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Neural representation of action grammar structure in primate frontal cortex
Lucas Y. Tian"*%*, Daniel J. Hanuska'®, Kedar Garzén Gupta'®, Yue Liu?’, Xiao-Jing Wang?, Joshua B.

Tenenbaum?®*, Winrich A. Freiwald"*5*

Abstract

Humans and other animals can solve new problems, even on the first attempt. This capacity to generate
novel problem-solving behavior has been hypothesized to depend on brain mechanisms for recombining
units of knowledge using systems of procedural rules, or grammars. Yet, whether and how the brain
represents and implements grammars remains unclear, in large part due to the lack of neural recordings
(typically performed in animal models) during grammar-based problem solving (typically studied in
humans). Here, we address that gap, and in turn identify an underlying neural basis of grammatical
behavior. We designed a visual-motor construction task in which macaque monkeys trace complex, often
novel, geometric figures by generating a sequence of strokes, each a distinct shape, like a circle, dash,
or chevron (action symbols'). Critically, sequencing was guided by a learned hierarchical action grammar
A"B™CK, meaning “repeat shape A, then repeat shape B, then repeat shape C”, where the number of
repetitions (n, m, and k) varied across problems. Behavior was internally generated (no cues guiding
stroke order), problem-directed (to construct a specific image), and exhibited zero-shot generalization
(successful on the first trial for novel problems, including harder ones)--key hallmarks of grammar use.
To identify underlying neural substrates, we recorded from multiple frontal cortical areas previously
implicated in rule use or action sequencing. Activity during drawing encoded key structural properties of
the action grammar: (i) shape index (A, B, C), (ii) abstract role (e.g., the role A independent of the specific
shape), and (iii) ordinal position within a shape repeat. Moreover, all three properties were strongest in a
single region, the pre-supplementary motor area (preSMA). We suggest the possibility that this
conjunction of representations is a signature of an implementation of an iterative algorithm resembling a
“for-loop” program: internally tracking how many repetitions remain for each shape index and switching

to the next when complete. Our study establishes a paradigm for studying the neural basis of grammar-

1 Laboratory of Neural Systems, The Rockefeller University, USA

» Center for Neural Science, New York University, USA

3 Department of Brain and Cognitive Sciences, Massachusetts Institute of Technology, USA
4+ Center for Brains, Minds and Machines, MIT & Rockefeller University, USA

s The Price Family Center for the Social Brain, Rockefeller University, USA

¢ Zuckerman Institute, Columbia University, USA

7 College of Engineering & Computer Science, Florida Atlantic University, USA

* Co-corresponding authors: Itian@rockefeller.edu (L.Y.T.) and wfreiwald@rockefeller.edu (W.A.F.)


https://doi.org/10.64898/2026.01.18.700235
http://creativecommons.org/licenses/by-nc-nd/4.0/

27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

bioRxiv preprint doi: https://doi.org/10.64898/2026.01.18.700235; this version posted January 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC-ND 4.0 International license.

guided novel behavior and identifies in preSMA a dynamic representation of grammatical structure

supporting such behavior.

Acknowledgements

We thank A. Rouse, M. Eldridge, and M Schieber for assistance with surgeries; X. Ma, T. Wu, D. Dolnik,
S. Sharma, A. Urquieta, V. Calligy, Y. Tazi and other members of the Freiwald, Wang, and Tenenbaum
labs for project feedback; K. Kay and T. Nigam for manuscript feedback; V. Sherman and A. Gonzalez
for technical assistance; and L. Ying for administrative assistance. This work was supported by the
National Institutes of Health, through the National Eye Institute (RO1EY021594 to W.A.F.), the National
Institute Of Mental Health (F32MH125573 to L.Y.T.), and the National Institute Of Neurological Disorders
And Stroke (K99NS131585 to L.Y.T.), as well as the Simons Foundation’s Collaboration on the Global
Brain (876120SPI and AN-NC-GB-Pilot Extension-00002596-01 to X.-J.W., J.B.T., and W.A.F., and NC-
GB-CULM-00003138 to X.-J.W.), the Center for Brains, Minds & Machines of the National Science
Foundation (STC award CCF-1231216 to W.A.F. and J.B.T.), the Office of Naval Research (N0O0014-20-
1-2292, Vannevar Bush Faculty Fellowship, to W.A.F., N00014-23-1-2040 to X.-J.W., and MURI NO0014-
21-1-2801 to J.B.T.), and the Air Force Office of Scientific Research (FA9550-22-1-0387 to J.B.T.).


https://doi.org/10.64898/2026.01.18.700235
http://creativecommons.org/licenses/by-nc-nd/4.0/

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

bioRxiv preprint doi: https://doi.org/10.64898/2026.01.18.700235; this version posted January 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC-ND 4.0 International license.

Introduction
A hallmark of intelligence is the ability to solve novel problems by constructing new solutions that

4

recombine known elements in novel ways. This capacity for compositional generalization™ is often

2,4-10 2,5,6,8—

suggested to depend on internal systems of procedural rules , OF grammars 1% that specify how
discrete units of knowledge can be combined into structured composites. Because a finite set of rules
can generate a vast, potentially infinite, set of possible solutions, grammars provide a principled account
of zero-shot generalization, success on a novel problem on the first attempt. Grammatical structure has

been characterized in a wide range of behaviors®®%11-%!

, including the structured reasoning that occurs
in math and logic, and other seemingly less structured behaviors such as tool use, object use,
musicianship, handwriting, drawing, speech, physical reasoning, and social reasoning. For example,
when asked to “draw an animal that doesn’t exist,” children readily produce imaginary animals, such as
a dog-like creature with six legs and three camel humps'®, consistent with a system of rules resembling

“repeat body part X” or “attach part X to part Y.

Despite this behavioral evidence for grammars, whether and how they are implemented in the brain
remains unclear. A key challenge is the lack of a model system that combines grammar-guided behavior,
including tests of generalization, with neural recordings. To establish such a model system, we focused
on three key behavioral hallmarks of grammatical ability. Behavior should be: (1) internally generated, in
that action order is not directly cued by external stimuli; (2) problem-directed, organized around solving
an immediate problem rather than reflecting a habitual or stimulus—response sequence; and (3) zero-
shot generalizing, succeeding on novel and potentially harder problems on the first attempt, thereby ruling

out memorized action sequences.

To date, prior studies combining neuronal recordings and animal behavior have not jointly demonstrated
all three properties, although multiple lines of study have provided important insight. First, studies of
“artificial grammar learning”?*%* have found that many species can discriminate or learn grammatically
structured regularities in stimulus sequences; however, these studies have typically relied on perceptual
tasks, leaving unclear whether subjects can generate behavior consistent with the grammar. Second,

recordings during motor sequencing have revealed diverse neural correlates, but have typically used

24,25 26-30 31-33

explicit ordering cues“*=>, memorized sequences , or minimally constrained task settings®'—°, rather

than assessing the ability to generalize rules. Third, other studies have assessed a variety of sequencing

34-37 38-45

rules, but lacking neural recordings or not involving zero-shot generalization , including to harder
problems®. A fourth set of studies has demonstrated grammar-like sequencing with zero-shot
generalization, but lack neural recordings. These include mirror grammars in macaques, including
generalization to harder problems*’, and center-embedded grammars in macaques*® and corvids*. Fifth,

ethological studies have described grammatical structure in behaviors such as object manipulation',
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foraging®, and tool use®' but these settings raise difficulties for experimental control, testing for novel
behavior, and recording neural activity. In sum, although neuronal correlates of latent sequential structure

have been described in a variety of paradigms?’~30-3238-43.45:46.52

, we currently lack one jointly probing
grammatically structured behavior and neuronal activity. As a result, there remains much to be discovered

about the underlying neural bases of grammatically structured behavior.

Here we address this gap by developing a drawing-like visual-motor construction task involving
grammatically structured action sequencing (Fig. 1a-d) and then performing large-scale neural
recordings. Macaques are presented with images of complex geometric figures which they must trace.
Critically, they must do so by producing sequences of strokes (action symbols corresponding to learned
shapes’) to construct the image, and in a manner consistent with the hierarchical action grammar A"B™Ck
(Fig. 1a), meaning “repeat shape A, then repeat shape B, then repeat shape C”, where A, B, and C are
abstract indices to which arbitrary shapes are associated by learning, and where the number of repetitions
of each shape (n, m, and k) vary across problems. Monkeys successfully drew new images in a manner
consistent with the underlying grammar, revealing a capacity for zero-shot generalization of

grammatically structured action sequences.

To study the neural basis of this ability, we performed simultaneous recordings across multiple frontal
cortical areas previously implicated in rule use or action sequencing, but never all directly compared in
the same task. Doing so, we found a dominant role for pre-supplementary motor area (preSMA) in
supporting this grammatical ability; in particular, preSMA activity dynamically encodes the latent structure

of the A"B™C* grammar during drawing.
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Results

Curriculum-based training of grammatically structured visual-motor construction

We trained monkeys to construct images by tracing a sequence of strokes, one for each shape
component. On each trial, correct behavior was to produce a sequence consistent with the A"B™C*
grammar, with specific shapes associated with each shape index (A, B, C) learned by the subject and
stable throughout a multi-day experimental session (Fig. 1a-d; touchscreen setup in Fig. S1; Methods).
Each shape was drawn with its associated action symbol—shape-associated stroke types that the subject

had previously learned”.

To train macaques, we developed a method involving a “curriculum” of problems (where each problem
is a unique image with certain task parameters), increasing in difficulty along two dimensions: decreasing
stroke-by-stroke guidance (Fig. 1e) and increasing image complexity (Fig. 1f), as depicted for an
example experiment involving the grammar A"B™ (A associated with lines and B associated with circles)
(Fig. 1b,c, e-h). Stroke-by-stroke guidance involved one-by-one visual cueing of which component to
draw (Fig. 1e). Over trials, we reduced this guidance until it was eliminated, at which point stroke choices
were internally guided (Fig. 1e). Image complexity, defined as the number of total image components,
started out low (two components), and increased over training (up to four in this experiment, with
maximum two lines and two circles; Fig. 1f). Additionally, to motivate learning of generalizable grammars,

a large variety of images were presented (see below).

Monkeys successfully completed the training curriculum. We quantified performance as repeat length, or
the number of components drawn in repetition for a given shape (“performance”, Fig. 1g, bottom), and
compared this value to the number of image components for that shape (Fig. 1g, bottom), with perfect
performance indicated by equality of repeat length to number of components. Over the two-day
experiment, performance improved over the first day, and by the end of the second day was close to
perfect even with no guidance (Fig. 1h, i). This was true even though problems were variable (six
examples in Fig. 1f; quantification in Fig. 1g, top) and included a steady stream of novel images (Fig.
1g, middle).


https://doi.org/10.64898/2026.01.18.700235
http://creativecommons.org/licenses/by-nc-nd/4.0/

134
135

136

137
138
139
140

141

142
143
144
145
146
147
148

bioRxiv preprint doi: https://doi.org/10.64898/2026.01.18.700235; this version posted January 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC-ND 4.0 International license.

a b Grammar i Apply grammar to solve problem C Internally Problem- Zero-shot
ABMCk i, Problem Solution generated directed generalizing
g . . o :
A = shape g (|)(i)| _g 4%‘]\2 4?5‘1\2 Staticimage  Problems—>  Train  Test
_ 5 g5 6 10 | 1o |[100] [10_|[1_O
B = shape2 % I 3 1, @11 Ol Ol I 10/| Ol
C = shape3 < PIY ' ' "~ Stroke# ]
d Hold Draw Finish

AN S & e

Press &
Hold

i Flash i | -m u _ u L "W LS
Start Done'button Presst\
button | 1 J
0.5-10s 12-21s No time limit
e » With guidance g 10
T X
s |10 I r ro, | 1C 2 _ o
> | |,\ ¢ K ¥ 4 [p\ [§ = 10-trial running window
© Image Guide Guide Guide €
w o : o 0
l Decrease in guidance _5— 500
< .
® Without guidance > Cumulative
2 X
=10 (IO (IO (ICT 0
e l it it i — With guidance
@®© 8 2 lines (image
~ 2o 0
© C
gl
. Increase in complexit, . 6 ® s b ine (i
Early trials P }; Late trials S % ! 1line (image)
o :
o | Ol |O |O]O 1 200 400 600 800 1000
| O | OO | |O ||| Trial index
Trial 39 |17 156 162 476 557 hA No guidance | Repeat
Mgl 2t g2 2gt 2g? 22 8352 length
< 5 5 3
(1 U[Tg 0T E = 2 l:|
i (¢ I le {7 2 g 1
] 0
: — 1 200 400 600 800 1000 O 200
Stroke order Stroke @=2= Trial index Count

Figure 1. Curriculum-based training of grammatically structured visual-motor construction.
(a) The general form of action grammars in our study. See main text.

(b) Schematic of task paradigm to test ability to learn and generalize an action grammar towards solving new
drawing-like visual-motor construct problems. The task is to produce a sequence of tracing strokes to copy the
target image, while applying the trained grammar, which for this problem (image) requires repeating “line” four
times and then repeating “circle” twice.

(c) Three behavioral hallmarks of grammatically structured action sequences.

(d) Trial structure, showing three discrete events (dashed boxes) and sustained epochs (solid boxes). “Hold”: press
and hold a “start” button, enforcing a consistent posture. “Plan”: subjects see the image but must maintain hold
on “start” button. “Draw”: subjects produce strokes. Black arrows represent “ink” (visible to the subject) marking
touched locations. Subjects can report completion any time by pressing “done” button. They receive juice
reward from producing a sequence consistent with the trained grammar. The strokes are learned action
symbols, each a shape-associated stroke type the subject had previously learned’, which must also (loosely)
match the form of each shape component (Methods). “Buttons” always refers to touchscreen buttons.
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(e) The task curriculum involved decreasing guidance over trials. Guidance involved cuing the correct stroke one-
by-one (main text). It was decreased by gradually lowering the difference in contrast between the next shape
and other shapes, until this difference reached zero, thus removing guidance (“Without guidance”).

() The task curriculum involved increasing image complexity over trials. Image complexity was defined as the
number of total shape components. In this experiment (panel b), complexity increased from two components to
four (maximum two circles, two lines).

(g) Performance over the three days of training for trials with guidance (bottom), also plotting the number of unique
images cumulatively (middle) and in a 10-trial running window (top). Performance was quantified as the number
of repeated lines (shape index A), plotted separately for images with one (blue) and two (orange) lines.

(h) Performance for trials without guidance for the same experiment as (g).

(i) Summary of performance for two-line images on the last day of training (day 3). Orange arrow, expected length
for correct performance.

Zero-shot generalization to harder problems

To test monkeys’ strategies, we assessed what sequences they produce when evaluated on “test’
problems not seen during training and designed to distinguish different candidate strategies. Test
problems were interleaved with training problems after curriculum completion, and used images that were
more complex (maximum six components, up to five circles and five lines, for the experiment in Fig. 1,
2) than experienced during training (maximum four components, up to two circles and two lines). To

further increase novelty, test images included components at new screen locations (Fig. 2a).

Generalization of the grammar A"B™ (Fig. 2a) predicts that monkeys will draw test problems using the
correct repeat lengths, exceeding the maximum in training (Fig. 2a, right, “test”). An alternative possibility
is a failure mode that resorts to either sequences that are random or based on a default directional bias,
predicting poor generalization (Fig. 2b). Another alternative possibility is that subjects produce the
specific sequences A'B', A'B?, A’B’, and A?B?, which are sufficient to solve the training problems, but
not the test problems (Fig. 2c). For example, an image with three As and three Bs has no solution in that
set of sequences; thus the subject may solve it by chaining A’B?and A'B’ into a sequence AABBAB,

which predicts low repeat length scores (Fig. 2c, right).

Performance on test problems was consistent with the grammar A"B™. This is evident in example
drawings (Fig. 2d) and quantification of first-trial performance (Fig. 2f). Critically, subjects produced
longer repeats than expected under the alternative hypotheses (Fig. 2b,c). Generalization was (i)
internally generated, as images had no dynamic cues to guide action order; (ii) problem-directed, as each
image represented a specific problem to solve in that moment; and (iii) zero-shot generalizing, as it
occurred on the first attempt for novel, including harder, images—hallmarks of grammatical behavior (Fig.
1c).
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We found that monkeys could learn new assignments of shapes to the indices (A, B) in different
experimental sessions, such that the same test image was drawn differently (in different sessions)

depending on the currently trained grammar (compare Fig. 2d to Fig. 2e; and Fig 2f, monkey D).

We also found that fine-grained behavioral structure was consistent with the A"B™C* grammar. We
capitalized on the possibility that the timing of actions within sequences can reflect the underlying
strategy—in particular, longer duration between actions in a sequence (i.e., gaps) may reflect cognitive
processes including planning®, decision making®, and surprise due to violation of expectations, including
of grammatical structure®. First, we tested for hierarchical structure, in the sense that each repetition of
a given shape forms a high-level unit, such that AAABBC consists of three units (AAA, BB, C) (Fig. S2a).
Consistent with this, gaps between shapes (e.g., A to B) were longer than gaps within shapes (e.g., Ato
A) (Fig. S2b). Second, we tested for ordinal structure of shape indices, or the understanding that A comes
before B, which comes before C (Fig. S2c¢). Consistent with this, gaps where an expected shape index
was skipped were slowed (e.g., A to C in AAACC is slower than A to B in AAABC) (Fig. S2d), possibly
reflecting violation of an expectation of a B after A. Third, we tested for evidence that subjects consider
the entire repeat length of a shape before initializing it, possibly reflecting planning or visual search for
components of that shape®**® (Fig. S2e). Consistent with this, we found that gaps before repeat of a
shape were slower if that upcoming repeat was longer (e.g., A to B is slower for ABBB vs. ABBC) (Fig.

S2f-h). Thus, the duration of inter-stroke gaps reflects grammatical structure.

Train Test Train Test
OO | | More components OO | | | | | |
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|— OO i | — |O—0|O—0|O0 |0l 0O
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Figure 2. Zero-shot generalization to harder problems.
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(a) Expected behavior from generalizing the A"B™ grammar, producing the sequence AAABBB, resulting in a
performance score (i.e., repeat length of shape A) of 3. Right: Expected performance vs. number of components
(of A) in the image. Generalization should produce a function (black) with slope close to 1 (gray dashed). Open
circle, the example test problem.

(b) An alternative to grammar generalization is failure that resorts to a directional bias (here, draw left to right),
producing the sequence ABABAB for this example problem, resulting in a repeat length of 1 (i.e., only the first
A). Right: Expected performance will produce repeats shorter than expected from generalizing A"B™.

(c) An alternative to grammar generalization is reuse of specific learned sequences (A'B", A'B?, A?B, and A?B?).
For this test problem, the learned sequences AABB and AB are chained to produce AABBAB, which leads to a
repeat of length 2. Right: expected performance.

(d) Monkey behavior. Shown are the first trials for three example test problems after training on A"B™ with line
(including both vertical and horizontal) assigned to A and circle to B. Note that for test problems, reward was
provided for image completion regardless of whether their behavior was consistent with the grammar.

(e) Behavior for the same monkey in (e) after training on a new assignment between shapes and indices, with
circle now assigned to A and lines to B. Drawings depict the first trials attempting the test problems after training.

(f) Summary of performance for monkey D for two experiments with different shape assignments (left, middle) and
for monkey P (right). “Chance” is performance expected from random sequencing.

Hypothesized brain areas and neural activity correlates

What brain areas are involved? As candidates, we recorded from multiple frontal cortical areas each
previously implicated in rule-based behavior or action sequencing. Prominent rule-associated areas (Fig.
3a, “rule use”) included dorsolateral and ventrolateral prefrontal cortex (dIPFC and vIPFC)*57-% dorsal

)*0¢1-63 and frontal pole (FP)**. Prominent sequencing-

and ventral premotor cortex (PMd and PMv
associated areas (Fig. 3a, “sequencing”) included VIPFC and dIPFC?"3839456567 = pp\q40.68
supplementary motor area (SMA)**®%7° and preSMA%*2®. We also considered PMv as a candidate,
because it is involved in this drawing task, in encoding action symbols’. We also recorded from primary

24,39,71 , and

motor cortex (M1), an area linked to motor control and not strongly to rules or sequencing
which thus acts as a “negative control”. We recorded from these areas using chronically implanted multi-

electrode arrays (sixteen 32-channel arrays, Fig. 3b, Fig. S3).

Recording from these areas together allowed us to, for the first time, directly compare them in the same
task. To test involvement in grammatical sequencing, we assessed encoding of three structural properties
associated with the A"B™C* grammar: shape index, abstract role, and repetition ordinal position
(schematized and explained in Fig. 3c-e). The areas encoding these structural properties could in
principle be those previously implicated in rules (Fig. 3a, “Rule use”) or those implicated in sequencing
(Fig. 3a, “Motor sequencing”). Alternatively, none of the recorded areas may be involved (Fig. 3a,
“None”), a single area may be preferentially involved (Fig. 3a, “Preferential”), or all areas may be equally
involved (Fig. 3a, “Distributed”).
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Figure 3. Hypothesized brain areas and neural activity correlates.

(@)

(b)

(c)

(d)

Five hypotheses for sets of areas encoding grammatical structure, shown on the lateral surface of frontal cortex:
(1) Areas previously implicated in use of abstract rules (“rule use”); (2) Areas previously implicated in action
sequencing (“sequencing”); (3) None of the areas we are recording from (“no recorded area”); (4) A single area
exhibiting stronger encoding of grammatical structure compared to other areas (“Preferential’); (5) Many,
possibly all, areas exhibiting similarly strong encoding of grammatical structure (“Distributed”). Note that
preSMA and SMA are depicted here on the lateral surface but are actually on the medial wall. R, rostral. D,
dorsal.

Recording sites, targeted to right frontal cortex, contralateral to the drawing hand, showing floating
microelectrode arrays (32-channel, Microprobes) to scale on 3D rendering of brain (monkey P). SMA and
preSMA electrodes were angled to target the medial wall (Fig. S3); cs, central sulcus; as, arcuate sulcus; ps,
principal sulcus.

Three latent properties of action sequences consistent with a representation of grammatical structure, tested
for in each recorded area. See main text.

Predicted neural activity encoding grammatical structure, depicted as population activity projected onto a two-
dimensional subspace during drawing of index A (maroon ellipse), index B (green) and index C (black). “Shape
index” encoding predicts separation of activity for each shape when used in a grammar (“Using grammar”) that
diminishes when the same shapes are used in a non-grammatical task drawing single shapes (“Isolated
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shape”). “Abstract role” encoding predicts similar shape index encoding across two shape sets which assign
different shapes to the same abstract roles (A, B, C). “Repetition ordinal position” predicts separation of activity
during repetition of a given shape, possibly encoding ordinal position within the repeat (1, 2, 3, ...).

(e) Predictions if activity encodes the shape or shape-associated action symbol rather than grammatical structure.

Encoding of shape index

Behavioral success (Fig. 2; and inter-stroke gap durations in Fig. S2a-d) implies an internal
representation of the indices A, B, and C (Fig. 3c, “shape index”). Activity consistent with such a
representation should exhibit distinct states when drawing A, B, or C (“shape encoding”, Fig. 3d, “Using
grammar”), and this effect should diminish for tasks involving drawing of a single shape component (Fig.
3d, “Isolated shape”), a control task with the visual and motor properties associated with each shape, but

lacking grammatical structure.

Out of all the recorded areas, preSMA was the only one to strongly exhibit both shape encoding and its
reduction in single-stroke tasks (Fig. 4). For the example preSMA unit (Fig. 4a) stroke-aligned activity
strongly differs by the shape of that stroke (left panel), and this difference is greatly reduced when drawing
these same shapes as isolated strokes (right panel). As a contrast, a unit in PMv (Fig. 4b) encodes the
shape but does so similarly whether the stroke is in a grammatical sequence (left panel) or isolated (right

panel), consistent with encoding shape-specific action symbols’.

These encoding properties were evident at the population level. Two-dimensional linear projections of
preSMA population activity exhibited shape-encoding activity states during grammatical sequencing (Fig.
4c, “Using grammar”), which diminished for single-stroke tasks (Fig. 4c, “Isolated shape”). In contrast,

PMv activity encoded shapes in both tasks (Fig. 4d).

To quantify encoding of shape index, we devised a “shape encoding” metric, which reflects activity
dissimilarity between sets of trials representing different shapes. It is the average pairwise Euclidean
distance between all across-shape trials, subtracting the average within-shape Euclidean distance,
normalized between 0 (no difference) and 1 (a ceiling, defined as the 98th percentile of pairwise
Euclidean distances). Shape encoding was computed controlling for multiple potentially confounding
behavioral factors, including the stroke’s spatial location and the direction of movement preceding the
stroke (Methods).

In preSMA, shape encoding was high when using the grammar (Fig. 4e, x-axis), and low when drawing
single strokes (Fig. 4e, y-axis). In contrast to preSMA, other areas had relatively high shape encoding in
both conditions (premotor and motor areas, Fig. 4e), or low encoding in both conditions (prefrontal and

frontal polar areas, Fig. 4e). Thus, encoding of shape index is associated with activity in preSMA.
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Figure 4. Encoding of shape index.

(a) An example unit in preSMA, showing mean activity for each shape during either repetition in the context of a
grammar (“Using grammar”) or as a single stroke (“Isolated shape”). White background indicates the time
window aligned to stroke onset used for subsequent analysis (-0.35 to 0.2 sec).

(b) An example unit in PMv, recorded concurrently and plotted analogously to (a).

(c) Population activity for preSMA, projected to two dimensions using PCA, plotting for each shape a kernel density
estimate (KDE; filled contours) and individual stroke datapoints, in the time window -0.35 to 0.2 sec relative to
stroke onset.

(d) Population activity for PMv, plotted analogously to (c).

(e) Summary of pairwise shape encoding (see main text and Methods) while using the grammar (x-axis) and while
drawing isolated strokes (y-axis). **, p < 0.001 for preSMA vs. each motor and premotor area in shape encoding
(isolated shape); **, p < 0.001 for preSMA vs. each prefrontal area in shape encoding (using grammar).
Statistical tests were performed using a linear model that controlled for behavioral variables that may influence
shape encoding, and remain significant after Bonferroni correction for multiple comparisons (Methods).

Encoding of abstract role
A grammar’s usefulness lies in its capacity to support generalization. One form of generalization occurs

when a grammar defines abstract “roles” that can be bound to different concrete objects or actions, as in

72,73 5,9,10 (

dynamic role—filler binding and algebraic sequences Fig. 3c, “abstract role”). To test whether
activity reflects abstract roles—or instead, reflects concrete shapes—we trained macaques on tasks
involving the same A"B™C* grammar but using one of two different shape sets on randomly interleaved
trials. This predicts that activity encoding shape index will be similar between the two shape sets (Fig.

3d), whereas encoding of concrete shape predicts they will be different (Fig. 3e).
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We found evidence for encoding of abstract role, and it was strongest in preSMA. The two example
preSMA units (Fig. 5a, b) encode shape index (colored red, green, black) similarly for shape set 1 (left
panel) and 2 (right panel). In contrast, the two example PMv units (Fig. 5¢, d) encode specific shapes.

These effects are evident in population activity for preSMA (Fig. 5e, f) and PMv (Fig. 5g, h).

Consistent with encoding abstract role, preSMA exhibited relatively high shape encoding within each
shape set (high on the x-axis in Fig. 5i) and low shape encoding across shape sets and within the same
index (low on the y-axis in Fig. 5i). In contrast, for the other areas these two values were more correlated,
such that shape encoding in motor and premotor areas was high in general (towards the top-right of Fig.
5i) and in the prefrontal areas was low in general (towards the bottom-left of Fig. 5i). Thus encoding of

abstract role was strongest in preSMA.
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Figure 5. Encoding of abstract role.

(@) An example unit in preSMA, showing mean activity for each shape during execution of the A"B™C* grammar in
a session switching trial-by-trial between two shape sets (left and right) that each assign a different shape to
indices A (maroon), B (green), and C (black). Across trials there are six shapes, three each in sets 1 and 2.
White background indicates the time window used for subsequent analysis (-0.35 to 0.2 sec).

b) Another example unit in preSMA, recorded concurrently and plotted analogously to (a).
c) An example unit in PMv, recorded concurrently and plotted analogously to (a).

d) Another example unit in PMv, recorded concurrently and plotted analogously to (a).

~ o~ o~ o~

e) Population activity for preSMA, projected to PCA components 1 and 2, plotting a KDE and individual datapoints
for each shape across two shape sets, using the time window of -0.35 to 0.2 sec relative to stroke onset.

(f) The same data as in (e) but projected to PCA components 3 and 4.
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(g) Population activity for PMv, recorded concurrently and plotted analogously to (e).
(h) The same data as in (g) but projected to PCA components 3 and 4.

(i) Summary of pairwise shape encoding, either computed across shapes within each shape set and averaged
across sets (x-axis) or across shape sets within each index and averaged across indices (y-axis). Activity
towards the bottom-right of the plot indicates stronger encoding of abstract role. Statistics comparing brain
areas using the ratio of shape encoding (across shape sets) to shape encoding (within shape set); monkey D:
*, p <0.01 for preSMA vs. PMd; p < 0.005 for preSMA vs. each other area (except FP, vIPFC, and dIPFC, which
had low shape encoding and thus no well-defined ratio); monkey P: **, p < 0.005 for preSMA vs. each other
area (except FP, which had low shape encoding and thus no well-defined ratio).

Encoding of repetition ordinal position

Do subjects internally represent progression, or ordinal position, within a shape repeat (Fig. 3d) and not
just its shape index (Fig. 3e)? Consistent with the former, preSMA activity differed based on ordinal
position, as in the example unit (Fig. 6a, b). In contrast, activity of the example PMv unit (Fig. 6¢) did not
strongly differ by ordinal position, and this was true across shape indices and repeat lengths (Fig. 6d).
Population activity also differed strongly by ordinal position in preSMA (Fig. 6e) and not in PMv (Fig. 6f).
We quantified ordinal encoding as the mean pairwise neural distance between all ordinal positions,

computed separately for each shape, and found that it was strongest in preSMA (Fig. 6g, h).

Ordinal encoding could reflect position relative to repeat start (“number of items completed”) or relative
to repeat end (“number of items remaining”). To distinguish these possibilities we compared repeats of
different length (Fig. 6i, top), which allows dissociating ordinal position relative to start (termed ordruwp)
from ordinal position relative to end (ordrev). For example (Fig. 6i, bottom), if activity during production
of the second stroke in a length-3 sequence (X?) is similar to activity for the second stroke in a length-4
sequence (X*), measured as low pairwise neural distance, this indicates encoding of ordrwo. In contrast,
if activity is more similar to the third stroke of X*, this indicates encoding of ordrev. Taking this approach,
we found that activity encoded ordrwp and ordrev to different extents depending on ordinal position.
Activity at the start of a repeat (i.e., the first and second strokes) more strongly encoded ordrwo (Fig. 6j,
top-left), while activity at the end encoded ordrev (Fig. 6j, bottom-right). The change from encoding ordrwo

to ordrev occurred around when three strokes remained in the repeat (Fig. 6k).

Activity more strongly encoding ordrev (relative to ordrwp) implies an internal representation of the number
of remaining repetitions, consistent with maintenance of a (at least partial) plan for the upcoming
repetitions. Having a plan would minimize the need for further decision making before each stroke,
predicting faster gap durations between strokes. Consistent with this, sequences with stronger encoding

of ordrev also had shorter average gap duration (Fig. 6l).


https://doi.org/10.64898/2026.01.18.700235
http://creativecommons.org/licenses/by-nc-nd/4.0/

392
393
394
395
396

397
398

bioRxiv preprint doi: https://doi.org/10.64898/2026.01.18.700235; this version posted January 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC-ND 4.0 International license.

Thus, preSMA encodes ordinal position within shape repeats, changing from encoding ordrwp at

sequence start to ordrev at sequence end. Comparison of this neural property to speed of action indicates

that stronger encoding of ordrev may be a neural signature of a plan for the upcoming actions within a

repeat.
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Figure 6. Encoding of repetition ordinal position.
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An example unit in preSMA, showing mean activity for each ordinal position (numbered, counting up from repeat
onset) during repeat of A in length-4 A sequences using the A"B™C* grammar. White background indicates the
time window used for subsequent analysis (-0.35 to 0.2 sec).

Example unit activity in preSMA. Each subpanel is a distinct dataset during a specific length repeat of a specific
shape. Mean activity is shown for each ordinal position. The same unit from (a) is plotted for A and B repeats
and a different unit for C repeats.

An example unit in PMv, recorded concurrently and plotted analogously to (a).

Example unit activity in PMv recorded concurrently and plotted analogously to (b). This is the same unit from
(c).

Population activity for preSMA colored by ordinal position during repeats of either A (left), B (middle), or C
(right), plotted in the same projection, using PCA. Shown are only data for strokes drawn at a single specific
screen location, in order to control for movement-related confounds associated with location.

Population activity for PMv, recorded concurrently and plotted analogously to (e).

Summary of ordinal encoding, one mean value for each brain area (colors) in each session. Colors represent
individual brain areas using the same mapping as (h).

Summary of ordinal encoding, showing the difference between mean encoding in preSMA vs. each other area;
n = 14 sessions (monkey P), 16 (D). Statistics: p < 0.001, for each preSMA vs. other area comparison, for both
monkeys P and D.

Schematic (top) of dissociation between ordinal position from sequence start (ordrwp) and ordinal position from
sequence end (ordrev) by comparing sequences of different lengths (length 3 vs 4). Bottom: Two predictions
for neural activity differences between these two sequences depending on whether activity encodes ordrwp or
ordrev.

Summary of pairwise mean +/- SEM ordrwp encoding (y-axis) vs. ordrev encoding (x-axis), computed separately
for strokes differing by ordinal position (each point), with position indicated by color, ranging from blue (start of
sequence) to orange (end of sequence). Ordrev encoding is the mean pairwise neural distance across different
ordrev positions (keeping ordrwp the same), while ordrwp encoding is the neural distance across different ordrwo
positions (keeping ordrev the same). Insets illustrate the procedure: each ordinal position for a given length
sequence (e.g., the first X in XXX) was paired with a different length repeat for the same shape (e.g., XXXX) to
contribute two values, one for ordewn encoding (blue) and the other ordrev encoding (orange). This combines
data for monkeys D and P.

Summary of mean ordrwo encoding (blue) and ordrev encoding (orange) as a function of ordinal position.

Relationship between gap duration (mean within sequence) and difference in ordinal encoding (ordrev - ordrwb),
plotting results from ordinary least squares regression fit (95% bootstrapped CI). Each datapoint represents a
single sequence (e.g., AAA), with gap duration averaged over gaps and ordinal encoding averaged over ordinal
positions.


https://doi.org/10.64898/2026.01.18.700235
http://creativecommons.org/licenses/by-nc-nd/4.0/

436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471

bioRxiv preprint doi: https://doi.org/10.64898/2026.01.18.700235; this version posted January 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC-ND 4.0 International license.

Discussion

Trained to solve visual-motor construction problems requiring action sequencing with grammatical
structure of the form A"B™C* (Fig. 1), macaques exhibited zero-shot generalization to solve novel, harder
problems (Fig. 2). Comparing multiple motor, premotor, and prefrontal areas implicated in rule use and
sequencing (Fig. 3), we found that preSMA exhibited the strongest encoding of each of three properties
of A"B™C* structure: shape index (Fig. 4), abstract role (Fig. 5), and repetition ordinal position (Fig. 6).
During drawing, preSMA population activity exhibits dynamics in which it occupies different activity states
for different shape indices (Fig. 4, 5), and within each shape, activity encodes behavioral progression
within its repeat (Fig. 6), initially encoding progression relative to the onset of the repeat, and then, with
around three strokes left, changing to encoding the number of strokes remaining in the repeat (Fig. 6j,
k). Overall, this study establishes a macaque paradigm for studying the neuronal basis of grammatically
structured problem-solving behavior and, using this paradigm, provides insight into that basis by finding

a dominant role for preSMA in encoding latent structure in this action grammar.

Insight into internal procedural rules underlying grammatical ability

Behavioral success demonstrates that the subjects understood the grammatical structure “draw all A,
then draw all B, then draw all C.” However, this does not reveal what underlying step-by-step procedural
rules implement the behavior consistent with this grammar. In general, it is difficult to infer internal
algorithms from behavior alone’"®. By establishing a macaque model, we were able to perform neural

recordings that allow more direct observation of internal algorithms.

The grammatical structure represented in preSMA activity reveals aspects of internal procedures
concerning both the sequencing of shape indices (A, B, C) and the sequencing of multiple repetitions

within each shape index.

At the level of shape indices, multiple lines of evidence indicate that subjects understand shape indices
and their ordinal structure (A then B then C). First, subjects correctly sequence indices even on test trials
(Fig. 2). Second, preSMA activity encodes the identity of the currently repeated index (Figs. 4, 5). Third,
behavioral timing shows longer inter-stroke gaps at transitions from one index to the next (e.g., A to B)
compared to transitions within an index (e.g., A to A) (Fig. S2a, b), with even longer gaps when an

expected intermediate index is omitted (e.g., A to C without B; Fig. S2c, d).

Notably, the finding of activity in preSMA encoding abstract roles (Fig. 5) implies that indices are
represented at a level of abstraction that generalizes beyond specific shapes. Such an abstraction is

thought to characterize some kinds of abstract grammars, supporting generalization across surface motor

72,73

and sensory features—as in dynamic role—filler binding”*"® and algebraic sequences®®'°. Finding neural
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evidence for abstract role encoding in non-human primates informs ongoing debates on the extent to

which non-human animals represent such structure®6:8:9:17.76

Within each shape index, what procedures govern the ability to draw all instances? One possibility is a
procedure that relies on the persistence of the target image: “search for an instance of A, draw it, then
search for another A, and continue until no unmatched instances remain.” This procedure resembles a
while-loop in computer programming (“while A exists, draw A”). An alternative possibility is based on
internally representing the target number of repetitions and comparing it to an internal representation of
the number of completed actions: “count how many instances of A exist, then draw A that number of

times while tracking progress.” This strategy resembles a for-loop program.

Although not definitive, our neural results provide evidence in favor of the latter “for loop” interpretation.
We found that preSMA activity encodes the ordinal position of each action within a repeat (Fig. 6). Such
internal tracking of ordinal position is unnecessary for a while-loop, but is a core requirement of a for-loop
procedure. Additional behavioral evidence supports this interpretation: inter-stroke gaps at the start of a
repeat are longer when the upcoming repeat contains more items (Fig. S2e-h), consistent with counting

items or planning the forthcoming sequence.

Thus, a major insight from our approach combining grammatically structured behavior with simultaneous
recordings is that it allows direct observation of neural activity reflecting otherwise latent procedures that
would be difficult to infer from behavior alone. Recorded activity indicates hierarchically organized
procedures; at the higher level, a procedure resembling “draw all A, then all B, then all C”; and at the
lower level, evidence suggests a for-loop-like procedure for producing repetitions of each shape.
Although further experiments will be needed to definitively characterize them, the present findings provide
an initial window into the internal algorithms, and associated neural substrates, underlying grammatical

action sequencing.

Reinterpretation of latent structure in action sequencing

Our findings relate to a growing body of work that finds evidence that the geometry of neural population

42,46 and

42,46,65
)

activity in frontal cortex encodes the latent structure of action sequences, including in rodents
primates®®©°. Such activity has been proposed to represent abstract schemas or cognitive maps

internal models of behavioral, task-related or environmental structure which generalize across related

tasks and may support planning and inference*?¢””, working memory®%® and learning*?, among other

functions.
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Our results are compatible with aspects of these interpretations, but also suggest an additional possibility.
By directly linking neural activity to a generative capacity in behavior, our results raise the possibility that
these prior findings reflect, at least in part, implementation of rule-based procedures (a possibility also
discussed in ref*®). In this view, such activity not only represents a space of latent states in the world, but

4,6,7,17,78,79

also states contributing to internal program-like algorithms , mirroring the distinction proposed

80,81 8,17,18,82,83

between relational cognitive maps and symbolic "language of thought” procedures
This interpretation aligns with classic neuropsychological observations that frontal lobe damage
selectively impairs the ability to internally organize complex actions in open-ended problems, despite

preserved basic cognitive, motor and perceptual functions®.

A central role for preSMA in grammatical sequencing

Prior studies of have identified various neural correlates of sequential structure in multiple brain areas,
but have typically recorded from just a single, or a few, areas (see Introduction and Fig. 3). A major
advance of our study is thus recording from many candidate areas together, allowing comparison of their
relative contributions, and doing so while systematically assessing grammatically structured behavior.

We found that encoding of grammatical structure was surprisingly weak in lateral prefrontal cortex (dIPFC

27,38,39,65,67,88 38,57,58,60

and vIPFC), a region previously implicated in sequencing and use of abstract rules

Instead, grammatical structure was preferentially encoded in preSMA.

The representations we report in preSMA are consistent with the diverse neural correlates that have been
identified in that region?®°2"". Prominent functions attributed to preSMA include involvement in performing
voluntary and cognitively demanding actions®, suppressing automatic actions for voluntary ones®,
representing temporal structure of action®, learning new sequences®, and planning and executing
sequences?®. Our results suggest that some of these prior neural observations may reflect involvement

of preSMA in internal rule-based procedures for generating action sequences.

A frontal cortical system supporting compositional generalization

Together with our prior work identifying discrete action symbols in the current task', we have identified
neural substrates of two key components of a compositional system: the elemental action units (action
symbols represented in ventral premotor cortex, or PMv), and the procedures that recombine them
(action grammars involving preSMA). PMv and preSMA are directly interconnected®, and they are part
of the putative macaque homolog of the multiple-demand network®™, a set of areas coactivated during
abstract reasoning. The latter observation raises the possibility that preSMA and PMv may also contribute

to problem solving in abstract non-motor tasks. Future studies may clarify how preSMA, PMv, and
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542  connected areas implement algorithmic procedures in grammar-based recombination of action symbols,
543  thus supporting compositional generalization.
544
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Methods

Subjects and surgical procedures

Data were acquired from two adult male macaques (Macaca mulatta, average weights 17 kg (S1) and 10
kg (S2), average ages 9 years (S1) and 7 years (S2)). This sample size was chosen to match the standard
for neural recording studies of behaving monkeys®". All animal procedures complied with the NIH Guide
for Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use
Committee of the Rockefeller University (protocol 24066-H).

After undergoing initial task training in their home cages, subjects underwent two surgeries, the
first to implant an acrylic head implant with a headpost, and the second to implant electrode arrays. Both
surgeries followed standard protocol, including for anesthetic, aseptic, and postoperative treatment. In
the first surgery, a custom-designed MR-compatible Ultem headpost was implanted, surrounded by a
bone cement cranial implant, or “headcap” (Metabond, Parkell and Palacos, Heraeus), which was
secured to the skull using MR-compatible ceramic screws (Rogue Research). After a six month interval,
to allow bone to grow around the screws and for the subject to acclimate to performing the task during
head fixation via the headpost, we performed a second surgery to implant 16 floating microelectrode
arrays (32-channel FMA, Microprobes for Life Science), following standard procedures®. Briefly, after
performing a craniotomy and durotomy over the target area, arrays were inserted one by one
stereotactically, held at the end of a stereotaxic arm with a vacuum suction attachment (Microprobes).
Using vacuum suction allowed us to release the arrays, after insertion, with minimal mechanical
perturbation by turning off the suction. After all arrays had been implanted, the dura mater was loosely
sutured and covered with DuraGen (Integra LifeSciences). The craniotomy was closed with bone cement.

We used standard density arrays (1.8 mm x 4 mm) for all areas, except SMA and preSMA, for
which we used four high density arrays (1.6 mm x 2.95 mm). Four additional electrodes on each array
served as reference and ground. Two arrays were targeted to each of multiple areas of frontal cortex,
with locations identified stereotactically, and planned using brain surface reconstructions derived from
anatomical MRI scans (3D Slicer 5.6.2). Locations were selected based on their published functional and

anatomical properties (see below), anatomical sulcal landmarks, and a standard macaque brain atlas®.
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During surgery, locations were further adjusted based on cortical landmarks, and to avoid visible blood
vessels. Arrays were implanted in the right hemisphere (contralateral to the arm used for drawing).
Array locations are depicted in Fig. 3 and Fig. 83, confirmed with intraoperative photographs. For
M1, we targeted hand and arm representations (F1), directly medial to the bend of the central sulcus
(which corresponds roughly to the intersection of the central sulcus and the arcuate spur if the latter were
extended caudally), based on retrograde labeling from spinal cord and microstimulation of M1% and M1
recordings®. For PMd, we placed both arrays lateral to the precentral dimple, with one (more caudal)

95—

array directly medial to the arcuate spur (the arm representation®%, F2), and the other more rostral

(straddling F2 and F7). For PMv, we targeted areas caudal to the inferior arm of the arcuate sulcus (F5),

which are associated with hand movements based on retrograde labeling from spinal cord® and M1%,

microstimulation®® and functional studies®100:101

, as well as with decision making®''®2. These areas
contain neurons interconnected with PFC®. For SMA (F3) and preSMA (F6), we targeted the medial walll
of the hemisphere, with the boundary between SMA and preSMA defined as the anterior-posterior
location of the genu of the arcuate sulcus, consistent with prior studies finding significant differences
across this boundary in anatomical connectivity (e.g., direct spinal projections in SMA but not preSMA'%)
and function?®'®. SMA arrays were largely in the arm representation'®. For dIPFC, we targeted the
region immediately dorsal to the principal sulcus (46d), following prior studies of action sequencing?’-33:¢
and other cognitive functions®®. For vIPFC, we targeted the inferior convexity ventral to the principal
sulcus, with one (more rostral) array directly ventral to the principal sulcus (46v) and the other rostral to
the inferior arm of the arcuate sulcus (45A/B), based on evidence for encoding of abstract concepts in

57,105,106

regions broadly spanning these two locations , including a possibly heightened role (compared to

dIPFC) in encoding abstract concepts in a manner invariant to temporal or spatial parameters*>'%1%7_ For
FP, we targeted a rostral location similar to prior recording and imaging studies (one array fully in area
10, the other straddling 9 and 10)'%% including areas associated with executive functions''®. In general,
array locations targeted the cortical convexity immediately next to sulci, instead of within the banks, in

order to allow shorter insertion depths that minimize the risk of missing the target. The exceptions were

SMA and preSMA in the medial wall, for which this was not possible. To avoid damaging the superior
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sagittal sinus, we positioned the arrays laterally (2 mm from midline) and slanted the electrodes medially
(Fig. S3).

The lengths of each electrode were custom designed to target half-way through the gray matter,
and to vary substantially across the array, to maximize sampling of the cortical depth. Electrode lengths
spanned (in mm) 1.5-3.5 (M1), 1.5- 3.1 (PMd, PMv), 2.8 - 5.8 (SMA, preSMA), 1.5 - 2.5 (dIPFC, vIPFC),
and 1.5 - 2.6 (FP) for subject 1, and 1.7 - 3.75 (M1), 1.5 - 3.3 (PMv), 1.5 - 3.1 (PMd), 2.65 - 5.95 (SMA,
preSMA), 1.75 - 3.15 (dIPFC), 1.35 - 3.2 (VIPFC), and 1.6 - 2.9 (FP) for subject 2. Reference electrodes
were longer (6 mm) to anchor the arrays. 28 electrodes were Pt/Ir (0.5 MQ) and 4 were Ir (10 kQ). Array
connectors (Omnetics A79022) were housed in custom-made Ultem pedestals (Crist), which were
secured with bone cement onto the cranial implant. Four pedestals were used per subject, holding 5, 5,

4, and 2 connectors each.

Behavioral task

Task overview

The general task structure and experimental setup are described in a prior publication. In brief, subjects
were seated comfortably in the dark with head restrained by headpost fixation. They faced a touchscreen
(Elo 1590L 15” E334335, PCAP, 768 x 1024 pixels, refresh rate 60 Hz, with matte screen protector to
reduce finger friction) that presented images and was drawn on. The touchscreen location was optimized
to allow each subject to easily draw at all relevant locations on the screen (23 to 26 cm away; diagram in
Fig. S1). Both subjects decided on their own over the course of learning to perform the task with the left
hand. The chairs were designed to minimize movements of the torso and legs (by using a loosely
restricting “belly plate”) and the non-drawing arm (by resting on the belly plate and having movement
restricted to within the chair). Gravity-delivered reward (water-juice mixture) was controlled by the
opening and closing of a solenoid pinch valve (Cole-Parmer, 1/8" ID). Subjects were water-regulated,
with careful monitoring that consumption met the minimum requirement per day (typically exceeding it),
and body weight was closely monitored to ensure good health. The task was controlled with custom-

written software, using the MonkeyLogic (2.2.45) behavioral control and data acquisition MATLAB
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package'". (PC: Windows 10 Pro, Intel Core i7-4790K, 32GB RAM; DAQ: National Instruments PCle-
6343). All stimuli (images of line figures defined as point sets, with points rendered large enough to
appear as continuous curves) were also generated with custom-written MATLAB (R2021a) code. Images
were presented in a “workspace” area on the screen (16.6 cm x 16.9 cm, corresponding to approximately
37° by 38° visual angle). Shape components in images were on average 4.0 cm (9°) (maximum of width

and height).

Task Training

The procedure for training subjects on the basic drawing task are described in a prior publication®.

Trial structure

Trial structure is summarized in Fig. 1d (screen schematic in Fig. $1) and described in detail in a prior
publication’. Screen image changes (including image presentation and other trial events) were recorded
using photodiodes (Adafruit Light Sensor ALS-PT19) and sounds were recorded using an electret
microphone (Adafruit Maxim MAX4466, 20-20KHz). We performed eye tracking (ISCAN), but did not

enforce eye fixation.

Behavioral data analysis

Preprocessing of touchscreen data

Touchscreen data were represented as time series of (x, y) coordinates in units of pixels (conversion:
33.6 pixels/cm) and sampled at 60 Hz, which we upsampled to 500 Hz (performed in MonkeyLogic to
align all behavioral signals, including trial event markers and eye tracking), and low-pass filtered below
the highest frequency in the drawing movements (15 Hz). Strokes were segmented based on the time of

first touch (onset) and the time of last touch (offset) with 500 Hz resolution.

Neural recordings
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Recordings were acquired using a Tucker-Davis Technologies (TDT) system, including headstage (Z-
Series 32 Channel Omnetics, LP32CH-Z), amplifier (PZ5M-256), processor (RZ2), and storage (RS4),
sampled at 25 kHz (local reference mode), controlled with TDT Synapse (v98) software run on a Windows
10 PC (Intel Core i7-3770, 32GB RAM), and saved to disk. Analog and digital task-related signals,
including behavioral events (photodiode, audio, and trial event markers) and eye tracking (ISCAN, 125

Hz), were synchronized to external triggers recorded by the neural data acquisition system.

Neural data preprocessing

Spike sorting

We extracted for later analysis both isolated single-unit (SU) and multi-unit (MU) spike clusters from the
stored broadband signal following procedures combining Kilosort''? (v2.5) and custom-written software.
Spikes times were then converted to firing rate functions by smoothing with a 0.025 s Gaussian kernel

(0.01 s slide). All of these procedures are described in a prior publication’.

Neural data analyses

Dimensionality reduction of population activity

We performed dimensionality reduction on the neural population activity using principal
components analysis (PCA), in general because high-dimensional noise can reduce the interpretability

of the Euclidean distance'"®, using methods described in a prior publication’.

Computing "neural distance”

To quantify the similarity of population activity between two sets of trials, such as trials for conditions A
and B, each a specific conjunctive value of task-relevant variables, we devised a “neural distance” metric,
as described in a prior publication’. In brief, inspired by the “normalized distance” in Liu et al'", it is the
average pairwise Euclidean distance across conditions A and B, minus the average within-condition
distance. This subtraction ensures the useful property that this distance is unbiased, in that the expected

value of neural distance between two sets of trials sampled from the same distribution is zero (unlike the
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mean Euclidean distance, which is biased upwards''®). In addition, the resulting distance is normalized
by dividing by an upper-bound distance to normalize it between 0 and 1. Neural distance is defined as:

D%y = Dap — (Daa+ Dpgp)/2

where the normalized Euclidean distance between sets of trials (indexed by jand J) in conditions A and

Bis:

Daap=(y, Lo lwt1-250))

‘eAgeB>
1= tEt],tn)

Here, Xi(t)is the population activity vector at time ¢ (in a window between times t;and t,), and dmax is an
upper-bound (98th percentile) of the distances between all pairs of different trials combined across all

conditions.

Computing a variable’s encoding strength

To compute how strongly a given variable is encoded in population activity (e.g., “shape encoding” in Fig.
4e), we computed the mean effect of that variable on population activity, in terms of neural distance, while
controlling for the other relevant variables. In general, shape encoding was the average pairwise neural
distance between conditions differing by shape, controlling for behavioral variables expected to affect
neural activity and thus possibly confound the analyses: screen location (discretized as a grid), screen
location of the previous stroke (effectively controlling for the movement direction during the gap before
the current stroke). Ordinal encoding (Fig. 6g, h) was the average pairwise neural distance between sets
of trials differing in ordinal position, computed separately for each (shape index, repeat length) condition,
and then averaged over those conditions. We controlled for the behavioral variables of location and
previous location. To compute ordrwp and ordrev encoding (Fig. 6j-1), we performed the following. For
each condition defined by (ordinal position, shape, repeat length) we computed one value for ordrwo and
one for ordrev. Ordrev encoding is the mean pairwise neural distance across different ordrev positions
(keeping ordrwp the same), while ordrwo encoding is the neural distance across different ordrwp positions
(keeping ordrev the same), controlling for the behavioral variables of location and previous location. This

procedure is illustrated in the insets in Fig. 6j.
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Statistically comparing brain regions in strength of variable encoding

In analyses that compare brain areas in their encoding strengths for particular variables (Figs. 4e, 5i, 69,
h), for a given brain-area pair of interest, we then fit a linear least-squares regression model to test for

an effect of brain region on the variable’s encoding strength ¥, controlling for trial-condition pair:
N
y = Bo+ G- X, +Z’)/ij +e€
j=1
where X..is 0 or 1 depending on brain region, and Zjis an indicator variable for trial-pair condition, with
7j as their coefficients, and ¢ is a noise term. Finally, we extracted the p-value for 53, (two-sided t-test),

which represents the significance of the difference between these two regions in encoding strength for

this variable.
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958 Figure S1. Behavioral task setup.

959 (a) Schematic of subject relative to touchscreen, profile view, during recording sessions. Subjects 1 and 2 were

960 positioned at different distances to accommodate their individual anatomies and postures. The screen was
961 slanted slightly to optimize the ability to see and reach to the same part of the screen (the workspace at the top
962 of the screen; see panel c).

963 (b) Schematic of subject relative to screen, top view. Subjects were positioned to the right to accommodate
964 reaching with the hand used for drawing (left).

965 (c) Schematic of screen during trial, with component locations and sizes to scale. The finger is tracing over the
966 figure (purple-gray “V”), leaving a black trail of “ink” behind. The average size of shapes was 4.0 cm (maximum
967 of width and height). The thickness and color of the figure and “ink” are to scale. The subject can press the
968 “done” button (green square) at any time to report completion. Dashed line (not visible to the subject) indicates

969 the workspace where images and drawings occurred.
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970
971 Figure S2. Gap timing reflects grammatical structure.

972 (a) Schematic of predicted gap timing consistent with hierarchical structure. If each shape repeat forms a high-
973 level unit, then gaps should be slower between shapes (“shape transition”) compared to within shapes.

974 (b) Mean gap duration for transitions across shapes (y-axis) vs. transitions within shapes (x-axis).

975  (c) Schematic of predicted gap timing consistent with understanding of ordinal structure of shapes. Transitions
976 when an expected shape is skipped (e.g., B is skipped in AACCC) should be slow.

977  (d) Mean gap duration for transitions where an expected shape is missing (y-axis) vs. a matched condition when
978 the expected shape is present (x-axis).

979  (e) Schematic of predicted gap timing consistent with consideration of the entire repeat of a shape before initializing

980 it, with longer upcoming sequences involving longer gaps before initializing that sequence.

981 (f) Mean gap duration preceding a repeat of B as a function of repeat length of B (x-axis) controlling for different
982 sequential contexts (colors) defined by the preceding sequence (varying numbers of As). The sequence is
983 defined by both context and # repetitions; e.g., if context is AA[B]C and repeat length is 3, then this is the
984 sequence AABBBC.

985 (g) Mean gap duration preceding a repeat of A, plotted analogously to (f). Note the lack of increasing gap duration
986 preceding increasing number of repetitions of A.
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(h) Summary of effect of length of upcoming repeat on the duration of the gap preceding the repeat, plotting 95%
Cl estimated using linear mixed effects modeling (fixed effect of repeat length, random effect of context,
performed separately for within-shape and across-shape transitions).
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a b Subject 1 Subject 2
as ps SMA preSMA SMA preSMA

Figure S3. Multi-area neuronal recordings across frontal cortex and angled implantation of medial wall
arrays.

(a) Recordings were targeted to right frontal cortex, contralateral to the drawing hand. cs, central sulcus; as, arcuate
sulcus; ps, principal sulcus. R, rostral. D, dorsal.

(b) Arrays to scale on 3D rendering of brain. The caudal dIPFC array for subject 2 malfunctioned. SMA and preSMA
electrodes were angled to target the medial wall (see panel c). Panel b (subject 1) is reproduced from Fig. 3.

(c) Coronal MRI section showing SMA and preSMA arrays angled to avoid the superior sagittal sinus and target
the medial wall, depicted for a preSMA array. Arrays were implanted ~2 mm lateral to the midline, and angled
medially. The array is depicted as a blue rectangle and two lines represent the shortest (2.65 mm) and longest
(5.95 mm) electrodes. This location and angle is our best estimate based on the surgical plan, stereotactic
coordinates, and intra-operative photographs. The other two SMA and one preSMA arrays were similar. D,
dorsal. L, lateral.
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