Towards a Cognitive Neuroscience of
Non-Human Primates



Cognitive Neuroscience in Non-human
Primates

Visuo-spatial memory; categorical judgments;
strategic decision making, others including
neuro-economic; list learning, including SCP;
transitive inference; positive transfer;
temporal discrimination; reward-preference;
hierarchical behavior; imitation, emulation
and social learning generally; aspects of
numerosity; statistical learning; various
operant and saccade-based paradigms



Functional Organization

Primary rostro-caudal axis

— ‘temporal abstraction’ (Koechlin)

— (though see Badre & D’Esposito, 2009; Sakai & Passingham, 2006
Lateral<-->Medial coupling

— Kouneiher et al., 2009

— Extent to which decisions must recruit temporally-extended behaviors,
or consider temporally-removed goals / outcomes

Laterally, Dorsal<-->Ventral coupling
— How / What division (O’Reilly, 2010)
— And see OFC (what?) and ACC (how?) medially

Graziano, Nachev and others on PM, M1, SMC functional
organization

— Self organizing maps
And see comparative anatomic work



Muodel of the newronal mechanssms wnderlying decsion-making in PFC

Figure 4
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Figure 1. Schematic of muor esatomical sub-divaices in the froetel lobes.
Boundaries and Brodmann areas (BA] are only approximate. Arrows indicate
eatomical deections of amerionrostral |front] versus posterion'caudal {back| and

dorsal {upl versus veraral (downl. From caudd to rostral. labeled aress Include

motor cortax, dorsal (PMd| and wventral pramotor cortax, dorsal (pre-PMd| and
ventral aapects of anterior p rax, vetro- (VLPFC) and dorsolteral PFC
|DLPFC), and lataral froreal polar cortex (FPC)
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Affordance Competition Hypothesis

dPM (Cisek et al.) and PRR (Klaus et al.) code reach
directions in parallel

— Wait for cue to make decision

M1 (Lu & Ashe), LPFC (Averbeck et a.), LIP (Cui & Andersen)
also ‘load’ plans in parallel

— Retrieve from memory a sequence of actions (Shima et al.)

How does functional connectivity change as learning
develops?

— See Cromer et al., Pasupathy & Miller...

Relate to Hikosaka, Graybiel, Schneider and others on
Automatic Processing and ‘chunking’

— Consolidation / optimization processes



Go signal

Figure 2

Population activity in the doesal premotor cortex during a reach-selecton task. The 3D colored surface
depicts newral activity with respect to basdline, with cells surted by their peefeered direction along the
bottom edge, Diagrams om the left show the stimli presented to the monkey at different points dunng the
trial (oross indicates the cursoe), Note that during the period of ambaguity, even after stimuli vanishead, the
population encodes two potentaal directions, Data froen Cisek & Kalaska (2005).
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Encoding Strategies

Reactive, event encoding responses versus prospective,
state encoding / interval encoding responses

— Phasic, tonic and anticipatory

Campos et al. showed distributions of functional types
in LIP and SEF

Mita et al. on ‘relative interval’ encoding
Saga et al on ‘multi-dimensional’ responses
Genovesio et al. on ‘collapsing’ responses

Numerosity encoding throughout Fronto-parietal
network

Note BOPs



A Memory-guided saccade task
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Fig- 1. Prefromtal reurons exhibit enkanced firing ot the start ard end
of sequential saccade performarce. [A) Standard four-saccade task
[13), with exarrple of wertical and hoeizontal [Eye-v, Eye-h) eye
position traces and digastric electromyographic (EMG) activity ac-
campanying licking. R, 400-ms reward delivery window. [B) Dot raster
and peristimulus time histagram (PSTH) of activity of a sirgle pre-
frontal neuron during 35 trials of this task |events aligned with those
in [A)]; ssccade directions indicated to left [yellow, down; red, up
green, left; blue, right). Pink denotes 400-ms extra-peak window; pink
arraw indicates extra peak. Mean saccade onset times [vertical tics)
and standard deviations [black boxes] are shown belaw x axis. [C]

Becording and stimulation map of monkey M7 (A, anterior; L, lateral).
Black circles are sites at which mioastimulation elicited ssccades
Calored drcles show tracks with extra-peak activity (salid red], witk
rask-related but not extra-peak activity [solid green], or Ladeing
task-related activity (open greer). (D) Rectified eye position traces
recorded during 60 consecutive trials of the four-ssccade task [35
trials in [B]]. Pink bars mark 400-ms extra-peak window, during whick
saccades ocourred only in two trials [red circles). Black arrow, 811 ms
after Last target off. (E to G) Resporses of the sarme neuron shown i
(B) for blocks of ore (E] and six [F) saccade sequences, and for
four-saccade task with 600-ms target intervals [C).
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Context / Structural Responses

LPFC, PM, SMC, PPC, SEF...

Non-reward, non-time-discounted state and event
encoders

Categorical neurons; strategy-responsive (and
‘retrospective’) neurons (Tsujimoto et al.); rule
responsive neurons (Miller et al.); ‘rank’ responsive;
‘set’” encoding (Mansouri et al., 2006); response
suppression (Sakagami et al.; Hasegawa et al.);

Model-based learning and decision-making (Pan et al.,
2008; Fan et al., 2011)

— Hybrid RL-models combing model-free and model-based
learning (Daw et al., 2005)
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Compare population activity
in LPFC and striatum

1. Reward neurons to old stimuli
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Outcome-Related Processing

ACC, OFC, MFC, FPC...

Vicarious reinforcement

Processing outcomes of both self and other
For updating strategies, sets

Retrieve choices at time of feedback (for
evaluation)

Important for reversal learning
— OFC, ACC, set-shifting



Box 1. Task used to study the FPC in monkeys

Figure | ilustrotes: the task used 1o study the monkey FPC [4]. In the
Frgin tesle, @ vigal cus [Fgune D) irstricted rhesue monieys either o
'stay” with the goal they had chosen on the provious trial or 1o "shift to a
dilftarant gaal. Succees on thie tesk required both & memory of the
provious goal ond the application of the conrect strategy (stay or shifty.
Al thagus and & dalay pemod, the monkeye chaee & gosl 1o the kel or
right af & central fixation point, made a saccade to their cholos, and
continwad fixating it until esdback arrivad, The tial depicted in Fguna
l&, Tor example, fobovad g in which the monkay had chasan the lalt
goal. The purple square cued the shift strategy, which bed to choosing

the right gaal. if the maonkeys chase conectly, feedback corsisted of one
ar twa deope af fruil juice &3 p reward, Whan the monkeye chose
incoerectly, red sguares appeared over bath poterdial gools instoad.
Twa wariants of the 1aak served aa congrols, In gme, aither Gng 9F Daa
drops of juice wene delivered during the cue period, instead of 2 wisual
cuia [Fgune 1B, Dne decg masal S8y tao hall-daps mesnl “shilt’,
Accordingly, the monkeys received 2 reward twice on each carrect trial:
i Tirg1 tirnd as B cuig, e second &8 feadbaic |m tha ather contnl Esk,
& spatial cie iratructid the goal on essh tdal, aad the mgakeye asimply
abeyed these instructions without referonos 10 the previous goal.

(8] Previcus eh T ——
goal Key:
EPC — Latlt
= — Right
—_ T g e i ’-""'MJFWI\.LJ“
&7
g 10
2 i
= ™
E .
= . . " n coxor . . . .
w8 o) ] e
"L P,
Gy G ta
idh
Prodarmod
] oo
5 1 paal n >-=
§5.! o
55 | Cithar goal
E . A k &
055 P & &
by Tl
LT %4"-%
{eh
TAENT In Cognites Soionces

Figarin |. Tirik desiges o e=tivily i thio FPE {) Sequisss of 1esk avenis, Troen top o bonam. Each lerge nectang b corimhponds 0 e v ded mosilor a8 givan e, Tha
wiNhE SOUanEs Served i peodible gooks (o @ saccad i epn et on aach FEl. Nete tha the veren Goal, in this sanse, i nol msese 1 distinguish spaisl gosls fram
moyemant targets or the paramedens of mouesment, The red armwe show fhe terget of tha monkey's wigual fixetion, At first, the monkey had to mentain feogion [Fod on
tha whiln e, Al 1.5 8, & cun appasced for 0.5 & Tolkrand By o verisblo daley period of 1.0-0.5 & Thos e whils ciide dssppaced il & "go’ sigsal Tor a seceods 10
thay lgh or right goal, Tha red smrosss and desiad lnes dapict §osacoade 10 tha right, Fesdback ususlly srrved 055 i B Srwiegy cuss. Vieual oo awm grey
rictEi gl &f enloned Squbsid. For Nuid ik, Shid oo drog of juita (Mge blud dhapo) oF Taad hall-drops (Sl e Dot shades] cold b @ilisgy. &} Astivily ol Teas FPC
raliz, Fad linge ghow the sstivity rate when the monkmy corresihy selocind the righs gost Biack Srag ars for ol goals, ] Populphon schvity pvesgad oer gl FIY
Mirifons wilh ol sbtFaly, Aetivily Tor tha prefered Gosl Diual and tha alienoso gosl (gmend Sheleg: SEM. (8 Aostinl par of e fghl ceselesl conax al &
marsque monkey, with the FPC mgion shafied bounded by the srenge dashad line, Abbraviations a5, srcusin sulcus poe, pringipel sulcus, Nosiral is o the nght

dordinl v,
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Figure 2 Decision-selective activity in the visually cued
sirategy task, (&l Activity fnom & singls o2 alignad om cua
orset [cue on, left) and feedback (Fb, right), with saccade
crsat (sac) and the go cus indicated by marks an aach raster
line, and cue offset (cue off) marked by a vertical line. Raster i
displays show spike timas with spike-density avergges below, + 4
Background shading indicates the analysis percds. Feedback.period acthity for left decisions
(8.2 & 5.3 spikes per 5, mean 4+ §.4.0 significantly saceeded that tor right decisins (0.6 + 1.7 spikes
ner 5, bwo-way ANOVA, .l-' = BE.0, Poe 0.001). (b Population activity for decision-selective FPC
TEUTeNS, computad mparatalr tor éach neunen’s predamed (Dlack) and anti-prefermad (red) decsion
Shading indicates 5.e.m. Bin width was 30 ms, three-bin moving average. The dashed vertical line
indicates target acquisition Cacgl. (@) Tha actrity diflerence etwean preferad and anti-pealerred
decisions (blue} from b and the mean BOC value from d {orange. shading indicates 5.e.m. ). The blue
dashad hne i &t O spikes par £ and the arangs dashed lire o at the mean of shuthed ROC vali=s,
td) BOGC plots for decision-selective FPC neurons, with the area under the ROC curve color coded dor
each call (scala at lelt), ranked according b walues during Ehe fesdhack period
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Figure5. Streteqy-seective pasuletion measd. A, Mean poguletion sctivity [shaded area,
SEM for FFd {left] and PFo [right] seurerd. with significant strategy-seledive acivity daisg
the tue petiod (0 = & and @, nepectivel], computed seerately far eachineuran’s peefemed
[black] end asti-preferred {red) siealeqy. Vertical lise shaws the time of cee areel. B, Hormalk-
ired (p-igare} pazulation sverages far the same dits o shown is A O, Diferesce in actinity
betwoeas e prefermed 2nd amti- prefecsed dlrategie.
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Figare2. Two responseselective Pa neurcas. A, Nesron from monkey 2 Actvity aigned onrewand (Rm], sorted chroscleg-
ety from top 1o betiom, with seccade asset (s2¢) end the 9o cse ndicated by marks on each saster Fne. Raater displeys show
Ipike tmes with spike-deraity dverages ebawe cath dipley. Left ind right responss showa wparately. (orsect tridls caly are
ihawn. Backgraund shading feedbeck period. 8, Newren from ronkey 3, format of A. € From the cell in 8, for error trizh, in
format of A Nate that an enmor tials, feedbeck wis vissel, in contrast 3 seward feedsadk on comact triaki. Trigh are sorted by

wipoases made [20t by corsect respermes).
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Figure 5.  Activity diferences betwees comrect and ennor 1 in two FFC cells g, 8, The line grapta ot the Jeft shaw The
aoecaged fring satesin comect and error i, digued ot emple cenel. The o veles indicete e sgnificasce el effects of reszonse
tpzeina theee-wey ANOVA (sale X respoase type X epach]. The binsine & 50 ;s The raster grema in the middie show ectivty
nindividael correct and ermor triak of the firs? four Slad, 250 dlignad 2t semrple 0asel. The bar graph et he right represents the
meen fring rate is the epoch aoted sbove ndividael grashs for correct nd eter ries in conuecative biocks. The activity differ-
eaces betmween comect and ermor irias were consisteatiy teen in the same direction in consecutive colar and shaze biocks. Pink and
Sladk colers of fines, Bers, and dotsindicate comect and emor Uik, reszectively. Vertical caiibration bae, § spikess.



Reward / Value / Motivational

Modulations

LPFC, OFC, SMC, FEF, BG, LIP, PM...

Reward size, reward probability, reward preference, reward
expectancies

Also, effort, information quality, time-discounting, satiation
— Note that social information inherently rewarding
— Need ‘multi-dimensional’ view of motivation

Bernacchia et al 2011 on temporally-extended modulations widely
broadcast

Can increase or decrease firing rate

Need integrative framework for combining ‘plans’ / ‘context’
(lateral) and ‘values’ / ‘motivations’ (medial)

— Watanabe & Sakagami, 2007
— Executability X Desirability
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Figuere 3 Firing rates and memory tracas 1or six newrnns, two for each of the three recorded areas, For each of the six neurons, epach codes (fiest and
third column} and memery traces {second and fourth column) are shown, presented as in Figure 2a,b. The second cclumn shows monotomic decay of the
memory trace and the fourth column shows biphasic memaory traces (doubie exponantial), Ditferant neurons nad ditterent firing rates, doth in magnitude
and time course, and different types of memory decay, but they were 2l consistent with an exponential {single or double) decay of the memcey
moduiated by the epoch code. The factonzation indexes 1or those neurans are .98 (a.bl. 0.91 (¢,d), 0.98 (e.N, C.B4 (gh), 0.97 (ijl and 0.61 (k).




A HYBRID-type activily in LPFC

cue on
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Fig. # Fopulation histograms of HYBRID-type cells. Asveraged
discharge rates of HYBRID-type cells, which had a preferned
directan for cee and reward in the same direction, are shean Tor
the LPFC population (@) and C1F population (b). A whie dashed
fine in an insel schema indicates the preferred directiion. The coe
wis presented either in the preferred direction [E.'UEP""I. while
circle mside the white dasfed Iine in he schema; thick lne in the
histograms] or anti-preferred direction (CUE™™, white circle
pul of the whie davked [ne in the schema; thin fine in the
higoprams). Immediate reward was associaled either with the

preferred direction (RWD™, bull's eve mark imside the it
davhed fine in the schema; red dre in the higtograms} or non-
preferred direction (RWDF, bull’s eve mark out of the white
clavhed fine; dlack Iine m the histograms). Immediate rewarnd was
available in the CUE™-RWD™ condition amd the CUE™"-
RWD™™" condilion, wheress immediate reward was nol avail-
able in the CUE"™-RWD™" cendition and the CUEM'-
RWD™ comdition. The fefd versical line indicates the time af cue
onsel armd the skl verticad Iine indicates the time of sweade
anset
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Spike himograms from rwo single rezroans encoding che expected reward andfor the monkey’s response (3
left or right saccade). Inser bar graphs indicsze the mesn neeronal firing rage { £ soanderd error) dzring
the presenmation of the rewend=predicrive cwe (the firse 500 ms). Gray indicares thar the coe prediceed the
delivery of eight draps of jukce, hbee foor drops, ard red oo drogs. {a, ) OFJ neuron encoding the
predicted reward in & perametric fskion irrespecrive of seocade direction. This nenron showed a
depression in ics firing rare that was greaves for eight drops of poice, less for four drops, and least of all
for owa drops, [s firing reee, bowever, was the same irrespectve of whether the monkey woold make &
left ar righn saccade wo earn the reward. Significancly mare (3 nearnes (285%) shewed this pamern af
selecrivicy compared with DLPFC rewnons (13%, dhi-spuared = 9.8, P« 0005 i, &) A DLPFC
moaran that shevid 2 comples pattern of seloaivity thae eneoded a combination of the rewand and the
poaiming saccade, Dunng the coo epach, the newron descrisnimatied betwoen the differeng expected
reward amounts snaly when the menkey wosld mmake 3 aghtwand siosads (shewing a bigh fining e wbin
cight drops of pace were eapected), In comtrass, during the sebsequent period the sime nouren was
reward-sebective oaly whin the mankey would make a lefward saceade, Significanty moce DLPFC
marons (3%} cncoded a combiration of the rewand amd respomse compari with QP neuross (19%,
chi-squarad = 19, P < 000,005),
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Decision Processes

e Combine ‘contextual’ with ‘motivational’
information

* Evidence accumulates to drive a population
over threshold

* Must drive downstream processes towards a
decision
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A Response to fization point D Compatition and salection in SEF
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Fg 90, Maodel tages during the ISR 1k, Each panel depicts portians of the model relevant for 3 particular process as the model solves the 158 task. Gray Gelds are thene
that are effectively removed from the systems by ether inhibition or lack of excation. White, bold stroke fiekds are active, and partscipate inche process being explained in
each panel The dotted cirde in the et space of panels A-C represents the diection of gaze. (4] The moded saccades o the fication point. Anatomical Labels showm inthis
pare] Tor BG apply 1o all panels, (B) Fixation is marstamed, (C) & sequence of spatial cues @ presented aod stomed. Mether saccades noe selection can ootur bedase gpales
are held closed by fhcation-relaced LIP activity. (D) Foxation point removal opens the rebearsal gace § via the BC workng memory loop [Fig 4{A]L and allows selection o
Ieeggin irs SEF [, Grodsbeng & Pearson, 2008 (E) Selicted saccade plans are excited in FEF and deleted Troe warking memary, [F) FEF and collicular gates open. llowing the
saccade plam vo Alow chrough FEF and 10 5C, which generates a saccade. Operations (o panels D-F repeat until no representations remairn in the working memary.
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Figura 1. Task Desipn, Ascording Locations, and Psychometric Curves

A Sequence of task evamts Gach gray rectangle repraiants 1He video sorpen
B Possdraton e Dorrpeaile fmam Bath mackeys, il 16 edsdl Brdmarke. Yerbcal Blue lis Shision Batwes panamuste ighl] & dorsolstes

profrarial [left) aneas. Abbresiations: A%, arouate sulcus PS, principal sulous,

(] Stirmubs sals
[D] Faychametnc curss showing the probabdiy of reparting Pjreperl thal 52 lasted longer 25 o funchion of 52 duration for thi sguane st of dwrmlions.
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Figure & Mewron Enceding Pelative Duraticn

Thig reuren ancicig the mabative duratian or the basts of Both the slismudes (8, whathar the Bl o med stimobes Poed leabed oeger, @< 000010 and the ergar o
prosentation [Le., whiothes 52 o 51 lusbed konger, p« 0L The imo cours of theso two signals dittered in the same way as the avomgs ADC valses shaen in
Fjurs 6F, The mprassntation of mlsies domation Eased or elimubes order fusd akeacky dosalopsed by 19 bagnning of the 0 paiod (Grean serows], Thacsll dis-
cirarged mon whin 52 wos onger fift calumn) than when 51 WS onger jight colimn). The reproseniabon of relabve durmicn based on e stmull (red or Dl
wrremrgd bater (Blus grroeas), Bly - 200 sres afer 502 olfeet, the resgroe wae mong acties wihee the blos gtrrohoes veses lengas Eattam o] oo s the red cne was
hongior flog rowd]. The foimat s 25 in Figare 2
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Learning

How does functional connectivity change as a
result of learning?

Model-based versus model-free learning
— How do these systems functionally segregate?
— How is the ‘model’ implemented?

What is the time course of learning in different
systems?

Consolidation / automaticity
— Chunking of programs versus task expertise
Pay attention to lesion data...
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Non-PFC cognitive functions

Categorization w/o PFC (Minamimoto et al., 2010)
— Seger et al.

Categorization in Temporal and Parietal
— Striatum, too (Miller et al.)

Striatum in reversal learning (Pasupathy & Miller, 2005)
Premotor in abstract rule task (Wallis & Miller, 2003)

PPC in WCST analog (Kamigaki et al., 2009)
— And SMC and ACC (lesion; Buckley, et al., 2009)



LIP as ‘Behavioral Priority Map’

Multi-modal, spatially-tuned; bottom-up
saliency; covert attention; intentional signals;
reward considerations: reward likelihood,
probability, preference, magnitude; quality of
decision variables; attention; saccadic
planning; categorical judgments; numerosity;
task states; top-down inhibition; social gaze
cues; or anything really (including color)!
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 Match vs. non-match responses (miller et al.
1996)

e ‘shift” in activations (Cromer et al., 2011;
Histed et al., 2009; Pasupathy & Miller, 2005)

— See Hikosaka et al 1999
e Task set
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e 2"d next neurons
* Kennerley & Wallis, 2009: VLPFC vs. DLPFC

— VLPFC earlier, stronger and more sustained
— And see VLPFC as task set related

* Buckley et al. shows different effects of lesions
during WCST analog



Interactive Processes

* Premotor—>Prefrontal

 Wallis & Miller, 2003: OFC and DLPFC show
similar reward modulation

— DLPFC shows conjunction of reward expectancy
and response

— OFC shows earlier reward response



* Use of new technologies in non-human
primates

* EEG, ERP, PET in apes



Non-human Primate Social Behavior

Hunt in groups (with tools); share meat, fruit,
plants, and tools; respond to fiat currency;
respond to unequal pay; cooperate for
resources, access to mates, etc.; compete for
resources, mates, space, etc.; engage in
deception; vocalize differentially to stimuli;
vocalize differentially to cognitive states;
communicate flexibly with gesture (including
in sequence bouts); pantomime or use iconic
gestures; monitor comprehension of others



Non-human Primate Social Behavior

Place high value on social information; attend to
others’ attention and follow gaze (especially of
high-status individuals); infer or understand
dominance relations; differentially process
intentional versus accidental actions;
understand actions not in one’s own motor
repertoire; attribute cognitive states to others;
reciprocate, act prosocially or otherwise
respond according to past behavior of others



Non-human Primate Social Behavior

show aggression (according to complex
considerations); reconcile after conflict; form
short- and long-term bonds; benefit positively
from social bonds; maintain social bonds
through grooming, or policing functions;
sensitive to emotional state of others; process
vicarious reinforcement; learn complex skills
from others; have primitive cultures!



Non-human Primate Social Behavior

 But compared to humans:
— Cooperate and act prosocially less
— Communicate less flexibly
— Fail false-belief tests with more frequency

— Achieve lower scores on comparative social learning
tests, or show different response profiles (over-
imitation)

— Lack ‘shared intentionality’
— And recall ‘A’

* Also, distinguish ‘active’ and ‘passive’ social
learning



Social Neuroscience

Responses from DLPFC, OFC, SMC, ACC, LIP, caudate, along
with F5, AIP, STS, etc. ‘mirror’ regions

— Yoshida et al. ‘other’ neurons
— Lee et al. DLPFC neurons monitoring history of choices

Novel designs incorporating computer or monkey
opponents

— ‘pennies’; ‘paper, scissors, rock’; team-based; mixed-strategy

ERP, EEG, PET along with DTI, MRI and other anatomic and
cytoarchitectonic methods

— Can use synthetic techniques to relate to more direct data
Selective lesioning an effective method too
Tsujimoto et al. (2009) FPC recordings
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Social Neuroscience

e Subiaul et al., 2004 claims to show ‘cognitive
imitation’

— We claim expertise on task greatly facilitates
observational learning; not ‘imitation’

* Animals must link responses from others to

responses in self, according to analysis of its
outcome

* Fictive reward processing, vicarious
reinforcement



Modeling

* Hierarchical Learning

— Braun et al.. Propose Hierarchical Bayesian
method

— Botvinick, Barto and others propose HRL
— Also, how to consolidate motor programs?

e Category formation

— Hinaut & Dominey, 2011
— Rougier et al., 2005
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Fig. 1. Model and exargbe stimuli. (a) The model with the complete PFC system Stienull ane presented in tad poible locations (ett, fght]. Rows reprasent
difterent stimulus dimentions {e.9., color, size, shape, ¢, labeled A-E tor simplicity), ard columing represent ditferent features (red, crangs graen, and blue;
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Fig. 2. Representations (synaptic weights) that developed in four different netwark configurations. (3) Posterior cortex only (no PRC) trained on all tasks. (b) PFC
without the adaptive gating mechanism (all tasks). () Full PFC trained only on task pairs {name feature and matdh feature inthis case). (o) Full PFC (all tasks). Each image
shows the weights from the hdden units {a) cr PFC (b-d) to the resporse layer. Larger squares correspond to units {all 30 in the PFC and a random and representative
subset of 20 from the 145 hidden units in the postericr moded), and the emaller squares within designate the strength of the conmection (kghter « stronger) from that
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illustrated in e and Fig. 1). It b evident, therefore, that each of the PFC units in the full model {o) represents a single demersion and, coe W, that each d b

”

is represented by a distingt subset of PFCunits This pattern is less evident to almost entirely absentin the other retwaork contigurations (see text for additional analyses).




Modeling Challenges

‘Deep-time’ / trans-interval modeling

— Recall Campos et al., Bernacchia et al., Saito et al.
Reward modulations

— Much deeper issue, see social brain modeling

— Outcome processing, value updating, etc.
Conjunctive coding

Activation-based versus weight-based (O’Reilly, 1998; O’'Reilly &
Munataka, 2000)

— Learning, reward expectancies, etc. encoded in rate
Social learning (including theoretical issues)

— E.g., Acerbietal., 2011
Social brain modeling

— Perhaps carries different challenges



BOPs

Change matters

Conjunctive coding
— Multi-plexing / collapsing representation

Reward modulation
— Across long time scales (Bernacchia et al., 2011)

Adaptive Coding
— LIP responds to color

Consolidation / learning-related changes
Interactive activation

Prospective and reactive encoding

Task sets / hierarchical organization of control
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Figure 1. Schematic of muor esatomical sub-divaices in the froetel lobes.
Boundaries and Brodmann areas (BA] are only approximate. Arrows indicate
eatomical deections of amerionrostral |front] versus posterion'caudal {back| and

dorsal {upl versus veraral (downl. From caudd to rostral. labeled aress Include

motor cortax, dorsal (PMd| and wventral pramotor cortax, dorsal (pre-PMd| and
ventral aapects of anterior p rax, vetro- (VLPFC) and dorsolteral PFC
|DLPFC), and lataral froreal polar cortex (FPC)
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