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Figure S1: Stability of ongoing learning. A Evolution of the error for 20 optimizations of networks
with m = 10 inputs to the n = 3 outputs. Here the objective output covariance matrix QU is random,
as are the 10 random input patterns P° and P!, but no tuning for Q' is performed. The plot is similar
to Fig. 2F with the error (matrix distance) and the Pearson correlation between Q° and Q° over all 20
optimizations: The black trace corresponds to the mean over the 20 optimizations and the gray area to
the standard deviation. B Example evolution of the afferent and recurrent weights (green and purple
traces, respectively) for an optimization. C-D Same as panels A-B for 20 optimizations of the same
type of networks with more “realistic” objective pairs Q° and Q!, as well as P° and P! input patterns.
Both pairs are generated by a MAR, Eq. (16), which yields the consistency equations P! = WP and
P WP'WT =1 for a given W. The plotted values correspond to the mean of the two errors or Pearson
correlations for Q° and Q.
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Shaping output spatio-temporal covariances
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Figure S2: Shaping output spatio-temporal covariances with both afferent and recurrent

connectivities. A Network architecture with m = 10 input nodes and n = 3 output nodes, the latter
being connected together by the recurrent weights A (purple arrow). B Objective covariance matrices
for two categories (red and blue). C Evolution of the afferent and recurrent weights (green and purple
traces, respectively). D Two examples after training of output patterns Q° and Q! in response to two
input patterns P°, among the 5 in each category. E Evolution of the error for the two output covariance
matrices. F After training, the covariances in Q° allow for the discrimination between the two categories,
while the structure of Q! is similar for the two categories. The plot is similar to Fig. 3. The black surrogate
corresponds to forcing A = 0 with the trained B and presenting the blue inputs, demonstrating that the
trained A is important in shaping the output structure.
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be classified into 2 categories of 5 each, whose objective matrices Q° and Q! are represented in Fig. S2B. A
positive outcome is that the weight updates lead to rather stable learning dynamics, even for the recurrent
connectivity in Fig. S2C. The stability of ongoing learning while leaving classification aside is examined
in Annex D.1, see Fig. S1. Meanwhile, the errors for both Q° and Q' decrease and eventually stabilize
close to zero in Fig. S2E.

After training, the network maps the input patterns P° in the desired manner for Q° and Q!, see
the two examples in Fig. S2D and the robustness test in Fig. S2F —in a similar manner to Fig. 3. The
surrogates (black distribution in Fig. S2F) correspond to setting A = 0 with the trained B, which strongly
affects the output covariance (here for blue input patterns). This illustrates the importance of tuning the
recurrent connectivity in shaping Q', as well as with the discrimination capability for Q°.

D.3 Learning input spatio-temporal covariances

Now we consider the “converse” configuration of Fig. S2A where each input pattern is formed by a pair of
non-zero P% and P!, see Fig. S3A. The output is trained only using QV, meaning that the input spatio-
temporal structure is mapped to an output spatial structure. This time simplifying Eq. (71), the weight
updates are given by Eq. (18), which corresponds to discrete Lyapunov equations that can be solved at
each optimization step to evaluate the weight update for A and B.

We first examine the specialization in terms of covariances in Q° as defined by the objectives in
Fig. S3C. Here we take input patterns P° that are all identical (left matrices in Fig. S3B) such that
the weight specialization must be based on the discrepancies between P! across inputs, even though this
configuration may not be realistic for simulated time series. The desired outcome after training is obtained
as illustrated in Fig. S3C. The surrogates (in black) indicate the importance of the trained recurrent
connectivity A, although it appears less strong here than in Fig. S2F. Despite incidental troughs, the
classification accuracy increases and eventually stabilizes around 90%. Second, Fig. S3D uses the same
procedure for specializing the variances in Q° and shows similar conclusions. Together, these results
demonstrate a useful flexibility in tuning the input-output covariance mapping using the MAR network.

References

[1] S.-i. Amari. Natural gradient works efficiently in learning. Neural Computation, 10:251-276, 1998.

[2] A. Arieli, A. Sterkin, A. Grinvald, and A. Aertsen. Dynamics of ongoing activity: explanation of the
large variability in evoked cortical responses. 273(5283):1868-1871, 1996.

[3] B. B. Averbeck, P. E. Latham, and A. Pouget. Neural correlations, population coding and computa-
tion. Nat Rev Neurosci, 7:358-366, 2006.

[4] O. Barak and M. Tsodyks. Recognition by variance: learning rules for spatiotemporal patterns.
Neural Comput, 18:2343-2358, 2006.

[5] B. Bercu, F. Proia, and N. Savy. On ornstein—uhlenbeck driven by ornstein—uhlenbeck processes.
Statistics and Probability Letters, 85:36—44, 2014.

[6] P. Berkes, G. Orbdn, M. Lengyel, and J. Fiser. Spontaneous cortical activity reveals hallmarks of an
optimal internal model of the environment. Science, 331:83-87, 2011.

[7] G. Bi and M. Poo. Synaptic modifications in cultured hippocampal neurons: Dependence on spike
timing, synaptic strength, and postsynaptic cell type. 18:10464-10472, 1998.

[8] C. M. Bishop. Pattern Recognition and Machine Learning. Number 978-0-387-31073-2. Springer,
2006.

[9] N. Brunel, J. P. Nadal, and G. Toulouse. Information capacity of a perceptron. Journal of Physics
A: Mathematical and General, 25:5017-5038, 1992.

[10] S. Choi, A. Cichocki, and S. Amari. Equivariant nonstationary source separation. Neural Netw,
15:121-130, 2002.

31


https://doi.org/10.1101/562546
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/562546; this version posted June 26, 2019. 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
aCC-BY-NC-ND 4.0 International license.

A Learning input spatio-temporal covariances B Input P° Input P’
Input P° 1
10
0 Output Q% 1
o
1 o
1 1000 3
1 o
InputP' =1 9
10 o o 0
1 L Illlllllﬂ
1 100
C Cross-covariances objectives Q° D Variances objectives Q°
1 1 1 1
2 2 2
1 1 11
12 0 1 2 0
%! S
. |
3 o8
S S 0-
4 =
8 h
S 04 g
g 1.0 S 1.0
= >N = >N
© 5 0.8 © 5 0.8-
23 06- @3 0.6
g ER
© 0.4 T T T T T T e 0.4 T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
optimization steps optimization steps

Figure S3: Learning input spatio-temporal covariances with both afferent and recurrent
connectivities. A Similar network to Fig. S2A with m = 10 input nodes and n = 2 output nodes.
B Two examples of input patterns corresponding to a pair P° and P', among the 5 in each category.
The PY matrices are identical for all patterns. C Classification based on specializing covariances for the
two categories: absent for red and positive for blue (top matrices, same as Fig. 3D). The middle plot is
similar to Fig. 3, where the separability of the red and blue distributions indicates the performance of
the classification. The comparison between the black and blue distribution shows the importance of the
recurrent connectivity A, which is forced to 0 for the surrogates. The bottom plot indicates the evolution
of the classification accuracy during the optimization. The binary classification uses the same boundary as
in Fig. 3E. D Same as panel C for specializing the variances of the output nodes, with the same objective
matrices and classification procedure as in Fig. 3A-B.
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