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Fig. S1 | Influence of running speed on functional networks. (A) Distribution of mean speed for each mouse (session)
during all visual stimuli. Error bars show 95% confidence interval across the mean speed of all trials. Each color
corresponds to an individual mouse. (B) Number of stationary and running trials against the threshold on speed. Data
from session 2 during drifting gratings are selected for subsequent analyses due to the comparable number of trials
for stationary and running periods. The optimal threshold (1 cm/s) is selected to differentiate stationary and running
phases based on the maximal change induced in their number of trials, consistent with the threshold used in previous
work [1]. (C) Basic network properties of functional networks of all, stationary and running trials for session 2 during
drifting gratings. All metrics are normalized by the maximum for better comparison. (D) Motif significance sequences
for networks of all, stationary and running trials for session 2 during drifting gratings as a representative example. (E)
WA coverage, WA purity and ARI of stationary and running trials for different stimulus types during session 2. Error
bars represent 95% confidence interval, n = 200 independent runs of modified Louvain method.
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Fig. S2 | Basic properties of functional networks during all visual stimuli. (A) CCG adjacency matrices of a mouse
given distinct stimuli (on the same scale as in Fig. 1D). (B) Directed degree distributions of a mouse given all stimuli.
(C) Across-area vs within-area comparisons for the lag τ , duration D and their sum τ + D. (D) Relative overlap
coefficient for functional connections during different visual stimulus types. To remove density dependence, we used
relative overlap coefficient, defined as overlap coefficient divided by expectation of two random networks with identical
densities, to measure the similarity between connections.
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Fig. S3 | Firing rate and its relationship with functional connection. (A) Firing rate distributions for each visual area
during all visual stimuli. (B) Correlation coefficient between a neuron’s firing rate and its number of within-area/across-
area functional connections. ns p > 0.05, ∗p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗p < 0.001, ∗ ∗ ∗ ∗ p < 0.0001, Wald test for
each correlation value, modified asymptotic (MA) test [2] for comparing overlapping correlations (firing rate as the
common variable), both tests are two-sided.
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Fig. S4 | Two-sided Cochran-Armitage trend test for association between (A) (functional) connection probability and
distance of neurons. The rest of the plots show the two-sided Cochran-Armitage trend test for association between
signal correlation and (B) (functional) connection probability, (C) probability of a functional connection being positive
and (D) probability of a functional connection being negative, under four different types of visual stimuli. Here we
excluded flashes since there are only two stimulus conditions (light or dark) and signal correlation could be heavily
biased and trivial.
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Fig. S5 | Network properties using anatomical-distance-preserving model. Only neurons with recorded anatomical
locations are included. (A) Motif sequence of the networks during 6 visual stimuli using anatomical-distance-preserving
model. (B) Topological structure of functional connectivity of a mouse during six types of visual stimuli with neurons
colored by area. (C) Signal correlation for within-module and otherwise connections. ∗p < 0.05, ∗ ∗ p < 0.01,
∗ ∗ ∗p < 0.001, rank-sum test, one-sided, n = 7 mice. Error bars represent 95% confidence interval. (D) WA coverage,
WA purity and ARI during six visual stimuli. Error bars represent standard error of the mean and are displayed with
mean, n = 7 mice.
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Fig. S9 | Functional networks constructed using different significance levels on functional connections. (A) Fundamental
properties of the network on different significance levels (from 3-fold to 7-fold). (B) Motif sequences of the networks
on different significance levels. Only 3-fold and 5-fold are shown since other significance levels lead to extremely dense
or sparse networks. See Fig. 2D for results on 4-fold significance.
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Fig. S11 | Motif intensity significance sequences of all signed motifs for subnetworks that are generated by randomly
removing (A) 25% of neurons, (B) 50% of neurons, (C) all neurons from AM to simulate the joint-modulation from
unobserved units.
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Fig. S14 | Multi-resolution modular structure. (A) The Modularity difference heatmap between the empirical network
and reference model (Signed-pair-preserving model) is used to determine the resolution parameters γ+ and γ−, black
box represents the maximum of the heatmap while its coordinates correspond to the optimal resolution parameters.
Session 7 is used as the illustrative example. (B) Modular partition at different resolution parameters for session 7.
Since empirical functional networks tend to have more positive than negative connections, γ+ has a larger impact than
γ− thus we only show the results obtained with three different values of γ−. Module IDs (colors) across different
γ+ are determined by assigning each module the ID of its largest submodule at the previous step (larger resolution
parameter), similar to the previous method [3]. Only neurons with at least one positive connection during any stimuli
are included for brevity, and remaining neurons within each visual area are ordered based on their partition similarity
while the module IDs across different multi-resolution modular partition maps are matched using a heuristic algorithm
based on their similarity for visual comparison. (C) The heatmap of pairwise adjusted rand index (ARI) between visual
stimuli for session 7. Each multi-resolution modular partition map is considered a single clustering result, and ARI is
used to measure the similarity between different partition maps. Note that ARI is independent of the color-matching
heuristic algorithm and is thus more reliable. (D) The heatmaps of pairwise ARI between visual stimuli for two other
mice (session 3 and session 4). Despite individual differences, the similarity between natural scenes and movies is
always among the highest.
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Fig. S15 | Fundamental properties of modular structure with module size. (top) Coverage/purity against relative module
size for four stimulus groups where each dot represents a single module; relative module size is defined as module size
divided by the largest area size. (bottom) Coverage/purity against relative module size with regression after log binning.
Modules with a relative size larger than 1 are excluded in regression since their coverage/purity will introduce bias.
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Fig. S16 | Biological interpretation of the modular structure. Two-sided Wald test is used in (B), (C), (E) and (F). (A)
Probability of finding connected neuron pairs inside the same module against their signal correlation, Cochran-Armitage
trend test, two-sided. (B) Linear regression results of signal correlation of chunked tuning curves with equal length
against WA purity for (left) disconnected neuron pairs and (right) connected neuron pairs. Tuning curves are chunked
into sequences with equal lengths for a fair comparison across stimuli, each dot represents the functional network of a
mouse during certain stimulus presentations. (C) Linear regression results of WA coverage against network density.
(D) Physical distance between connected neuron pairs that either belong to the same or not. ns p > 0.05, ∗p < 0.05,
∗ ∗ p < 0.01, ∗ ∗ ∗p < 0.001, rank-sum test, one-sided, n = 7 mice. Error bars represent 95% confidence interval. (E)
Linear regression results of WA purity against average distance between (left) within-module connected neuron pairs,
(center) other connected neuron pairs and (right) all connected neuron pairs. Each dot represents the functional network
of a mouse during certain stimulus presentations. (F) Average absolute motif significance (absolute Z-score of intensity)
across all signed motifs against Z-score of Modularity.
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Fig. S17 | Average power spectrum of spike trains for each visual area from session 2 during various types of visual
stimuli. Power spectrum is obtained through multi-taper Fast Fourier Transform. Due to the limited presentation
duration of other stimuli (250 ms), only spike spectra during resting state, drifting gratings and natural movies are
shown.
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