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REPLY TO MUSCOLONI AND CANNISTRACI:

Navigation performance measures
Caio Seguina,1, Martijn P. van den Heuvelb,c, and Andrew Zaleskya,d

Muscoloni and Cannistraci (1) comment on our moti-
vation and rationale for using the efficiency ratio to
assess the feasibility of navigation routing as a model
of communication in nervous systems embedded in
Euclidean space (2). Recent work by these authors in
the field of network physics evaluates navigation in
hyperbolic space using the greedy routing score (3),
a measure equivalent to the efficiency ratio.

The efficiency ratio (ER) is the ratio of the efficiency
of navigation paths (E ) to that of shortest paths (Ep).
We used the efficiency ratio to demonstrate that the
topology and geometry of mammalian cortical net-
works allows for near-optimal decentralized communi-
cation under navigation routing. We provided a
mathematical definition of the efficiency ratio in equa-
tion 1 of ref. 2. Furthermore, we provided a rationale
for using the efficiency ratio and described how this
measure relates to the proportion of failed/successful
navigation paths, previously quantified with the success
ratio (4, 5). These details can be found in themain text of
Seguin et al. (ref. 2, p. 2) in Navigation Performance
Measures and in figure 2 of ref. 2. In particular, we wrote

E quantifies both the number of failed paths and
the efficiency of successful paths. We defined the
efficiency ratio
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to compare navigation with shortest path routing.
For any network, E* ≥E and thus 0≤ER ≤ 1. The
closer ER is to 1, the better navigation is at finding
paths that are as efficient as shortest paths.
Muscoloni and Cannistraci (1) also argue that

“greedy routing” is a more appropriate terminology
compared with “navigation” routing. Our choice of
terminology was motivated by the common use of
terms such as “navigability,” “navigation problem,”
“navigation efficiency,” and “navigation games,”
among others (4–6).

Our study shows that navigation routing is a
feasible model of large-scale neural communica-
tion. We hope that our work will motivate further
study of navigation and communication in brain
networks. Recent public release of high-quality in-
vertebrate and mammalian connectomes heralds
new opportunities to study the principles underly-
ing information transfer in nervous systems. Under-
standing these principles will be crucial to predicting
the effects of lesions and focal brain stimulation as
well as advancing knowledge of behavior and cogni-
tion (7).

1 Muscoloni A, Cannistraci CV (2019) Navigability evaluation of complex networks by greedy routing efficiency. Proc Natl Acad Sci USA
116:1468–1469.

2 Seguin C, van den Heuvel MP, Zalesky A (2018) Navigation of brain networks. Proc Natl Acad Sci USA 115:6297–6302.
3 Muscoloni A, Thomas JM, Ciucci S, Bianconi G, Cannistraci CV (2017) Machine learning meets complex networks via coalescent
embedding in the hyperbolic space. Nat Commun 8:1615.

4 Boguna M, Krioukov D, Claffy KC (2009) Navigability of complex networks. Nat Phys 5:74–80.
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