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LETTER

Reply to Sacco: Complete spaces as outcomes 
of evolutionary optimization
Philip LaPortea,b,1 , Christian Hilbec , Nikoleta E. Glynatsid , and Martin A. Nowakb

 We thank Sacco (1) for thoughtful commentary on our work 
(2). In our paper, we address a completeness property of 
certain strategy spaces: The strategies they contain have best 
replies in the space, and payoffs achievable by opponents 
outside of the space can be achieved within the space.

 Sacco suggests interpreting strategy spaces as cognitive arc­
hitectures. For example, an agent may be hardwired to have 
only one round of memory. They can only implement memory-1 
strategies. Natural selection acts on these cognitive architec­
tures. Sacco makes an interesting argument that we can expect 
completeness as an outcome of evolutionary optimization.

 The argument appeals to a tradeoff between computa­
tional efficiency and strategic effectiveness. Complete spaces 
can achieve both.

 Computational efficiency comes from two sources. First, 
the strategies in any restricted space have a limited number 
of parameters. Second, the recursiveness property, which 
implies completeness, means that executing such a strategy 
requires only incremental memory updating at each step.

 Strategic effectiveness, Sacco suggests, is implied by the 
completeness property itself.

 For the latter point, we believe that further investigation 
could be very useful. Although strategies in complete 
spaces have best replies of the same kind, they may not 
necessarily achieve high payoff against some ensembles 
of strategies.

 What can be said is that when a homogeneous population 
reaches strategic equilibrium within a complete space, more 

complicated mutants outside of the space face selective dis­
advantage. They are computationally inefficient with no stra­
tegic benefit.

 In that sense, complete spaces may indeed represent sta­
ble points of cognitive evolution.

 In general, the relative fitness of various strategy spaces 
(3) is a fascinating topic for further study. In our opinion, 
completeness is one relevant factor in this fitness landscape. 
Additional work could, for example, study the extent to which 
a strategy of one type can be a best reply to a wide range of 
opponent strategies.

 Overall, we are enthusiastic about the potential for further 
discoveries on the evolution of strategic complexity and how 
it relates to completeness.   

1.	 P. L. Sacco, Completeness as a fitness landscape for cognitive architectures. Proc. Natl. Acad. Sci. U.S.A. (2026), Letter to the Editor.
2.	 P. LaPorte, C. Hilbe, N. E. Glynatsi, M. A. Nowak, Payoff equivalence and complete strategy spaces of direct reciprocity. Proc. Natl. Acad. Sci. U.S.A. 123, e2518486123 (2026).
3.	 L. Schmid, C. Hilbe, K. Chatterjee, M. A. Nowak, Direct reciprocity between individuals that use different strategy spaces. PLoS Comput. Biol. 18, e1010149 (2022).

﻿

Author affiliations: aDepartment of Mathematics, University of California, Berkeley, 
CA 94720; bDepartment of Mathematics, Harvard University, Cambridge, MA 02138; 
cResearch Group on the Dynamics of Social Behavior, Interdisciplinary Transformation 
University, Linz A-4040, Austria; and dDiscrete Event Simulation Research Team, RIKEN 
Center for Computational Science, Kobe 650-0047, Japan

Author contributions: P.L., C.H., N.E.G., and M.A.N. designed research; and P.L. wrote the 
paper.

The authors declare no competing interest.

Copyright © 2026 the Author(s). Published by PNAS. This article is distributed under 
Creative Commons Attribution License 4.0 (CC BY).
1To whom correspondence may be addressed. Email: philip_laporte@berkeley.edu.

Published March 19, 2026.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 P
hi

lip
 L

aP
or

te
 o

n 
M

ar
ch

 1
9,

 2
02

6 
fr

om
 I

P 
ad

dr
es

s 
73

.3
8.

80
.2

01
.

https://orcid.org/0009-0003-6551-5996
https://orcid.org/0000-0001-5116-955X
https://orcid.org/0000-0002-2943-3622
https://creativecommons.org/licenses/by/4.0/
mailto:philip_laporte@berkeley.edu
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2605961123&domain=pdf&date_stamp=2026-3-17

	Reply to Sacco: Complete spaces as outcomes of evolutionary optimization

