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Synergy: when the whole is more than the sum of the parts…
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Seminal thoughts about the brain 

High brain functions seem to be characterised by the coexistence of two forces: 

• Differentiation (local independency): the parts of the brain have differentiated functions 

• Integration (global cohesion): these parts are integrated into high-level functions 

G. Tononi O. Sporns G. Edelman
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Crucial insight: 
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For two variables, interdependency is determined by strength. 

A key distinction: Synergy vs redundancy 
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For two variables, interdependency is determined by strength. 

For three or more variables, there are qualitatively different “kinds”: 

•   Redundancy: is where each variable has a copy of some data — simple 
extension of the conventional notion of dependency 

•   Synergy: local independency coexisting with collective structures 

SynergyRedundancy

A key distinction: Synergy vs redundancy 



Measuring synergy via the O-information 

O-information: redundancy minus synergy in systems of all sizes! 
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Example:

redundancy! synergy!

X1 = X2 = · · · = Xn Xn = X1 �X2 � · · ·�Xn�1

⌦(Xn) = n� 1 > 0
<latexit sha1_base64="4qnCjIWoffTvlWiHRfh36R3woDM="></latexit>

⌦(Xn) = �(n� 1) < 0
<latexit sha1_base64="HAkeWv4tZF9J3w04ttSE6551qpo="></latexit>

F. Rosas, P.A. M. Mediano, M. Gastpar, and H. J. Jensen. "Quantifying High-order Interdependencies via 
Multivariate Extensions of the Mutual Information,” Physical Review E 100, no. 3 (2019): 032305.



Case study on baroque music scores 

Data analysis over music scores from the Baroque period (Python, Music21 package) 

i) chorales for four voices by J.S. Bach (1685–1750) 

11



Case study on baroque music scores 

Data analysis over music scores from the Baroque period (Python, Music21 package) 

i) chorales for four voices by J.S. Bach (1685–1750) 

    (43k four-note chords) 

ii) Op. 1, 3, 4, 5 and 6 of A. Corelli (1653–1713)  
    (80k four-note chords) 
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Synergy allows for local autonomy 
to coexist with global cohesion 



Case study on baroque music scores 

Data analysis over music scores from the Baroque period (Python, Music21 package) 

16

Synergy grows with 
the number of dissonances 

within a chord 

Synergy grows with 
the instability of the chord 

Synergy grows with 
how far a chord is from the 

tonal centre 

Scagliarini, T., Marinazzo, D., Guo, Y., Stramaglia, S., & Rosas, F. E. (2022). Quantifying high-order interdependencies on individual patterns 
via the local O-information: theory and applications to music analysis. Physical Review Research, 4(1), 013184.
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What if we measure synergy in the human brain? 



Synergy in human fMRI data 

Study of resting state data from N=100 human subjects. 
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✦ Red regions are involved into more synergistic dynamics 
✦ Blue regions are involved into more redundant dynamics

Luppi et al. (2022). A synergistic core for human brain evolution and cognition. Nature Neuroscience, 25(6), 771-782. 

Luppi et al. (2024). Information decomposition and the informational architecture of the brain. Trends in Cognitive Sciences, 28(4), 352-368.
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Synergy in human fMRI data 

Study of resting state data from N=100 human subjects. 
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✦ Red regions are involved into more synergistic dynamics 
✦ Blue regions are involved into more redundant dynamics

Luppi et al. (2022). A synergistic core for human brain evolution and cognition. Nature Neuroscience, 25(6), 771-782. 

Luppi et al. (2024). Information decomposition and the informational architecture of the brain. Trends in Cognitive Sciences, 28(4), 352-368.

Redundancy is associated with I/O systems 
Synergy seems to enable global integration



Synergy in human fMRI data 

Comparing neural dynamics of humans and macaques. 
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Luppi et al. (2022). A synergistic core for human brain evolution and cognition. Nature Neuroscience, 25(6), 771-782. 

Luppi et al. (2024). Information decomposition and the informational architecture of the brain. Trends in Cognitive Sciences, 28(4), 352-368.
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Chimp-to-human cortical expansion

Luppi et al. (2022). A synergistic core for human brain evolution and cognition. Nature Neuroscience, 25(6), 771-782. 

Luppi et al. (2024). Information decomposition and the informational architecture of the brain. Trends in Cognitive Sciences, 28(4), 352-368.



Synergy in human fMRI data 

Comparing neural dynamics of humans and macaques. 
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Chimp-to-human cortical expansion

Synergistic neural circuits seem to have been  
uniquely favoured by evolution 

Luppi et al. (2022). A synergistic core for human brain evolution and cognition. Nature Neuroscience, 25(6), 771-782. 

Luppi et al. (2024). Information decomposition and the informational architecture of the brain. Trends in Cognitive Sciences, 28(4), 352-368.



Ideas to take home 
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•   Synergy takes place when the whole is more than the sum of the 
parts. This can be quantified from experimental data. 
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•   Synergy takes place when the whole is more than the sum of the 
parts. This can be quantified from experimental data. 

•    In music, synergy is what allows for local autonomy of parts to 
coexist with global cohesion of the whole. 

•   In the brain, synergy is an important for integration of information, 
differentiating humans from macaques. 
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Thank you!

Contact information:  Fernando E. Rosas 

f.rosas@sussex.ac.uk


