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Motivation

[1]: https://www.abc10.com/video/news/local/california/los-angeles-county-fires-maps-of-where-the-wildfires-are/103-e4c8ed38-68b4-4e7a-bfca-50073bfbfd3f

Multi-Robotic Solution?Los Angeles County fires: Maps of where the wildfires are [1]

Observations:

• 4 Distinct Regions of Interest
• Each has a certain fire intensity
• Each has a certain population 

density
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Previous Literature & Resource Allocation

[1]: R. Lin, S. Kim, and M. Egerstedt, “Heterogeneous Collaborative Pursuit via Coverage Control Driven by Fokker–Planck Equations,” IEEE Transactions on Robotics (T-
RO), 2025.
[2]: P. Anussornnitisarn, S. Y. Nof, and O. Etzion, “Decentralized control of cooperative and autonomous agents for solving the distributed resource allocation problem,” 
International Journal of Production Economics, vol. 98, no. 2, pp. 114–128, 2005.

Resource Allocation in Multi-Agent Systems, e.g., [2]

Resource Allocation

Computing Power Cloud Storage Energy Data Water

...

Dynamic Area Coverage with Fire-
Fighting Robots [1]

Q1. How to implement resource allocation for such scenarios? 
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Ecological Inspiration

Lioness adopts deceased sister’s cubs [2]

[1]: W. D. Hamilton, “The genetical evolution of social behaviour. ii,” Journal of Theoretical Biology, vol. 7, no. 1, pp. 17–52, 1964.
[2]: https://www.dailymail.co.uk/news/article-4418844/Lioness-suckles-orphaned-cubs-adopted-sister.html

Hamilton’s Rule of Altruism: [1]

•    : genetic relatedness
•    : benefit to the recipient
•    : cost to the donor
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rB → C

• Genetic relatedness: sibling relationship, lioness 
and her deceased sister

• Benefit to the lion cubs’ deceased mother: her 
genes will survive through her cubs’ survival

• Cost to the lioness: sacrificing her lion cubs’ 
resources and splitting her care.

Q2. How to translate Hamilton’s rule
to robotic systems? 
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Lioness Team of 
Robots Genes Mission 

Weights



Team 1

Team 2

Team 3

Key Idea:
Compute potential collaborative interactions inspired by 
Hamilton’s Rule [2]

[1]: M. Mesbahi and M. Egerstedt, Graph Theoretic Methods in Multiagent Networks. Princeton University Press, 2010.
[2]: W. D. Hamilton, “The genetical evolution of social behaviour. ii,” Journal of Theoretical Biology, vol. 7, no. 1, pp. 17–52, 1964.
R. Karam, R. Lin, B.A. Butler, and M. Egerstedt, “Resource Allocation with Multi-Team Collaboration Based on Hamilton’s Rule”, submitted to the 2025 IEEE 
Conference on Decision and Control (CDC).

Collaboration: Robots as Resources
Graph Modeling: [1]

• Let there be     teams of robots
•               : undirected graph
•                       : set of teams
•                : set of potential collaborative 

interactions
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V = {v1, . . . , vm}
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E → V ↑ V
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Assumption 1:
All agents in all    teams are homogenous, i.e., identical<latexit sha1_base64="zdkK9Nn1dQqabdGorkIQaCfzXHY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWML9gPaUDbbSbt2Nwm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSNsGW4EdhOFVAYCO8Hkbu53nlBpHkcPZpqgL+ko4iFn1FipKQelsltxFyDrxMtJGXI0BqWv/jBmqcTIMEG17nluYvyMKsOZwFmxn2pMKJvQEfYsjahE7WeLQ2fk0ipDEsbKVmTIQv09kVGp9VQGtlNSM9ar3lz8z+ulJrz1Mx4lqcGILReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxWvVqk1r8v1ah5HAc7hAq7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4A1E+M7A==</latexit>m
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Team-Level Collaboration Framework

Robot = Resource

Which parameter(s) to 
consider?

How to define a team’s 
mission performance?

Mission Evaluation 
Function

Number of Robots in a 
Team

Mission Evaluation Function for team   :          ,
with    : number of robots in team 
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k
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Conference on Decision and Control (CDC).



Scenario: [1]
There won’t be overcrowding of agents and the number of agents in each team at any point in time 
won’t reach a point where decreasing returns occur.

Team-Level Collaboration Framework

[1]: J. Ferber and G. Weiss, Multi-Agent Systems: An Introduction to Distributed Artificial Intelligence. Addison-wesley Reading, 1999, vol. 1.
R. Karam, R. Lin, B.A. Butler, and M. Egerstedt, “Resource Allocation with Multi-Team Collaboration Based on Hamilton’s Rule”, submitted to the 2025 IEEE 
Conference on Decision and Control (CDC).

Mission Evaluation Function for team   :          , with    : number of robots in team 
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k

Assumption 2:
For each team   , the mission evaluation function                      
satisfies the following properties:
1. Strictly Increasing: For all         ,

2. Diminishing Returns: For all         ,

<latexit sha1_base64="g+/S26oo0IYv7BFNgYa924tLjDU=">AAAB6HicbZDLSsNAFIZPvNZ4q7p0EyyCq5J0Ud2IBTcuW7AXaEOZTE/asZNJmJkIJfQJ3LhQxK0+hO/hRnwbp5eFtv4w8PH/5zDnnCDhTGnX/bZWVtfWNzZzW/b2zu7efv7gsKHiVFKs05jHshUQhZwJrGumObYSiSQKODaD4fUkb96jVCwWt3qUoB+RvmAho0Qbqzbs5gtu0Z3KWQZvDoWrD/syef+yq938Z6cX0zRCoSknSrU9N9F+RqRmlOPY7qQKE0KHpI9tg4JEqPxsOujYOTVOzwljaZ7QztT93ZGRSKlRFJjKiOiBWswm5n9ZO9XhhZ8xkaQaBZ19FKbc0bEz2drpMYlU85EBQiUzszp0QCSh2tzGNkfwFldehkap6JWL5ZpbqJRgphwcwwmcgQfnUIEbqEIdKCA8wBM8W3fWo/Vivc5KV6x5zxH8kfX2AxstkBc=</latexit>

k
<latexit sha1_base64="xsk4XMNgqIb/Brt/3EfmBi7MIxY=">AAACDHicbVDLSsNAFJ34rPVV69LNYBHqpiRdVHFVEMSVVLEPaEKYTCft0MkkzEyEEvIBbvRT3LhQxI0LP8CdH+LeSVtEWw8MnDn3Xu49x4sYlco0P42FxaXlldXcWn59Y3Nru7BTbMkwFpg0cchC0fGQJIxy0lRUMdKJBEGBx0jbG55m9fYNEZKG/FqNIuIEqM+pTzFSWnILpTN3WObu8PAE2gFSA89LLlJoq/Dne5XqLrNijgHniTUlpXrRLn+93dsNt/Bh90IcB4QrzJCUXcuMlJMgoShmJM3bsSQRwkPUJ11NOQqIdJKxmRQeaKUH/VDoxxUcq78nEhRIOQo83ZldKGdrmfhfrRsr/9hJKI9iRTieLPJjBrXXLBnYo4JgxUaaICyovhXiARIIK51fXodgzVqeJ61qxapVapc6jSqYIAf2wD4oAwscgTo4Bw3QBBjcggfwBJ6NO+PReDFeJ60LxnRmF/yB8f4NG2aeDg==</latexit>

Fk(nk) : N → R

<latexit sha1_base64="OZnYKs/dj9ieOgxc4mmO5QUmKt4=">AAAB7XicbVA9SwNBEJ3TqDF+RS1tDoNgFe5SRMuAjYVFBPMBlxD2NnPJmr3dc3dPCEf+g42FIrb+D3+Cnf/GzUehiQ8GHu/NMDMvTDjTxvO+nbX13MbmVn67sLO7t39QPDxqapkqig0quVTtkGjkTGDDMMOxnSgkccixFY6upn7rEZVmUtyZcYLdmAwEixglxkpN0Rngg98rlryyN4O7SvwFKdVyN591lQ/qveJXpy9pGqMwlBOtA99LTDcjyjDKcVLopBoTQkdkgIGlgsSou9ns2ol7ZpW+G0llSxh3pv6eyEis9TgObWdMzFAve1PxPy9ITXTZzZhIUoOCzhdFKXeNdKevu32mkBo+toRQxeytLh0SRaixARVsCP7yy6ukWSn71XL11qZRgTnycAKncA4+XEANrqEODaBwD0/wAq+OdJ6dN+d93rrmLGaO4Q+cjx+abZFc</latexit>

n → 1

<latexit sha1_base64="i9nInFlnCyjnNgV18ZHFama6BnM=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWMF+wFtKJvtpF262aS7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bu63n1BpHstHM03Qj+hQ8pAzaqzUkaQ3xAmp9ktlt+IuQNaJl5My5Gj0S1+9QczSCKVhgmrd9dzE+BlVhjOBs2Iv1ZhQNqZD7FoqaYTazxb3zsilVQYkjJUtachC/T2R0UjraRTYzoiakV715uJ/Xjc14a2fcZmkBiVbLgpTQUxM5s+TAVfIjJhaQpni9lbCRlRRZmxERRuCt/ryOmlVK16tUnu4LtereRwFOIcLuAIPbqAO99CAJjAQ8Ayv8OZMnBfn3flYtm44+cwZ/IHz+QP6fI8+</latexit>

n → 2

<latexit sha1_base64="GR43iY4RrrZrz7xJrJK7csChfGQ=">AAAB+HicbZDLSsNAFIYn9VbrpbEu3QwWoUUoSRfVlRQEcVnBXqAJYTKdtEMnkzAzEWroM/gAblwo4tZH8BHc+SDunaZdaOsPAx//OYdz5vdjRqWyrC8jt7a+sbmV3y7s7O7tF82DUkdGicCkjSMWiZ6PJGGUk7aiipFeLAgKfUa6/vhyVu/eESFpxG/VJCZuiIacBhQjpS3PLF554wo/tasXGVQ9s2zVrExwFewFlJslp/L98eC0PPPTGUQ4CQlXmCEp+7YVKzdFQlHMyLTgJJLECI/RkPQ1chQS6abZ4VN4op0BDCKhH1cwc39PpCiUchL6ujNEaiSXazPzv1o/UcG5m1IeJ4pwPF8UJAyqCM5SgAMqCFZsogFhQfWtEI+QQFjprAo6BHv5y6vQqdfsRq1xo9Oog7ny4AgcgwqwwRlogmvQAm2AQQIewTN4Me6NJ+PVeJu35ozFzCH4I+P9B9bplOg=</latexit>

Fk(n+ 1) > Fk(n)

<latexit sha1_base64="9ZI0knorGuTAN1XRCnquM6qibGM=">AAACEXicbZDLSsNAFIYnXmu9xbp0M1iEFmlJuqguC4K4rGAv0IQwmU7boZNJnJkIJfQVdOGruHGhSLfu3Pkg7p2mFbT1h4GP/5zDmfP7EaNSWdansbK6tr6xmdnKbu/s7u2bB7mmDGOBSQOHLBRtH0nCKCcNRRUj7UgQFPiMtPzhxbTeuiNC0pDfqFFE3AD1Oe1RjJS2PLNw6Q0L/NQuwhJMsQgdRm5/eG6W7KJn5q2ylQougz2HfC3nFL4mD07dMz+cbojjgHCFGZKyY1uRchMkFMWMjLNOLEmE8BD1SUcjRwGRbpJeNIYn2unCXij04wqm7u+JBAVSjgJfdwZIDeRibWr+V+vEqnfuJpRHsSIczxb1YgZVCKfxwC4VBCs20oCwoPqvEA+QQFjpELM6BHvx5GVoVsp2tVy91mlUwEwZcASOQQHY4AzUwBWogwbA4B48gRfwajwaz8abMZm1rhjzmUPwR8b7N/mgnFg=</latexit>

Fk(n+ 1)→ Fk(n) ↑ Fk(n)→ Fk(n→ 1)

Higher is better

Discrete Concavity
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Team-Level Collaboration Framework

R. Karam, R. Lin, B.A. Butler, and M. Egerstedt, “Resource Allocation with Multi-Team Collaboration Based on Hamilton’s Rule”, submitted to the 2025 IEEE 
Conference on Decision and Control (CDC).
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Team-Level Collaboration Framework

[1]: W. D. Hamilton, “The genetical evolution of social behaviour. ii,” Journal of Theoretical Biology, vol. 7, no. 1, pp. 17–52, 1964.
R. Karam, R. Lin, B.A. Butler, and M. Egerstedt, “Resource Allocation with Multi-Team Collaboration Based on Hamilton’s Rule”, submitted to the 2025 IEEE 
Conference on Decision and Control (CDC).

Hamilton’s Rule [1] Hamilton’s Rule for Team-Level Collaboration

<latexit sha1_base64="YBFt8cpBL/3QcJos0+KbuB2TUpk=">AAAB8HicbVC7TgMxENwLrxBeAUoaiwiJKrpLESgj0lBQBIk80OUU+RxfYsX2HbYPKTrlK2goQIiWz+AT6PgbnEcBCSOtNJrZ1e5OmHCmjet+O7m19Y3Nrfx2YWd3b/+geHjU0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTsc1ad++5EqzWJ5Z8YJDQQeSBYxgo2V7tUV6g7oA6r3iiW37M6AVom3IKXa+s1nQ+X9Rq/41e3HJBVUGsKx1r7nJibIsDKMcDopdFNNE0xGeEB9SyUWVAfZ7OAJOrNKH0WxsiUNmqm/JzIstB6L0HYKbIZ62ZuK/3l+aqLLIGMySQ2VZL4oSjkyMZp+j/pMUWL42BJMFLO3IjLEChNjMyrYELzll1dJq1L2quXqrU2jAnPk4QRO4Rw8uIAaXEMDmkBAwBO8wKujnGfnzXmft+acxcwx/IHz8QP1XZIS</latexit>

rB → C
<latexit sha1_base64="NB1/zhHP6nvyXdXU56+OPyqfxAE=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUKGWmSHUlxSK4rGAf0BmGTJpp02YyY5IRytAPcOOvuHGhiFs/wJ1/Y9rOQlsPBA7nnMvNPV7EqFSm+W1kVlbX1jeym7mt7Z3dvfz+QUuGscCkiUMWio6HJGGUk6aiipFOJAgKPEba3qg+9dsPREga8js1jogToD6nPsVIacnNF4Sb0OEEXrlDeAnrLi1B+z5GPVikpeEptCmH1zplls0Z4DKxUlIAKRpu/svuhTgOCFeYISm7lhkpJ0FCUczIJGfHkkQIj1CfdDXlKCDSSWbHTOCJVnrQD4V+XMGZ+nsiQYGU48DTyQCpgVz0puJ/XjdW/oWTUB7FinA8X+THDKoQTpuBPSoIVmysCcKC6r9CPEACYaX7y+kSrMWTl0mrUraq5ertWaFWSevIgiNwDIrAAuegBm5AAzQBBo/gGbyCN+PJeDHejY95NGOkM4fgD4zPH7MnmM8=</latexit>

rijBj > Ci, (i, j) → E

<latexit sha1_base64="afgxzxcHEkNOIvfsCEgPwpgjtVI="></latexit>

rij =
wj

wi
and rji =

wi

wj
=

1

rji
<latexit sha1_base64="J2hrg5MB0UCEVwvshtw17YIFQfg=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWoUUsSZHqRigK4rKCvUAbwmQ6aYdMJmFmIpRQ3Pgqblwo4tancOfbOG2z0NYfBj7+cw5nzu/FjEplWd9Gbml5ZXUtv17Y2Nza3jF391oySgQmTRyxSHQ8JAmjnDQVVYx0YkFQ6DHS9oLrSb39QISkEb9Xo5g4IRpw6lOMlLZc8+DKDeAlvHGDEneDE7t8mmHZNYtWxZoKLoKdQRFkarjmV68f4SQkXGGGpOzaVqycFAlFMSPjQi+RJEY4QAPS1chRSKSTTk8Yw2Pt9KEfCf24glP390SKQilHoac7Q6SGcr42Mf+rdRPlXzgp5XGiCMezRX7CoIrgJA/Yp4JgxUYaEBZU/xXiIRIIK51aQYdgz5+8CK1qxa5VandnxXo1iyMPDsERKAEbnIM6uAUN0AQYPIJn8ArejCfjxXg3PmatOSOb2Qd/ZHz+AHk2lOQ=</latexit>

Bk = Fk(nk + 1)→ Fk(nk)

Hamilton’s Rule for Team-Level Collaboration is defined as:
<latexit sha1_base64="a4RjuaG+IS2PAky5UfDvbqifPMs=">AAACHXicbZDLSgMxFIYz9VbrbdSlm2ARWqRlppTqSgqCuKxgL9AOQyZN27SZzJBkhDL0Rdz4Km5cKOLCjfg2ZtpZaOsPgS//OYfk/F7IqFSW9W1k1tY3Nrey27md3b39A/PwqCWDSGDSxAELRMdDkjDKSVNRxUgnFAT5HiNtb3Kd1NsPREga8Hs1DYnjoyGnA4qR0pZrVoUb0/EMdm/ccYG743O7WEqx6MCrxKf6QhN3DiW76Lhm3ipbc8FVsFPIg1QN1/zs9QMc+YQrzJCUXdsKlRMjoShmZJbrRZKECE/QkHQ1cuQT6cTz7WbwTDt9OAiEPlzBuft7Ika+lFPf050+UiO5XEvM/2rdSA0unZjyMFKE48VDg4hBFcAkKtingmDFphoQFlT/FeIREggrHWhOh2Avr7wKrUrZrpVrd9V8vZLGkQUn4BQUgA0uQB3cggZoAgwewTN4BW/Gk/FivBsfi9aMkc4cgz8yvn4AHuSexA==</latexit>

rij [Fj(nj + 1)→ Fj(nj)] > [Fi(ni)→ Fi(ni → 1)]

<latexit sha1_base64="uSagPJgmcUQoF1L+Z9pHcKc2K5c=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWoV20JEWqG6FQEJcV7AXaECbTSTtkMgkzE6GE4sZXceNCEbc+hTvfxmmbhbb+MPDxn3M4c34vZlQqy/o2cmvrG5tb+e3Czu7e/oF5eNSRUSIwaeOIRaLnIUkY5aStqGKkFwuCQo+Rrhc0Z/XuAxGSRvxeTWLihGjEqU8xUtpyzZOmG8BreOMGJe4G5UoGFbvsmkWras0FV8HOoAgytVzzazCMcBISrjBDUvZtK1ZOioSimJFpYZBIEiMcoBHpa+QoJNJJ5ydM4bl2htCPhH5cwbn7eyJFoZST0NOdIVJjuVybmf/V+onyr5yU8jhRhOPFIj9hUEVwlgccUkGwYhMNCAuq/wrxGAmElU6toEOwl09ehU6tater9buLYqOWxZEHp+AMlIANLkED3IIWaAMMHsEzeAVvxpPxYrwbH4vWnJHNHIM/Mj5/AIAulOc=</latexit>

Ck = Fk(nk)→ Fk(nk → 1)

<latexit sha1_base64="YBFt8cpBL/3QcJos0+KbuB2TUpk=">AAAB8HicbVC7TgMxENwLrxBeAUoaiwiJKrpLESgj0lBQBIk80OUU+RxfYsX2HbYPKTrlK2goQIiWz+AT6PgbnEcBCSOtNJrZ1e5OmHCmjet+O7m19Y3Nrfx2YWd3b/+geHjU0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTsc1ad++5EqzWJ5Z8YJDQQeSBYxgo2V7tUV6g7oA6r3iiW37M6AVom3IKXa+s1nQ+X9Rq/41e3HJBVUGsKx1r7nJibIsDKMcDopdFNNE0xGeEB9SyUWVAfZ7OAJOrNKH0WxsiUNmqm/JzIstB6L0HYKbIZ62ZuK/3l+aqLLIGMySQ2VZL4oSjkyMZp+j/pMUWL42BJMFLO3IjLEChNjMyrYELzll1dJq1L2quXqrU2jAnPk4QRO4Rw8uIAaXEMDmkBAwBO8wKujnGfnzXmft+acxcwx/IHz8QP1XZIS</latexit>

rB → C: genetic relatedness

<latexit sha1_base64="YBFt8cpBL/3QcJos0+KbuB2TUpk=">AAAB8HicbVC7TgMxENwLrxBeAUoaiwiJKrpLESgj0lBQBIk80OUU+RxfYsX2HbYPKTrlK2goQIiWz+AT6PgbnEcBCSOtNJrZ1e5OmHCmjet+O7m19Y3Nrfx2YWd3b/+geHjU0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTsc1ad++5EqzWJ5Z8YJDQQeSBYxgo2V7tUV6g7oA6r3iiW37M6AVom3IKXa+s1nQ+X9Rq/41e3HJBVUGsKx1r7nJibIsDKMcDopdFNNE0xGeEB9SyUWVAfZ7OAJOrNKH0WxsiUNmqm/JzIstB6L0HYKbIZ62ZuK/3l+aqLLIGMySQ2VZL4oSjkyMZp+j/pMUWL42BJMFLO3IjLEChNjMyrYELzll1dJq1L2quXqrU2jAnPk4QRO4Rw8uIAaXEMDmkBAwBO8wKujnGfnzXmft+acxcwx/IHz8QP1XZIS</latexit>

rB → C: benefit to the recipient
<latexit sha1_base64="YBFt8cpBL/3QcJos0+KbuB2TUpk=">AAAB8HicbVC7TgMxENwLrxBeAUoaiwiJKrpLESgj0lBQBIk80OUU+RxfYsX2HbYPKTrlK2goQIiWz+AT6PgbnEcBCSOtNJrZ1e5OmHCmjet+O7m19Y3Nrfx2YWd3b/+geHjU0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTsc1ad++5EqzWJ5Z8YJDQQeSBYxgo2V7tUV6g7oA6r3iiW37M6AVom3IKXa+s1nQ+X9Rq/41e3HJBVUGsKx1r7nJibIsDKMcDopdFNNE0xGeEB9SyUWVAfZ7OAJOrNKH0WxsiUNmqm/JzIstB6L0HYKbIZ62ZuK/3l+aqLLIGMySQ2VZL4oSjkyMZp+j/pMUWL42BJMFLO3IjLEChNjMyrYELzll1dJq1L2quXqrU2jAnPk4QRO4Rw8uIAaXEMDmkBAwBO8wKujnGfnzXmft+acxcwx/IHz8QP1XZIS</latexit>

rB → C : cost to the donor

<latexit sha1_base64="v5Ye7w79ji3kg1VxdGBIDPkj7e4=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld0i1WPBi8cK9gPapWTTbJs2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfaGNza3tnt7BX3D84PDounZy2jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPJ3dxvPzFtuJKPdpqwICZDySNOiXVSS/czPp71S2Wv4i2A14mfkzLkaPRLX72BomnMpKWCGNP1vcQGGdGWU8FmxV5qWELohAxZ11FJYmaCbHHtDF86ZYAjpV1Jixfq74mMxMZM49B1xsSOzKo3F//zuqmNboOMyyS1TNLloigV2Co8fx0PuGbUiqkjhGrubsV0RDSh1gVUdCH4qy+vk1a14tcqtYfrcr2ax1GAc7iAK/DhBupwDw1oAoUxPMMrvCGFXtA7+li2bqB85gz+AH3+AOKyj00=</latexit>rij : relative mission importance

<latexit sha1_base64="DH/RX9Aztbfa/7cbH9ufAQ3Or9A=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHQi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsbm1vbObmGvuH9weHRcOjltmzjVjLdYLGPdDajhUijeQoGSdxPNaRRI3gkmjbnfeeLaiFg94jThfkRHSoSCUbTSQ2MgBqWyW3EXIOvEy0kZcjQHpa/+MGZpxBUySY3peW6CfkY1Cib5rNhPDU8om9AR71mqaMSNny1OnZFLqwxJGGtbCslC/T2R0ciYaRTYzoji2Kx6c/E/r5dieOtnQiUpcsWWi8JUEozJ/G8yFJozlFNLKNPC3krYmGrK0KZTtCF4qy+vk3a14tUqtfvrcr2ax1GAc7iAK/DgBupwB01oAYMRPMMrvDnSeXHenY9l64aTz5zBHzifPw6UjZ4=</latexit>

Ci : cost to team
<latexit sha1_base64="/567GNfqs6hI1+r9uu/P1P0myJ4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU5INS2a24C5B14uWkDDkag9JXfxizNEJpmKBa9zw3MX5GleFM4KzYTzUmlE3oCHuWShqh9rPFoTNyaZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjrZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1YpXq9Sa1+V6NY+jAOdwAVfgwQ3U4R4a0AIGCM/wCm/Oo/PivDsfy9YNJ585gz9wPn8Azj+M6A==</latexit>

i

<latexit sha1_base64="d4G2gXdb1LpTDywqkW+6SqyK73U=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4xyiOBDZkdZmFkdnYz02tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2L1gOOE+xEdKBEKRtFK99e9x16x5JbdOcgq8TJSggz1XvGr249ZGnGFTFJjOp6boD+hGgWTfFropoYnlI3ogHcsVTTixp/MT52SM6v0SRhrWwrJXP09MaGRMeMosJ0RxaFZ9mbif14nxfDKnwiVpMgVWywKU0kwJrO/SV9ozlCOLaFMC3srYUOqKUObTsGG4C2/vEqalbJXLVfvLkq1ShZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmSOfFeXc+Fq05J5s5hj9wPn8ADpKNng==</latexit>

Bj: benefit to team
<latexit sha1_base64="UeR/RbFXcM5OszSfL2wz/T9FNMs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY8kXjxCIo8ENmR2aGBgdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzlo4SxbDJIhGpTkA1Ci6xabgR2IkV0jAQ2A6m9wu//YRK80g+mlmMfkhHkg85o8ZKjUm/WHLL7hJkk3gZKUGGer/41RtELAlRGiao1l3PjY2fUmU4Ezgv9BKNMWVTOsKupZKGqP10eeicXFllQIaRsiUNWaq/J1Iaaj0LA9sZUjPW695C/M/rJmZ456dcxolByVaLhokgJiKLr8mAK2RGzCyhTHF7K2FjqigzNpuCDcFbf3mTtCplr1quNm5KtUoWRx4u4BKuwYNbqMED1KEJDBCe4RXenInz4rw7H6vWnJPNnMMfOJ8/z8OM6Q==</latexit>

j
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Team-Level Collaboration Framework

How to “manage” collaborations?

Collaboration between two teams:
1. Beneficial when Hamilton’s rule is satisfied
2. The migration of a robot from one team to the other

<latexit sha1_base64="NB1/zhHP6nvyXdXU56+OPyqfxAE=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUKGWmSHUlxSK4rGAf0BmGTJpp02YyY5IRytAPcOOvuHGhiFs/wJ1/Y9rOQlsPBA7nnMvNPV7EqFSm+W1kVlbX1jeym7mt7Z3dvfz+QUuGscCkiUMWio6HJGGUk6aiipFOJAgKPEba3qg+9dsPREga8js1jogToD6nPsVIacnNF4Sb0OEEXrlDeAnrLi1B+z5GPVikpeEptCmH1zplls0Z4DKxUlIAKRpu/svuhTgOCFeYISm7lhkpJ0FCUczIJGfHkkQIj1CfdDXlKCDSSWbHTOCJVnrQD4V+XMGZ+nsiQYGU48DTyQCpgVz0puJ/XjdW/oWTUB7FinA8X+THDKoQTpuBPSoIVmysCcKC6r9CPEACYaX7y+kSrMWTl0mrUraq5ertWaFWSevIgiNwDIrAAuegBm5AAzQBBo/gGbyCN+PJeDHejY95NGOkM4fgD4zPH7MnmM8=</latexit>

rijBj > Ci, (i, j) → E

Theorem 1. Consider two teams  and , with      , each with at least one agent. Under 
Assumptions 1 and 2, if               , it follows that               .
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Beneficial from team  to team 
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R. Karam, R. Lin, B.A. Butler, and M. Egerstedt, “Resource Allocation with Multi-Team Collaboration Based on Hamilton’s Rule”, submitted to the 2025 IEEE 
Conference on Decision and Control (CDC).
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R. Karam, R. Lin, B.A. Butler, and M. Egerstedt, “Resource Allocation with Multi-Team Collaboration Based on Hamilton’s Rule”, submitted to the 2025 IEEE 
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R. Karam, R. Lin, B.A. Butler, and M. Egerstedt, “Resource Allocation with Multi-Team Collaboration Based on Hamilton’s Rule”, submitted to the 2025 IEEE 
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rijBj > Ci, (i, j) → E

R. Karam, R. Lin, B.A. Butler, and M. Egerstedt, “Resource Allocation with Multi-Team Collaboration Based on Hamilton’s Rule”, submitted to the 2025 IEEE 
Conference on Decision and Control (CDC).

Graph Filtering Process

15 / 20



Team-Level Collaboration Framework

Legend:

Undirected Graph Directed Graph 

Computing
Pairwise

Collaborations

Choosing 
and  for

each 

Directed Graph 

Chosen Collaboration Directed edge Undirected edge Team Filtered-Out Team

<latexit sha1_base64="NB1/zhHP6nvyXdXU56+OPyqfxAE=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUKGWmSHUlxSK4rGAf0BmGTJpp02YyY5IRytAPcOOvuHGhiFs/wJ1/Y9rOQlsPBA7nnMvNPV7EqFSm+W1kVlbX1jeym7mt7Z3dvfz+QUuGscCkiUMWio6HJGGUk6aiipFOJAgKPEba3qg+9dsPREga8js1jogToD6nPsVIacnNF4Sb0OEEXrlDeAnrLi1B+z5GPVikpeEptCmH1zplls0Z4DKxUlIAKRpu/svuhTgOCFeYISm7lhkpJ0FCUczIJGfHkkQIj1CfdDXlKCDSSWbHTOCJVnrQD4V+XMGZ+nsiQYGU48DTyQCpgVz0puJ/XjdW/oWTUB7FinA8X+THDKoQTpuBPSoIVmysCcKC6r9CPEACYaX7y+kSrMWTl0mrUraq5ertWaFWSevIgiNwDIrAAuegBm5AAzQBBo/gGbyCN+PJeDHejY95NGOkM4fgD4zPH7MnmM8=</latexit>

rijBj > Ci, (i, j) → E Biddings
Is this globally 

optimal?

R. Karam, R. Lin, B.A. Butler, and M. Egerstedt, “Resource Allocation with Multi-Team Collaboration Based on Hamilton’s Rule”, submitted to the 2025 IEEE 
Conference on Decision and Control (CDC).
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Team-Level Collaboration Framework
<latexit sha1_base64="WQpiFd1CxZRApYD0yMrcdb0SKVA="></latexit>

G(n1, . . . , nm) =
m∑

k=1

wk Fk(nk)

Global Mission Evaluation Function:

 

Global Benefit 
instead of local 

(or greedy) 

Philosophy:
“If all of us benefit, 
each of us benefits”

<latexit sha1_base64="sRRAnBdOINIJim6KHy+PT4fxf3k="></latexit>

! =
{
(n1, . . . , nm) → Zm

>0

∣∣∣
m∑

k=1

nk = N
}

: set of all allocations of
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N

More formally,
<latexit sha1_base64="F4DIKwACmURkqu8NVJyD8qtvkfo=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZIiVVwVXOjOKvYBTSiT6aQdOpmEmYlQQtZu/BU3LhRx6xe482+cpFlo64GBwzn3MvccL2JUKsv6NkpLyyura+X1ysbm1vaOubvXkWEsMGnjkIWi5yFJGOWkrahipBcJggKPka43ucz87gMRkob8Xk0j4gZoxKlPMVJaGpiHToDUGCOWXKUXzk1ARgg6KoS57HnJXTowq1bNygEXiV2QKijQGphfzjDEcUC4wgxJ2betSLkJEopiRtKKE0sSITxBI9LXlKOASDfJo6TwWCtD6IdCP65grv7eSFAg5TTw9GR2oZz3MvE/rx8r/9xNKI9iRTiefeTHDOqsWS9wSAXBik01QVhQfSvEYyQQVrq9ii7Bno+8SDr1mt2oNW5Pq816UUcZHIAjcAJscAaa4Bq0QBtg8AiewSt4M56MF+Pd+JiNloxiZx/8gfH5Aw+zmnc=</latexit>

G : ! → R

Global Inequality Rule:

 
<latexit sha1_base64="7kt3BW3usvvsIVE2Dr425TQz0ko=">AAACJnicbVDLSgMxFM3UV62vUZdugkXaQikzRaobpeBClxXsA9phyKSZNjSTGZKMUIZ+jRt/xY2Liog7P8W0nUVtPRA4nHMuufd4EaNSWda3kdnY3Nreye7m9vYPDo/M45OWDGOBSROHLBQdD0nCKCdNRRUjnUgQFHiMtL3R3cxvPxMhacif1DgiToAGnPoUI6Ul17zpBUgNMWLJ/aTIXbtQhr1+qGQZcjcolOAtXAks+yXXzFsVaw64TuyU5EGKhmtO9TSOA8IVZkjKrm1FykmQUBQzMsn1YkkihEdoQLqachQQ6STzMyfwQit96IdCP67gXF2eSFAg5TjwdHK2s1z1ZuJ/XjdW/rWTUB7FinC8+MiPGVQhnHUG+1QQrNhYE4QF1btCPEQCYaWbzekS7NWT10mrWrFrldrjZb5eTevIgjNwDorABlegDh5AAzQBBi/gDUzBh/FqvBufxtcimjHSmVPwB8bPL1Hboyw=</latexit>

G(n→
1, . . . , n

→
m) > G(n1, . . . , nm)

17 / 20R. Karam, R. Lin, B.A. Butler, and M. Egerstedt, “Resource Allocation with Multi-Team Collaboration Based on Hamilton’s Rule”, submitted to the 2025 IEEE 
Conference on Decision and Control (CDC).

total number of robots across the    teams
<latexit sha1_base64="nFykwA0P9tbFIEN+bffS6LqtZgc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR4DXjxJAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe77xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEN/6UyyQ1KNlyUZgKYmIy/5oMuEJmxMQSyhS3txI2oooyY7Mp2BC81ZfXSatS9qrlauOqVKtkceThDM7hEjy4hhrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB6VTjM0=</latexit>

N
<latexit sha1_base64="zdkK9Nn1dQqabdGorkIQaCfzXHY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxWML9gPaUDbbSbt2Nwm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSNsGW4EdhOFVAYCO8Hkbu53nlBpHkcPZpqgL+ko4iFn1FipKQelsltxFyDrxMtJGXI0BqWv/jBmqcTIMEG17nluYvyMKsOZwFmxn2pMKJvQEfYsjahE7WeLQ2fk0ipDEsbKVmTIQv09kVGp9VQGtlNSM9ar3lz8z+ulJrz1Mx4lqcGILReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxWvVqk1r8v1ah5HAc7hAq7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4A1E+M7A==</latexit>m



Team-Level Collaboration Framework
Lemma 1. There exists an allocation                      , such that

In other words,   attains a maximum value on   , and                 is an optimal allocation.

<latexit sha1_base64="WfNFDUFQ/ou3GJZC4b/7YOqgIDo=">AAACCXicbVDLSgMxFM3UV62vqks3wSLUUspMkeqy4MadFewDOtMhk2ba0CQzJBmhDN268VfcuFDErX/gzr8xfSy09cCFwzn3JveeIGZUadv+tjJr6xubW9nt3M7u3v5B/vCopaJEYtLEEYtkJ0CKMCpIU1PNSCeWBPGAkXYwup767QciFY3EvR7HxONoIGhIMdJG8vOwKHynVypDtx9pVYbC573SOXSpgO4tJwPk5wt2xZ4BrhJnQQpggYaf/zJP4YQToTFDSnUdO9ZeiqSmmJFJzk0UiREeoQHpGioQJ8pLZ5dM4JlR+jCMpCmh4Uz9PZEirtSYB6aTIz1Uy95U/M/rJjq88lIq4kQTgecfhQmDOoLTWGCfSoI1GxuCsKRmV4iHSCKsTXg5E4KzfPIqaVUrTq1Su7so1KuLOLLgBJyCInDAJaiDG9AATYDBI3gGr+DNerJerHfrY96asRYzx+APrM8f39CX5Q==</latexit>

(n→
1, . . . , n

→
m) → !

<latexit sha1_base64="lgO4uMicg6Z2S/e6uHGOiusKQl8="></latexit>

G(n→
1, . . . , n

→
m) → G(n1, . . . , nm) ↑(n1, . . . , nm) ↓ !

<latexit sha1_base64="lgO4uMicg6Z2S/e6uHGOiusKQl8="></latexit>

G(n→
1, . . . , n

→
m) → G(n1, . . . , nm) ↑(n1, . . . , nm) ↓ !

<latexit sha1_base64="WfNFDUFQ/ou3GJZC4b/7YOqgIDo=">AAACCXicbVDLSgMxFM3UV62vqks3wSLUUspMkeqy4MadFewDOtMhk2ba0CQzJBmhDN268VfcuFDErX/gzr8xfSy09cCFwzn3JveeIGZUadv+tjJr6xubW9nt3M7u3v5B/vCopaJEYtLEEYtkJ0CKMCpIU1PNSCeWBPGAkXYwup767QciFY3EvR7HxONoIGhIMdJG8vOwKHynVypDtx9pVYbC573SOXSpgO4tJwPk5wt2xZ4BrhJnQQpggYaf/zJP4YQToTFDSnUdO9ZeiqSmmJFJzk0UiREeoQHpGioQJ8pLZ5dM4JlR+jCMpCmh4Uz9PZEirtSYB6aTIz1Uy95U/M/rJjq88lIq4kQTgecfhQmDOoLTWGCfSoI1GxuCsKRmV4iHSCKsTXg5E4KzfPIqaVUrTq1Su7so1KuLOLLgBJyCInDAJaiDG9AATYDBI3gGr+DNerJerHfrY96asRYzx+APrM8f39CX5Q==</latexit>

(n→
1, . . . , n

→
m) → !

<latexit sha1_base64="WfNFDUFQ/ou3GJZC4b/7YOqgIDo=">AAACCXicbVDLSgMxFM3UV62vqks3wSLUUspMkeqy4MadFewDOtMhk2ba0CQzJBmhDN268VfcuFDErX/gzr8xfSy09cCFwzn3JveeIGZUadv+tjJr6xubW9nt3M7u3v5B/vCopaJEYtLEEYtkJ0CKMCpIU1PNSCeWBPGAkXYwup767QciFY3EvR7HxONoIGhIMdJG8vOwKHynVypDtx9pVYbC573SOXSpgO4tJwPk5wt2xZ4BrhJnQQpggYaf/zJP4YQToTFDSnUdO9ZeiqSmmJFJzk0UiREeoQHpGioQJ8pLZ5dM4JlR+jCMpCmh4Uz9PZEirtSYB6aTIz1Uy95U/M/rJjq88lIq4kQTgecfhQmDOoLTWGCfSoI1GxuCsKRmV4iHSCKsTXg5E4KzfPIqaVUrTq1Su7so1KuLOLLgBJyCInDAJaiDG9AATYDBI3gGr+DNerJerHfrY96asRYzx+APrM8f39CX5Q==</latexit>

(n→
1, . . . , n

→
m) → !

Theorem 2. This iterative process terminates in a finite number of steps and converges to an 
allocation                      that maximizes   .

<latexit sha1_base64="WfNFDUFQ/ou3GJZC4b/7YOqgIDo=">AAACCXicbVDLSgMxFM3UV62vqks3wSLUUspMkeqy4MadFewDOtMhk2ba0CQzJBmhDN268VfcuFDErX/gzr8xfSy09cCFwzn3JveeIGZUadv+tjJr6xubW9nt3M7u3v5B/vCopaJEYtLEEYtkJ0CKMCpIU1PNSCeWBPGAkXYwup767QciFY3EvR7HxONoIGhIMdJG8vOwKHynVypDtx9pVYbC573SOXSpgO4tJwPk5wt2xZ4BrhJnQQpggYaf/zJP4YQToTFDSnUdO9ZeiqSmmJFJzk0UiREeoQHpGioQJ8pLZ5dM4JlR+jCMpCmh4Uz9PZEirtSYB6aTIz1Uy95U/M/rJjq88lIq4kQTgecfhQmDOoLTWGCfSoI1GxuCsKRmV4iHSCKsTXg5E4KzfPIqaVUrTq1Su7so1KuLOLLgBJyCInDAJaiDG9AATYDBI3gGr+DNerJerHfrY96asRYzx+APrM8f39CX5Q==</latexit>

(n→
1, . . . , n

→
m) → !

<latexit sha1_base64="lgO4uMicg6Z2S/e6uHGOiusKQl8="></latexit>

G(n→
1, . . . , n

→
m) → G(n1, . . . , nm) ↑(n1, . . . , nm) ↓ !

Inputs:
• Initial Allocation
• Mission Evaluation 

Functions
• Team Weights

Output:
Final 

Allocation

1. Compute
2. Construct
3. Construct
4. Bidding Process
5. Construct 

6. Compute
7. Global Inequality Rule
8. Update allocation if 

applicable
9. Stop when 

<latexit sha1_base64="ddp4/BPo1GN1oRjOVwooxzkTniU=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahgpTdItVjQUSPFewHtEvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0jOtHHdbye3tr6xuZXfLuzs7u0fFA+PWjpOFKFNEvNYdQKsKWeCNg0znHakojgKOG0H45uZ336iSrNYPJqJpH6Eh4KFjGBjpfZduXWBbs/7xZJbcedAq8TLSAkyNPrFr94gJklEhSEca931XGn8FCvDCKfTQi/RVGIyxkPatVTgiGo/nZ87RWdWGaAwVraEQXP190SKI60nUWA7I2xGetmbif953cSE137KhEwMFWSxKEw4MjGa/Y4GTFFi+MQSTBSztyIywgoTYxMq2BC85ZdXSata8WqV2sNlqV7N4sjDCZxCGTy4gjrcQwOaQGAMz/AKb450Xpx352PRmnOymWP4A+fzB1YNjjo=</latexit>

G(V,E)
<latexit sha1_base64="x99TEm3uZ4nace1OJuOdHdcws4c=">AAAB8XicbVBNS8NAEJ3Ur1o/WvXoZbFIK0hJilSPBRE9VrAf2Iay2W7apZtN2N0IJfRfePGgiFf/jTf/jds2B219MPB4b4aZeV7EmdK2/W1l1tY3Nrey27md3b39fOHgsKXCWBLaJCEPZcfDinImaFMzzWknkhQHHqdtb3w989tPVCoWigc9iagb4KFgPiNYG+nxtlRulc7RTemsXyjaFXsOtEqclBQhRaNf+OoNQhIHVGjCsVJdx460m2CpGeF0muvFikaYjPGQdg0VOKDKTeYXT9GpUQbID6UpodFc/T2R4ECpSeCZzgDrkVr2ZuJ/XjfW/pWbMBHFmgqyWOTHHOkQzd5HAyYp0XxiCCaSmVsRGWGJiTYh5UwIzvLLq6RVrTi1Su3+olivpnFk4RhOoAwOXEId7qABTSAg4Ble4c1S1ov1bn0sWjNWOnMEf2B9/gB6yo7N</latexit>

G→(V →, E→)

<latexit sha1_base64="ElRq/tDcoYoq5GmfEthLbeZNcts=">AAACEXicbVDLSgMxFM3UV62vUZdugkWoIGWmSHVZENFlBfuAdiiZNG1DM8mQZIQyzC+48VfcuFDErTt3/o2ZdsDaeiFw7jn3cHOPHzKqtON8W7mV1bX1jfxmYWt7Z3fP3j9oKhFJTBpYMCHbPlKEUU4ammpG2qEkKPAZafnjq1RvPRCpqOD3ehISL0BDTgcUI22onl3qCiOn7vgmmWuayRn87a6T055ddMrOtOAycDNQBFnVe/ZXty9wFBCuMUNKdVwn1F6MpKaYkaTQjRQJER6jIekYyFFAlBdPL0rgiWH6cCCkeVzDKTvviFGg1CTwzWSA9Egtain5n9aJ9ODSiykPI004ni0aRAxqAdN4YJ9KgjWbGICwpOavEI+QRFibEAsmBHfx5GXQrJTdarl6d16sVbI48uAIHIMScMEFqIFbUAcNgMEjeAav4M16sl6sd+tjNpqzMs8h+FPW5w9Al53d</latexit>

G(V ,E)

<latexit sha1_base64="zRq9wtISxsqfJIEXODf0g4965JM=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBItQNyUpUl0WXOiygn1AG8tkOmmHTiZhZqKUmE9x40IRt36JO//GSZuFth4YOJxzL/fM8SJGpbLtb6Owtr6xuVXcLu3s7u0fmOXDjgxjgUkbhywUPQ9JwignbUUVI71IEBR4jHS96VXmdx+IkDTkd2oWETdAY059ipHS0tAsDwKkJhix5Dq9T6rqLB2aFbtmz2GtEicnFcjRGppfg1GI44BwhRmSsu/YkXITJBTFjKSlQSxJhPAUjUlfU44CIt1kHj21TrUysvxQ6MeVNVd/byQokHIWeHoyCyqXvUz8z+vHyr90E8qjWBGOF4f8mFkqtLIerBEVBCs20wRhQXVWC0+QQFjptkq6BGf5y6ukU685jVrj9rzSrOd1FOEYTqAKDlxAE26gBW3A8AjP8ApvxpPxYrwbH4vRgpHvHMEfGJ8/H0+T4A==</latexit>

G(t)
<latexit sha1_base64="JkLz6rwVWPmU3cwSisheXJELpAw=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBahIpSkSHVZcKHLCvYBbSyT6aQdOnkwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnXu6Z40acSWVZ30ZhbX1jc6u4XdrZ3ds/MA+POjKMBaFtEvJQ9FwsKWcBbSumOO1FgmLf5bTrTq8zv/tIhWRhcK+SiDo+HgfMYwQrLQ3N8sDHakIwT29mD2lVndtns6FZsWrWHGiV2DmpQI7W0PwajEIS+zRQhGMp+7YVKSfFQjHC6aw0iCWNMJniMe1rGmCfSiedh5+hU62MkBcK/QKF5urvjRT7Uia+qyezqHLZy8T/vH6svCsnZUEUKxqQxSEv5kiFKGsCjZigRPFEE0wE01kRmWCBidJ9lXQJ9vKXV0mnXrMbtcbdRaVZz+sowjGcQBVsuIQm3EIL2kAggWd4hTfjyXgx3o2PxWjByHfK8AfG5w8BzZRQ</latexit>

G(t+1)

<latexit sha1_base64="MW9HDllwAicVq+iSsyPcFa1ycQk=">AAACE3icbVDLSsNAFJ34rPUVdelmsAitQkmKVJcFF7qsYB/QxDKZTtqhk0mcmQgl5B/c+CtuXCji1o07/8ZJm4W2HrhwOOde7r3HixiVyrK+jaXlldW19cJGcXNre2fX3NtvyzAWmLRwyELR9ZAkjHLSUlQx0o0EQYHHSMcbX2Z+54EISUN+qyYRcQM05NSnGCkt9c0TJ0BqhBFLrtK7pKwqKXSG5B7Oyad2Je2bJatqTQEXiZ2TEsjR7JtfziDEcUC4wgxJ2bOtSLkJEopiRtKiE0sSITxGQ9LTlKOASDeZ/pTCY60MoB8KXVzBqfp7IkGBlJPA053ZqXLey8T/vF6s/As3oTyKFeF4tsiPGVQhzAKCAyoIVmyiCcKC6lshHiGBsNIxFnUI9vzLi6Rdq9r1av3mrNSo5XEUwCE4AmVgg3PQANegCVoAg0fwDF7Bm/FkvBjvxsesdcnIZw7AHxifPxwknZ8=</latexit>

G(t) → G(t+1)

18 / 20R. Karam, R. Lin, B.A. Butler, and M. Egerstedt, “Resource Allocation with Multi-Team Collaboration Based on Hamilton’s Rule”, submitted to the 2025 IEEE 
Conference on Decision and Control (CDC).



Team Mission: Area Coverage
Optimal Area Coverage Voronoi-Based Coverage Control [1]Team Mission

<latexit sha1_base64="gk06R5UvqEUQAOQMQ44Mu6cvUA8=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSIIQkmKVJcFN66kgn1gU8tkOm2HTiZhZiKWkF9x40IRt/6IO//GSZuFth4YOJxzL/fM8SPOlHacb2tldW19Y7OwVdze2d3btw9KLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k6vMbz9SqVgo7vQ0or0AjwQbMoK1kfp26QZ5TCAvwHrs+8l9+nDWt8tOxZkBLRM3J2XI0ejbX94gJHFAhSYcK9V1nUj3Eiw1I5ymRS9WNMJkgke0a6jAAVW9ZJY9RSdGGaBhKM0TGs3U3xsJDpSaBr6ZzDKqRS8T//O6sR5e9hImolhTQeaHhjFHOkRZEWjAJCWaTw3BRDKTFZExlphoU1fRlOAufnmZtKoVt1ap3Z6X69W8jgIcwTGcggsXUIdraEATCDzBM7zCm5VaL9a79TEfXbHynUP4A+vzBwLBk8A=</latexit>

N → Z+ Robots
<latexit sha1_base64="J8s4FdIwyT0q/wfk35p7SRVUt/Y=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVZIi1WVBFy6r2Ac0scxMJu3QySTMTIQSunXjr7hxoYhb/8Cdf+OkzUJbD1w4nHMv996DE86Udpxvq7Syura+Ud6sbG3v7O7Z+wcdFaeS0DaJeSx7GCnKmaBtzTSnvURSFGFOu3h8mfvdByoVi8WdniTUj9BQsJARpI00sKEXIT0iiGdXU+ipFCuq5xrG2e30PhjYVafmzACXiVuQKijQGthfXhCTNKJCE46U6rtOov0MSc0Ip9OKlyqaIDJGQ9o3VKCIKj+bfTKFJ0YJYBhLU0LDmfp7IkORUpMIm878RrXo5eJ/Xj/V4YWfMZGkmgoyXxSmHOoY5rHAgElKNJ8Ygohk5lZIRkgiok14FROCu/jyMunUa26j1rg5qzbrRRxlcASOwSlwwTlogmvQAm1AwCN4Bq/gzXqyXqx362PeWrKKmUPwB9bnD89GmmA=</latexit>

D → RdConvex and Compact
<latexit sha1_base64="z8knhhuS/GcCn31k5Ubu74fJc0I="></latexit>

L(p) =
∑

i→N

∫

Vi

→pi ↑ q→2ω(q) dq

<latexit sha1_base64="45eEYhGOxB+WVJir0HoZaEt/8Hg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyUpUl0W3LisYh/QxjKZTtqhk0mYmQg1FH/FjQtF3Pof7vwbJ20W2npg4HDOvdwzx485U9pxvq3Cyura+kZxs7S1vbO7Z+8ftFSUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj68yv/1ApWKRuNOTmHohHgoWMIK1kfr2Eekz1GMC9UKsR76f3k7vB3277FScGdAycXNShhyNvv3VG0QkCanQhGOluq4Tay/FUjPC6bTUSxSNMRnjIe0aKnBIlZfO0k/RqVEGKIikeUKjmfp7I8WhUpPQN5NZRrXoZeJ/XjfRwaWXMhEnmgoyPxQkHOkIZVWgAZOUaD4xBBPJTFZERlhiok1hJVOCu/jlZdKqVtxapXZzXq5X8zqKcAwncAYuXEAdrqEBTSDwCM/wCm/Wk/VivVsf89GCle8cwh9Ynz/2DpTi</latexit>

ci → Rd

<latexit sha1_base64="oz+ilmtX+mDFPvQubNkM7RHFcuo="></latexit>

pi = ci =

∫
Vi
qω(q) dq

∫
Vi
ω(q) dq

, →i ↑ N

<latexit sha1_base64="dxQN1atg5i14Ls45E00G3pqajIc=">AAACFnicbVDLSgMxFM3UV62vqks3wSK40DJTpLoRCm5cSQX7gOk4ZNJMG5p5kNwRytCvcOOvuHGhiFtx59+YTmehrQcSzj33kdzjxYIrMM1vo7C0vLK6VlwvbWxube+Ud/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63ijq2m+88Ck4lF4B+OYOQEZhNznlICW3PIpxZfYpq5134MoPsHUrc1Yrx+BmsY3Wexkt1uumFUzA14kVk4qKEfTLX/pOTQJWAhUEKVsy4zBSYkETgWblHqJYjGhIzJgtqYhCZhy0mytCT7SSh/7kdQnBJypvztSEig1DjxdGRAYqvncVPwvZyfgXzgpD+MEWEhnD/mJwBDhqUe4zyWjIMaaECq5/iumQyIJBe1kSZtgza+8SNq1qlWv1m/PKo1abkcRHaBDdIwsdI4a6Bo1UQtR9Iie0St6M56MF+Pd+JiVFoy8Zx/9gfH5A/c+ngU=</latexit>

c = [c→1 , c
→
2 , . . . , c

→
N ]→

Centroidal Voronoi Tessellation (CVT)

• Centroid:
• CVT:

19 / 20

[1] J. Cortes, S. Martinez, T. Karatas, and F. Bullo, “Coverage control for mobile sensing networks,” IEEE Transactions on Robotics and Automation, vol. 20, no. 2, pp. 243–255, 2004.
[2]: R. Lin, S. Kim, and M. Egerstedt, “Heterogeneous Collaborative Pursuit via Coverage Control Driven by Fokker–Planck Equations,” IEEE Transactions on Robotics (T-RO), 2025.
R. Karam, R. Lin, B.A. Butler, and M. Egerstedt, “Resource Allocation with Multi-Team Collaboration Based on Hamilton’s Rule”, submitted to the 2025 IEEE Conference on 
Decision and Control (CDC).
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Team Mission: Area Coverage
<latexit sha1_base64="B3eL7Vp0I+uzmLMQOu83tnokkzk="></latexit>

L(N, p) =
∑

i→N

∫

Vi

→pi ↑ q→2ω(q) dq
<latexit sha1_base64="ggtWszcDp+oBvNeXMFOyE10vElU=">AAAB9XicbVBdSwJBFL1rX2ZfVo+9DEmgULIrYb0EQhA9hBjkB+gms+Oog7Ozy8xsIYv/o5ceiui1/9Jb/6ZR96GsAxcO59zLvfd4IWdK2/aXlVpaXlldS69nNja3tneyu3sNFUSS0DoJeCBbHlaUM0HrmmlOW6Gk2Pc4bXqjy6nffKBSsUDc6XFIXR8PBOszgrWR7q/y1QK6QCc3+eoxKXSzObtoz4D+EichOUhQ62Y/O72ARD4VmnCsVNuxQ+3GWGpGOJ1kOpGiISYjPKBtQwX2qXLj2dUTdGSUHuoH0pTQaKb+nIixr9TY90ynj/VQLXpT8T+vHen+uRszEUaaCjJf1I840gGaRoB6TFKi+dgQTCQztyIyxBITbYLKmBCcxZf/kkap6JSL5dvTXKWUxJGGAziEPDhwBhW4hhrUgYCEJ3iBV+vRerberPd5a8pKZvbhF6yPb7xikAo=</latexit>

F (N) = →L(N, c)Mission Evaluation Function:                       , with: 

Theorem 3. Suppose          ,          . By adding one more robot
                    ,          , the locational cost decreases, i.e.,

                                                     
where                     .

<latexit sha1_base64="zxrBOleVWUalprX7NnNTiMy2ULY=">AAAB/HicbVDLSsNAFL2pr1pf1S7dDBbBVUmKVJcFXbisYB/QhDCZTtqhk0mYmQgl1F9x40IRt36IO//GSZuFth4YOJxzL/fMCRLOlLbtb6u0sbm1vVPereztHxweVY9PeipOJaFdEvNYDgKsKGeCdjXTnA4SSXEUcNoPpje533+kUrFYPOhZQr0IjwULGcHaSH61lvgMuUwgN8J6QjDPbud+tW437AXQOnEKUocCHb/65Y5ikkZUaMKxUkPHTrSXYakZ4XRecVNFE0ymeEyHhgocUeVli/BzdG6UEQpjaZ7QaKH+3shwpNQsCsxkHlGtern4nzdMdXjtZUwkqaaCLA+FKUc6RnkTaMQkJZrPDMFEMpMVkQmWmGjTV8WU4Kx+eZ30mg2n1WjdX9bbzaKOMpzCGVyAA1fQhjvoQBcIzOAZXuHNerJerHfrYzlasoqdGvyB9fkDRtKUgQ==</latexit>

pi → D
<latexit sha1_base64="NfHCo4tpUyVGXQq9eLfUQVHZShI=">AAACEXicbVDLSsNAFJ34rPUVdelmsAgFoSRFqsuCLlxJBfuAJoTJdNoOnUyGmYlQQn7Bjb/ixoUibt2582+ctFlo64ELh3Pu5d57QsGo0o7zba2srq1vbJa2yts7u3v79sFhR8WJxKSNYxbLXogUYZSTtqaakZ6QBEUhI91wcpX73QciFY35vZ4K4kdoxOmQYqSNFNhVEaS3Z24GPcqhFyE9xoil15mniI4oTxT0UhFQLwvsilNzZoDLxC1IBRRoBfaXN4hxEhGuMUNK9V1HaD9FUlPMSFb2EkUEwhM0In1DOYqI8tPZRxk8NcoADmNpims4U39PpChSahqFpjO/WS16ufif10/08NJPKReJJhzPFw0TBnUM83jggEqCNZsagrCk5laIx0girE2IZROCu/jyMunUa26j1rg7rzTrRRwlcAxOQBW44AI0wQ1ogTbA4BE8g1fwZj1ZL9a79TFvXbGKmSPwB9bnD3RNnWg=</latexit>

pN+1 → D \ {pi}

<latexit sha1_base64="nAFS/+8I6x5NU89DJe0kUunaAlQ=">AAACDnicbVDLSgMxFM34rPU16tJNsBQEpcwUqW6EghtXUsE+oB2HTJppQ5OZkGSEMvQL3Pgrblwo4ta1O//GdDoLbT2QcHLOvdzcEwhGlXacb2tpeWV1bb2wUdzc2t7Ztff2WypOJCZNHLNYdgKkCKMRaWqqGekISRAPGGkHo6up334gUtE4utNjQTyOBhENKUbaSL5dFvc9ISkn8BJ2DdexOBV+enPiTrKHl92+XXIqTga4SNyclECOhm9/9foxTjiJNGZIqa7rCO2lSGqKGZkUe4kiAuERGpCuoRHiRHlpts4Elo3Sh2EszYk0zNTfHSniSo15YCo50kM1703F/7xuosMLL6WRSDSJ8GxQmDCoYzjNBvapJFizsSEIS2r+CvEQSYS1SbBoQnDnV14krWrFrVVqt2elejWPowAOwRE4Bi44B3VwDRqgCTB4BM/gFbxZT9aL9W59zEqXrLznAPyB9fkDkFebyA==</latexit>

p→ = [p↑, p↑N+1]
↑

<latexit sha1_base64="8YLiOz2KmTKNJp0ba81k6zXBTqo="></latexit>

L(N + 1, p→) < L(N, p), →N ↑ Z+

<latexit sha1_base64="mSD0JKTTwDaoqKftTFK5F9Lz5Pw=">AAACAnicbVDLSsNAFL3xWesr6krcDBbBVUmKVJcFN66kgn1AE8pkOmmHTiZhZiKUUNz4K25cKOLWr3Dn3zhps9DWAwOHc+5lzj1BwpnSjvNtrayurW9slrbK2zu7e/v2wWFbxakktEViHstugBXlTNCWZprTbiIpjgJOO8H4Ovc7D1QqFot7PUmoH+GhYCEjWBupbx97YSwx54ghjwnkRViPCObZ7bRvV5yqMwNaJm5BKlCg2be/vEFM0ogKTThWquc6ifYzLDUjnE7LXqpogskYD2nPUIEjqvxsdsIUnRllgEwW84RGM/X3RoYjpSZRYCbziGrRy8X/vF6qwys/YyJJNRVk/lGYcqRjlPeBBkxSovnEEEwkM1kRGWGJiTatlU0J7uLJy6Rdq7r1av3uotKoFXWU4ARO4RxcuIQG3EATWkDgEZ7hFd6sJ+vFerc+5qMrVrFzBH9gff4AsUuW9A==</latexit>

→i ↑ N
<latexit sha1_base64="mSD0JKTTwDaoqKftTFK5F9Lz5Pw=">AAACAnicbVDLSsNAFL3xWesr6krcDBbBVUmKVJcFN66kgn1AE8pkOmmHTiZhZiKUUNz4K25cKOLWr3Dn3zhps9DWAwOHc+5lzj1BwpnSjvNtrayurW9slrbK2zu7e/v2wWFbxakktEViHstugBXlTNCWZprTbiIpjgJOO8H4Ovc7D1QqFot7PUmoH+GhYCEjWBupbx97YSwx54ghjwnkRViPCObZ7bRvV5yqMwNaJm5BKlCg2be/vEFM0ogKTThWquc6ifYzLDUjnE7LXqpogskYD2nPUIEjqvxsdsIUnRllgEwW84RGM/X3RoYjpSZRYCbziGrRy8X/vF6qwys/YyJJNRVk/lGYcqRjlPeBBkxSovnEEEwkM1kRGWGJiTatlU0J7uLJy6Rdq7r1av3uotKoFXWU4ARO4RxcuIQG3EATWkDgEZ7hFd6sJ+vFerc+5qMrVrFzBH9gff4AsUuW9A==</latexit>

→i ↑ N

Strictly Decreasing:

Discrete 
Convexity:

R. Karam, R. Lin, B.A. Butler, and M. Egerstedt, “Resource Allocation with Multi-Team Collaboration Based on Hamilton’s Rule”, submitted to the 2025 IEEE 
Conference on Decision and Control (CDC).

Assumption 2:
Mission Evaluation Function Properties
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Simulations
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Team 4Team 3

Team 2Team 1

Team 4Team 3

Case 1:

• Same mission importances
• Different density functions

Final Allocation

Team 2Team 1

Team 4Team 3

Team 2Team 1

Team 4Team 3

Case 2:

• Different mission importances
• Same density functions

Initial Allocation



Conclusion
• Ecologically-Inspired Framework: Hamilton’s Rule

• Multi-Team Environments

• Optimal Resource Allocation

• Robots Considered as Resources

Framework Achieves Optimal Performance for the Entire System through Altruistic Behavior

22 / 20R. Karam, R. Lin, B.A. Butler, and M. Egerstedt, “Resource Allocation with Multi-Team Collaboration Based on Hamilton’s Rule”, submitted to the 2025 IEEE 
Conference on Decision and Control (CDC).



Team 1

Team 2

Team 3

Robot = Resource

Thank you for listening!
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Collaboration:
<latexit sha1_base64="a4RjuaG+IS2PAky5UfDvbqifPMs=">AAACHXicbZDLSgMxFIYz9VbrbdSlm2ARWqRlppTqSgqCuKxgL9AOQyZN27SZzJBkhDL0Rdz4Km5cKOLCjfg2ZtpZaOsPgS//OYfk/F7IqFSW9W1k1tY3Nrey27md3b39A/PwqCWDSGDSxAELRMdDkjDKSVNRxUgnFAT5HiNtb3Kd1NsPREga8Hs1DYnjoyGnA4qR0pZrVoUb0/EMdm/ccYG743O7WEqx6MCrxKf6QhN3DiW76Lhm3ipbc8FVsFPIg1QN1/zs9QMc+YQrzJCUXdsKlRMjoShmZJbrRZKECE/QkHQ1cuQT6cTz7WbwTDt9OAiEPlzBuft7Ika+lFPf050+UiO5XEvM/2rdSA0unZjyMFKE48VDg4hBFcAkKtingmDFphoQFlT/FeIREggrHWhOh2Avr7wKrUrZrpVrd9V8vZLGkQUn4BQUgA0uQB3cggZoAgwewTN4BW/Gk/FivBsfi9aMkc4cgz8yvn4AHuSexA==</latexit>

rij [Fj(nj + 1)→ Fj(nj)] > [Fi(ni)→ Fi(ni → 1)]
<latexit sha1_base64="a4RjuaG+IS2PAky5UfDvbqifPMs=">AAACHXicbZDLSgMxFIYz9VbrbdSlm2ARWqRlppTqSgqCuKxgL9AOQyZN27SZzJBkhDL0Rdz4Km5cKOLCjfg2ZtpZaOsPgS//OYfk/F7IqFSW9W1k1tY3Nrey27md3b39A/PwqCWDSGDSxAELRMdDkjDKSVNRxUgnFAT5HiNtb3Kd1NsPREga8Hs1DYnjoyGnA4qR0pZrVoUb0/EMdm/ccYG743O7WEqx6MCrxKf6QhN3DiW76Lhm3ipbc8FVsFPIg1QN1/zs9QMc+YQrzJCUXdsKlRMjoShmZJbrRZKECE/QkHQ1cuQT6cTz7WbwTDt9OAiEPlzBuft7Ika+lFPf050+UiO5XEvM/2rdSA0unZjyMFKE48VDg4hBFcAkKtingmDFphoQFlT/FeIREggrHWhOh2Avr7wKrUrZrpVrd9V8vZLGkQUn4BQUgA0uQB3cggZoAgwewTN4BW/Gk/FivBsfi9aMkc4cgz8yvn4AHuSexA==</latexit>

rij [Fj(nj + 1)→ Fj(nj)] > [Fi(ni)→ Fi(ni → 1)]
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