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Abstract: Evolutionarily stable strategies in repeated prisoner’s dilemma games with private monitoring are
examined. Private monitoring refers to settings where players can not observe other players’ actions perfectly,
but instead receive noisy signals about their actions. We extend the definition of evolutionary stability in
Binmore and Samuelson (1992, Journal of Economic Theory) to repeated games with private monitoring, and
examine evolutionary stability of (up to two-state) finite automata via a numerical analysis. We find that
four types of automata are evolutionarily stable. We further conduct evolutionary simulations to examine

whether these automata emerge in such environments.
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F1 HINT 6§ =099 2B 2 ESS HEHEE (%izrT—%)
Table 1 ESS identification result for the discount factor § =
0.99 (The numbers with % denote the error rates).

® 2 HYINT 6 =095 12815 ESS HEHE (BlETT—5)
Table 2 ESS identification result for the discount factor § =
0.95 (The numbers with % denote the error rates).

B4 =2 O A X E% =2 O A X
3 (Pavlov-C) 1~4% 5~6% 7~30% 3 (Pavlov-C) | 1~6% 7~30%
4 (MYF—) 3~16% | 1~2%, 17~19% | 20~30% 4 (M)F=) | 5~17% | 2~4%, 18~19% | 1%, 20~30%
16 (Pavlov-D) 1~6% 7~30% 16 (Pavlov-D) 1~6% 7~30%
26 (All-D) 1~30% 26 (All-D) 1~30%
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2 % 1,000 [A147Vvy, 1,000 [BIOF) 3O F0E % IFEFIS P;
ELTHWS, EEHT 6 = 099,095 BL LT —%
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ZEET A HUERT 2EF 10 £y MTo72. 1012y PO
TEFEATIC BT, ESSHIE% 91 v P ETHEZE10E
B (ETIEO), 1~8ty FTAREEISER (ETIEA),
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(O:9+ty FUETESS Hl&, A:1~8 tv bTESS H4E,
x 10ty T ESS H5%E)

16

Pavlov-DE &

= (D
All-DES B

B 1 ESS &%5HMA— b~ b vigls (FRANZEIY 7FL g
BIEEDER, T3 7 FL b BEROBR, I 7 g
7213 b BEROERZERT)

Fig. 1 Finite automata identified as ESS (Orange arrows show

transitions when signal g is observed, blue arrows show
transitions when signal b is observed, and green arrows

show transitions when either signal g or b is observed).
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Fig. 2 Relationship between payoffs and error rates for dis-
count factor § = 0.99 (x-axis: error rate, y-axis: pay-

off).
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Fig. 3 Relationship between payoffs and error rates for dis-

count factor § = 0.95 (x-axis: error rate, y-axis: pay-

off).
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Fig. 4 A key component of recovery to cooperation.
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K3 6§=099, &ITT—p|ZBIF5H 500 MCEOIEELE (I
BB UER A, T =% 0.14~0.29 137~ 4, 12, 26
PO Y Y4, 12 OEFHEERN 0.2 DUTTHEA.
[Pvlv-C/, [Pvlv-D]| & Pavlov-C, Pavlov-D DI&:EL)

Table 3 Relative frequencies after 500 generations for each er-

WIED IR,

ror rate and ¢ = 0.99 (Frequencies are rounded off

to three decimal places. Machines 4, 12, and 26 have

positive frequencies, and the sum of the frequencies of

Machines 4 and 12 is at most 0.2 from the error rate

0.14 through 0.29.

Pavlov-C and Pavlov-D, respectively).

“Pvlv-C” and “Pvlv-D” denote

5 SOE
— 2 3 4 12 13 16 26
p |Lo~GEL|PvIv-C| U 7 — All-C| Pvlv-D | All-D
0 0.152 0.162 0.578 0 |0.005 0 0
0.01 0 0.998 0 0 0 0 0
0.02 0 0.999 0 0 0 0.001 0
0.03 0 0.989 0 0 0 0.011 0
0.04 0 0.948 0 0 0 0.052 0
0.05 0 0.981 0 0 0 0.019 0
0.06 0 0.968 0 0 0 0.029 0
0.07 0 0 1.0 0 0 0 0
0.08 0 0 1.0 0 0 0 0
0.09 0 0 1.0 0 0 0 0
0.1 0 0 0.989 [0.005| O 0 0.006
0.11 0 0 0.978 |0.006| O 0 0.017
0.12 0 0 0.019 |0.021| O 0 0.959
0.13 0 0 0.199 |0.040| O 0 0.761
0.3 0 0 0.028 |0.193| O 0 0.777
—— 1 —e— 5 9 —— 13 e 17 —— 21 —— 24
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Fig. 5 FEvolution of relative frequencies for § = 0.99 and the

error rate 1%. x-axis: generation, y-axis: relative fre-

quency, the numbers in the legend in the upper part of

the figure denote the machine numbers.
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Fig. 6 Evolution of relative frequencies for § = 0.99 and the

500

error rate 10%. x-axis: generation, y-axis: relative fre-
quency, the numbers in the legend in the upper part of

the figure denote the machine numbers.
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HRWE & 7 v, FREWERERICE EE L2 L
b, vIalb—va YOMICHERELEN O R WE
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R4 §=099, KFLIT—Fp|llBITLEEYY OO LHEF

i CUNERUALIIEILA)
Table 4 The initial payoff of some selected machines for each
error rate and 6 = 0.99 (Payoffs are rounded off to

three decimal places).

LT —% E% =2
p 4 (M) F—) 8 12 26 (All-D)
0.1 2.487 2.464 | 2.490 2.499
0.11 2.485 2.464 | 2.490 2.500
0.12 2.486 2.466 | 2.488 2.500
0.13 2.482 2.468 | 2.491 2.500
0.14 2.484 2.470 | 2.488 2.500

£5 0=0095 KTT—%pllBl}5s 500 HLEOHFIELE (I
BOEWUALIUIE A, T 7 =5 0.08~0.1 E¥ ¥ ¥ 4 DILHEN
1, T5—%0.13~0.29 l¥~¥ > ¥ 26 DHEA 1. [Pvlv-C,
[Pvlv-D] 1 Pavlov-C, Pavlov-D OH&FE)

Table 5 Relative frequencies after 500 generations for each er-
ror rate and § = 0.95 (Frequencies are rounded off
to three decimal places. The frequency of Machine
4 is one from the error rate 0.08 through 0.1. The
frequency of Machine 26 is one from the error rate
0.13 through 0.29. “Pvlv-C” and “Pvlv-D” denote

Pavlov-C and Pavlov-D, respectively).

7 S
— 2 3 4 13 16 26
P Lo~GuRL | Pvlv-C | bYA= | All-C | Pvlv-D | All-D
0 0.153 0.155 0.590 0 0 0
0.01 0.005 0 0.760 0.235 0 0
0.02 0 0 1.0 0 0 0
0.03 0 0 1.0 0 0 0
0.04 0 0 1.0 0 0 0
0.05 0 0 1.0 0 0 0
0.06 0.143 0 0 0.857 0 0
0.07 0 0 1.0 0 0 0
0.11 0 0 1.0 0 0 0
0.12 0 1.0
0.3 0 0 0 0 0 1.0

B, FO7H, AlD #EsO~ S v 8 12k 2 I
R, MOIZC EERMN) T —EEOYY V81T 5
FEHINE W, BT —RTIIY Y ¥ 8 DFAELED O
T, MHRELTALD RS ICAR 2B - b, Th
A ALLD B SR L 2 2 BER EHER S 5.

4.4 EBIRF 6§ =0.95 BT HFEREER

K5 ICEHFINT§ =095 DL I 2L —va vl
WT 500 HACRICBIE SN B~ YV OfFEERE T
T—RITLIRT. T, T -F1I%B L 10%DEED
FIEELFEOHE T TN 7, 8 IR T.
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Fig. 7 Evolution of relative frequencies for § = 0.95 and the

error rate 1%. x-axis: generation, y-axis: relative fre-

quency, the numbers in the legend in the upper part of

the figure denote the machine numbers.
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Fig. 8 Evolution of relative frequencies for § = 0.95 and the
error rate 10%. x-axis: generation, y-axis: relative fre-
quency, the numbers in the legend in the upper part of

the figure denote the machine numbers.
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Fig. 9 Evolution of relative frequencies for § = 0.95 and the
error rate 6%. x-axis: generation, y-axis: relative fre-
quency, the numbers in the legend in the upper part of

the figure denote the machine numbers.
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