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WA TP iR 8 LM (Yang et al., 2020) , BRIR2E I (05 58 REE 6 (R 40 5dia I AR i
PETFVNGA MR | I 55 IR 55 5 sl At X 55 55 S BB 7 S0, DA 78 43 & #5040 vk
WHE, — I, IR AT L Se iRAE GE 07 A W R BRI, R AILAR 7 > i B 5 B T
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MRS . BRSSP i 0245 210 21 10 53 1 A SR S 4, & P o
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VESERE A EII AR BOE Wil . E 5, TR IR 5 2 By 4007 WA vh e i3 2
TSTAE B AR RN T Ga a7 & A0 S AR, DR BRI & P # A, TR 5
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Br. HP AR AR ERSE) THA BERS. FEBERTIREI D, 15
RATH T ARUERS Bl £ W 55 b 58 BT A R I 25, DRI RS 245 3 0 sl ML T >
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5 HAA A (Xu et al., 2021) FIFFAME (Sun et al., 2021)
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T —> 40 2 SRR ML [R) A 2% R T B 18 4 R s I3 A 9l , ol B4 T, SR 32
L9 G R T RS A RO URh , SRS P B O AR 0 Bk SR A Ik B T g ol
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.
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B, Hh S 577 AR I B B SR K, R, ShaS e s g 2 g5k,
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JRRT AR SORA IR 2 ~J v 5 P S 3l 2455 4 B0 T2 () A 220 i oy oy 22 IR 2578
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SN R R FH ) — 0 7 3 (Mnih et al., 2013; Mnih et al., 2015; Ling et al.,
2023) , JEEEAFY RN RS, DIRTH LR GE RO . filan, BOREE Q M
(van Hasselt et al., 2016; Cui et al., 2023) & ikl i AT S BE BT T Bh A e T
Q fE GRS, AR2ER A5 (Schaul et al., 2015 ; Saglam et al., 2023) it HA %
EIE T, BT TR ACR,; B M4 (Fortunato et al., 2017; Zemzem and
Tagina, 2023) flFHFEHLNZE ZHATIRE, MILZATH B IRR TR RGN, A
WRCT LA BB, RTINS s0h AR A5 T R A RSt A i R e B

PEAER, sk T BB L 36 2 > B BB ML B2, AR IR 2% 2 I 2R
o, R T DL AR R s Ak 2 2 B RRAA,  BRAT P i 35 B R o B 45 B
Y, LABI ) AT e i it A IR 2 2 B AE R #E1T . Zhan et al. (2020) b s it-%il
HRBIRE P o B ER T s Ak 2% > B Re A, LA B H ok SR e A S A SR s A i A 1)1
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WG, Wang et al. (2020) #2H T SFAC 224, —FhH T JC A WLAH Bh A% sh B 55 I
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., Wuetal (2022) $#&H7 —F BAKBAEL VCC FALHLHI IR B2, il
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B S BRARIIE



18 SRk, A HETRAL ST B AT RSN A ST R L Be 121

=\ KBZIZRNTEREE

R 27 ) WLk 1 B SRR G RO 1 EE AL RIS BOR G BOR, )iz i
(4 FedAvg, TEAIFSERMIE LG 7 T BERIE B, XA 7 i 4 B 54 05 vl LI
AN i S i AR O 1 0 T A AR A TR I 2

W 27 > B SR phy — > vp e JIR 55 2 N2 AN IR P A i, JE R, B o) i
Flf T o R IR 55 848 € 25 AR 55 . LT IR AR AR Y e I 4 52 3L [ I 2Rt 2 py %
AR i, RS ARG R I o0 R 2 AR s, A S A% 1 O A i
PEPST VI GRA MR, 2% 7 o Y AS s RS RN R R SIUR , AR IR I A S 880 (i
CNN BRI E SR Kkl ss 4 . M55 a5 R FedAvg SF S BRI LR G IFIX
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i BVERE CRBEA”, TSI BRAS H BRSO T A 0 45 b 11 504 5 A M At
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B VA BRAZ KA AL, B, FRATXHZE Fn A R i .

(1) B, 76 TASBSEUN I, 0% P 3 007 76 45391 TF BA T 30T [ 9K 3%
T8 1 SREERE , % A H B (AT T AT S e 3, B 0B A e 5 A AR S
I ik e 52 S e

(2) BIENE AL, 75 T WIRS TR R, B0 % Py B rb e JIR 45 2 4% 1 A A
R RV AR R — B A ST R 3ok A I s 2 T S R 5
PEIMATHEAT AR R A B, W, B IR ) i B AT, X BeR R A Y T
TEBWH AV R BN GRS, PR IR 2 5T oh | B m, 9384k T L)
FHHAD & B SR i v, AT ALOR 20, O IR 2 S P A B = AL 2 B (P
A BARHIBERD % P B AR HUBE A BB RE ALY SR imM T, imP T AN
[mP T, AR5 A 7 BT 5 BB R 90 e T, P T R T
TG TR | x, | AT R,

(3) BimR A SRR . 1E 2R AL T 4% )7 B2 >0 AR RO AR AL
TEGSHT R X L, REAURS B S I IEAR G, Fol125:% Zhang et al. (2020), R
JUXAEBAE (CES) A bR BOR 21 22 4 IR R 1 A 1 kS 1

f(xlj...’xn) = XP = {(12; (xl),)% }p

Ho, x,(i=1,2, -, n) N n AEFREEEEEEE, X FIX o 4R R B
PEHEAT IR 2 B G 1, f(X) RBERUKS B, 1, p 0 BB S B0 bR g
SR, AT — R

ORERURG EEIFRIBIR, B CES A /=M% 0 <p <1, BLBPRE RO £S5 R008
i X G Y U R

Q¥R AEAL, B) CES B %k r = 1, ZBOREWREF N, GhE S
uARAS 0 1 AR o A i Be 80, RS H o S 8cds fn o sp o Bz il
GRS (a+b) SOIECR I GBI O BORAR ]

(4) HBAPEESEME .

OFEFABHEIF GRS, B P i 1 S B, JF o & A 5 3L
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WIS BN BPSEAS ) ol =1 FoRE U AR ¢ IR A,
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QP A& PSR T, IR S5 AR T T A & e A BT SR
R, WIMPREASEA my R BEN m), B, i T2l B O Ay m” %
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AT (up=0), WHTAW RN SR S5 SR Bl s 5, SR g 45
RO ) 7R L SIREA L3N 250 B B AR 1 B S, AR IR g vk
BT (up=1), WEHARR AP i 2520 05 B A0 SR I « TR B SR Y

SRR S5 B B S A B A X T B BEA B Y. S L, T
00, MU A SRR R T L R A R L (1)

i =0

x;'=u;‘.(t+Tﬁlu;f)+<1_u;>-<x;‘_l+1> (1)

BT LW, FEBRH ) g i S IR S5 AR B B S R LI 1, &
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BRJE, MRS5S E B AR R G BRI SRR L 4 A A,
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B A & i B
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10,11; ®BEEE, PRRSBHAARKRELSAEE, BT E Lt u, - o" AFF
MRS B AL LA THNOE 3%, BFu =0 HASH,

(Z) B EFIRIISEES
TEZSAS R, MRS 507, RIVBORE 5 e A0 HOAR S 1 BB Y A4 0 1
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DARRON, AEEAWHY ¢, B i B RIS O T 2 ¢ iR R I, DA T R
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AT A o PRI, FATTRE U P S 265 ¢ A R 28 -
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PPERITZE S 507 | SR B S & BN RO R, W5 TG — R
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=1

(=) BENSIYE

ST RISCHR I AT S, RME R sh AR S TR, FRATE LT 07 S B
MRS, RMEE—T7 & im AT — 10 “BEA - AT sk T HAE
S5 o SIS E R AR BB A D S B 5 4 N2 DA R AR RAT S A BEPE T, RIS DeE
(Y, TEREE XOT G VR L ah AR . % BA B0 2 2% BRI AT B Al s M
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Procedure 1: Generate Game Tree (GT)

Input: tree depth 7'; cooperation cost ¢; discount rate y
Output: Game Tree GT
1 Generate Gt nodes;
2 fort=1to Tdo
3 L recursively generate GT nodes with node.action in ([0,0],[0,1],[1,0],[1,1]) of depth ¢;
4 Calculate node.state;
5 for nodes witht=1 to T do
6 L calculate node.state according to equation(1);
7 Calculate node.value;
8 define function payoff(node.state,node.action,c) according to equation(2);
9 for nodes with t =T to 1 do
10 if t == T then
11 Lnode.value:payoff(node‘state,node.action.c);
12 else

13 Lselect node.BestChild;
14 node.value=payoff(node.state,node.action,c)+y node.BestChild.value;
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Q(s,a) =Q(s,a) +a - [r+y - maxQ, (s",a") -0(s,a) ] (4)
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Algorithm 1: DRL-based Incentive Mechanism

Input: cooperation rounds 7 cooperation cost ¢; discount rate y, memory capacity N;
episodes E; target update U; batch size B; penalty coefficient 4
Output: action-value function Q
1 Initialize replay memory D to capacity N,
2 Initialize action-value function Q with random weights 6;
3 Initialize target action-value function Q with weights 0-=6;
4 for episode =1 to Edo

5 Initialize s = [0]len(s))
6 GT=Generate Game Tree (7,c,y)
7 fort=11t T do
8 a,=arg max, Q(s,,a;0)
9 up,up=Update GT and Decide Strategy(s,a,GT.c,y)
10 calculate r,and s, , with u,uf, y
11 store transition (s,a,7,s,,,) in D
12 sets,=s,,
13 if the size of memory D= batch size B then
14 Prioritized sample batch of transitions(s/, a,r,s,;, ) from D
s b= {'f,- if episode ends at j+1,
r/+y~Q’(s,+l,arg max , Q(s,,a’;0);07)  otherwise.
16 perform a gradient descent step on(y/,—Q(s/,a/;H))2 with respect to the
network parameters 6
17 Reset Noise for Q-net;
18 Every U episodes reset Q =0,
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Procedure 2: Update Game Tree(GT) and Decide Strategy

Input: state s; action a; Game Tree GT; cooperate cost c; discount rate y
Output: strategies of clients u?, u?

1 Get the historical strategies from s;

2 Match them with node.action in GT to reach the CurrentNode;

3 Update CurrentNode.children.value with ¢'=c-a, and y;

4 for nodes in CurrentNode.children do

5 if t== T then

6 L node.value=payoff (node.state,node.action,c’);

7 else

8 select node.BestChild;

9 node.value =payoff(node.state,node.action,c")+y node.BestChild.value;

10 Select CurrentNode.BestChild;
11 u?, uP=CurrentNode.BestChild.action;
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Summary: As Internet, Internet of Things (IoT), and Aurtificial Intelligence ( Al) technologies
rapidly evolve, data has become a critical driving force behind economic and technological ad-
vancement. Companies can leverage data analysis to gain comprehensive insights into customer be-
havior, market trends, and operational performance, thereby making informed decisions and enhan-
cing overall performance. However, a single organization’s data may not be sufficient for compre-
hensive data analysis, posing a significant challenge. For instance, developing an accurate market-
ing model to target users may necessitate data from multiple sources, such as telecom operators, so-
cial networking sites, and e-commerce platforms. This data scarcity necessitates data-sharing mech-
anisms, which are often fraught with concerns surround data privacy, ethics, and legality. In this re-
gard, Federated Learning ( FL.) —a novel machine learning paradigm—has garnered increasing at-
tention. FL participants can train local models, safeguard data privacy, and exchange only model
parameters with servers or other peers, fully capitalizing on the value of data. This “data-available-
but-not-visible” approach is gaining popularity in data-intensive fields.

Many FL tasks cannot be accomplished in a single instance and require sustained collaboration
among multiple parties. For example, in the joint development of an FL model across multiple
medical institutions to detect and manage chronic diseases, continuous accumulation of clinical
data, learning from case changes, and model robustness and predictability improvements are
necessary to reflect the latest medical knowledge and practices. Current literature on FL cooperative
behavior and incentive mechanisms, however, primarily focuses on cross-device federated learning
and considers only one-off cooperation. This modeling is inadequate for characterizing practical
cross-silo long-term FL patterns. On the one hand, cross-silo FL participants, who also accumulate
a certain amount of data, have more complex and diverse strategic options compared to those in
cross-device FL. Participants can choose to participate in public training or solely improve their
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model utility through local training. On the other hand, when cooperation transitions from a one-off
to a long-term scenario, time inconsistency issues may lead to free-riding behaviors, incentivizing
participants to delay data contributions while enjoying the benefits of others’ contributions. To
address these limitations, this study concentrates on the long-term cross-silo FL process,
establishing a dynamic game model to characterize federated clients’ interactive strategies and
proposing a reinforcement learning-based incentive mechanism to encourage rational participant
contribution, aiming to boost the FL system’s overall revenue.

This paper first establishes a dynamic game model to characterize federated clients’ long-term
interactive strategies. We devise a cooperation contract in which the central server only transmits
the aggregated parameters to current training period contributors. With the long-term cross-silo FL
cooperation process divided into several model training periods, clients have two strategic choices
in each period: to participate in public federated training or to retain data for local training only. At
the end of each period, clients receive feedback parameters from the central server and gain
corresponding benefits based on their local models’ accuracy. In this framework, clients face a
trade-off between participation costs and potential early contribution benefits. Given the
information accumulation in the model with the client’s input, clients also confront a cross-period
decision-making problem regarding resource allocation throughout the entire long-term FL
cooperation process. Based on these background assumptions, this paper establishes a game tree to
consider the game solution, where clients’ decisions in each training period are based on full
knowledge of past cooperation and rational expectations of future actions. Through backward
induction, we solve for the client’s equilibrium strategy, which exhibits intermittent contribution
gaps, clearly deviating from the socially optimal cooperative pattern.

Building on the above game analysis, this paper subsequently designs a dynamic incentive scheme
based on reinforcement learning, setting incentives for different training periods based on clients’
cooperation progress. Firstly, we regard the FL organization as a central planner responsible for
issuing incentives before each training period to encourage federated client input. The Deep
Reinforcement Learning (DRL) agent assists the central planner in making incentive decisions, with
federated clients serving as the environment with which the agent interacts. On the one hand, we
meticulously design the state, action, and reward of the DRL method to fully encompass the
information of the federated learning cooperation process. On the other hand, we introduce
enhancements to the traditional Deep Q-Network (DQN) method, such as Double Deep Q-Network
(DDQN), prioritized replay, and noisy network, to augment the method’s performance. Through
extensive experiments, we verify the scheme’s effectiveness in improving the system’s total revenue
and controlling incentive costs. Reasonable incentive cost penalties can guide the DRL agent towards
the most cost-effective incentive scheme, accurately incentivizing low-willingness cooperation
periods of clients, and the system revenue under the same budget significantly surpasses that of
fixed incentives.

This paper not only theoretically uncovers the dynamic patterns in long-term cross-silo federated
learning cooperation but also proposes innovative incentive mechanisms to enhance cooperation
efficiency, offering fresh insights and methodologies for effectively facilitating data sharing and
cooperation in the contemporary information era.
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