97Chapter 6: Model Simulation Results

In this chapter, we demonstrate the capabilities of the model that has been developed inthe previous two chapters. First, we examine the key computational mechanisms in the model,focusing on the interaction between AIP and F5 as a grasp is selected and then executed. Second,we draw comparisons between single cell behavior observed in several monkey experiments andsimilar experiments performed with the model. Finally, a set of novel tasks is presented to themodel to explore several important computational questions. Observations made at the singleunit and population levels (in the model) serve as predictions for future monkey experiments.

IntroductionIn the experiments that follow, the protocol is derived from that used by Sakata (Taira, etal., 1990). We first illustrate the general behavior of the model using this protocol, and thenpresent a series of new questions that are designed to examine more subtle issues of object andgrasp encoding at the neural level. These include:1.Grasping of two different objects with an identical grasp. How are the objects andgrasp represented in AIP and F5?2.Grasping of a single object in one of two ways (as determined by an instructionstimulus). How are these two different grasps represented, and how is one ultimatelyselected for execution?

983.Grasping of a set of objects of varying size. How do F5 and AIP represent the size ofgrasp aperture?4.Visual/motor perturbation. How does the system respond when there is a mismatchbetween the assessed parameters of the object (by the visual system) and the actualparameters?5.Object parameter representation in AIP. Are all parameters of an object representedequally in AIP?Unless otherwise stated, all experimental results presented in this Chapter are derivedfrom the model.Overview of Model BehaviorFigure 6.1 demonstrates the cascade of activity that flows though a set of simulated F5cells as a precision grasp is executed. The trial starts with the presentation of a narrowcylinder to be grasped (t=0, event not shown). 700ms later, a ready signal is presented,indicating that the movement trial is about to begin. The system responds by preparing toexecute a precision grasp (as encoded by a population of F5 set cells, of which one is shown inthe figure). This preparation process provides positive support to F5 units that will beinvolved in the extension phase of movement (the support is provided indirectly through theBG). This state is maintained until the Go signal is given, at which point the F5 extension unitsbegin to fire.The activation of the extension-related units results in the following:1.Via the basal ganglia, the set-related units are shunted (through negative support).2.Also through the BG, the next phase of movement is prepared by providing positivesupport to those units that will be involved in the flexion phase.3.The SII units that are responsible for detecting the maximum aperture for the currentgrasp are primed.

99

0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

F5 (set)

F5 (extn)

F5 (flex)

F5 (hold)

F5 (rel)

Ready Go SII (max)

SII (contact)

Go 2

time (ms) average firing rate

key obj

Figure 6.1: F5 activity during execution of a precision grasp. The top two traces show theposition of the thumb and index finger, respectively. The next five traces represent theaverage firing rate of five F5 neurons (set-, extension-, flexion-, hold-, and release-related). The remaining five traces represent the various external (Ready, Go, Go2)and internal (SII) triggering signals.4.The internal model of current hand state in area 7 is activated.5.The index finger and thumb begin to open (as shown by the top two traces).When the maximum aperture is achieved, as detected by either SII (labeled SII max in thefigure) or by the internal model (not shown), a second phase transition is made. This phasetransition is driven by the activation of the flexion-related units. The flexion units shunt theprevious phase (extension), prepare for the next (hold) phase, prepare for detection of thecontact event (by priming SII contact), and flex the thumb and index finger.

100The contact event (establishment of the precision grasp in this case) forces a phasetransition to the hold phase of the program. The network remains in this state until thesecondary go stimulus is provided by the experimenter, at which point the release phase of themotor program is initiated, and the fingers are extended enough such that contact with theobject is lost.For comparison purposes, we also make use of the Sakata key and object phase notation (seefigure). Here, the key phase is defined from the point at which the ready signal is received tothe initiation of movement in response to the go signal. The object phase is defined by the pointof contact with the object and the point at which the release movement is initiated.Figure 6.2 demonstrates the relative time course of two AIP cells relative to F5 activity.The trial and displayed F5 unit traces are the same as in the previous figure. The two AIP cellsactivate after the F5 set unit becomes active, but both begin to fire within the key phase of thetask. Once they begin to fire, note that they continue to do so until the task is completed. Notealso that both AIP units show peak activity during the extension/flexion phases of the task, asis observed by (Taira, et al., 1990). We explain this property as follows:Suppose that for a given F5/AIP pair of units that participate together in a graspingprogram, there is some constant probability that a projection will exist from the F5 unit to theAIP unit. It has been observed by (Rizzolatti, et al., 1988) that the number of F5 neurons whichfire during the extension and flexion phases of the program is greater than the number that fireduring either the set or hold phases of the program. Hence, on average, a single AIP unit willreceive a larger number of recurrent projections from extension/flexion F5 units than any othertype. As a result, its level of activity will usually be greater during these phases of theprogram.

101Comparison to Observed Biological DataF5 Phasic ResponsesIn the previous two figures (7.1, 7.2), the activation of each of the F5 cells was restricted toexactly one of the defined phases of movement. However, in Chapter 2 we observed that it isoften the case that a single F5 cell in monkey is active over more than one of these phases. Inthe model, this property is achieved by connecting the basal ganglia phasing loop to the F5unit in such a way that it is prepared to activate during one phase but then is not immediatelyshunted on the following phase. Rather, the circuitry allows for an arbitrary number ofintervening phases to exist between these two events (see Figure 5.12 and accompanyingdiscussion for more details). In addition, an F5 unit may exchange positive supportingconnections with other F5 units that are active over disparate phases. The result is that fromone phase to another, the F5 unit may receive different levels of positive support, causing amodulation of the overall activity of the column.Both of these effects are demonstrated in Figure 6.3. F5 units A and B are set cells, althoughunit B continues to fire through the extension phase of movement. Units D and E are only activeduring the extension and flexion phases; the latter is qualitatively similar to the unit(recorded in monkey) that is shown in Figure 2.23. Unit G fires significantly during the enclosephase of the grasp, and then continues to fire at a moderate level through the hold phase ofmovement. This mimics the F5 cell behavior shown in Figure 2.24.AIP Phasic ResponsesFigure 6.4 demonstrates a range of AIP cell behaviors. Like the monkey cell of Figure 2.12,unit A becomes active almost immediately (before the ready signal is given). This featureindicates that unit A receives a significant degree of input from the visual areas. Units B and Conly activate once the ready signal has been received. This is the case because these units rely 102

0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

AIP

AIP

F5 (set)

F5 (extn)

F5 (flex)

F5 (hold)

F5 (rel)

time (ms) average firing rate

key obj

Figure 6.2: F5/AIP interaction during execution of the grasp.on recurrent activity from the set cells in F5 in order to achieve a level above threshold. Inregards to onset, these cells compare to the monkey cell of Figure 2.14. However, in this case,the activity ramps up continuously from onset until movement execution is complete. Units Dand E do not receive any significant visual inputs, and thus rely completely on the recurrent F5activity during the movement and the hold phases of the task (these compare in behavior toFigures 2.15 and 2.13, respectively).AIP Visual/Motor DistinctionOne classification that Sakata uses to describe AIP cell behaviors is that of visual- versusmotor-related activity (Taira, et al., 1990). Neurons are tested in four different conditions:{grasping an object versus fixation of an object} x {performance in the light versus in the dark}.

103

0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

F5 (A)

(B)

(C)

(D)

(E)

(F)

(G)

(H)

(I)

(J)

(K)

time (ms) average firing rate

key obj

Figure 6.3: A set of F5 cells with a variety of temporal properties.A neuron is considered to have a motor-related component when it is active during grasping,regardless of whether the task is performed in the light or dark. A neuron is visual-related ifit is active for conditions in which the object is visible and is not active for the dark conditions.In the model, we explain this distinction as a function of the relative strength of the inputsinto the AIP columns from the visual areas as compared with F5 layer. Motor-related cellsreceive relatively large recurrent projections from F5; visual-related cells receive inputsprimarily from PIP and IT. 104

0 1000 2000 3000 4000 5000 6000 7000 8000

AIP (A)

(B)

(C)

(D)

(E)

time (ms) average firing rate

key obj

Figure 6.4: Variety of AIP cells.Different experimental protocols are used to test the model in the three conditions ofinterest (here, we ignore the dark fixation task). For the movement in the light condition, theprotocol is identical to that described above. In the fixation task, the system is presented withthe object as in the original protocol, however neither the ready nor the go signals are everprovided. Hence, the entire 8.4 seconds of the task is spent fixating on the object and nomovements are generated. For the dark grasping task, the model first performs the task in thelight (traces are not shown). During the performance of the task in the light, area 46 maintainsa memory of those F5 cells that participate in the grasp. Once the initial grasp is complete,the visual inputs are removed (PIP and IT are cleared), and a second trial is initiated with the

105presentation of the ready and go signals. During this second trial, area 46 provides positivesupport to those F5 cells that were active during the first trial. With this added bias, the F5cells corresponding to the grasp executed on the previous trial achieve a higher level ofactivity and are able to shunt F5 units belonging to other grasps.Note that the area 46 working memory is providing essentially a static description of thegrasp that was recently executed. By static we mean that the temporal aspects of the grasp arenot stored - only a memory of those units that were active at some time during the execution.How might this relate to the observation that area 46 is involved in human in the imaginationof grasp execution (Decety, et al., 1994)? One possibility is that this region provides the staticrepresentation of the grasp to be executed. This information could then provide the contextrequired by the mesial motor areas (F3 and F6) and F5 in order to simulate the grasp execution --unfolding the static representation in time (Grafton, et al., 1996).

106MotorFixation OnlyLight

0 1000 2000 3000 4000 5000 6000 7000 8000

AIP

time (ms) average firing rate

key obj

0 1000 2000 3000 4000 5000 6000 7000 8000

AIP

time (ms) average firing rate

key

Dark

0 1000 2000 3000 4000 5000 6000 7000 8000

AIP

time (ms) average firing rate

key obj

Figure 6.5: A pure motor-related AIP cell.Figure 6.5 demonstrates one of the model’s pure motor cells. During the fixation condition,the unit does not respond to the visible object. In addition, movement in either the light or thedark results in identical activity traces.

107MotorFixation OnlyLight

0 1000 2000 3000 4000 5000 6000 7000 8000

AIP

time (ms) average firing rate

key obj

0 1000 2000 3000 4000 5000 6000 7000 8000

AIP

time (ms) average firing rate

key

Dark

0 1000 2000 3000 4000 5000 6000 7000 8000

AIP

time (ms) average firing rate

key obj

Figure 6.6: A pure visual AIP unit.A pure visual-related cell is shown in Figure 6.6. Even though this unit does not receivedirect projections from any F5 units, its activity level is modulated by the phase of movement.The initial increase in activity is due to the visual input from PIP. Shortly after the readysignal is received, a number of F5 set units begin to activate, which in turn activate motor-

108MotorFixation OnlyLight

0 1000 2000 3000 4000 5000 6000 7000 8000

AIP

time (ms) average firing rate

key obj

0 1000 2000 3000 4000 5000 6000 7000 8000

AIP

time (ms) average firing rate

key

Dark

0 1000 2000 3000 4000 5000 6000 7000 8000

AIP

time (ms) average firing rate

key obj

Figure 6.7: A visually-modulated AIP unit.related units in AIP. This increase in overall activity in AIP results in an increase in theinhibitory signal through the basal ganglia loop, causing a reduction in the activity level ofthe unit shown in the figure.

109 The subsequent increase in activity after the key phase is also due to indirect mechanisms:surrounding motor-related units become highly active during movement, and thus provide asignificant degree of positive support.Finally, Figure 6.7 demonstrates the behavior of an AIP unit whose motor-related responsesare modified by visual inputs. During the dark condition, the overall activity of the unit issignificantly reduced. As a result, the unit is not able to remain above threshold once thenetwork reaches the hold phase of the motor program.Population AnalysisExamining the behavior of individual cells allows for an understanding of how a cellcontributes and is affected by the execution of a motor program. However, it is also desirable tolook at how a set of cells work together in order to implement the program execution. Thepopulation analysis described here is designed to give a broad view of cell behavior across alarge number of cells. The basic scheme is such: we measure the cells "participation" during theexecution of a single trial (and possibly over a single phase of the trial). This measure isdefined as the cell’s average firing rate during the condition and phase of interest (note thatmuch temporal information is lost in this averaging process). Given two (or more) such measuresfor different tasks or phases, we can compare the relative participation of the cell under thesedifferent conditions, and then examine how these relative measures vary over the population.Pairs of measures can be plotted in a plane (see Figure 6.8) in order to construct a visualrepresentation of these relationships. Panel A of Figure 6.8 demonstrates one such comparisonbetween the normalized cell response during the set and extension phases of movement (duringexecution of a precision grasp). Each point in the plot corresponds to a single F5 module (theactivity of the output unit of the column). By normalized cell response, we mean that we firstcompute the average firing rate of each cell during the tasks and phases of interest: 110

M_i^X = output_i^X t( ) dt

t_0^X t_1^X ∫ t_1^X − t_0^X(6.1)where:

MiX

is the average firing rate of unit i, under condition X.

t0X

and

t1X

define the phase of interest for condition X.

outputiX t( )

is the firing rate of the output unit of column i, at time t, under condition X.The normalized response over a set of conditions {Y} and a population of cells is computedaccording to:

ÃMiX = MiX Max j∈cells, z∈ Y{ } Mjz{ }

(6.2)Population Analysis of Phasic Behavior The relative phasic responses of an entire F5 population during execution of a precisionpinch are shown in Figure 6.8. The set and extension phases of the program (A) show relativelylittle overlap between the two phases, as indicated by the large number of units aligned alongthe axes (i.e., nearly a 0 component for one of the two measures). Comparing extension andflexion phases of movement, however, we see a significantly different result. Although thereare still some neurons that are exclusively involved in one phase of the movement, a largenumber of units are shared between the two phases, and the degree of sharing variessignificantly from one unit to another. Finally, comparing flexion versus the hold phase ofmovement, we again have a significant separation between the two populations. Also note thatthe flexion phase of movement utilizes a significantly larger number of cells than does the holdphase. 111 0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

set phase extension phase

F5 normalized cell response (precision grasp)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

extension phase flexion phase

F5 normalized cell response (precision grasp)

(A)(B)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

flexion phase hold phase

F5 normalized cell response (precision grasp)

(C)Figure 6.8: Population analysis of F5 phasic behavior during a precision grasp. (A) set versusextension phase; (B) extension versus flexion; and (C) flexion versus hold.The AIP population, however, demonstrates a significant amount of sharing between allphases (Figure 6.9). This is the case because once many AIP neurons become active, they remainactive over the course of the motor program (through the end of the hold phase). The set and

112extension phases share a reasonable number of cells, although an equal number only begin to fireas the extension phase begins to execute (A). Note also that the overall response of the cells isgreater during the extension phase as compared with the set phase. This is due to the largeramount of recurrent feedback being received from F5 during the movement phase of the program.Comparing extension phase with flexion, we see a large number of cells that are sharednearly equally (B). However, a few cells demonstrate a very late onset (left-hand column ofpoints). During the hold phase of movement, a number of neurons decrease their activitysignificantly (the line of points in the lower, right-hand corner of panel C). Otherwise, thetwo phases of movement share the remainder of the cells equally.Population Analysis of Visual/Motor PropertiesThe population analysis technique not only can be used to compare average activity duringdifferent phases of the task, but can also be used to compare cell activity under differentconditions. This idea is illustrated in the comparison between the lighted fixation and darkmovement task (still a precision grasp is being executed in the latter case; Figure 6.10). Themost striking effect in the figure is the fact that a large number of cells are only active duringdark movement, and are not at all active during fixation. However, a smaller population ofcells exhibits both visual and motor responses (and only a small number are exclusively visual-related).Panel (B) demonstrates the relative activity of the AIP population during the execution ofthe dark movement task as compared with the light movement task. A significant number ofthese cells do not show any modulation between the two tasks. However, a few cells are furtherfacilitated during movement in the light. Finally, as a comparison to coding in F5, panel (C)demonstrates that the two grasps that are executed (precision grasp, in the light and dark) arecoded using the same set of cells. 113 0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

set phase extension phase

AIP normalized cell response (precision grasp)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

extension phase flexion phase

AIP normalized cell response (precision grasp)

(A)(B)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

flexion phase hold phase

AIP normalized cell response (precision grasp)

(C)Figure 6.9: Normalized AIP responses over the entire population; (A) set versus extensionphase; (B) extension versus flexion; and (C) flexion versus hold phase. 114 0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

light fixation (visual) dark movement (motor)

AIP normalized cell response (Visual vs Motor)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

light movement dark movement

AIP normalized cell response (light vs dark movement)

(A)(B)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

light movement dark movement

F5 normalized cell response (light vs dark movement)

(C)Figure 6.10: Visual/Motor coding in AIP: comparisons between (A) fixation/dark movement, and(B) dark and light movement conditions; and (C) comparison between light and darkmovement coding in F5.

115Model PredictionsIn this section, we present a series of experiments that are designed to ask further questionsabout how object and grasp information is utilized and represented in AIP and F5. The behaviorof the model in these novel tasks provides a set of specific predictions (at both the single-unitand population levels) as to what we might expect if the same experiments were performed inmonkey.The first task examines one aspect of how objects are encoded in AIP (prediction #1). Wethen turn to a task in which a single object may be manipulated in more than one way and lookat how AIP and F5 respond when a delayed instruction stimulus is used to inform the model as towhich grasp to use (prediction #2). Third, we examine at how fine parameters of the grasp (inthis case the grasp aperture) might be coded in both F5 and AIP (prediction #3), and how thesetwo regions respond when there is a mismatch between the expected object size and the actualobject size (prediction #4). Finally, we ask how object parameters are coded in AIP relative tohow they are used in the programming of the grasp (prediction #5).Prediction #1: Object Coding in AIPIn this experiment, the model is presented with two different objects that are roughly thesame size (Figure 6.11). The objects are chosen such that their representations in PIP are nonoverlapping (in this case we are using a small cylinder and a narrow plate), but both objects aregraspable using the identical precision pinch. We are interested in looking at how AIP encodesthe affordances for these two objects and to what degree the object-specific properties arepreserved in this region. Figure 6.12 shows the responses of two visual-related cells under the two experimentalconditions. Unit A is active only for the condition in which the system is grasping the plate.Unit B, on the other hand, is somewhat active during the set and movement phases of thecylinder condition, but is most heavily activated when grasping the plate. 116 precision grasp (aperture = 10 mm)

Figure 6.11: Two objects that map to theidentical grasp.

0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

AIP A (cylnd)

(plate)

AIP B (cylnd)

(plate)

Ready Go Go 2

time (ms) average firing rate

key obj

Figure 6.12: Two visual AIP cells that showsignificant object-specific modulation.

0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

AIP A (cylnd)

(plate)

AIP B (cylnd)

(plate)

Ready Go Go 2

time (ms) average firing rate

key obj

Figure 6.13: Two visual-related (with some motor) AIP cells that demonstrate only slightmodulation as a function of the type of object that is presented. 117 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

AIP A (cylnd)

(plate)

AIP B (cylnd)

(plate)

Ready Go Go 2

time (ms) average firing rate

key obj

Figure 6.14: Two motor-related (set phase) AIP cells. Only cell Ais modulated the type of object that is presented.Two cells with both visual- and (somewhat) motor-related components are shown in Figure6.13. In the case of cell A, the primary difference in response level is observable only when theobject is first presented to the model (it responds more quickly to the cylinder). Cell B, on theother hand, demonstrates a small overall advantage for the plate condition.Motor-related cells are less sensitive to the type of object that is presented. Figure 6.14shows two units that begin to fire after the ready signal is presented. Only cell A demonstratesobject-specific modulation, shutting off after the flexion phase of movement is completed. CellB, along with cells A and B of Figure 6.15 does not change in activity level as a function of thepresented object. 118 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

AIP A (cylnd)

(plate)

AIP B (cylnd)

(plate)

Ready Go Go 2

time (ms) average firing rate

key obj

Figure 6.15: Two motor-related AIP cells that are not modulatedby the type of object.Population Analysis of Object-Related ResponsesThe visual/motor distinction in AIP becomes more clear at a population level of analysis(Figure 6.16). Under the lighted movement condition, the AIP population demonstrates a rangeof object responses (A). Although a few cells demonstrate significant differences in response tothe two objects, many are equally active for both. As a comparison, almost every F5 cell isequally responsive to both objects (B). 119 0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

cylinder plate

AIP normalized cell response (two objects, identical grasp)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

cylinder plate

F5 normalized cell response (two objects, identical grasp)

(A)(B)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

cylinder plate

AIP normalized cell response (fixation task)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

cylinder plate

AIP normalized cell response (dark movement task)

(C)(D)Figure 6.16: Comparison of population responses towards two different objects (butidentical grasps). Lighted movement task, AIP (A) and F5 (B) cells; and AIPpopulations during fixation (C) and dark movement (D) tasks. 120 precision grasp(aperture = 10 mm)

AIPF5Figure 6.17: Visual-related AIP receive object-specificinputs; motor-related cells receive recurrent inputsfrom F5, which do not demonstrate object-specificactivity.In order to examine thevisual/motor responses of the AIPcells, we compare the cell responsesunder the fixation (C) and darkmovement (D) tasks. The fixationresponses are a direct result ofconnections from visual areas intoAIP, and show significant differencesin behavior between the two objects.However, under the dark movementtask, the active AIP cells do not showobject specificity.In general, units that receive a significant amount of visual input (and thus are classified asvisual-related cells) are more likely to display differences in how they represent the twodifferent objects, as compared to the motor-related units. As discussed in Appendix A, when amapping is established from an object representation in PIP (or IT) to a set of appropriate AIPunits, the decision as to whether or not to make a connection to an individual AIP unit isdetermined probabilistically. In this experiment, because the two objects are represented in PIPusing non-overlapping populations of neurons, only a small subset of the possible AIP units willrespond to both objects (Figure 6.17).For the most part, however, the object distinction is lost at the level of F5, which is thesource of the motor-related activity. This happens despite the fact that only a subset ofpossible projections between AIP and F5 are established (also determined probabilistically).The reason is that the motor-related activity flows through the loop formed by AIP and F5. Asthe activity makes successive cycles through the loop, more and more motor-related cells (fromboth AIP and F5) are recruited, until all or most of the cells that belong to a single grasp 121 precision grasp

side oppositionIS

Figure 6.18: A single object mapping to twopossible grasps. Before execution, onegrasp must be selected based upon thecurrent context (e.g., based upon anInstruction Stimulus).program become active. As a result, the model predicts very few differences in object coding inAIP cells that are classified as more motor-related.Prediction #2: When an Object Affords Multiple GraspsIn general, a single object affords many possible grasps, one of which is selected at the timeof execution as a function of the current context (which may include task requirements, positionof the object in space, and obstacles). How is this one-to-many mapping is captured in theF5/AIP circuitry? And might we be able to see evidence of this mapping in a monkey recordingstudy?In the following experiment, the model is presented with a single object (a small cylinder),and asked to perform one of three tasks. For each task, the model repeatedly grasps thecylinder a fixed number of times. The three different tasks are:1.Grasp the cylinder using a precision pinch.2.Grasp the cylinder using a side opposition.3.As a function of an instruction stimulus (e.g., the color of a light), grasp the cylinderusing either a precision pinch or a side opposition.When the grasp is known ahead of time (tasks 1 and 2), it is assumed that some higherlevel planning region predisposes the selection of the correct grasp. In the model, it is area F6that performs this function. However, when thecorrect grasp is not known a priori (task 3), someother region must be invoked that is capable ofassociating arbitrary stimuli with theappropriate grasp. As discussed in the previouschapter, we implicate the dorsal premotor cortex(F2) in this association process (Fagg & Arbib,1992; Mitz, et al., 1991). 122 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos (p)

Index pos (p)

F5 A (c, p)

F5 A (c, s)

F5 A (nc, p)

F5 A (nc, s)

F5 B (c, p)

F5 B (c, s)

F5 B (nc, p)

F5 B (nc, s)

Ready

IS (c only) Go Go 2

time (ms) average firing rate

key obj

Figure 6.19: Two F5 units in response to the four conditions: (c,p),(c,s), (nc,p), and (nc,s). c = conditional; nc = non-conditional; p =precision grasp; s = side opposition.The protocol used in this experiment is similar to the one used in the previous set ofexperiments. The only difference is that for task 3, an instruction stimulus is presented 800msafter the ready signal.In the following set of figures, we examine in detail the various classes of cell behaviorobserved in F5 and AIP when presented with these four different conditions. We refer to task 1as non-conditional/precision, and task 2 as non-conditional/side. Task 3 consists of twoseparate conditions: conditional/precision and conditional/side.Figure 6.19 shows the behavior of two set-related cells in F5. For both the precision andside conditional cases, the cell activity is identical up until the IS is presented (as would be 123 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos (p)

Index pos (p)

F5 A (c, p)

F5 A (c, s)

F5 A (nc, p)

F5 A (nc, s)

F5 B (c, p)

F5 B (c, s)

F5 B (nc, p)

F5 B (nc, s)

Ready

IS (c only) Go Go 2

time (ms) average firing rate

key obj

Figure 6.20: A pair of set/extension cells in F5.expected for all cells). After the IS, we see a divergence in the activity pattern. Because thesecells are both involved in encoding the precision grasp, they continue to increase in theiractivity level when the precision condition is specified, while their activity is shunted for theside condition (note that cell A is shunted almost immediately, while cell B remains activeuntil the go stimulus is received).Examining the non-conditional traces, we see that cell A is only active for the precisiongrasp case. During the side opposition case, this cell is significantly inhibited by other F5 unitsand thus cannot become active. Cell B, on the other hand, is active in both cases, even thoughthe correct grasp is known before the trial begins (at t = 0). Note, however, that for theprecision grasp case, B is much more active than the side opposition case. 124 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos (p)

Index pos (p)

F5 A (c, p)

F5 A (c, s)

F5 A (nc, p)

F5 A (nc, s)

F5 B (c, p)

F5 B (c, s)

F5 B (nc, p)

F5 B (nc, s)

Ready

IS (c only) Go Go 2

time (ms) average firing rate

key obj

Figure 6.21: A pair of extension-related F5 cells.Two combination set and extension-related F5 units are illustrated in Figure 6.20. The keybehavioral feature of these units is the fact that both cells continue to fire into the extensionphase of movement only when a precision grasp is being executed. When the side opposition isexecuted, these cells are shunted by the time the movement is initiated.This shunting of competitor grasps just prior to or during the extension phase of movement isa feature that naturally comes out of the structure of the model. Because there are many moreextension units in the F5 region than there are set-related units (Rizzolatti, et al., 1988), whenphase transition takes place in response to the go signal, we see a rapid increase in the numberof active cells in the region. In turn, there is a rapid increase in the level of inhibition through 125 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos (p)

Index pos (p)

F5 A (c, p)

F5 A (c, s)

F5 A (nc, p)

F5 A (nc, s)

F5 B (c, p)

F5 B (c, s)

F5 B (nc, p)

F5 B (nc, s)

Ready

IS (c only) Go Go 2

time (ms) average firing rate

key obj

Figure 6.22: F5 flexion and hold units.the basal ganglia inhibitory loop. The result is a sudden sharpening of the motor program thatis about to be executed.We see this effect in Figure 6.21, which shows a pair of extension-related F5 units. In onlyone competing case (execution of the side opposition), does cell A become active. However, itonly does so for a short period of time. Once the program is sharpened, units participating inthe flexion (Figure 6.22, cell A) and hold (cell B) phases of movement are generally compatiblewith the program being executed.Because the number of hold-related cells is rather small in the F5 region, the motorprogram sharpening disappears to some degree during the release phase of movement (Figure6.23, cell B). 126 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos (p)

Index pos (p)

F5 A (c, p)

F5 A (c, s)

F5 A (nc, p)

F5 A (nc, s)

F5 B (c, p)

F5 B (c, s)

F5 B (nc, p)

F5 B (nc, s)

Ready

IS (c only) Go Go 2

time (ms) average firing rate

key obj

Figure 6.23: A pair of release phase F5 units.Finally, Figure 6.24 illustrates a pair of set-related F5 cells whose temporal properties aresignificantly modulated by whether the system is performing a conditional side opposition or anon-conditional side opposition. In the conditional case, both cells delay their activation by atleast 400ms. This happens because the cells are below threshold unless they receive bothvisual input via AIP and positive supporting inputs from either F2 or F6. Neither cell issignificantly active for either precision grasp case.The AIP cells in this conditional/non-conditional task reflect similar behavior ascompared with the F5 units. The visual/motor cell shown in Figure 6.25 activates in response tothe presentation of the object. In the cases when a side opposition is executed, this cell is 127 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos (p)

Index pos (p)

F5 A (c, p)

F5 A (c, s)

F5 A (nc, p)

F5 A (nc, s)

F5 B (c, p)

F5 B (c, s)

F5 B (nc, p)

F5 B (nc, s)

Ready

IS (c only) Go Go 2

time (ms) average firing rate

key obj

Figure 6.24: A pair of set-related F5 units. Note that in bothcases, their temporal behavior is modulated by whether aconditional or a non-conditional task is being performed.shunted during the set phase. The shunting is a result of competition with other AIP units viathe inhibitory basal ganglia loop.The visual/motor AIP unit illustrated in Figure 6.26 receives a more significant visualprojection than the previous cell (Figure 6.25). This is evident in the fact that even in the sideopposition cases, the cell is not completely inhibited (although it is significantly depressed). 128 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos (p)

Index pos (p)

AIP (c, p)

(c, s)

(nc, p)

(nc, s)

Ready

IS (c only) Go Go 2

time (ms) average firing rate

key obj

Figure 6.25: A visual/motor AIP cell (more motor-related). Thenotation is the same as in the previous figures.Finally, the cells shown in Figures 6.27 and 6.28 are both purely motor-related. The formeris a set-related unit, and demonstrates some level activity for all four conditions. In the non-compatible conditions, this cell is shunted by the time movement begins. The latter cell on theother hand (Figure 6.28), is never active in the non-compatible conditions. This is the casebecause it does not receive recurrent input from F5 set cells. By the time the movement isinitiated, any possible F5 inputs into this cell will have been shunted due to the sharpeningprocess that occurs at the set/extension phase boundary. 129 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos (p)

Index pos (p)

AIP (c, p)

(c, s)

(nc, p)

(nc, s)

Ready

IS (c only) Go Go 2

time (ms) average firing rate

key obj

Figure 6.26: A visual/motor AIP cell (primarily visual), which participates in theexecution of the precision grasp. During non-compatible (side opposition) conditionsthis cell is shunted.Population Analysis Comparing Conditional and Non-conditional TasksThe population responses of the cells in F5 and AIP are summarized in Figures 6.29 and 6.30,respectively. In order to explicitly illustrate the sharpening process, normalized cell responsesare computed for both the set and movement phases of the task. Many F5 set cells, under theconditional task, are active to varying degrees in both the precision grasp and side oppositioncases (6.29.A). However when the grasp is known a priori (non-conditional task), relativelyfew set cells are active for both cases (panel B). In this task, when the ready signal is received,set cells from both grasps begin to respond. Because of the grasp-specific bias from F6, however,those cells that correspond to the specified grasp are the ones that first achieve threshold. 130 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos (p)

Index pos (p)

AIP (c, p)

(c, s)

(nc, p)

(nc, s)

Ready

IS (c only) Go Go 2

time (ms) average firing rate

key obj

Figure 6.27: A primarily motor-related AIP cell, which is completely inhibited duringexecution of the side opposition.Via the inhibitory BG loop, the other set cells (of the non-specified grasp) are then inhibited(in most cases, before they reach threshold).Comparing the set responses to the movement-related responses (panels C and D), we seethat cells participate essentially in one grasp or the other. This demonstrates that as apopulation, by the time movement is initiated, the grasp decision is completely made.The AIP cell population reflects a similar behavior as the F5 population when comparingthe conditional and non-conditional tasks (Figure 6.30 ). The primary difference is that alarger number cells demonstrate reasonable levels activity for both side and precision grasps.This is the case because many of the cells receive the non-discriminant visual input (even afterthe grasp is selected), and because the competition between affordances is not as significant as 131 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos (p)

Index pos (p)

AIP (c, p)

(c, s)

(nc, p)

(nc, s)

Ready

IS (c only) Go Go 2

time (ms) average firing rate

key obj

Figure 6.28: A pure motor-related AIP cell, which is active only under the precision-pinch condition.is the competition that takes place within F5 between the different grasp alternatives.However, note that despite the fact that many cells are active for both grasps, most still showa significant orientation towards one of the two possibilities. 132 0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

precision pinch side opposition set-related F5 normalized cell response (conditional task)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

precision pinch side opposition set-related F5 normalized cell response (non-conditional task)

(A)(B)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

precision pinch side opposition movement-related F5 normalized cell response (conditional task)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

precision pinch side opposition movement-related F5 normalized cell response (non-conditional task)

(C)(D)Figure 6.29: Comparison of set-related F5 responses towards two different grasps underconditional (A) and non-conditional (B) tasks; and movement-related responses underconditional (C) and non-conditional (D) tasks. 133 0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

precision pinch side opposition set-related AIP normalized cell response (conditional task)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

precision pinch side opposition set-related AIP normalized cell response (non-conditional task)

(A)(B)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

precision pinch side opposition movement-related AIP normalized cell response (conditional task)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

precision pinch side opposition movement-related AIP normalized cell response (non-conditional task)

(C)(D)Figure 6.30: Comparison of set-related AIP responses towards two different grasps underconditional (A) and non-conditional (B) tasks; and movement-related responses underconditional (C) and non-conditional (D) tasks. 134 precision grasp (aperture = 30 mm) precision grasp (aperture = 20 mm)precision grasp (aperture = 10 mm)Figure 6.31: Cylinders of different widthsmap to a precision grasp of varyingaperture size.

0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

Ready

Go

Go 2

time (ms) average firing rate

key obj

Figure 6.32: Thumb and index finger temporalbehavior as a function of cylinder size.Prediction #3: Object Size CodingWhen humans reach to grasp an object, the maximum aperture achieved by the hand duringpreshape is related to the anticipated size of the object (Paulignan, et al., 1991a). How is thisinformation encoded in the various grasping motor programs? (Murata, et al., 1993) hasreported that within AIP, some cells are modulated by the size of the object that is presented tothe monkey. As discussed in chapter 5, we extrapolate this observation to F5, assuming thatsub-populations of grasp-specific units encode the aperture of grasp (using a population encodingscheme).In this experiment, we present the model with a set of cylinders which range in diameterfrom 10 to 40mm (Figure 6.31), and examine the resulting responses of a set of AIP and F5 units.Figure 6.32 compares the behavior of the thumb and index finger under these differentconditions. As the cylinder diameter increases, both the maximum aperture and point of contactanticipated by the model increase accordingly. 135 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

F5 A (10mm)

F5 A (15mm)

F5 A (20mm)

F5 A (25mm)

F5 A (30mm)

F5 A (35mm)

F5 A (40mm)

Ready Go Go 2

time (ms) average firing rate

key obj

0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

F5 A (10mm)

F5 A (15mm)

F5 A (20mm)

F5 A (25mm)

F5 A (30mm)

F5 A (35mm)

F5 A (40mm)

Ready Go Go 2

time (ms) average firing rate

key obj

(A)(B)

0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

F5 A (10mm)

F5 A (15mm)

F5 A (20mm)

F5 A (25mm)

F5 A (30mm)

F5 A (35mm)

F5 A (40mm)

Ready Go Go 2

time (ms) average firing rate

key obj

0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

F5 A (10mm)

F5 A (15mm)

F5 A (20mm)

F5 A (25mm)

F5 A (30mm)

F5 A (35mm)

F5 A (40mm)

Ready Go Go 2

time (ms) average firing rate

key obj

(C)(D)Figure 6.33: F5 cell responses during precision grasps of different apertures. Aperture-specific set (A) and hold (B) units; and aperture non-specific set (C) and movement-related (D) units. 136 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

AIP A (10mm)

AIP A (15mm)

AIP A (20mm)

AIP A (25mm)

AIP A (30mm)

AIP A (35mm)

AIP A (40mm)

Ready Go Go 2

time (ms) average firing rate

key obj

Figure 6.34: Visual-related AIP cell that demonstrates object size specificity (preferredaperture ~= 20mm).F5 cells exhibiting both aperture-specific and aperture insensitive properties areillustrated in Figure 6.33A-D. Note that both aperture sensitive cells (A and B) are responsiveover a range of grasp apertures. In addition, each cell responds maximally for one or two objectsizes, and as the objects become larger or smaller than these preferred sizes, the response leveldrops off rapidly. In contrast, cells C and D are not significantly modulated by the size of theobject being grasped.AIP cells also demonstrate a range of behaviors relative to the size of object presented tothe system. Sub-populations of both visual- (Figure 6.34) and motor-related (Figure 6.35) unitsencode object (or grasp aperture) size. Other sub-populations of units encode the precision graspin general and are only modulated to a small degree by object size (Figures 6.36 and 6.37). Note 137 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

AIP A (10mm)

AIP A (15mm)

AIP A (20mm)

AIP A (25mm)

AIP A (30mm)

AIP A (35mm)

AIP A (40mm)

Ready Go Go 2

time (ms) average firing rate

key obj

Figure 6.35: Motor-related AIP cell (preferred aperture ~= 20mm).that in the latter case, the visual/motor cell is shunted during the hold phase of the task formid-range cylinder sizes, but is active for small and large sizes of cylinders. In addition, thecell exhibits a late onset for only the cylinder of width 35mm. These effects are due to acombination of the specific group of F5 units from which this cell receives recurrent projections,and to the general competition that takes place within the AIP layer (via the BG inhibitoryloop). 138 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

AIP A (10mm)

AIP A (15mm)

AIP A (20mm)

AIP A (25mm)

AIP A (30mm)

AIP A (35mm)

AIP A (40mm)

Ready Go Go 2

time (ms) average firing rate

key obj

Figure 6.36: Visual-related AIP cell that demonstrates little modulation due to objectsize.

0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

AIP A (10mm)

AIP A (15mm)

AIP A (20mm)

AIP A (25mm)

AIP A (30mm)

AIP A (35mm)

AIP A (40mm)

Ready Go Go 2

time (ms) average firing rate

key obj

Figure 6.37: Visual/motor AIP cell that is inhibited during the hold phase of movementfor mid-range cylinders.

139Prediction #4: Object Size PerturbationOne perspective on AIP’s role in the grasping process discussed earlier is the idea that AIPis maintaining an active memory of the grasp that is about to be or is currently being executed.If this is the case, then we expect that any changes in the executed grasp (from the plannedgrasp) must somehow be detected and then reported back to AIP. Take for example the case inwhich there is a miscalibration between the visually estimated size of the object and theappropriate grasp aperture (as in the size perturbation task of (Gentilucci, et al., 1995)). In themodel, this sort of perturbation is sensed by hyperfeature detectors in SII at the time of contactwith the object. Because the hyperfeature units are sensitive to very specific combinations oftactile and proprioceptive (population-coded) inputs, a perturbation in object size results in ashift in the SII activity pattern (for small perturbations, the activity patterns for theperturbed and unperturbed cases can be overlapping). This shift in SII contact triggering inputinto the F5 layer causes a different set of F5 (hold) units to be activated than would normally bethe case. This new set of F5 neurons comprises units that are tuned for holding an object that isthe same size as the object actually encountered.This shifting of activity from one grasping program to another is demonstrated in Figure6.38. Average firing rate traces for two units (A and B) are shown for four different conditions(grasping of a 20mm cylinder, a 30mm cylinder, perturbation of 20 to 30mm and perturbationfrom 30 to 20mm). Unit A is a movement-related cell, and hence turns off as contact with theobject is made. Because the perturbation is not detected until time of contact, the cell behaves inthe same manner for both trials involving seeing the 20mm cylinder. Unit B, on the other hand,is a hold-related cell. Although its preferred aperture is 20mm, it also activates for a shortperiod of time when a 30mm grasp is established.When the cell is presented with a perturbation, its activity pattern switches to match thesize of object that is actually grasped. Note, however, that the onset of the cell (comparing the 140 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

F5 A (20mm)

F5 A (30mm)

F5 A (20->30)

F5 A (30->20)

F5 B (20mm)

F5 B (30mm)

F5 B (20->30)

F5 B (30->20)

Ready Go Go 2

time (ms) average firing rate

key obj

Figure 6.38: F5 movement-related cell (A) and a hold-related (B) cell during theperturbation experiment. 20mm/30mm traces correspond to presentation andgrasping of a 20mm and a 30mm cylinder, respectively; traces labeled 20->30 and30->20 indicate perturbation trials, in which a 20mm cylinder is switched for a30mm cylinder, and a 30mm cylinder for a 20mm one, respectively.20mm and 30->20 conditions) is delayed by about 200ms. This delay is due to a combination of 1)the priming of the SII unit in anticipation of contacting a 20mm object (which yields quickeractivation of the SII unit in the non-perturbed case), and 2) the time required to "derail"(shunt) the ongoing execution of the 30mm grasping program in F5.Examining the population responses for F5 cells, we see that not all F5 cells shift in responseto a perturbation. In Figure 6.39, we plot the hold-related activity of F5 units that have apreferred aperture between 20 and 25mm. Comparing the responses for 20 and 30mm grasps, wesee that the two grasps share some subset of cells (panel A), due to the population coding ofgrasp aperture. In general, however, these cells are more oriented towards coding a precisiongrasp of aperture 20mm. When a perturbation occurs (panel B), a subset of these cells react bybecoming even more active, thus shifting the currently executing program from the 30mmprecision grasp to the 20mm grasp.

141This shift in F5 activity subsequently causes a change in the AIP representation of theongoing grasp. Here we illustrate the main classes of AIP responses. The visual-related celldemonstrated in Figure 6.40 responds during the set phase to both objects nearly at the samelevel. However, during movement in the 20mm object (perceived size) conditions, this cell isshunted; the activity returns when a grasp is established with an object of size 20mm.The motor related unit of Figure 6.41 demonstrates a clear movement-related response thatis oriented towards objects of perceived size of 30mm. However, the cell maintains a holdresponse only for 20mm (actual size) objects. In contrast the visual/motor cell of Figure 6.42 ishighly active in all four conditions, but maintains a significant level of activity during thehold phase only when an object of 30mm is being held.Finally, some cells demonstrate a specific behavior for only one of the four tested conditions(Figures 6.43 and 6.44). In the first case, the unit activates during the set phase in 20mmconditions, but only maintains this state during the hold phase when the object size matchesthe perceived size. In the latter case, the cell is shunted during the hold phase of the task onlywhen an object of 30mm is both perceived and grasped. 142 0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

20mm precision grasp

30mm precision grasp

F5 (hold; pa = 20 or 25mm) normalized cell response (size coding)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

20mm precision grasp

30mm->20mm precision grasp

F5 (hold; pa = 20 or 25mm) normalized cell response (size coding)

(A)(B)Figure 6.39: F5 cell responses (of cells with preferred aperture between 20 and 25mm only)during execution of the hold phase of a 20mm precision grasp, compared with both theexecution of a 30mm precision grasp (A) and a perturbed grasp (B).

0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

AIP A (20mm)

AIP A (30mm)

AIP A (20->30)

AIP A (30->20)

Ready Go Go 2

time (ms) average firing rate

key obj

Figure 6.40: AIP visual cell that is active for all four conditions, but is shunted duringthe hold phase of a 30mm object. 143 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

AIP A (20mm)

AIP A (30mm)

AIP A (20->30)

AIP A (30->20)

Ready Go Go 2

time (ms) average firing rate

key obj

Figure 6.41: AIP motor-related cell that is most active during the movement phase of30mm aperture grasps, but only continues to be active through the hold phase of20mm grasps.

0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

AIP A (20mm)

AIP A (30mm)

AIP A (20->30)

AIP A (30->20)

Ready Go Go 2

time (ms) average firing rate

key obj

Figure 6.42: AIP visual/motor cell that is active in all conditions. Hold phase activityis most significant in cases in which a 30mm grasp is executed. 144 0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

AIP A (20mm)

AIP A (30mm)

AIP A (20->30)

AIP A (30->20)

Ready Go Go 2

time (ms) average firing rate

key obj

Figure 6.43: AIP motor-related cell that initially responds to the presentation of a20mm stimulus, but only continues to be active through the hold phase in theunperturbed case.

0 1000 2000 3000 4000 5000 6000 7000 8000

Thumb pos

Index pos

AIP A (20mm)

AIP A (30mm)

AIP A (20->30)

AIP A (30->20)

Ready Go Go 2

time (ms) average firing rate

key obj

Figure 6.44: AIP (primarily) visual cell that is shunted during the hold phase onlywhen a 30mm object is presented and manipulated.

145precision grasp (aperture = 10 mm)

wwprecision grasp (aperture = 20 mm)Figure 6.45: Four boxes of differentdimensions.Prediction #5: Object Parameter CodingIn looking carefully at object size-related activity described by (Murata, et al., 1993), oneobserves that during the experiments, when objects of different sizes were tested, the objectswere scaled simultaneously in all dimensions. If we believe that AIP is really computingsomething like the affordances of the attended object, then we would expect that only theproperties of the object that are relevant for physically interacting with it should be capturedin AIP. For example, when objects are grasped in particular ways, certain dimensions of theobjects are not as relevant as others to selecting the grasp aperture.In this experiment, we present the model with a series of four different box-shaped objects,each of which must be grasped along the indicated horizontal axis (Figure 6.45). The two boxesof the leftmost column are to be grasped using a precision pinch of aperture 10mm, althoughthey differ significantly in size in the other two dimensions. Likewise, the boxes of therightmost column must be grasped using a precision pinch of aperture 20mm. The key question tobe asked is how these four objects are coded by the AIP cell visual and motor responses.Figure 6.46 A compares the visual-related population responses for the two objects in theleftmost column. All active AIP units demonstrate asignificant level of activity for both objects, with littlevariation between the two. This is the case even thoughthe two objects match in size along only the widthdimension. However, comparing the responses towardsthe two objects in the bottom row of Figure 6.45, we see amuch wider distribution of responses (with some cellsresponding exclusively to one object or the other) (panelB). These differences in response properties are due tothe fact that in the model, objects represented in the 146 0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

10x20x20 plate

10x40x40 plate

AIP normalized cell response (fixation task)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

10x20x20 plate

10x40x40 plate

AIP normalized cell response (dark movement task)

(A)(B)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

10x20x20 plate

20x20x20 plate

AIP normalized cell response (fixation task)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

10x20x20 plate

20x20x20 plate

AIP normalized cell response (dark movement task)

(C)(D)Figure 6.46: Comparison of AIP visual responses for objects of the same (A) and different (B)widths; and AIP motor-related responses (dark movement condition) for objects of same(C) and different (D) widths.visual areas map to AIP cells that capture the critical parameter for physical interaction (thegrasp aperture in this case). 147 0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

10x20x20 plate

20x20x20 plate

F5 normalized cell response (dark movement task)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

10x20x20 plate

10x40x40 plate

F5 normalized cell response (dark movement task)

(A)(B)Figure 6.47: F5 population responses for two objects of the same width as measured along thegrasp axis (A), and two objects of different widths (B).Figures 6.46 C, D demonstrate the motor-related AIP population responses for the same pairof objects. As was seen in an earlier section (Prediction #1), the motor related responses tend toshed any object-specific properties not related to the grasp. For objects requiring identicalgrasps, the motor-related responses are identical (C); objects mapping to different graspsdemonstrate grasp-specific modulation (D). In this case, however, many AIP motor-relatedcells are shared between the two objects. These shared units are of two types: 1) generalprecision grasp units (with no aperture specificity), and 2) aperture-specific cells that respondto both conditions due to the population code used to capture the aperture parameter. Theselatter responses compare closely with the F5 population responses of Figure 6.47.

148Object versus Grasp Coding in the Monkey AIPThe monkey experiment reported in (Taira, et al., 1990) looked at AIP responses to avariety of objects and conditions. In one case, a pull-knob was presented to the monkey; the knobwas mounted such that it protruded from a flat plane (fourth row in Figure 6.48). In general, themonkey preferred to grasp the knob using a side opposition. In a second case, an identical knobwas presented, but was inset into a vertically cut slot (third row). In this case, the slot forcedthe monkey to adopt a precision pinch in order to successfully grasp the knob.This task compares to some degree to the conditional experiment described earlier that wasperformed with the model (Prediction #2). In the monkey experiment, an object (the knob)affords two different grasps (the side opposition and the precision pinch). The selection of oneof the two possibilities, however, is not done as a function of an abstract instruction stimulus, butrather as a function of task constraints (in this case, the reachability of the knob). Because thevisual description of the knob is very similar in the two cases (discounting the representation ofthe slot), the model predicts that visual-related responses in AIP should be the same.However, because two different motor responses are generated, the model predicts thatmovement-related AIP firing patterns should reflect the type of grasp, and hence the conditionthat is presented to the monkey.The AIP movement-related cell shown in Figure 6.48, which was recorded during themonkey experiments, demonstrates a selectivity (in the movement conditions) towards the pull-knob. However, the cell is very significantly active when a precision pinch is elicited, and isonly slightly active during execution of the side opposition. On the other end of the spectrum,the visual-related cell of Figure 6.49 demonstrates only a small difference in firing rate duringobject fixation of the two pull-knobs. But, when movement is generated in the light, asignificant difference emerges in the two cases. 149 150 151