and competition between different AIP cells.Classes of Neurons in AIPAIP columns in the model are described according to the behavioral parameters defined inTable 5.1. As we will show below, these parameters determine how individual AIP columns areconnected to each other and to columns in other regions. In the following sections, we willoutline part of this connection process (for more details, see Appendix A).Projections from PIPAn affordance derived from PIP maps a very specific object configuration to one possiblegrasp for that object. Figure 5.5 illustrates two examples of such affordances. Column B (of AIP)is a general precision grasp unit. It is responsible for detecting a cylinder that is both narrowand short. The neurons in PIP that code for both of these parameter values project to the signalinput of column B. When column B activates in response to the pair of inputs, it generates anoutput. The resulting signal provides positive support to column A, which is responsible forcoding the aperture width for the precision grasp. In this case, the aperture width is derivedfrom the diameter of the cylinder.Likewise, column C detects wide and short cylinders, while column D captures theappropriate aperture width. Note that the behavioral specification (a precision grip) forcolumns B and C could be identical. The differentiation into the two different grasps (narrowprecision versus wide precision) occurs because a single object configuration does not activate allappropriate AIP columns. Rather, only a randomly selected subset of matching (i.e.,appropriate) columns will receive input from a single object configuration. It is important to

72visual: [0,1]. Describes the degree to which this is a visual-related cell (Taira, etal., 1990). This parameter determines the probability and strength ofconnections from PIP and IT.motor: [0,1]. Describes the degree to which this is a motor-related cell. Thisparameter controls the probability and strength of connections from F5phase: {set, extension, flexion}. The phase (AIP) during which the cell begins tofire.grasp type: {precision, power, side, and finger prehension}. The class of grasp inwhich this unit will participate.aperture: either none or from the range [0,100mm]. Determines the preferredaperture for the column (if there is a preferred aperture).Table 5.1: Description of AIP cell behavior.note, however, that it is still possible for multiple object configurations to activate the samecolumn.The necessary conditions for connecting an object configuration to a non-specific column (noaperture specificity) are (referring to the behavioral description of the column):1.An affordance exists that maps the object configuration to a grasp of the column’s grasptype.2.The column is a visual-type unit (the degree of visual response is non-zero).3.The column’s phasic response is of type set.These conditions are also necessary for establishing a connection from the PIP cell thatdetermines the grasp aperture to an AIP column that codes the aperture width. In both of theabove examples, the opposition vector is perpendicular to the axis of the cylinder, so it is thecylinder’s diameter that is mapped to the aperture width. If it were the case that theopposition vector were parallel to the cylinder’s axis, then the length would determine thegrasp aperture.

73 Cylindergeneraldiameterlengthnarrowwideshortlong precisionprecisionaperture = 20mmprecisionprecisionaperture = 60mmPIPAIPABCD

Figure 5.5: Affordance mapping from PIP to AIP. Two affordances are illustrated: narrowand wide cylinders that both map to precision grasps.Associations from ITThe mapping from object identity in IT to AIP is somewhat simpler than the mapping fromPIP, since unique objects (and hence object configurations) already give rise to non-overlappingactivity patterns in IT (Figure 5.6). As a result, the identification of the object maps directly toboth the grasp type (e.g. column B) and the aperture of grasp (column A). In practice, thisprojection is important for biasing particular grasp configurations as a function of the specificcontext presented by the object. However, in the case of A.T., where no information is availablefrom the dorsal stream (PIP), the projection from IT can provide (in some cases) the necessarygrasp type and parameters.

74 precisionprecisionaperture = 20mmprecisionprecisionaperture = 60mmITAIPABCD

narrow cylinder (bottle cap)wide cylinder (jar top)Figure 5.6: Affordance mapping from IT to AIP. The bottle cap activates a precisiongrasp with a narrow aperture; the jar top maps to a precision grasp with a wideaperture.Schema Cooperation/Competition Via the Basal GangliaThe resolution process between different affordances is handled by local interactions in AIPand loops through the Basal Ganglia (as we will see, F5 ultimately is responsible for resolutionbetween the different grasps). Columns that are members of the same schema ensure that theyare coactive by exchanging positive supporting connections (e.g., columns B and C in Figure 5.7).Note that columns B and A participate in slightly different schema instances (aperture of20mm as opposed to 25mm, respectively). However, because they are similar enough, a smallpositive supporting connection is established. This connectivity between columns of similarschema instances supports the formation of a population code for the representation of theparameters (in this case, the aperture width).Competition between different schemas is implemented through an inhibitory loop throughthe Basal Ganglia (BG). All AIP cells project to this region of the BG, which returns aninhibitory signal to all columns in AIP (not all connections are shown in the figure). Thismechanism is similar to the maximum selector circuit of (Didday, 1976). The indirect

75poweraperture = 40mmAIPBCD

precisionaperture = 25mmprecisionaperture = 20mmprecisionpower

BGAE

Figure 5.7: Cooperation and competition in AIP. Cooperating columns in AIP exchangepositive supporting connections. Columns participating in different schemas inhibitone-another via a loop through the Basal Ganglia.inhibitory signal due to the activation of column C upon columns A and B is counteracted by thedirect excitatory signals.F5In this section, we detail at the column level the interactions that give rise to grasp schemaselection, competition/cooperation, and sequencing within F5.Representation of GraspAs with AIP, each column in F5 is assigned a behavioral description. An F5 behavioraldescription consists of a small set of grasp descriptions, each of which are specified as describedin Table 5.2. By allowing the behavior of a single column to be determined by multiple graspdescriptions, we are able to address the observations made by Rizzolatti that individual F5cells can participate by varying degrees in different grasps (Rizzolatti, 1995). However, in the

76grasp type: {precision, power, side, and finger prehension}. The class of grasp inwhich this column will participate.aperture: either none or from the range [0,100mm]. Determines the preferred aperturefor the column (if there is a preferred aperture).grasp response: [0,1]. Degree of participation of this column when executing thespecified grasp type.phase response [{set, extension, flexion, hold, release}]: [0,1]. A vector thatdetermines the relative response level (from phase to phase) of the column duringexecution of the specified grasp. Typically only a small subset of the vectorelements are non-zero (1-2).Table 5.2: F5 grasp descriptor. Description of F5 cell behavior in the model is done byspecifying one or more grasp descriptors.discussion that follows, the scheme of connectivity will make reference to an F5 behavioraldescription as if it consisted of a single grasp description.Note that at this time, no data has been reported on F5 aperture size encoding. This aspectis necessarily included so that the model is able to preshape and grasp appropriately for objectsof various sizes. The choice of the population encoding scheme (Georgopoulos, et al., 1992) hasbeen made as a generalization of observations made in AIP and PIP (Murata, et al., 1993;Sakata, 1994). We will return to this point in the following Chapter.Schema Priming by F6 and Cooperation/Competition Via the BGAs discussed in Chapter 5, the setup and execution of the grasping program is initiated bycells in F6. This is implemented in the model by global priming connections from specific F6cells (which are active for the duration of the reaching/grasping/holding task) to all columnsin F4 and F5 (Figure 5.8). The priming signal serves to prepare all columns in the F5 layer (andhence all grasping schemas) for possible participation in the coming motor program, and doesnot specify or bias particular grasps. Biases for specific grasp schemas are received from AIPand area 46, and as will be discussed below, provide excitatory supporting inputs into subsets ofF5 columns.

77F5BCD

BGAE

F6poweraperture = 40mmprecisionaperture = 25mmprecisionaperture = 20mmprecisionpowergeneral graspprogram priming

Figure 5.8: Priming of the general grasping schema, and selection of a specific grasp toexecute. The selection process involves a cooperation/competition mechanism.Cooperation is implemented through local excitatory support between columns;competition is implemented via an inhibitory loop through the Basal Ganglia(BG).Once biasing information is made available from AIP and area 46, one responsibility of F5is to select a single grasp for execution. This is accomplished through acooperation/competition mechanism similar to that which is found in AIP. Competition isimplemented through an inhibitory loop involving BG (providing inhibitory connections to thesupport inputs of the F5 columns). Excitatory cross-connections between columns thatparticipate in the same schema (also impinging on the support inputs of the columns) encouragethese columns to be coactive. As in AIP, columns participating in similar schema instances (e.g.,columns A and B) may also support one-another. Unlike AIP, however, excitatory supporting

78connections are limited to columns that participate in overlapping phases of the graspingprogram.Task Specific Biasing of the Selected GraspThe task that the system is preparing to execute after grasping the target object can (andoften does) affect the selection of the grasp. In the model, high-level task information is storedin area F6. Task-related biases are imposed upon F5 via connections through the BG (Figure5.9). This biasing is done at the level of different classes of grasp (e.g., precision pinch versuspower grasp), and does not include parametric information. Connections from F6 providepositive support to columns in F5 that are involved in the set phase of the grasping program. Inaddition, connections are limited to those columns in F5 that do not specify movementparameters (e.g., aperture). Hence, the model relies on visual input to fill in the parameters.We imagine that in tasks involving movement in the dark (requiring the subject to rememberthe object to be grasped), area 46 would provide both grasp and parametric information.Abstract instruction stimuli, as processed by area F2 can also be used to bias the selection ofthe type of grasp.Interaction between F5 and AIPFigure 5.10 illustrates the relationship between columns (in AIP) belonging to a singleaffordance, and the columns in F5 that represent the corresponding grasp schema. The columnsin AIP as a group are responsible for continually providing excitatory supporting inputs to theF5 columns. This implements an active memory that ensures that once selected the entire graspprogram (involving all phases of movement) will be executed.In the Figure, the AIP columns (A-D) differ in the type of signal input that they receive.Column A does not receive any recurrent inputs from F5, and hence is considered a visual-relatedunit (visual inputs from PIP and IT not shown). Columns B-D receive some amount of recurrentactivity from F5, and are thus considered motor-related units (or at least have a motor-related

79F5BCD

BGAF6

precisionprecisionpowerside opposition

task-related bias

F2abstract IS-related biasFigure 5.9: F6 and F2 biasing of the grasp schema selection process.component). However, note that each of these three columns receive inputs from differentsubsets of the F5 columns. The subset is determined by the phase entry of the AIP column’sbehavioral description. Specifically, column B (which is a set-related unit) receivesprojections from the F5 set, extension, flexion, and hold units. As a result of these connections,this AIP cell will begin to fire (in response to recurrent motor signals) during the set phase ofthe task.In contrast, column C (an extension-related unit) only receives recurrent activity from the F5extension, flexion, and hold units, and thus will only become active (disregarding any visualcomponents) once execution of the movement begins. The F5 flexion and hold units are the onlyphases to project to column D, which is a flexion-related unit.Under normal circumstances, the recurrent loop from F5 back to AIP serves to update the AIPstate in a feed-forward manner (i.e., AIP receives this information before sensory feedback fromthe descending motor command can return). However, when a perturbation occurs, this is

80setextensionflexionholdrelease

AIPF5ABC

DFigure 5.10: Interaction between AIP and F5 during execution of thereaching/grasping/holding task. Column A is visual-related; columns B-D aremotor-related.detected by F5 after some delay. This new state information is then passed up to AIP (andhence in this case, AIP receives feedback information).The necessary condition that a group of AIP and F5 columns be connected in the mannerillustrated in Figure 5.10 is that there must be a match in the grasp that they specify. Thisimplies that not only must the grasp types be the same, but the parameters of the grasp must besimilar, if they are specified. For example, AIP columns that do not specify a grasp aperturewill only be interconnected with F5 columns that also do not specify an aperture. Likewise, AIPcolumns that encode an aperture of X will only be connected to F5 columns of an aperture similar

81F5setextensionflexionholdreleaseBGexcitatoryinhibitorybackwardforwardABECDFGFigure 5.11: F5 interaction with BG implementing the cascade of activity in F5 asexecution of the motor program progresses. F5 reports to BG its current phase; BG inturn inhibits the previous phase and prepares the next phase of movement forexecution.to X. The degree of similarity will determine the likelihood and the strength of theinterconnections.Phasing Via BGIn the previous chapter, we demonstrated the functional connectivity that is necessary toimplement the cascade of activity that flows through a set of F5 units as execution of thereach/grasp/hold motor program progresses. In this section, we show the details of theimplementation of this cascade.A subregion of BG (separate from the subregions discussed earlier that are responsible forcompetition and grasp biasing) is used in the model to implement phase-specific connectivity in

82a manner that is independent of the grasp that is actually being executed (hence we areseparating the component schemas from the mechanism that implements the coordinatedcontrol program). At each stage of the motor program, F5 reports its current phase to the BasalGanglia. In turn, the BG positively supports all F5 columns that are involved in the next phaseof movement. In addition, F5 columns that code for the previous phase receive negativesupport, causing them to be shunted and enforcing a phase transition.The set of connections required to implement one step in this process are demonstrated inFigure 5.11. F5 column A is an extension unit. When it becomes active, it sends an excitatorysignal to columns B and E (the backward/forward columns, respectively) in the BG. Column Bprojects to the inhibitory column (C) that corresponds to the previous (set) phase of the motorprogram. This column, in turn inhibits column D, the set-related unit in F5. Consequently,column D is shunted and the phase transition from set to extension is complete. In parallel withthis process, the active column E projects to column F (the excitatory unit of the flexion phase),which then provides positive support to F5 column G (flexion unit). The result is that column Gis now prepared for activation.In the above description, there is no functional distinction between the backward/forwardcolumns in BG. The situation, however, becomes more complicated when F5 columns are allowedto participate in multiple phases. Figure 5.12 illustrates one example in which an F5 column(A) is active during both the extension and flexion phases of movement. Because this columnfirst becomes active during the extension phase, it receives positive support from the BGexcitatory unit H. When the column becomes active in response to a trigger stimulus (in thiscase the go signal; connection not shown) it activates the BG backward column B. As in theabove case, column B then activates unit C, which in turn shunts F5 column D.The last phase in which F5 column A participates is the flexion phase. It is thereforeresponsible for preparing for the hold phase of the program. It accomplishes this by activatingthe BG forward unit E (which corresponds to the flexion phase). Unit E activates the BG

83F5setextension/flexionholdreleaseBGexcitatoryinhibitorybackwardforwardABECDFGHIFigure 5.12: BG phasing when an F5 unit is active during both the extension and flexionphases of the reach/grasp/hold program.excitatory unit F, which then positively supports the F5 hold column (G). Once contact withthe target object is established, column G will activate, and (through connections not shown)will indirectly excite BG unit I, which then shunts column A.It is important to note that all phase transition information is contained within the BasalGanglia, and that this information is independent of the grasp that is being executed in F5.Specifically, the critical information is stored in the projections from the backward/forwardcolumns to the excitatory/inhibitory columns (we refer to these as the phasic projections). Weimagine that in the more general case, where the sequence of phases may be differentdepending upon the task that is being performed, that it would be possible to rearrange thesephasic projections. The arrangement of these projections would be specifiable by high-levelregions (possibly including F6 and area 46).

84 AIPActive Memoryprecision (a = 10)precision (a = 20)precision (a = 30)precision (a = 40)::::power (a = 10)power (a = 20)::

setextensionflexionholdrelease

BGF5

Positive SupportNegative SupportActive UnitFigure 5.13: Abstract representation of the interaction between the AIP active memoryand the BG phasing loops. AIP provides a detailed specification of the motorprogram; BG is responsible for executing the sequence of steps in the specifiedprogram.Interaction of the AIP Active Memory and the BG Phasing SystemsIn the previous sections, we have illustrated how F5 independently interacts with the AIPactive memory and the BG phasing systems. In this section, we demonstrate how these twoloops interact with one-another in order to execute a sequence of steps belonging to a specificgrasping motor program.Figure 5.13 illustrates at an abstract level the interaction of these two loops. The matrix ofcells in F5 represent a set of grasp/hold motor programs; each program is horizontally arrayed.For clarity, we are explicitly representing many possible grasp type and aperture combinations.In addition, we are discretely representing every phase of the programs (phases are alignedvertically).At the instant depicted in the figure (the flexion phase), the network is executing aprecision grasp with an aperture of 30 mm. This state is captured by the activation of the

85precision/aperture = 30/flexion unit at the center of the F5 matrix. The AIP active memorymaintains a record of one of the affordances that corresponds to the precision/aperture=30grasp. This active memory continually provides positive support to all F5 units in theprecision/aperture=30 grasp program (as depicted by the shaded horizontal box). In addition,due to the population coding scheme, this active memory also supports (to a smaller degree) twoother precision grasp programs (aperture = 20,40).At the same time, the Basal Ganglia circuit maintains a representation of the current motorprogram phase (in this case flexion). It responds by sending an inhibitory projection to all F5cells that are involved in the extension phase of movement (left shaded column of F5 units). Inaddition, this BG unit provides positive support to all F5 units that code for the hold phase ofmovement (right-hand shaded column).When contact with the target object is finally established, several flexion cells receive thesignal input from SII indicating the contact event. Because the F5 precision/aperture=20/holdcell is receiving the highest amount of positive support (and assuming that the object is the onethat is expected), the cell very quickly activates and wins the competition with other flexioncells. We then see a phase transition to the flexion phase of the precision/aperture=20 motorprogram.In general, the convergence of the detailed motor program, specified by the AIP activememory, and the positive support for the next phase of movement from BG allows for the rapidtransition to the next phase of movement when the triggering event is detected. However, notethat if an unexpected hold triggering event is detected (for the example described by thefigure), the other flexion cells (not corresponding to the current motor program) still receivesome degree of positive support from the BG. As a result, not only do we see a phase transitionin the F5 matrix, but we also can see a shift in the motor program (to a different row in thematrix). Note that this motor program shift is most likely to happen when the hold triggeringevent corresponds to a motor program (row in the matrix) that is similar to the currently

86executing motor program, because it is already receiving a small amount of positive supportfrom the AIP active memory. We will return to this issue in the following chapter.Grasp ExecutionLayer F5 manages the execution of the reach/grasp/hold task through each phase of themotor program. During each phase of movement, F5 recruits 1) a set of motor assemblies in MIthat are responsible for actuation of the individual joints; and 2) a set of SII units that monitorthe global state of the hand. In this section, we describe in detail the representation ofinformation in each of the key regions, and the neural circuitry that is involved in the low-level execution of the motor program.SI and SIIThe primary somatosensory cortex (SI) represents both the proprioceptive and tactile stateof the hand at the level of individual joints and tactile pads, respectively. The proprioceptiveinformation for each joint (the joint position) is represented using a population coding scheme1(Figure 5.14). The tactile information, coded in a separate SI channel, represents the forcedetected by a set of tactile pads located on the fingers and thumb. Force is coded by the firingrate of these units. For each finger pad, one unit increases its firing rate as the force isincreased; a second unit reduces its firing rate with the increasing force.Columns in SII integrate the local state information represented in SI in order to compute anestimate of the global state of the hand. Individual columns in SII receive inputs from manydifferent proprioceptive arrays (column A), and can also integrate tactile input from selectedpads (column B). Because these columns have a high threshold, they only respond to veryspecific configurations of joint position and finger pad state. Hence, they are referred to as

1Although a more appropriate representation would use firing-rate to encode the jointposition (Kandel, et al., 1991), the population coding scheme reduces the number of connectionsand the computational complexity of the model implementation.

87SISII

T00o100o

T1T2thumbL2L1

L0littleproprioceptive::::tactile

thumbproximaldistalindexmiddleringlittle index(side)proximaldistalforceanti-forceABFigure 5.14: Representation of hand state information in the somatosensory cortices (SIand SII). SI carries two channels of information: proprioceptive (or joint position)and tactile. Each individual cell in SI has a small receptive field, and hence onlycaptures a limited view of the hand state. SII columns detect hyperfeatures of SIinputs, thus representing a global view of the hand.hyperfeature detectors. Column B, for example, combines joint position information withtactile inputs from the distal pads of the thumb and index finger. Hence the column not only iscapable of detecting a contact event, but it is a contact event with an object of a certain width.MIA column in the primary motor cortex of the model is intended to capture the properties of aset of motor cortex neurons, projecting to both agonist and antagonist muscles that are responsible

88for actuating a subset of joints in the hand. In the model, we simplify this interaction byassuming that stimulation of a single MI column specifies a joint equilibrium position for thejoints to which it is connected (Giszter, Mussaivaldi, & Bizzi, 1993; Shadmehr, 1993;Shadmehr, Mussiavaldi, & Bizzi, 1993). In addition, the degree of stimulation affects the jointstiffness. We use

θ̂ij

to denote the contribution that MI unit i has on the equilibrium position ofjoint j, and

Sij

to denote the stiffness contribution (

0 ≤ Sij ≤ 1

). When there is no physicalconnection from unit i to joint j,

Sij = 0

. When multiple MI units are active, their contributionsare summed, weighted by their activity level:

Sj = ai *Sij i∑

(5.12)

θ̂ j = ai *θ̂ij *Sij

i∑ Sj if Sj > ε

θ̃ j otherwise

(5.13)where:

ai

is the activity level of MI column i.

θ̃ j

is the default equilibrium position for joint j.Finally, the joint actuator is modeled as a revolute spring (derived from (Katayama,1993)):

τ j = K Sj( ) θ̂ j − θ j ( )− B Sj( )θ̇ j

(5.14)where:

τ j

is the torque applied to joint j.

K( )

and

B( )

are linear functions of

Sj

.

89 1t2 -> 70t1 -> 65positionforceanti-forceMISIt2 -> 80i1 -> 55i0 -> 60forceanti-forcethumb distal padindex distal padFigure 5.15: Three classes of MI columns. Force responsive columns receive projectionsfrom SI units that detect tactile stimulation; anti-force columns are sensitive to theabsense of tactile input; position columns are receive a constant input.MI ActivationAt any given instant during the execution of a grasping movement, the currently active F5columns are responsible for selecting the set of MI columns that will generate the desired handmovement. This selection is done through excitatory projections from the F5 columns to thesupport inputs of the MI columns. Additional details of this mapping are given below.MI columns fall into three distinct classes, depending upon the type of signal inputs thatthey receive. Inspired by observations of (Picard & Smith, 1992b), one class of columns receiveinputs from one or more SI tactile units. These columns are referred to as being force responsive(Figure 5.15), because they become active when a force is detected in SI. The complement to thisset comprise the anti-force responsive columns, which receive inputs from the corresponding SIcells. The final class of MI columns are the position units. In the model, these columns receive aconstant input. Thus, the only condition for their activation is that they receive positivesupporting inputs from the F5 layer.

90 extensiongateintegratorthresholdanticipationof maximumapertureF5Area 7

Figure 5.16: Internal model of grasp extension state.Internal Timing Model of Current Hand ExtensionAs described thus far, the model relies on sensory feedback to detect the point of maximumdesired aperture during the extension phase of movement so that a transition can be made to theflexion phase of movement. However, during fast movements, the delay of this sensoryinformation relative to the point at which it must be used is significant. In addition,deafferented human subjects are still able to perform preshape and enclose movements,although the movements tend to be slower and more variable than in the afferented case(Gentilucci, Toni, Chieffi, & Pavesi, 1994).This difficulty is approached in the model through the introduction of an internal model ofhand state (Hoff & Arbib, 1993). The internal model makes use of descending motor commands(from F5) in order to estimate the point in time at which the maximum aperture is achieved.This is accomplished by tracking the amount of time that F5 spends in the extension phase ofmovement. A simple implementation of this timing mechanism is demonstrated in Figure 5.16.

91Initiation of the extension phase of movement in F5 activates the gate column in the internalmodel (area 7). Positive support to the integrator column initiates the integration of the F5input. Once this integral passes beyond a specified threshold, the internal model generates anoutput that can be used to trigger the transition from the extension phase of movement to theflexion phase.Not shown in the figure is a calibration mechanism that utilizes SII inputs toappropriately set the threshold.Full Execution CircuitDepending upon the current phase of the motor program, columns in F5 will recruit differentconfigurations of the MI/SI/SII circuitry. Exclusively set-related columns are not involved inthe direct generation of movement, and hence do not activate lower-level regions. Extension-related columns, activated by a triggering signal (Go), instantiate a goal position for the handjoints that corresponds to the maximum aperture of the preshape (Figure 5.17). This isaccomplished by sending excitatory signals to the support inputs of a selected set of MI columnsin the position pool. The relative strengths of these projections are balanced in such a way thatthe specified joint equilibrium position is the point of maximum aperture. However, a single F5column will generally only project to a subset of the hand joints (typically the joints of 1-3fingers). Hence, a population of F5 columns is necessary to specify the goal state of the entirehand.Besides driving units in MI, the F5 extension columns also positively support a subset of SIIcolumns that will be involved in the detection of the point of maximum aperture. Thisdetection process only examines the proprioceptive state of the hand (position). In addition,extension columns also activate the integration process in Area 7 that will be used to estimatethe point at which maximum aperture will be achieved.

92Gopositionforceanti-forceextension

hand

tactileproprioceptive

SIF5maximum aperturedetectorSIIArea 7

predictedmaximumapertureMIFigure 5.17: The low-level circuit involving F5 extension columns.F5 flexion columns are activated by the detection of maximum aperture--by either SII or theinternal model of area 7 (Figure 5.18). Not only does the flexion column drive the position poolof MI (corresponding to the point of anticipated contact with the target object), but also sets upSI/MI reflex loops (the MI anti-force pool) that will cause the hand to continue to close ifcontact is not detected at the anticipated position.The F5 flexion units also provide positive support to SII columns that will detect thecombination of hand configuration (proprioceptive state at the point of contact) and the actualcontact with the target object (tactile inputs).The F5 hold columns recruit units from all three MI pools (Figure 5.19). Those joints that areinvolved in applying a stabilizing force are controlled through a balance of force and anti-forcepools. The remaining joints are controlled using the position pool.Finally, the F5 release columns recruit motor units from the MI force pool to induce releaseof the object (Figure 20). In addition, SII columns are recruited to detect the point at which therelease occurs.

93positionforceanti-forceflexion

hand

tactileproprioceptive

SIF5

maximum aperturedetector

SIIArea 7

predictedmaximumapertureSIIcontactdetectorMIFigure 5.18: Low-level circuit involving flexion columns.SummaryThis chapter has presented a detailed view of the grasping model. First, we introduced theconcept of m-schema as a bridge from the language of schema theory to the neuralimplementation level. The m-schema maintains the schema-level operators of priming,cooperation/competition, and activation, while still being implemented using a small group ofneurons (referred to as a column). In order to construct a schema, a set of m-schemas are boundtogether through the cooperation operator (implemented as excitatory connections between thecolumns). Different schemas can then interact in a either a cooperative manner (via excitatorycross-connections between the member m-schemas), or in a competitive manner (throughinhibitory cross-connections). The level of participation by an individual m-schema within aschema, however, can be graded (as determined by its activity level). In addition, two distinctschemas may share a single m-schema.

94positionforceanti-forcehold

hand

tactileproprioceptive

SIF5SII

contactdetector

MIFigure 5.19: Implementation of the hold phase of the motor program.Second, we demonstrated how information is represented in each layer in the model, andthen how micro-circuits of columns involving multiple layers are constructed in order to achievethe desired computations. The primary model components are:1.PIP represents object shape using non-overlapping pools of neurons. Within these pools,sub-populations of neurons encode the parameters of the object (making use of a populationcoding scheme).2.IT represents different familiar objects using non-overlapping representations.3.PIP and IT associate an object description with a set of affordances in AIP.4.AIP associates an affordance with a corresponding grasp in F5.5.During execution of the movement, AIP maintains an active memory of that affordance,reinforcing the choice of grasp in F5 in a manner that is independent of the phase of movement.The active memory may be updated by F5 in the face of perturbations.6.The basal ganglia (BG) provide a mechanism for generating the sequence of phases thatare observed in F5. This mechanism provides this functionality in a manner that is independentof the actual grasp that has been chosen.

95positionforceanti-forcerelease

hand

tactileproprioceptive

SIF5SII

Go (2) releasedetectorMIFigure 5.20: Low-level circuit for the release phase of movement.7.The basal ganglia are also involved in implementing the schema competitionmechanisms in F5 and AIP. In addition, task-related biases in the grasp decision process can beintroduced by higher level systems (area 46, F6 or F2) via a pathway through the BG.8.A single MI column specifies equilibrium positions for a subset of the joints of the hand.During specific phases of movement, F5 columns recruit a motor assembly of MI columns.9.Units in SII provide context-dependent detection of the global hand state. Thisinformation is used by F5 to monitor the ongoing grasp so that it may react to unanticipatedsituations.10.An internal model of grasp extension state is introduced as a mechanism for initiatingthe transition from the extension phase of movement to the flexion phase without relying onimmediate sensory feedback information.As we will see in the following Chapter, the functionality hypothesized for severalregions (especially F5 and AIP) have several important implications, including:1.The visual/motor associative process involving AIP affects how objects are encoded atthe neural level in AIP.

962.The recurrent connections from F5 to AIP affect the motor-related activity in AIP.3.The hypothesis that F5 is involved in the selection of a single grasp to execute impliescertain patterns of activity when multiple grasps must be considered before a selection is made.