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Studies on the Evolution of Cooperation with Non-participation
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In modern societies individuals often have a great deal of freedom and anonymity. This allows individuals to get away with
not only free-riding on the efforts of others, but also with opting-out from participating in a cooperative enterprise altogether.
While many studies in the biological and the social sciences have contributed to understanding the enduring conundrum of
how cooperation can emerge and be maintained in the presence of free-riders, only a handful of studies have studied the role
of optional participation. These studies have investigated a classical public goods game where, in addition to cooperation and
defection, individuals could opt not to participate in the game altogether. The three discrete strategies considered can lead to
evolutionary dynamics similar to a “rock-scissors-paper” cycle known from evolutionary game theory, and thus prevent
populations from ending up in mutual defection. However, it is more realistic that the willingness to participate may be an
intermediate degree. This thesis proposes a public goods game with probabilistic participation and then shows that the new
model can result in all of basic evolutionary scenarios. Also, while the previous model can explain why a significant number
of cooperators may be present in populations, it does not explain how the three strategies emerged in the first place. To justify
the a priori of coexisting pure strategies, this thesis considers a model where individuals are characterized by two continuous
trait values representing respectively the cooperative investment and the participation rate in a public goods game. Using
adaptive dynamics techniques and an individual-based model, this thesis shows that the co-evolutionary dynamics can lead to
trimorphic diversification into the three strategies. In addition, this thesis extends optional participation to conditional
participation which is the concept applicable also to the classical compulsory public goods game. The replicator dynamics for
the generalized model are fully analysed and conditional participation has turned out to be an effective mechanism for
promoting cooperation.
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Fig.1. Phase diagram illustrating the different dynamical
regimes. The solid curve C1 and C2 separate (px, py)—space
into the four regions (i)-(iv) characterized by the different
dynamical regimes: (i) dominating defectors, (ii)
coexistence, (iii) dominating cooperators, and (iv)
bistability, except for (0,0) and Q where the dynamics is
neutral. The average payoff at the interior equilibrium is
greater than o in the grey-colored part of (ii) and (iv)
bounded by C3 (the dashed curve), less than o in the
opposite part, and equal to sigma on C3.
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Fig.2. Evolutionary trajectories on the simplex S3.
Rock-scissors-paper cycles occur. Each corner denotes the
homogeneous state with the corresponding strategy. All three
corners are saddle points and the boundary of S3 represents a
heteroclinic cycle. In the interior of S3 a unique fixed point Q
appears. This is a centre surrounded by closed orbits.

(C.D)

FENUE S D, Bl C(px) 1SR py CRIEM 7 — 225
MU A8 C 24TV, B0 LA nEE e o 2455,
—757, HkB& D(py) ITHESE py TR 7 — 21250 L THE) Y
D 17, RS HIXEERE o 2155, ZhZ2ho kg
DOFHRIEN LTV r—2 XA F 7 AR THHEOZEN
TNDOFHEICE L Shd, TOREE. C(px) & D(py)®
TR E DHE(IL, 73T A — 2 2218 (px, py) ETROMED
WA TELZ eI LE (Fig. 1) -

(i) D(py)? C(px) & 3Hd ; D(py) I ZKHEE,

(i) 577 5 KILZETE 7o N B -5 A D3 ME — 17 7E

(i) C(px) 28 D(py) % 3ZHE. ; C(px) IEKILHZRE

(V) R TE 5 Me—TFAET 2 REENEFEM 5 Clpy) &

D(py) DWB1I8% 53E,

Lo X 572U oy ) U A THK Y — A2 B TS
HEARNZR LD TH D, RO TIE 2 AHEIEHET VT
0 ZRBERHHEINTELDN, SRIOET T LY —
en NFAEHET LV CTho T, Wil IR T U A
AThRAETH I L —LER>T NS,

Fio, PR RIS BT 2 EERIRIC oW TR, AT
LIFERY | EBMEOEEMS 0 2 EEDSr— AL FRES
=R, HIZARETH D Z & FEH T,

3 DRI —LADOEHAFESSI

AT OBNRPUAIY 7 — 2T, 2 AT — D7 — L0
RIPDIRRT 5 Z LR HRD, TR —2IZBINT 5
BN DNE I Dy, BESNEMH o ZAHRT 20BN T
RESNDEEZNVER Y, LT, o 280 EKOT LA
Y IR D AT — P~ NM] F— DT AT, — 5,
DR WERIE D F TR D R T — D ~HED R\, T DRYID A
F— V%, WSRO IREI BT AL A — A TS REZ 0 & L



TR r — ANZKHE S D Z KD, Mo T, — B
BERO 7 — 2 HEET 5 Z LI AR TH D (6],

Weo T, T ZTIHETEROMBIBNIIMAIL 7 — L AT
bivsd, T TREHMZAM LI LA v —I3k
DA P — B~ A A LRWVEY) BT LA Y —IX
e Z EBHR W, Ko T 7 LA Y — DD # A 71X,
B HAT—VENZTNIRT DS OM A G HE TR
Sh, BE$250i%, (C,0). (C,D), (D,N) D=#bYH Th
b5, B—AT—TVOSMELEIIHE I ANTHDET DN, 2
DEHE—AT—VTD%HED D,N) 7L A ¥ —DEK{ITGL
T, HZAT—VOSMELIT 0 ALLE n ALLF O#FH T
ftFnzttisd,

F—RAT =TT D (D, N) 7L A Y —OFHIT, H—
AT =V TCERDT VAT —DEIGITEASNDEN, T
MEOETFHIC—ETHD, VIV r—2EAF3I7 ATk
FEREIGE (2 2 TIETFERIS) D7 & MRS E ORI g
HEOREREZID S Z B, (C,C), (C,D), (D,N) %
ThENC, D, NHRBGIC RN CAZ & T, EIXZ0ET /ML
LN =2 F A F 27 A BT O S IR A 7 —
L& (3T REORREZES LB nnd, ToRE.
F—AT—=VIZRTBED S A Y —L CT LAY —DFHF|
BOEN, FEAT—UNC T A Y —DHDOEAEDORE X
DNEWNGE, WE— O S Q BNFIEL, £ AT &
< PABLERE AR AEZE M 2 MO R < 2 L A%EH &7 (Fig. 2).

4 HA. BYY. RUESMEEOE LR

INETOET T, THHZBRABRMEOERIEES
WZRT DR OEIN BRI N TE 2R, 22 TSN
BPURMANILH 7 — D& PR L. RoT B M s 7 i b &
bWR DIV LEEETNVERE, T 5, EiEEEED
WEREE(L 2 A F X 7 A2V THE, iT4FE adaptive dynamics
i (eg., [2]) TR DM REAIAITONTEY  EkD—
JrmEy eI 2 R 7L & A )X 7 A (evolutionary
branching) NFA[RETH B Z &N h > TETWBE, RIFRET
%, adaptive dynamics ¥ii%a H\\NC, B—BEMEOER M HiE
BZIFLOELEI, TNETHREINTE/ZC, D.ND=
FIMENZE LTk T 2 2 DKL= OSRMTEE S,

I TOET VBN TEEO @IS LI, 7 — A3
REDSERIRIFG & RBIMBEDFITG 0 2 FENSIN FESNHE
RCTEAMFTLTONZ 000G, SLITEHREYVBREH
EELBIWELOTEZ OGNS, 22 TORVBEZEM &1,
OBINEF ZFBE LIz LFEEEN G, o 2152 72D HMIE
s (FlFToWHE~N) VT M D E X ITBIEMICITRE
ETLTHAIFAVETARANERELTND, ZOET
LT, BN EBMD EL Bin—FIR2727 LA ¥ —0
FOMRBLHIIREET. Z00—DOETEMT 57 LA
YT EH L TRROEHELS 2L & LT,

4.1 Evolutionary branching M &4
Adaptive dynamics DR TlL, £ —BIEO LN

LT B REROBAV RN A EET D, SEIOET L
B L TiE. n ADT LA Y —t n—1 ADRHERD S OfFE
T — ADNEBEIR L U702 0% BAR RO 568 6
DS EAFR DN 2 WG O RS OSN35 B & BRI,
RANILREIT B, ZORRIC L TR S 1A K 72 -2 G
FEVXR AT (invasion fitness) & FEIEXAL, T DOAEE~Z K
NGaRODHZEITEY | JBMEZER Lo — 5 m i 2tk D
nx=msz ERHFKD (Fig. 3), T LTI OARRY hLR
VT D R RIS (singular strategy) & FRIENL, EFTN &
LZORITHER L7258, £ D% OEEIELF 5720121
WAZAZ NS E O RIR OB E M D MR H D, BIEZEM A —
WIC DA IR EME O — R e R O TV D,
V2R BERIE S (RFTHY) 7 R 7 27 % — D54 (convergence stable
singular strategy) . KD oD F VAN EZOND, —
DITFFREIICB W TRAFEISEIMBR THLHET, 20
& X R BRI IR U 72 B FICIZE L EoE kT gy, 2
D7 — AT evolutionarily stable strategy (ESS) L FEEIL5H, L
22U, BB CRERAEIGE DS N OGRS A2 A
TR S DL RMEAERDRARAREL 725, —IRILDLGHAEI
(TAAL Ay S B 0¥ — R HIT (RFTRIICIE) KA ICHE
T Zo0fkfFr T A —ICL > TiEEHbLNE, Zh
23 evolutionary branching &FEIEN D —ATH D, —FH. &
P22 8 ZIR L, O AIIT E TR — R e EIT S 5 T
WRUN,

AHFSETIL. evolutionary branching % %% 7= %12, Doebeli et
al. [115FE QAT Z R A, & — AN OB R EHEIC
% LT, fE3K D public goods game ® L 5 ITHE Tld/a< . —
WOFEEEARH Lz, £ MMERICKLTH ZROR
DL B HBEBA R L., RO ORE., ROz =
A P IRENGEIT, NWEFFRERIE ST 52 L, BE
O, BRI T 8T 7 X — L b0 OEA 5 E. £
LT, ORI A RBH3/NSWGEIT, FrRERIED
evolutionary branching T&b 272D +435F. BRE iz,
42 EERAR—RTIal—2 3y ZHEORIR

AHFFE T EFED evolutionary branching 4125 X Few N Cild
XTIV AT HIDIC, BES—ZT I 21—
varEMWL, ZORER, PERRREIRIC R T 25k TR
HELEZOD 7 TAY =X, BTN TITE W & b etk
ZEMOFERETTEE LI, TD%, —HDI FAZ—IIE
VW CE .0 evolutionary branching 2358 2> THRAETH
ENBE SN, TORR, BERIZIZ=>DE VIS
57 A=, ZRIuEMEZER E T4 C, D, N ERIRIZ XIS
THEEENENED DICEZ o7 (Fig. 4).

5 &

AHFZEClE. H2BT L < RIS 2 BFTE oML
DORFZEE LT, TATOS NIRRT AL 7 — LT L % _—
AT, 0 —RE, BT T VORE, S ATV, M
HAEH 7V — 7 A RAI MRS ATEI O M & 72 B



cooperative investment level

o

&

=3

e.

o ksl

< 2.

=~ =]

] =

o =

= 2

‘c-s’ a
R=
2
=
<
Q.

0

0 IULY‘OU ZUfJUO ZUO“JU IU&UI
evolutionary time steps

cooperative investment level

Fig.3. Selection gradient with convergence
stable singular strategy Q. The solid curves Lc
and Lw denote interior isoclines where there is
no selection pressure along the cooperative
investment level and the participation rate,
respectively.
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Fig.4. Trimorphic diversification
via evolutionary branching. (Upper
left panel) evolutionary trajectories
after convergence to Q. Three
kinds of specific positions have
been attained via two times
evolutionary branching. (Upper
right panel) evolutionary tree of the
participation rate. (Lower left
panel) evolutionary tree of the
cooperative investment level.
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