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RATIONAL COOPERATION IN THE FINITELY-REPEATED
PRISONERS' DILEMMA

by

\Xbbavid M. Kreps, Paul Milgrom, John Roberts and Robert Wilson

The purpose of this note is to demonstrate how reputation effects
due to informational asymmetries can generate cooperative behavior in
finitely-repeated versions of the classic prisoners' dilemma. The
methods employed are those developed in our work on the chain-store
paradox (Kreps and Wilson [1981], Milgrom and Roberts [1981]). We refer
the reader to those papers for motivation, formal definitions, and
interpretation.

The basic game that we consider consists of N repetitions of the

following two person, bimatrix, stage game:

COL
FINK COOPERATE
FINK 0,0 a,b
ROW
COOPERATE b,a 1,1

We require a > 1, b < 0, and a + b < 2.&/ At each stage, each of the
two players, ROW and COL, recalls his previous actions and is informed

about those of his opponent. The players move simultaneously at each

This research was partially supported by Office of Naval Research Grant
ONR-N00014-79-C-0685 and National Science Foundation Grants SES 80-06L0T
and SES 81-08226 to Stanford University, and National Science Foundation
Grants SOC 79-0T7542 and SES 80-01932 to Northwestern University.
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stage. Payoffs in the overall game are the (undiscounted) sums of the
stage payoffs.

This game has a unique Nash equilibrium path, which involves each
player choosing to fink at every stage. The logic 1s similar to
Selten's backwards induction in the chain-store game {(although the
argument there shows the uniqueness of the perfect equilibrium). In the
final stage (which we call stage 1), finking strongly dominates cooper-
ating, and so must ensue. Then, in the penultimate stage, finking does
better than cooperating in terms of the current stage, while the choice
at this stage cannot affect the outcome in stage 1. Thus finking will
again be adopted by both players. And so on, for any finite N.g/ This
outcome is clearly and dramatically inefficient.

This uniqueness result is disturbing in light of experiments with
this game, of which there have been a very large number. (See Axelrod
{1982] and Smale [1980] for references.) A common pattern in these
experiments is that, at least for some time, both players cooperate and,
in the process, end up with payoffs that are strictly greater than they
would obtain under equilibrium play. The issue then is whether this
puzzle can be resolved in the context of rational, self-interested
behavior. The approach we adopt is to admit a "small amount" of the
"right kind" of incomplete information.

In fact, we are able to show that certain kinds of informational
asymmetries mist yield a significant measure of cooperation in equi-
1librium, and that other plausible asymmetries may produce cooperation

as well. Throughout, the equilibrium concept is that of sequential
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equilibrium (Kreps and Wilson [1981]). Sequential equilibrium in a game
of incomplete information requires that the action taken by any player
at any point in the game tree must be part of an optimal strategy from
that point forward, given his beliefs about the evolution of the ganme to
this point (which must, to the extent possible, be consistent with
Bayesian updating on the hypothesis that the equilibrium strategies have
been used to date) and given that future play will be governed by the
equilibrium strategies. The various models we use parallel those in
Kreps and Wilson [1981] and Milgrom and Roberts [1981]. FEach involves
some element of uncertainty in the mind of (at least) one player about
the other, and they can all be viewed in terms of a lack of common
knowledge (between ROW and COL) that both are rational players playing
precisely the game specified above., The possibilities for more detailed
analysis of this model and its application in economic, political, and
military contexts appear to be very rich. Various combinations of the

authors hope to report on such work in the future.

Model 1: ROW might play Tit-for-Tat.

The first approach we consider supposes that, when the game
begins, one of the players (say, COL) is not absolutely certain that the
other (ROW) will play "rationally' according to the payoffs specified
above. Specifically, COL assigns probability 1 - &, to the possibility
of a "rational" opponent, and he allows a (very small) chance, §, that
ROW has available only the Tit-for-Tat strategy.3/ The Tit-for-Tat
strategy requires the player using it to begin by cooperating and then

to cooperate at stage n - 1 4if and only if his opponent cooperated at




~h-

the preceding stage, n. It is worth noting that this strikingly simple
and quite natural strategy emerged as the winner in Axelrod's prisoners'
dilemma tournament [1982].

To present a sequential equilibrium in full detail for %441is game
is difficult. There is no question that such equilibria exist: See
Kreps and Wilson ({1981], Proposition 1). But the "end play" of such
equilibria are very complex. So we shall be content here to prove that
in any sequential equilibrium, the number of stages where one player or
the other finks is bounded above by a constant depending on § but
independent of N. Further, if we restrict attention to sequential
equilibria that are not Pareto-dominated by any other sequential equi-
1lidria, then there is cooperation in all but the last "few" stages.

We prove these statements in & number of steps. The gtatement of
each step except the last should be prefaced: In every sequential

equilibrium...

Step 1: seelf it becomes common knowledgel*./ before some stage
that ROW is rational, then bdoth ROW and COL fink at this and every
succeeding stage, and their payoffs from the remainder of the game are
zero.

The proof is by induction on the number of stages remaining. It
is apparent 1f there is only one stage remaining. Suppose that it is
true if there are n - 1 or fewer stages to go. Then with n stages
remaining, the rational ROW must foresee that his present choice of
action cannot influence the future course of the game, since it will

remain common knovwledge that he is rational vhen stage n - 1 arrives.
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Therefore he will maximize his immediate payoff, which means finking.

Similarly, COL anticipates that no matter what he does at this stage,
finking will occur at all later stages. In this round, finking is
strictly better, so COL finks as well. Since both sides fink, their

payoffs are each zero, and the induction is complete,

Step 2: ...if COL finks at stage n + 1, then ROW finks at stage.

If ROW did cooperate in these circumstances, it would become
common knowledge that he was rational. (The "TPit-for-Tat" ROW does not
have this action available.,) Thus cooperation nets zero in the continu-
ation game. But finking can do no worse than zero in the continuation
game and it is strictly dominant in the stage game. Thus finking does
strictly better overall. This means that ROW must fink with probability

one.

Step 3: ...starting from any point in the game tree (i) where COL
assesses probability q that ROW is the Tit-for-Tat player, (ii) where
there are n stages to go, and (1ii) where COL cooperated at the prev-
ious stage, the expected payoff to COL for the remainder of the game is
at least qn + b.

To show this, consider the strategy for COL of cooperating until
the next time that ROW finks, and then finking ever after. Against the
Tit-for-Tat player, this yields a payoff of n. Against the rational
ROW, 1t yields no worse than b, Thus it ylelds an expected payoff that
is at least aqn + (1 - q)b > qn + b, and any equilibrium strategy must

do at least as well,
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% Step b: ...starting from any point in the game tree (i) where COL

) asgesses probability q that ROW is the Tit-for-Tat player, (ii) where
there are n stages to go, and (iii) where COL finked on the previous
stage, the expected payoff to COL for the remainder of the game is at
least q(n - 1) + 2b.

Because ROW is sure to fink (see step 2), COL knows that his
assessment in the subsequent stage will again be q. So by cooperating
at this stage, COL gets b immediately and at least q(n - 1) + b in

§ the continuation game. His overall expected payoff can he no worse than

the sum of these, or gqfn - 1) + 2b.

Step 5: ...starting at a point in the game tree (i) where COL
agsesses probability q that ROW is the Tit-for-Tat player, and (ii)
vwhere there are n stages to go, the expected payoff to the rational
ROW player is not less than q(n - 1) + 3b - a.

Note first that COL will do no worse if the rational ROW pays Tit-
for-Tat than if the rational ROW plays his equilibrium strategy. This
is easily verified inductively, using steps 1 and 2. Thus the bounds
obtained in steps 3 and 4 apply equally well if the rational ROW were to

. play Tit-for.Tat. And by playing Tit-for-Tat, the rational ROW nets
within b - a of whatever COL gets, path by path. This gives us the
bound on RCW's payoff stated above.

Step 6: ...If COL assesses probabllity q that ROW is the Tit- %

for-Tat player, and if there are more than (2a - Lb + 2q)/q stages

left to go, then ROW plays the Tit-for-Tat strategy with probability




one. Thus along the equilibrium path, until the first stage less than
(2a -~ 4b + 28)/8, COL infers nothing from the observed behavior of ROW,
and COL's assessment that ROW is the Tit-for-Tat player remains at §.
In light of step 2, all that is needed here is to show that ROW
cooperates if COL has Jjust cooperated in these circumstances, (The
second part of the statement follows trivially from the first.) If ROW
were to fink, it would become common knowledge that ROW 1is rational.
Thus the total payoff from finking cannot exceed a -- ROW gets at
most a immediately (if COL cooperates) and then zero in the continua-
tion game (by step 1). By cooperating, ROW will do no worge than b in
this round (if COL finks) and, by step 5, a{ln = 2) + 3b - a 1in the
continuation game, (since q does not decrease) where n 1is the number
of stages remaining. If n exceeds (2a - Lb + 2q)/q, then cooperating

is strictly better.

Step T: ...the total number of stages where one side or the other

finks is bounded above by

28 - Ub + 2§ 2 1
S )

- 1+ min {2 - & - b,1)

As seen in step 6, ROW plays Tit-for-Tat until stage

(2a - b + 28)/8§., 1If COL cooperates until ROW finks and then finks
thereafter, his payoff must be at least N - (2a - 4b + 28)/8 + b, If
COL finks before this date, then in that stage he gets a. If he then
returns m stages later to cooperating, he gets b in the stage where

he cooperates and zero in between. Thus he gives up 1 +m~-a ~b in




this circumstance. A string of finks costs him 1 + (1 - (a + b))/m
per round in comparison to cooperating. Thus, each time COL
finks it costs him at least min {2 - a - b,1}. If he finks k
times prior to stage (2a - Lb + 25)/8, his payoff cannot exceed
N-ke¢min {2 -2« b,1}. These two bounds on COL's payoffs yleld
k < (2a - Sb + 28)/(8 + min {2 - a - b,1}). Each such act of finking
by COL provokes a Tit-for-Tat response from ROW in the next round, so
there are at most 2k rounds before stage (2a - kb + 26)/6 when
finking occurs. Thus the maximum number of rounds with finking is that

given above.

Step 8: 1In any sequential equilibrium that is not Pareto-domi-
nated by some other sequential equilibrium, there is no finking along
the equilibrium path when more than 1 + (2a - Lb + 28)/8 stages
remain.

For any equilibdrium where there is finking before this date, a
Pareto-superior equilibrium consists of not having that finking, and
then continuing to play the game as if it had not occurred.

Note that these bounds are not tight: Ir § =1 they yleld
n =10 step 8 for a=1,5 and b = .1, yet in this circumstance one
should see finking only in the last period. The looseness of these
bounds suggests the need for further work.

The Tit-for-Tat theme can also be developed so as to emphasize
further the role of lack of common knowledge. This development is in
the spirit of Milgrom and Roberts ([1981]), Appendix B).




Suppose that there are three states of the world. In state 1, ROW
is the Tit-for-Tat player; in stages 2 and 3 he is rational. ROW learns
whether he is Tit-for-Tat or not-~his {nformation partition (at the
outset) is {1}, {2,3}. COL, on the other hand, is given the information
partition {1,2}, {3}. 1In state 3 he knows whether ROW is the Tit-for-
Tat player; in state 2 he does not. Suppose that state 3 prevails with
very high probability. Then with very high probability, ROW is not Tit-
for-Tat, and COL knows that ROW is not Tit-for-Tat. But ROW isn't sure
that COL knows this, and one can show that the qualitative results
proved for Model 1 hold here. ROW will play Tit-for-Tat until near the
end of the game, hoping that COL will be "deceived." And COL will
pretend to be "deceived" even if he is not, as this improves his lot as
well.

Or consider a four-state case. 1In state 1 ROW is the Tit-for-Tat
player--in states 2, 3 and 4 he is not. ROW is endowed with the infor-
mation partition {1}, {2,3}, {4}; COL with (1,2}, {3,4}. State L pre-
vails with probability close to one. Then with probability close to
one, ROW is not Tit-for-Tat, COL knows that this is so, ROW knows that
COL knows this, but COL is not sure that ROW knows that COL knows. Once
more the gualitative results for the original model hold up~~-ROW tries
to "deceive" COL, knowing full well that COL will not be deceived but
will act as if he is, and COL will do this in the hope that ROW may be
unavare that COL is not being deceived. One could go on like this
forever: The general structure is that ROW's information partition

should involve sets {1}, {(2,3},000, {2m,2m + 1},... and COL's should




involve {1,2},{3,4},ece,{2m + 1,2m + 2}, (with termination eventus'1-},
The point is simply that so long as it is not common knowledge that FOW
is not Tit-for-Tat, cooperation until near the end of the game wil: be

rational.

Model 2: Two-sided Uncertainty about the Stage Payoffs.

In Model 1, COL entertains a hypothesis about ROW's behavior that
cannot be generated if ROW is rational and has some stage game payoffs
that he sums to arrive at his overall payoff. That is, COL's hypothe-
sis, in terms of ROW's "true" utility function, necessarily involves
payoffs for ROW that cut across stages. We might then wonder: Can
long-run cooperation be attained if the only alternative hyotheses that
are allowed (besides the hypothesis that the player is rational with the
given stage payoffs) involve changes in the stage game payoffs? (This
approach is used in Kreps and Wilson {1981].) The answer is a qualified
yes.

Suppose that each player originally assesses a small probability
that his opponent "enjoys" cooperation when it is met by cooperation.
Given our zero~-one normalization, we model this by assuming that COL
agsigns a small probability & > 0 that a <1 for ROW, and ROW enter-
tains a similar hypothesis about COL. We can then produce a sequential
equilibrium wherein each side cooperates until the last few stages of
the game, although again the end-game play is rather complex. In this
equilibrium, if either side ever fails to cooperate, then the other side
takes this as a sure sign that the defector has stage game payoffs with

a > 1, and the noncooperative equilibrium ensues. As the details of
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this equilibrium are quite complex, we refrain from giving them here,
Note, however, that if we move directly to a continuous-time formulation
of this game, as in Kreps and Wilson ({1981}, Section L), then one
equilibrium has cooperation throughout.

There are two qualifications to be made. First, two-sided uncer-
tainty is required. If ROW, say, is uncertain about COL's stage pay-
offs, but it is common knowledge that a <1 for ROW, then the only
sequential equilibrium has finking thoughout. (This is true for any
"{incomplete information" about one player's stage payoffs.) The second
qualification, and certainly the more important, is that this game
admits seguential equilibria in which long-run cooperation does not
ensue, unlike the game with a Tit-for-Tat possibility. This is true
even if we make a "plausibility” restriction on beliefs off the equilib-
rium path in the spirit of Section 3 of Kreps and Wilson [1981). Coop-
eration heve requires a “boot-strapping" cooperation: Fven if each side
is certain that the other has a < 1, cooperation ensues only if each
side hypothesizes that the other side will cooperate. (This is a fancy
wvay of saying: If both sides have payoffs with a < 1, then there are
two Nash equilibria in the stage game.) One might justify the coopera-
tive equilibrium on "efficiency" grounds, but one cannot guarantee that

cooperation will prevail in every sequential equilibrium.

ot LA PO
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Footnotes

If a + b > 2, then the strategy of both cooperating at each
stage is Pareto-dominated by alternating between fink-cooperate
and cooperate-fink. Much of our analysis can be adapted to
handle this case.

Note the sharp contrast with the infinitely-repeated case, where
any average payoff vector in the intersection of the positive
orthant and the convex hull of the four possible stage payoff
vectors can be achieved through a perfect equilibrium. Note also
that in the finitely-repeated case, Nash equilibrium behavior off
the equilibrium path may involve some cooperation. But finking
is required everyvhere in any perfect equilibrium.

An alternative way to model this is to assume that ROW has avail-
able all the strategies above, but <that with probability
8§, ROW's payoffs are not as above but rather make playing Tit-
for-Tat strongly dominant. The results given below can be proved
for this alternative model, although the simple "common knowl-
edge" arguments that we use are no longer available, and slightly
more complex arguments are required. An advantage of this alter-
native model is that it eases interpretation of the probability
assessed by COL that ROW is the Tit-for-Tat player as ROW's
"reputation."”

It is common knowledge that ROW is rational if both players know
this, both know that both know this, ad infinitum. More
formally, an event E 1is common knowledge between two individ-
uals at a state w€ Q if there is some A 1in the finest common
coarsening (meet) of their information partitions with
w €A CE. The crucial role of common knowledge will be illus-
trated shortly.




-13-

References

Axelrod, R. {1982], "™Phe Emergence of Cooperation Among Egoists,"
Armerican Political Science Review.

Kreps, D. and R. Wilson [1981], "Reputation and Incomplete Information,"
mimeo, Stanford University.

Kreps, D. and R. Wilson [1981], "Sequential Equilibria," mimeo, Stanford
University.

Milgrom, P and J. Roberts [1981], "Predation, Reputation, and Entry
Deterrence,”" mimeo, Stanford University.

Smale, S. [1980], "The Prisoner's Dilemma and Dynamical Systems Associ-
ated to Non-Cooperative Games," Econometrica, 8%, 1617-1634.




‘zudug 3 Ydasog pur uswissosn) f piojusg A4 N 10aY 3 Kjfeuoneuojuf go Kiigissodw) 3y uQ).,
SAACIT) NOPOAY L AA ...—---l:&—t:b IR 20104 3 JANIINO Y UMY,
pi#dpa O uyor
PUR $2A037) 200POA(L AQ , 'SPOOH QN Yitm eLyLnb] 3qrieduin) AU PUR 1UNYST J0 DUASIXY 4],
sdasy ‘W piaeq A4 . At 14 10§ 33U313)314, 10§ WAOM | day v..
LNy 1RDAPIOW AQ [ UOIRIINUL [RI0G O AUOIING UP ST WSINAYY,,
‘URY NBIAS AQ ,"SALRN) IR JO SIN[EA PISER-ANSEIN,,
urusez pesy Aq " Anpiqusiupeu] pux {INQEISIUPY UO SHNSAY 144N PUB WAL [041L0) Y1 10) W0 ] s3E)) Adde) v,
ungsep 2u3 pur eidndse ey £q | saidieag PIXIY PUR £INUNUOYY BUGHINDY MWOLDT jo PUAISING Y],
‘omsy Juay) £q 'mieqy paredastesi) jriodusa] pue paieBasily Ajlesodwayg yog dusn 3oy raury,,
IR [ DUAMET AQCSIGUINN XIPU] 1IRXY UG 0N Y,
RET [ PUME] A ,'59XpU| IR JO 38R Y] suolioung puewa 31eBailBy i) suonipun ) UG,
ey f adudmey Aq  xapuj aBuig & jo 358) Ay “suonauny puetiaq AedaufBy 105 suotiIpuo ) puUAsSIY,,
uyey yuerq 4q.;
guRIny § Uagoy A4 ‘3103 31 J0 32U3BIAUA Y Jo 3wy Y U,
P 1 [ 319d AQ | q adsep ur g ) AU [EOPAIPU] premtognieng,,
IRSURSIYS uRIA] puk U Y A1af Aq uoiieusiofy] PaIIL] 1apuj) uonExe] sutee) feyide ) rwndg,,

“MOMY [ IAUUIY Aq U0t jut 313fd § 1apun Jaasy purwaq pur Junidoq siydiy Auadosg ayy ..
‘e f arudimE] AQ ddusy ) [etuyda ] v-A ) JO uol day oy jo biupy ay1 uo Mo v,
1131581 piaeq »n LSsanunuinio ) pasol ) ut sisayiodA wonrezjeide ) aya ue,,
“Bos|ig 1M3q0Y £Q 51030014 NN JO 1UIWIINSEIW ASTY,,

EMES RSHWEYE] PUE UOSIIPUY M | Ay
ddy pue 17ex3 3y JO UCTIER[EAY [PIISWON,,

ruqiinby Ksopsegsiesupy,,

.. 1wwnsg sasenbg isea] adeigom] Y) Jo 4 uonnquisiy

“u3§ "0 put eAnuAuy ‘L £q ' [3poW wntiqinbasi e ul s pooyiary Wy jo & RELTH
19POR, 1QOI4 PZIEIAUID S *Jo 1 4],
“BAlwawy wsayeL 49 ,,"[3pol QO] uotienby S P jo 13y,

&

‘URWISSOIN pIojueS Aq , ‘SISNEN YI0IS 30 YT | { ) 4O S)NSIY Py,

‘EMES NS)WEYE | PUR UOSIPUY M |
£q  ‘suonrwixoiddy pue juatayeo) adols ayi jo q pooyisur] (NETINTY 941 jo s2Iqey..
IBOUPURIS) PYINURIT AQ | POYISR 9°Ug-Xtq 2y Jo m3oT Y],
‘1121l PiARQ AQ ' AWIOUGIT PIXII AU U SIWOUCHT JIEJ|ap ISag PUODIS,,
ururez pesy £q 'S{IPOR UOISSAEIY JO (01U POUIG FBUIS Ju WIRIQDIJ ) ©) SPOYIIR S UINS o uoneMddy uy,,
‘MY (] 19010 PUER UBISSOIN ‘| PIOJURS AQ 'SIILOBONT 13 XO0IS U1 WnLgIlinbg dannadutn ) jo K1034] v,,
IS N Y PURIIIH d M A9 dx3 [euoney ynam wnbqipnby wawidojdwou,),
NALEIS paR(] Aq . 9DURULY MQNJ [F0] JO) 1UAHUANSEIW IRIOM, .
“BAWDAWYY TPSINE] AQ [OPUN MISEPIISOINIY B UO I
‘eAnuauty 1saNEL Aq ,'J3POR SIUIINJI0) WIGPUTY ¥ U0 AION V..
BANUAWY tysane] Ay 's10sS318ay JU UOHNAG,,
‘2Ang '3 YdsOf pue UBLISSOIT) ‘[ PIOJUES AQ 'SUOISIIX(] (BIFURULY PUB UONINPOSY BunEy UT AJruIuBU() ISPIOYRAOIS UQ).,
‘anbo1e] Anty A soneg saneiedwo ) (eXY] Ul )(Nsay Jutag  RuQIInbg g paxtg ay].,,
JuowpurIn PYHW-uraf &g 2y Asolep 3 pue $a5u3131314 Arrpauiiug,,
‘uos(ipg 113q0y Aq "aBueyoxg jo japojy aa
‘oS U0y Aq,, jug | 1IN Yrem 3 aBuryIxg ur o 340 3y,
UYRH NuRIJ A, $ARGI(] 18NN AWOS UO SUOBIIIY A1udy ] qQtinbyy [r1aude) pur 77 urisuA3y,,
“PINY 1PRYN Aq , d1ey sudwkodwaun ay) jo CUURILIET TN
‘PINH PN 4G Idwes PAIEdURI] P Winl) SINE ) Yitm ssonaun  Addng roqeT) 1eautjuon Jo uos
‘snaliog T ueag pue sdaiy - plarg £q . 1otaeyag 010,y MuBUA(] puR AU (O Lo
mpng 3 ydasor Aq " ANIRNDaU] JO 1UAWIINSESR 3Y) pue UCTIEXEL Jwonu] [Puilid() 1) Irpnttiing 3
‘Zi@ng - ydasop £q  ‘uorexe ) wopuey 1o #03af  Aunb3 [Riuoriiog pur wsiues
SINIARL ] WOF PUB OSIpUY I Aq SIPPOJ SEdurT ut satrwnsg saienbg sy Jo Kxuaisisuo ) Juong oy s
“rmEng g ydasop £q s1axiey sannaduio ) ul s3onaag Furuaaing se sanand) pur sastg

UBISSONN) 'f pIojueS AQ ‘SI3NIR 213} b jo Anjeunidg ayr jo uonezuRIRY) V.,
’ unwisop oy Aq , sisA[euy
¥ fend) ut W 1307} PUR [RULION JO SUOSHRAWIDY) PUR SIOIBWINST 2IENBG-1G ) WIRUMUIK Auag,,

UMD preyary Aq [ ¥O0IS UIELIDUN UE jo uonaldaq rund,,

65T
LiTy

1314
vsi
$$¢
147
£67
MY

(%Y
1%y
LEC
9
[14

PET
€€
Ry
RiTy
‘0
6l
RTT
xee
9T
Sic
Lt
o0
T
ey
Kive
6l
R1<
L
Ll
§ic
1<
€I
P by
e
01g
[t

807
ot

Bt Q 1Y 4G, IUAINIPY NG NUOPIY UL SAKLIRG 5, IAURKNO) RINRUIOU],,
S12N B WP Y1 JO IE) | 1INiTY dou] s0p 1 al

‘nE) [ HunME] Aq,suondung S........inx Knowwgy wo 2100 V..,

uyey yuesg 4q . euqupnby vemeimy oy (0.,

Anayman 1) N PR Aq sinpep J0qe] uixiaoun) pee Sunddossaieys ‘Sutieyg yend,.

dag 3 ydasor pur IxsuEaYS UBIA "NET [ UAET] AQ '3PO0D Miqng Jo Kddng wnundO A w AusoY3..

13umG piarq AQ ,, KINQOW 823 Gilm [SPORY ¥ U 2304 UNEIO] JO SUONESORY 1NN,

NG Y [ puUr uosuNIY g Y AQ UONEXR] 133IPU] SASI3A 13K IINIINNG XY JO LT

ng ydasog pue dopeg aang Aq dsig 14 aannaduwio Agy doucyy o ppopy v sjjodny pus sowlang.,

sSiam WRIOA pue DsUIysayg ueIKY Aq 5150 uawisnipy pur voneyu] ‘sio1dey v!....- J0) puswiag,.

uaqpoy °f pisyny 4q ,'nisodag ] N J0) S (Pusdg.

ZInY) ®IIPIOW AQ ,'XEL RUOOUT JRIUTY ¥ 10) 28D ) U7 nnq auodu( j21d Jo BOILIOING..

7y W put uuRwny ‘[ Y Aq AWOUOT ANPOUIO)-IMIY € U $IXT] PUR 1004,

SHoM WEIOA PUR INRIYSIYS UeIAg AQ (pV 3oug jo s10)) pur voneyuy.,

1A= prrian) 'Y 'Y AQ . Asoay) KjododQ 1oj 512000 ) WinsqimbY 34H213d006ON,,

‘SPIAW MMU0BOY] JEauUr] Jo euqgifinbg dwo)) pus wayqosg A1t o)) sesuipg ;L.

SRy 1ysayey £q . Ppoj Aitiqeqoyq sEaur] i w T

eAuuawy isaNe] Aq . PPOR #5uodiay ANTUENY [£:3630) Y1 U1 JO1EWNIST PUNCY PUOIIS PIYIPON ALL..

‘EARsawy apaiEl £q .. '1Ppopy uonenby
SROAURY WIS JLIVIUON [£13UID) 3Y) UL JojeIts saTenbG 1sea] aBR)g 911 | JEIUNUON ) PUE POOTNT UsruUTNE ).,

‘wURWRY [ BAQOY Ay, 2Beq o) handy,.
SaUNV A $3AA PUE 20bOIRT AND) UOWNURIS) PYNN-URIL AQ , SUNIRIIV0IIY PUE SUOTIEIOHY
“wRw f
3 preyory “uewissoq)  projueg Ay Suto Aq Suilusea) pue vourwIoju| Jo UGTIINPOL] YL 01 YOO

LARY AEIPIOW Ay |

Wi 13QUY A4,

Put Wwossyry
y csmaieg V..

"GOt 15990y 44, UoIMad0) 1339)13g JO PO KPP V..
UrWSSOIN) piojurg AQ | UOTIBWIOJU] JRIIAKT IARY SIPE] UIYM SIINSEN 301G aanTadwo) Jo £IUANNGIF AP B0,

0 piojueg {q Iy g

10ju§ pue 3 i ABION “SIIYIR) 32iMN 4 JO DUNNXT W],
‘Kato4 -y vedung Aq Aouopy jo K300y ] ISIXIC ¥ SpIemO],,
‘tysutysayg "3 pue waan Kisaf Aq avunany K yuy yo )] Qg 18png..

2ugiug ‘3 ydasof
pur exdndseq ryquseg £q Buesty v Japun 3 J0 a1y A pur Kywreuadun,,

sdasy : puaq 4q . 'tuqunnby suontizady3 panying,. uo 1o\ V..
10(4T '@ UYOS PUT UOLIIPUY ‘M 'S

Aq _"swiajquid {05100y Bl saewnisy saienbg 1se] jO sasadong ¢ S Y1 YO SIfEIY [ 3 A0S,
apuy g 1 4 dr vl N JeAT]
v Juargpan ) Aoig Iy jo 1 pooy 1 W ) Jo ] 1 jo 3 v ¥Y.

GUSIAPUY p "1 Pue auepey -g ydasop £q . suonsuisay SNKJnuspiaaQ Jo 1531 1 UO UML) V..

‘EmES NSIUENE ] pUE uossapuy ‘g ") 49, XuIel
FIURLEAG) UMOUY 10J IRWNST TIKIT YL 181530 adogs & g0 3 pooan N ¢ Jo Ag..

usaoyg g ugeg £g ende ) Wosy AuodE UO SIXET Ju 515953 AXUMONS] pre 3uapu] ).

:i..m ydasog v_.-
midndseq) pyieg Aq A2jod apei | o) vonenddy uy S JINE, INT 3apun
10]4e] g 4YOf pue uos1apuy “a § AQ  uorssaiBay Jeaur] fewiop ut sairwinsy saenbs ey Jo Oﬁ.ﬁﬁc !E:w..
g ﬁus. Pise pIUIOY PeYK
Aq . uoneunojup 1a1adug o sHwouesy gl uo ey uy BN ) W qinb3,,
‘7nidug 3 ydasof £q d Aqrisneyxy jo 3 )0 a1z A pue Kodosop,.,
Puy M "L 4Q.,'s? 3w &l
SNOUEINWIG Y11M SUOIIIAUUG) PUE a ddy sd N 1 N4 1Ty jo 3
. VRIAPUY M L 3 -ouel.wuw
I2IWBIRYG 2ANTUIANY 40y 3 s 3 Jo quIsIY 241 Jo V.
Eng 3 ydasog £ Ayareiaty jo Kioag) € spiemay saon ] pue 3 e

BIM(2H] 4 Ul pUP A3je 4 Y uedung Aq | "Buimoiiog §o (2poj e Ut jateisun ) 138png ag) uo Aoy V..
“3uadg PRYIN AQ 8oy pur Kipend “Ajodowo,..

L SPOOY) SIgRG 10193447 RS ayi pue 21eduBRy oyl W Aedg 01 SWIMIY Fuunseap..
MPENG 3 [ Aq . xe] voneiodio) H]..

mping -3 1 AqQ ‘1axiep jende ) R pue nonnaduio) Mrspodovol,.

H13US 15 PUR s32) prasg S4 [ Swaskg ernueuig 3annadwo ) jo fupqeig pue ammang ayg,.

UG v par() Aq

SAMIS STH1 NI SL¥043¥

e ——— - -

Fr)

9Lt
st

wLl

wl

peas
1t

ot

®91

W9t




| 190, ® IUSTaLday 5} DEJINLAY TAILTROIMO) JO JIQUTY Iyg

‘uosJafoy "4 wwyITiM Aq ,*sisfrvuy
9133403yl Swep ¥ uojieInday puv ATodouoy jo 8380) TW1d0S ayl,

TeATuaRy (ysavel £q LIAIng ¥ :S1spow asuodsay aalIeIITenY,,

*1949A-PIVLID IJPUY~SINU] puw
Juowsadsy,p apnety Aq L8391 Ted atqyieduc) asTiusdur uuisakeg,,

"zany 1e2apaod Aq a8y juamadiiay Tewyydg,,

Tzany (edapiow £q | ‘sHutavg ATIWEJ UG SUOISURG IIBALLL
PUY A31M2ag 191008 JO $399JJ3 Sul pue 6139Y30dAH STOAI~aJ 1T UL,

cJRSYEY 1 [ABYOIW Aq ‘S3ANSEIN UsIivAu] DUE @ATSSa0Xy JiLutjul,,

“upIYEnCy
TP 29394 £q ,*Suvtiuvisqy yiiM srusodcdyg Aoiiogd wnyJqiynkd,,

TpuommrEY - p 23134 £q |, uoTimWIC)U] D11Qnd Jo anysp
{BI3C5 Y3 PUL OTIBWLOJUL 3331dMUOU] Y3]A SHIWOUOOT 44B3TaM uQ,

“PnBufwy SAdod AQ
TIO0BR 40 SUCIIIPUCD §,BPBUT WO SITNSB TWITAOPHIR,,

“sAtwauy Tysawsy Aq o' STIPOH uoyssaxBay 4BAUITUON,,

*33924835 plARQ £q
Jfucliexel [BRIlHQ PUS Sa13i1RULSINT AABIUNISg .»u:«na;osa:ou:

*ZIny 1RO 10
PU¥ 1By niddag £Q ,SUOIIITEO) JO UOIIRWIO4 snousopuy Y3 ug,,

‘uezIN [Sn@yS pUR ullydnol 49391 AQ ,CBUIXH) SIBJIIM [B}OCY

YSEY PUe WUTIOA J1IFTTIQEQOLJ YITM S8UOSIN0 [8I0103TY, ‘Puv full
uji-ueny PUB UITYIROS 49394 AQ , *830UMII 04 DIBIPAWII UL UIIAM BI04
£i1a0fey JO sataedosy £31nutiUc)y, ¥Ind A1ijiofEp uo sdadng osl

HIRY PreELg fq b UOTIRIIu] u-

TUOLJIILUY M <, W EAOE
USLASRE-S MU SO SUG;INGLINSII SNI UL sIsudOTeAS ] UsLEy o
TUBERY DHSY DUB UTas; selawi) AQ *aald uT qof
1] W 30dg [24U0) HUYLT JOJ UOTINQIIUSIQ 22144
pundsaaing aanpsocag cakeg syt go Airridresruny,,

RQ BUCISUSGLG ArGg

TBARS LI [AWNED pUN
Llsuzriwnba snosuwjtnwrg Joy
Swl3lsUed #43 JO uvslasduc)

=3
amy

a%m: £3 ,‘Laeurg aay

IUBUTWI DS} TOWAOY v:n (9PON THOT 3yz JO uosy Sasou

‘umw3 NS TWRY’ g ‘owoiiuny alomy
‘uossapuy "M " A4 'A0IBWIAST POOUTTER [T UMWIXEY UOTIRUELY,"
PAITWIT AU O UOTIIUNG USTINQTIACE] YA JO UGTIWNTEAZ,,

*AIRH NI¥aRs

TUDFTIM 34990y puw Bdaay W PIARQ Aq |, ‘ssauyEnol
403 nuiiwand 1UOT TDald DUR XODUJRd 35235-UlRYD 9HI ug,

Tadamatn cq cp £ ASURT013J3 AAIIIMDPOL4 ;O

wredadty syl Tvdg UDTIBNTEAT 10a(0Jg puwR SysATeuy 11Jauag 1800,

CiysuTusaus t3
P wiqds Cp AR MARUTRILaOUS JaPun wMiaqiTInby Au3snpul ug,

319

jE433

Tt

“0£E

“62t

Tk

o

e

B TPUTTURYS SUBH DUW PUMIsam CH SIapUy
Aq ,*toaiuo) aousuAInby Ajuywsua) uy uorIwmiIsz ITngoy .

. . "ouisy FUY PUN UDRIIPRY
A 'L fq ,*siusuodwo) Jodag yilm 919poy Symwukg jo UoyINMTIN,

ULOG WEEATAG A4 "Uiewiioju) 333400 W) a1im Xire) pOieadayg WG 0137 UOLIG-0M ] Of IKNIRPOIIE] WYy,
oyl Susy) 4Q wonueNIIRY
ryf nediag pUe 2inY IEapiolg Ay (Wnuer g pateaday ¢ ue aatiiadues ) Mt migepRivg giey frunldg) o13mg,
Y IPIPION AG AANIY PORUIT WITA MO0 UP 0 WIIQEpRly 4 Lo Acndwsiny,

12N K PG G4 SSIPOIG ) AUEIY APIMLEE Yim LNWomD g 01 WmLsGab § PUT JNQSY,,

FPRARL ORI, Pue w-!l.el -y
FURD 4 WELYY o i g g ”

‘!u N Pt
L PO BN WA A IRIH S G0 TUIWIGIO ) MY O BOUT Ry JUNME| § Y1 PUP SHNIMIIE PALIIOUIMP..

UIPIIG ] PUP SITYNIRWARG | H AY _Miiadalg Vusiaag Y 10 AUHQTALIGE) M) PHE LINITHY Aduuog

PNAM | pur " % 4a 4
SMBURIS 183] G Jir ] e dr g N

LUV R RTUETUE S S RIS F AN L LT TREY Y,
APSHIN SIINIIE T O WNBHRND § 204 SERNPUO ) 3 1LCH pur suonrlad § Bddepang,,
UPYERG ) 53334 £Q ,TRIIL A PUP SNy Y P0G Lo a3ny,

URAIIN 3000y PUT BN ) 131ag Q| CWINTRY a0 RS PUE AMONIRG |Pie10 ]
WAEN 4§ 197G A A, MuTIBalg sozioy ausug,.

MM I PIan A MR (RInde ) s sken g 220G 0

COWSWY IRANF] AQSMOIPWIIGT WUTIAG SN[y 18e3] 38T)G om g N,

COUNBAY ORN 4G _JIFUIS 37 33 SurdinIsg) AL UMW

AT 1 WAN G UL UG Y B A OUIPLIAG)
URZLIN JIUYS PUF UEEnG ) 1313 AQ Butiey
PUCMILIPY | 3303d A4

13G05 uo1Np por
ST ASRGE) FUH D0 ) 1 AA) UL S0IING) 3D 1] URIR yiiw Awng £ jo Runsoumiueg U0,

VU, PO IALFEIN WO JO B ) I AQ MFISAINY [RWINN 2TLCAI] J GOHEMOFE ),

CRUHIURY CIUEN PUF WO
ORIy g SIUINDAG JHAUPING 2 LIPEINNY 1] SAIBUOLRIY [PUGH UR § IR UL SIPuy § POsi ] Wit gy ) Susosdwg,,

TIUCS PRy Ay | UPA (FUON

INGSO) [ UNITR 44 eMouc T adurgn § Ul anag )0 sniray oy,

VRIS 3UDY ) AY 3NN DML PUE SW] CASUO, BPPRUT ) 111 2ULIPAC) [T ) PUE BGYIPOR SNiag SUN]
WK DITYPIGY 4G AU PININ 0 sINIP A Mtarddsy,

mony [ N A4 usungiingg o) Oriunos ¥ pandg.,.

I RAIUT | FQUEER PUT GAHERY 10T “UREILIOR ¢ :.E.x ‘upoptn
HOURBATA £ WA AG UONTD § ABOIUPLINWS F I SUS OGN ) i SRS § 34D 30 1341 b

Uyl B0aT T eeiy | GNURY &y
FInwage ] gRUIRY PUP IgRaYEL 13y Sy

30 {roudsy WL F0 venruns 4,

R MIAG 4y N AGUINN SAITY J0 W ] T DUS QLR USROG 3 rmnaiddy s Wiy § U AUy Watqosd :::v:!:ac ny,,
LBUFIS ¥ PISF() Aa 'SP 11ARg [RR] fu Brestacid 3G1PUF SOORT] jo POYLIg 6 W0,

UTINE | APy S0 WNd U1 SN JIBSTIN, 1A 10 UHTZUI IR ) ¥ .

RN ICEPIoW 4G, UOLAIU) 10 ek} WRIPNS ¥,

RAARE O AFIEMAIN PUT OFI] BUIY ) Sy SIS ) 30ag Pur JAE g GRIPRUT ) jis 1 WA Y5 10 SRA[FUY ANIIE Mmt] ..
HARM] ) M AY ARG WSRO B0s S 0 sy rosddy GNPRg.L.

LR % PUF TUGYRY ¢ g iUt ) B Wus iy st oG s 3 ).
NI SV VG BAIRD § RN 0 B0 013G URRARg Y BO)..

SEYPUIRWI(g N VDB 4 M A § PERUIG) WA ] PRI ),

SIIPY a3l NYTEAH PUE Sopde YPURa) ( UYL A 3300 ¢ 23IMRMG 1 UT ) Sy

SR AUSLY VYL CPING SU U] PUS S, EAPPUT | 0 IUNAPoR, 2B

TArS BIHITYR) pur ul3pUy @ ] 40 veewy
LR ATUPUE G G0 B R S LFL PO OIN Py UL RI) POIINY s 40 U] T | WRGIING 19N § L B AT

WA Raddy ity uy
UFWE A, ¥ DU 2Ny N UURWNY | N \Q ., dewig puT \puve) wpang,

ownuny mary
Ay L AN]SR 21 YW IGMUOLTIaY [FUOH U {IPOUET € UL SIOIPUIN | (40 SUOUNQUING 31 1 uonueds § Mioidw Gy

ARYIS CUPN PUT WA R Ay SUMIEdM 3 MG PUE B3N INSIE WRIPRUGIN] 0 WaNITIEmanday ce ]
WY CUOMAPUY Ay ] Y USPOJY NIAOBO S § U AISIGUIPIRG ADY 3§ 1 AIN|T 4 ST, W]
VFH (] I3 PUR urtisnna) piong (g | uonfiodio ) Ui 10 0oy ] 341 PUr SPI 134287 .
ARk YU ) pur wlaiy g PTG AWMUN21010 pONDU) P VISIERinN BEPENIN U g Piodud ]

FARLIULY SAYE | A4, I0IPUIQS | 35T0DG 1) HRT IURIIUIY 3Y1 PUY Ponysav T WNWINTR Y1 j0 00 § PIITRDG WP 1IPK) | U Sy
2NN I Sy A ) SHPOWLT ) j YL A3ANALY 10 VLGN PUF UOURQUING Hw ey,

LAMAG AU SRR Y 2 Poateiaua) ¢ pur addng 1ae, A i Uekieg g

AN { W GG, PN WO IERIRPRAQ] 1 iU gy S ]

VPR AUSY J A S WPQININGE AFUMITIG INGIE R 3Pojy SUKEFND § SROME OIS MWL GG T U 100 ] IRBMIINSTIR

PR RIY ) AU AN SR ) SWo W) Ca00 PUr SUISPOR SAWRIIBIGIRY

SAAIY W PIAR PUT UNGITY PP £ 4G CSII8VY IUPPRNPIN I5 UHIPRE A ) PUF DRI,
WUy Sy, AN ) U0 ) Y SHURMIIGE JU0Y A ust CndIpig IROGIILE \IUITY) Jug SaMTY

SIS SIHL NI SINOSIN

L0 IR & A VB T ARG 3 € A SM T ] ) WD § ATt JuK Je WG 3G

rarg AT | PUr suny

Tie
e
me

LY

LN




Reports in this Series

3k0.
34,
3k2,

343.

3b4.

345,

346.

347,

348.

3L9.

350.

351.
352,

353.

354,

355.
356.

357.
358.

359.
360 .

"Sequential Equilibria,” by David M. Kreps and Robert Wilson.
"Enhancing of Semigroups,” by Michael I. Taksar.

"Formulation and Estimstion of Dynamic Models Using Panel Data,"
by T.W. Anderson and Cheng Hsiao.

"Ex-Post Optimality as a Dynamically Consistent Objective for
Collective Choice Under Uncertainty," by Peter Hammond.

"Three Lectures In Monetary Theory," by Frank H. Hahn.

"Socially Optimal Investment Rules in the Presence of Incomplete
Markets and Other Second Best Distortions," by Frank Milne and
David A. Starrett.

"Approximete Purification of Mixed Strategies," by Robert Aumann,

Yitzhak Katznelson, Roy Radner, Robert W. Rosenthal, and Benjamin
Weiss.

"Conditions for Transitivity of Majority Rule with Algorithmic
Interpretations,” by Herve Raynaud.

"How Restrictive Actually are the Value Restriction Conditions,"
by Herve Raynaud.

"Cournot Duopoly in the Style of Fulfilled Expectations Equilibrium,"
by William Novshek and Hugo Sonnenschein.

“Law of Large Numbers for Random Sets and Allocation Processes,”
by Zvi Artstein and Sergiu Hart.

"Risk Perception in Psychology and Economics," by Kenneth J. Arrow.
"Shrunken Predictors for Autoregressive Models," by Taku Yamamoto

"Predation, Reputation, and Entry Deterrence," by Paul Milgrom and
John Roberts.

"Social and Private Production Objectives in the Sequence Economy"
by David Starrett

"Recursive Rational Choice" by Alain Lewis

"lLeast Absolute Deviations Estimation for Censored and Truncated
Regression Models" by James Powell

"Relatively Recursive Rational Choice" by Alain Lewis

"A Theory of Auctions and Competitive Bidding" by Paul Milgrom and
Robert Weber.

"Facing an Uncertain Future" by W. M. Gorman

"The Individual Freedom Allowed by the Value Restriction Condition" by
H. Raynaud

Y Y




L
P
:
‘

Reports in this Series

361.
362.

363.

36k.

365.

366.

367.

368.

369.
370.
371.

372.
373.

374,

375

"Incomplete Resource Allocation Mechanisms" by P, J. Hammond

"The Comparative Dynamics of Efficient Programs of Capital Accumulation
and Resource Depletion” by W. E. Diewert and T. R. Lewis

"Optimum Pricing Policy Under Stochastic Inflation" by E. Sheshinski and
Y. Weiss

"Capital Accumulation and the Characteristics of Private Intergenerational
Transfers”" by M. Kurz

"Asymptotic Efficiency and Higher Order Efficiency of the Limited
Information Maximum Likelihood Estimator in Large Econometric Models"
by N. Kunitomo '

"Semi-Values of Political Economic Games" by A. Neyman

"Non~Zero-Sum Two-Person Repeated Games with Incomplete Information" by

"Partially Generalized Least Squares and Two-Stage Least Squares Estimators"
by T. Amemiya

"Information Equilibrium" by R. Kast
"Multiple Hypothesis Testing" by N.E. Savin

"Team Theory and Decentralized Resource Allocation: An Example” by
K.J. Arrow

"Testing for Unit Roots: 2" by G.B.A. Evans and NK.E. Savin

”Asympfotic Bias of the Least Squeares Estimator for Multivariate Auto-
regressive Models" by T. Yamamoto and N. Kunitomo

"The Asymptotic Normality of Two-Stage Least Absolute Deviations Estimators"
by J. Powell

"Rational Cooperation in the Finitely-Repeated Prisoner's Dilemma"
by D. Kreps, P. Milgrom, J. Roberts, and R. Wilson







