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Abstract

In natural settings, animals must navigate richly-
structured sensory surroundings and rapidly adapt to
changes in these surroundings. While many studies have
explored navigation in mazes and open arenas, relatively
little is known about how animals navigate in naturalis-
tic terrain without clearly defined routes. Here, we probe
the structure of mouse behavior in a complex, reconfig-
urable 3D arena in darkness and without explicit rein-
forcement. Mice quickly converge on a set of running
and jumping paths through the arena. We developed new
algorithms to partition this behavior into a set of motifs
based on re-occurring path segments; this enabled us
to describe long paths as hierarchical compositions of
shorter sub-paths. Among the paths taken by the mice,
highly compositional paths are lower in entropy, emerge
later in time, and traverse more sensory diverse regions
of the arena. We then introduced a local perturbation to
the arena that interacted with existing composite paths.
This led to a rapid emergence of new motifs that elicited
non-local changes in behavior. Together, these results
provide a lens for studying complex, long-timescale be-
havior by quantifying its compositional structure.
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Results

Experimental setup and behavioral analysis. We filmed
mice in a complex arena of 1.8 m diameter made from 153
hexagonal tiles of 17 cm diameter (Fig 1a) (Newman et al.,
2023). Tile heights varied in steps of 2.5 cm to produce a va-
riety of local shapes, from small steps to tall towers that could
not be easily jumped. The arena was illuminated with infrared
LEDs and otherwise dark, limiting sensory information to tac-
tile and auditory cues about the local arena shape and olfac-
tory cues left by the mice. Mice explored the arena in their
dark period over four 8-hour sessions on consecutive days,
and were housed in their home cage in between. We used an
overhead camera and SLEAP (Pereira et al., 2022) to track the
mice at ~ 25 Hz. Mice covered the majority of the arena af-
ter 25 min (Fig 1b). They quickly established preferred paths
that they executed at a higher frequency compared to other
equally-plausible paths (Fig 1c), including jumps across dis-
tances exceeding the range of their whiskers. This indicates
that mice converge on and repeatedly generate a specific
structured set of paths despite no explicit reinforcement.

Extracting composable motifs via a hierarchical segmen-
tation algorithm. Were stereotyped paths learned as self-
contained sequences, or were they composed of segments

that mice had previously generated? To examine these possi-
bilities, we performed a binary tree segmentation for extracting
composable motifs that are repeatedly combined to construct
different paths (Fig 2a-d). For a given portion of a path, the
algorithm finds other instances of coinciding sub-paths within
a half tile-width, and counts how many times these sub-paths
happen in the past or future. These sub-paths are then tal-
lied into a length-dependent path occupancy map (Fig 2c),
normalized by how frequently each length occurs. We define
a path to be highly compositional if it can be hierarchically
segmented into sub-paths. This segmentation is similar to
modularity-based clustering; i.e., a parent path is split into two
sub-paths only when the summed occupancy of those sub-
paths is greater than that of the parent path. We use the mean
occupancy per split to define the compositionality of a path:
C= %Zi occ(subpath i). We consider high-occupancy
sub-paths to be composable motifs.

Highly compositional paths correlate with diverse sen-
sory experiences. To understand what differentiates com-
positional paths from other paths taken by the mice, we asked
how the sensory experience of the mice might differ along
these paths. We divided all paths of length 100 (25 tiles wide)
into 3 groups based on their compositionality: low (bottom
1/4), medium (middle 1/2), and high (top 1/4) (Fig 3a). We
found that highly compositional paths are more stereotyped,
as summarized by a smaller occupancy entropy (Fig 3a). We
used the sequence of local terrain shapes along a path (i.e.,
the relative heights of surrounding tiles) as a measure of an
animal’s egocentric sensory experience (Fig 3b). By comput-
ing the euclidean distance between any two sensory expe-
riences, we found that the distribution of egocentric sensory
differences was higher among highly compositional paths (Fig
3b), despite these paths being less diverse from an allocentric
view. This result could provide normative insights about why
mice prioritize certain path compositions over others.

Local perturbations reveal latent nonlocal motifs linked
by compositional paths. To further probe how mice con-
figure these compositional paths, we perturbed the arena on
day 4 by swapping two tiles at a hub of many branching paths
(Fig 4a). Although the perturbation was local, it had non-
local consequences on the structure of behavior (Fig 4b-d),
marked by a rapid emergence of local and nonlocal motifs
that were linked by new compositional paths. This suggests
that mice had learned a large reservoir of latent motifs with-
out explicit behavioral repetition, and could configure these
motifs into new paths in response to changes in the environ-
ment. Looking ahead, judiciously designed perturbation ex-
periments could be used to probe this latent space of motifs.
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Figure 1: Mice generate richly-structured behavioral trajectories when exploring complex environments. a) Exerimental setup. b) Example paths from
one-hour segments from one mouse. Paths become more sterotypical over time, and include long runs and jumps between high pillars. c) Histogram of rank-or-
dered tile transitions. A small subset of transitions occur with high frequency; the bulk of remaining transitions occurs infrequently.
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Figure 2: We segment paths into composable motifs. a-c) We design a tree segmentation to
extract composable motifs by 1) constructing a path occupancy map that measures how often
paths of varying lengths are repeated over time (b), and 2) using this map to iteratively
segment a path into maximum-occupancy subpaths (c). Note that subpath F is not split—
splitting does not further increase occupancy. d) Motifs are reused over time.
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Figure 3: Highly compositional paths are more sensory
diverse. Paths with high compositionality (red) have lower
occupancy entropy (a) but traverse more sensory-diverse
regions of the arena, measured by relative changes in height

along a path (b).
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Figure 4: A local perturbation causes a global path reorganization. a) A perturbation is performed on day 4 by locally swapping two high tiles. b) Left panel: we
segment a repeating path into local motifs that cross at least 2 local tiles, and nonlocal motifs that do not cross local tiles. Right panel: we track the occurrence of
local and non-local motifs over time, and use this to identify motifs that emerge only after the perturbation. c) Left panel: local and nonlocal motifs that co-vanish
on day 4. Right panels: individual example paths. d) Same as (c), shown for motifs that co-emerge on day 4.
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