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Convergence on mutual maximum likelihood estimation

% K. Tsumura (The University of Tokyo)

Abstract— In this paper, we deal with a bilateral automatic negotiation system composed of two players. Each player
proposes offers to the other mutually based on its own utility and strategy with the estimation on those information of the
other’s and the estimation is realized by the observation on the series of the offers by the other player. Therefore, the total
system has a feedback structure between two players and the agreement of the negotiation is regarded as a convergence
to their equilibrium states. We furthermore suppose that the offers are generated probabilistically based on the utility
and optimal likelihood estimation is utilized for the opponent estimation. Then, in order to discuss the condition for the
agreement, we analyze the convergence of the mutual optimal likelihood estimation between two players.
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Fig. 1: Structure of the bilateral negotiation system

ZOM» B b5 &SI player 1 & player 2 115
B yi(= up), y2(= uy)) DAEZRHEDLTWVWS. D
% D player | NOFHREZED 2121%, > S5 I13MEF
yo(=u) DAEBEE T 5. —F, vy i player 2 DY
TIRATh g IZBWT, ANMEBLLTEE 0A%
AWTHEINS. £V TTRATLN L H(BDEW
W hy & fi) BEWIEE DGR Z AWTH AT
b TWb. T Fig. 1 EMTHiihanzs 27
L2 LTRD Fig. 2 &5,

5 uip=y2

-t fl

by = R

1

> 81

Fig. 2: Equivalent reduced system (I)
F72 Fig. 2 3R T VWIS ICFig. 3 L AFTE 3.

y2
2 ~ 82

fi

A

Fi

A

f
P » 81 > 5
2 i 21

Fig. 3: Equivalent reduced system (II)

Fig. 306 AT L 2KIE, YT AT L fi, 800 005
BRBFE, YTTRAT A h, g1 DHKD T ¥ DN
NI 4 —FRNw I REABREEI DD,

4 IR

AKETIZ Fig. 3 DY 27 A DI OWTIER B -
Tiam s 5.

41 YIS RXTLhLog, g, fi, h CHERLHE

LTI (1) DY 72 AT 4 g 12BT % offer y; [1]
DEHE BRI ED 5. %7 player | ORI BEEL

p1(y1,21,22)
p1 =0, /Pl(m,m,iz)dyl =1 3)

DFIEL, offer y;[r] &7 DR BIEUZ =2 R R
R L, ZOEREERBBIIECIISEIIN S
DT 5. pr(yi,z1,5) EEHIKREMET DL
35,

TERIZ)

M {y1: p1(1s21,22) > 0} 13 21, 2o WHKIF L7200
() {(z1,%)} FBAEASTHIR.

(3) pi(y1,z1,22) & 21 W DWW TELE.

@ (z1,22)  # (21,
pl(yhzi’zé)'
YT RAT L g IZBIF B offer yo[t] [AIREDIERIZ
HTFTEIINZHDE TS, sy, A1) oY
TYRAT A f; TOFEI,

%5 pi(y,z1,22)  #

1
2 = argmax | | pa(yaltl; 22,21 [1])
22 =1



LRES. NEOLE

O (y2lt]; 22, Z1[1]) :=log(pa(2lt]i 22,21 [2])) (B

ZHW2 e, B

t
& = aigmax ) 6 (vlr]: 22 21 1))
t=1
YRED. FTTRATLfH DAL T 3.

Fig 3OV 7 AT L FIE, ZDKI%% g, fi 2D
B XN TWEDR, g1 &y, 2RETEZEBHE, A&
F ] yo[1 1 t] W 20 OBRLHEESS & A%
BD, ARVE—FRRBRIHEE B2, g, fi &
HICHRE, BT 5 2 (1] I & o> TEER p, 2E
£33, WS 8TH3. 75 :=(00,%) T EE
FEREE pr 13 201 1T LD BEBEED, f1 BV TIER
TAR 700 DIBD—F, DFD 70 DADPKHM T X
2THY, 7 ZHRAZNT 20D T XX i
5. YITTRAT L P bRIETH 5.

FTEZIDOEIREWVZRIHEELE D F, 7 H
55N —TROICR, ©F b HAERIHEE DR
TEWZOWTHERT 2. £3 7 DPCRMEIC O W TFET
T 5.

42 MERE

ERPCREOMEZ — R L ERX LD d & T
5. FIRORZL 1 1B 2 MEOUEREBE ERT 5.

1 t
- L)
i=1

C(xi, @, B;) = log p(x;, @, B;) (5)

2T x R B AEENE, o 3HEETNER
I AR, B \ERA i TOBEFID T X &, o 1% e DIFF
Nt EFTORINE T 5.

2D QN (a; X', B") DIIFHEIIX CEIAR I NS.

Q' (a: X", B") =

Eo[Q" (a: X", )]
1 t
B / t Zf(xi’a,ﬁi)nf=1p(xi’aaﬁ")dxi
i=1

- % Z / C(xi, @, Bi)p(xi, @ofi)dxi
i=1

1 1<
=1 Zl Eol€(xi,, )] = - 21 Qoi (0 i)
= 0 (@: ) (©)

72750 a, i a DEEE T 5.
CZTRD3IDOMEREZ 3.

fled 4.1

Q1 K (6) D QL (a; "), DE VKA1 1TBIT 2 EDH]
fHEE UTOMNBLERBIE, BHIEO r 01

INZERNME] S5 DBEIENZ ¥ D K 512U T 3 D Ae.
2% D

0'(a; )52

DEIDEE, FET 25E0IROME, B X
Uz DRI I .

Q2 R (6) D Q! (a; B') DEMKT DRAHEE(E
@ := argmax Q;,(a; ') ()
W&, r DI NEE o, ICIERT 200, D% D
a5 a,?
DI D LD DD,

Q3 HEETHVON LI MNBAEE, 2F DK 5) D
Q' (a; X', B') 123D  FAHEEME

@, = argmax Q" (a; X', ") 8)

X, t OEIMIENEE o, ICIRT 2D, OFD

t—o00

&t i Q’o?
V)
. >0 __ t—o0
a — a; — a,?
DI D LD DD

LUFCIXME QI3 ZIEEB - Tikan 3 5.
43 Q1ic>oW\WT
2RI X R B; DIFFEHIFH%

Bi € B, B : bounded 9
YRT. o, FRIBEEXINZ T LT, BE
Qoila; Bi) : Bi — Qoila; ;) (10)

WBERTHZ. LUFTIE Qui(a; Bi) DIEEE K,o &
#£7.

D Eo#fod e, EEIN a B2 0! (a;p7)
DEFHNDFELNTOWTRDER D 31D,

IQ”' (a; 1) = 0L (a3 )]
t+1 ‘

Z Qoila; Bi) — = Z Qoila; Bi)

t+1

—1 Qo) (@3 Brst) — " ; Qoi(a;ﬁi)'

~
—_ +

< Ka an

+1

~

VAR

Kq = max 1Q0j(a;B;)

= Qo (@; Br)|
on(‘—V;ﬁj)’on(a;ﬁk)E'](nn ¢ ﬁ

12)



Th5.
EBHIEHDZ k> 0PFHELT, kg <k, Vo ZIRET
5. D=

sup Q4! (@ 51) - Q) i )] < k0 (13
MDD, koT
tlim 0! (a; ) =: Qo (a; B~) (uniform) (14)

Dlmitx s,
44 Q2IcDWVT
3

argmax Qi (@: ') = o, V' € B (15)
MDD, KoT
ap = argmax Qo (a: 5) (16)
ThH3. OFD
@ = a,, Vit (17

i) A RYASN
45 Q3ic2oWVWT

¥ BOWAEAELLT, pEFLEL,
5-ball %

HEEsD

B(B.,6) = {BIIB-pBll <6, B e B} (18)
YEFZEL, MED 6-ball TB EHWET S, 0D

M
|JB®By.0>8

j=1
IB(j) eB (19)
EFTBIeEEZRDL. A o-ball ITHEND B; D
¥z
#B(B(jy,0) := number of {#;} included in B(8), )

(20)

LRL, —MErkbT,
#B(B(1).0) = #B(B(j),6), j # 1 (21)

EAYFy s AMET B, TS (B, “%

s-ball DFLDEETHB. X HIHES (B},
WS B} &,
#B(B.1),
0 < lim 22Pw,0) @2

1—e0 #B(B(1),0)

273D T 5. DE DK s-ball NI T+77%< )
D B &L s-ball DALEOEETHS. ZDX57%

Bk, ATy A& k=1,2,...,
ELT

M(s) LEZ

By ={Bw s Mo (23)

ERT. TR M(S) B (22) #RT Buy DRER
F. XBITH DA VT I A%

{:B(llyﬁ%l) ’’’’’ } € B(B(1),9),
{ﬁzz)’ﬁ%z)ww} € B(B(2),90),

{ﬁ%M(&))’ﬁ%M(é))’ cee 7} € B(ﬁ(M(é))’@,
Bi, B2, .. (24)

YOITET.
TR t 1I2B VT B(B(j),0) CaEND p; OB %
tj t%%,

0" (@ Xy By) = Zf(x(,),a By 29

ZERT D, THUIROBAERI
Ay @ By Bip) 1= (@ () = Lx(y0 @ B(j)
(26)
ZHW? &,
0" (@ X()). B

1 < _ _ .
:EZ;@wamﬁuﬂ+AQOVMBby&nﬁ
1 <
o i i
= 0" (@ X[ Bij) + ” Z‘ Ay e B B @T)
i=

N
1 J .

0 (a: mﬁmyzgiyubﬂﬁm) (28)
J =1

rERES.
HeRZ BRI DO W T D IERISME2 5
DNWTH5 g5 >0 BEFIEL
Ay, @, By, Bij))| < ¢5 (29)
MO, koT
|Qt ((I,X(j) ﬁ(j)) Qt (a" (J) ﬁ(}))l < ¢s (30)
DIENND .
—7%, RS
0" (a: X1 By " Eoll(l,). . B(j)]
=: Qo) (@; B(;)) (uniform) (31)

MDD, EROWHIFKTRE SN S, 2F DT
BIZGR7 e,n> 0L TT—=ZE Ni(e,n) > 05
FEL,

Pr(SUP|Qt’ (a" (J) :8(]')) - Qn(j) (a;ﬂ(j)” > 6) <n

whent; > Ni(e,n) (32)

AR BRI



MDD, XoTINIDHEBIT,
PT(SUP|Q (a; X(l) :8(])) Qo(j)(a';ﬂ(j)” > s +E€)

<n
whent; > Ni(e, 1) (33)
DE»IND.
7210 (29) LFEIBRIC, BB &5 > 0DTFEHEL
1000y (@: B(j)) = Qo(p (@ B ;)| < &5 (34)
PR D LB, ZHkD

.,
1 < )
Qo (@iBip) = - 2, Qotp (@ By)| <€s (39)
i=1

LiR5.

P EofERzTic, Kl icBlr 285 O (a; X, B7)
M, t— 00T Qp(a; f*) I —FRINRT %5 2 ERT.
T 0 (a; X', B) & O (s B) %, (20 ITHED L {B:}

DTN —FF N, ROBRICHIRET 3.
O (a; X', B")
1 M) (1 ) ' too
:; Zl {Zlf(xl(j)»a’ﬁl(j))}+Zlf(xi’a7,8i)
j= i= i=
M (65) 1 oo
= Z { Qtj(a X(]) t(jj))}+?;€(xi,a,ﬁi) (36)
Q’o(a;ﬂ’)
M (9) tj 1 ]
= Zl p t] 1Qoz(a' ﬁ(j))"' ZQOL(Q' Bi) (37
j= i=
RGBT 2HEBI
Qo (a; 87)
= lim 0, (a; ")
M ()
= Z tlgl‘;lo 71‘_ ZQ(}I(Q/ ﬂ(})) + hm Z Qm (O,’ ﬁl

(38)
2153, XoTH (36),(38) kb X%H3.
O (a; X", B') — Qo (a; B)

M(d)t »
= > —(Q (@ X7, ﬁ("j))—Qoo)(a;ﬂ(j)))

=

(Q,,(])(CX ,8(])) - hm _ZQOL(Q' B(])))
j=1

M) (1 1
* ((TJ B tli—>no}o t )tlggo ;_ ZQO’(a ﬂ(})))

oo . 1 fo
+ (; Zl £(xiy @, i) = Jim Zl Qoi(a;ﬁi)) (39)

CITHIE 1 HOKRE XIER 33) X hiMiitx,
EOE2HOREXEZER 35 LhiMicx 2. $31H
X MEREFEERIBUCEET 2 IFHISE L D

|Qoi (@ B;))| <1, 1 >0 (40)
n, ¥
b
=+ = Jim <y
when N3(¥7) < t, AN3 () > 0 41)

DD IO, Ko TRBBFLNS.

l‘4
(TJ _t11—>r§o t ) llrn P ZQ‘”(Q ﬁ(j)) < l//(d/2)
when N3(y2) <1, w(wz)=—w1wz (42)

BATHICOWTIE, Q) IESL (B DI —T )
SEIY%- 30

o foo
Jim Z1 Qoi(: i) =0 43)

B, Ei- MEREEEBICE T 3 ERIZM & X
[ RYASR

1 &
; Zl g(xi’a’ﬁi)

<t
when N4(7) < t,3N4(7) >0 (44)
PEEFDTRERS.

T 4.2 KD ALD.

Pr (SUP|QI(G" Xt’ﬂt) - Qo(a';,Boo)i > W) <n

M (5)

W= Z [ (ps+e+Es) +y(n) | +7
when ¢ > max{N(e,7n), N3(¢2), N4(7)} (45)
%"’okWﬂi 6%{]155&\-4\572{ b\- fEL %ﬂbx_

JECTHIRE t TBOWTERI/N S REICHRET =
%, ULEXD, O (e, X', BY) 1 Qo (a; B2) IT—FEITIY
KT 5.

BRIRIZ Q' (a, X", B') D Qo (a; B7) NDO—HRINHIC &
D, @& MNa, D—BIHEETHDZFHEINS.
4.6 BAIL—TRDUIERM

4.2 % 2[t] & Bi.xi © y2[t], @& & Z[1] EXIG
X, VIR TL FIGEATS LD, K ©)
WHD LB DEFRBKER, 2F b 7 OEED
BHRELIZE, £oTz ORI EILNS. DEXD,
F1 Y T BRBHEN—TERT, 71,20 DERBEZEN
FRERTHWIEBAITH 272618, BHLr— TRIZF
RS 2 Z e p3E NS .



5 WERE

Z TR TRESEREZITS. £ TROE
BHIRAFHDET VEH Z 5 (Fig. 4 ZIR).

1 1
p(yiz1,22,07,0%) = EN(Zl,O'lz)"' EN(ZZ,O@Z)

7R ol o BEESNEWCEHE T2, ZOET
W player 1 lZEHB DA DAL LTHLE 1 HE
Fib, player 2 1363405 2 HZFD, L W\WHEZITHD
WTW3. ZNENDEBENRT X R 71,20 THD, %
NOIKEBHT T AFMICBI 288 T X 5HDOHDR
TH5.

0.25

02 -

015

r(y)

005

s 4 5 2 1 o 1 2 3 4 s
y
Fig. 4: Mixed Gaussian model for generating offers

ZDETIINEICIZ, player 1 13 LD 7, ZHETEME 2,
WCEEZ, p(y;iz1.5. 07, 03) IKEEDSWTHHOD offer
y =y 7R NERL, HFEERTS. —5
player 2 (& p(y;Zl,ZQ,crlz, 0'22) WKWHEHIDEy=yp 27X
DR 3. RIZ player 1 1 player 2 & D 321 H - 7=
y2[t] ORI T — RITED %, p(y;21,z2,0'12,0'22) D
ET M, 20 ZERAHEE T 5. player 2 H[FAIERT
H5.

PEDHREDD &, ROSMHTBIEFEREIT- 7.
ol=03 =12 =-1512=15%[0] =0, £[0] = 0.
BEDRH bR LEEIX 500 [BTH 5.

Fig. 5 13 CHEENE 2) RFERR) & 2, (EHAR) DIFE
#HETHs. MEhZzhPhEEIPERLTED, H
ARILHEOICRMEDI RIS, /2 Fig. 6 BXU
Fig. 7 I3 AR CHEEDBMECER I Nz y BED y,
DF—ZDELRANTILTH 5.

',\I-O~'¢ ————————————————

2l
!
f

e

-3

I I I I I I I
0 50 100 150 200 250 300 350 400 450 500
t

Fig. 5: Time transition of Z; and Z,: Z;: red-solid
line, Z;: blue-dashed line

Fig. 7: Histograms of the generated offers y;

6 F&&

AT 2 EHOEBERB S AT LDETNMIHE
HU, ZOUHRMEDHEERAHEE OIHMEICIFE T &
LZeEMHALE. %000 HTT, BRAZE
E5 22T X X DIERMDICTDIRIHEEEL E
EIWCIER T 2 Z e BR L7z X HITHIED T X XD
ERBPERTH 254 T T, HARITHEEDIH S
228, DEDHHRWBI AT LAMBNET 3 Z L &R
L7-.

BAWIZIE, NEDOSIP, Ty 75 —%& - Al 1%
U7z A N —Z2RERET ) OV R— b 220 TT
i,

2E B

1) C. M. Jonker, R. Aydogan, T. Baarslag, K. Fujita, T.
Ito, K.Hindiks: Automated Negotiating Agents Com-
petition (ANAC), Proceedings of the Thirty-First AAAI
Conference on Artificial Intelligence (AAAI-17)

2) T. Baarslag, M. J. C. Hendrikx, K. V. Hindriks, C.
M. Jonker: Learning about the opponent in automated
bilateral negotiation: a comprehensive survey of op-
ponent modeling techniques, Autonomous Agents and
Multi-agent Systems, 30, pp. 849-898 (2016)

3) Bk, A&, Pt ANAC: Automated Negotiating
Agents Competition (EFFHEIRP T — = > bt
Figx), ANTHIGE, 31-2, pp.237-247 (2016)

4) HF: BEIRWEO 7 4 — PN AT LML B E
b & fetr, 25 62 o] BB #ELEGFEHS (2019)

5) B, = BIRMETE OEEE, AL HIR (1992)



