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Abstract

Based on the principal-agent theory, this paper constructs a n-level principal-agent model with multi-
branches at the chain terminal, introduces the improved Fehr-Schmidt fairness preference theory,
and establishes a n-level incentive framework covering the horizontal and vertical fairness
preferences of terminal agents. By treating intermediate agents as a unified whole through the "black-
box" approach, this paper focuses on analyzing the influence mechanism of terminal agents' fairness
preferences on effort level, incentive contract design and the operational efficiency of the entire
principal-agent chain. The research results confirm that incorporating fairness preferences into the
incentive mechanism design of green supply chain principal-agent relationships can effectively
stimulate the production and operation enthusiasm of terminal agents, improve their effort levels; at
the same time, it can significantly reduce agency costs in the principal-agent chain, optimize resource
allocation efficiency, and thereby enhance green production efficiency. The conclusions and model
design of this study provide a new theoretical path and practical reference for the collaborative
operation and sustainable development of actual green supply chains with terminal multi-branch
principal-agent structures.

Keywords: fairness preference; n-level principal-agent; incentive mechanism; farm-supermarket
direct purchase; terminal synergy

1. Introduction

Principal-agent relationship is a core analytical framework for interpreting incentive mechanism
design, resource allocation efficiency and cooperation maintenance. And the evolution of principal-
agent theory has always been closely aligned with the complexity of real economic scenarios. Early
principal-agent research, rooted in the Holmstrom & Milgrom(H-M) model, was based on the classic
assumptions of complete rationality and risk aversion, focusing on the single principal-agent bilateral
relationship and providing theoretical support for basic incentive contract design [1]. However, with
the development of experimental economics, the limitations of the traditional pure self-interest
assumption have become increasingly evident. The ultimatum game experiment conducted by Giith
et al. pioneered the discovery that responders would reject non-zero but unfair allocation proposals,
which violats the logic of purely self-interested decision-making [2]. Fehr et al.'s Gift Exchange Game
experiments show that when employers offer wages above the market-clearing level, approximately
40% to 50% of employees will reciprocate with an effort level that exceeds contractual requirements,
which breaks through the classic assumptions of pure self-interest and complete contract
enforcement [3]. The dictator game experiment conducted by Forsythe et al. further confirmed that
even when endowed with absolute allocation power, decision-makers would still cede part of their
gains to others, which highlights the core role of fairness concerns in human behavior and lays a solid
empirical foundation for the development of fairness preference theory [4].
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The integration of fairness preference theory with traditional incentive theory has driven
breakthrough progress in principal-agent research, and foreign scholars have accumulated rich
achievements around this topic. Grund & Sliwka found in their research on tournament mechanisms
that hiring agents with envy and compassion preferences can improve corporate payoffss [5].
Demougin & Fluit pointed out that when performance evaluation incurs costs, agents with envy
preferences are more favored by enterprises [6]. The Reciprocity Model developed by Rabin and the
F-S Model proposed by Fehr & Schmidt incorporate social preferences into the utility function, break
through the constraints of the assumption of complete rationality from two distinct dimensions of
intentional fairness and outcome fairness, and jointly form the core framework for the study of social
preferences, thus providing a systematic explanation for relevant experimental phenomena [7,8].
Englmaier & Wambach embedded the F-S model into the H-M framework, and proposed that an
optimal contracts need to achieve a three-dimensional equilibrium of incentives, insurance, and
fairness [9]. Bartling confirmed that fairness preferences can effectively reduce agency costs in multi-
task agency scenarios, which offers new for complex contract design [10].

Domestic research has kept pace with international fronlevels while deepening and expanding
in combination with local contexts. Wei Guangxing was the first to systematically introduce the game
experiments and model construction of Western fairness preference theory, laying a foundational
groundwork for domestic research in this field [11]. Xue Qiuzhi et al. were among the early
representatives in China who systematically introduced fairness preference theory, expounding its
guiding significance for management practices such as incentive mechanism optimization and
payoffs distribution coordination [12]. Addressing the applicability limitations of traditional single
principal-agent theory, Feng Genfu proposed dual agency theory, providing a new framework for
the governance analysis of equity-concentrated enterprises [13]. Pu Yongjian implanted the concept
of motivational fairness into the model, revealing the substitution relationship between material
utility and fairness motivation, and enriching principal-agent theory from the perspective of
behavioral economics [14,15]. Li Xun et al. incorporated the F-S Model into multi-level principal-
agent analysis and found that fairness preferences alter the optimal contract structure [16]. Ding
Chuan studied the fairness preference-based cooperation mechanism of marketing channels and
found that fairness preferences can reduce free-riding behavior and promote cooperation among
game players [17]. Fu Qiang and Zhu Hao considered the fairness preferences between agents and
between principals and agents, and expanded the research framework of the principal-agent model
[18]. Zhao Chenyuan pioneeringly introduced the fairness preference theory into the chain-type
multi-level principal-agent model, and compared the incentive efficiency under the scenarios of
complete rationality and procedural fairness preference [19]. Bai Chunkai verified through dynamic
models that fairness preferences can optimize payoffs-sharing contracts in venture capital, which
further expands the theoretical application scenarios [20] .

Despite the existing research having broken through the traditional single rationality
assumption [21], two core gaps still remain. First, there is insufficient research on the interaction
mechanisms both within each level and across-level of multi-level principal-agent relationships,
making it difficult to depict the mechanisms of incentive transmission and conflict coordination in
complex chains. Second, there is a scarcity of quantitative modeling and empirical testing on fairness
preferences in such structures with multi-branches at the chain terminal as Principal — Intermediary
— Multiple Agents configuration. In real economic activities, such complex structures are widely
present in fields such as supply chain collaboration, financial intermediation services, and public
service provision. Taking farm-supermarket direct purchase as an example, because
supermarkets(principals) connect with scattered farmers(multiple agents) via suppliers(intermediary)
[22] and farmers’ planting effort level directly determines agricultural product quality, farmers’
fairness perception of the price gap between the purchase price and the supermarket's selling price
often acts as a key factor affecting their effort level. Another example in the internet platform
ecosystem, where platform parties(principals) manage a large number of settled merchants(multiple
agents) through regional agents(intermediary), merchants’ judgments on the fairness of platform
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rules and the rationality of payoffs distribution directly affect their operational investment and
compliance willingness. Individual decisions are generally driven by fairness preferences as people
not only care about their absolute gains but also attach great importance to the fairness of payoffs
distribution and the reciprocity of behavioral motives, which leads to significant deviations in
traditional pure self-interest assumption models while explaining such scenarios [23]. More crucially,
in the structures of multi-branches at the chain terminal, intermediary have a dual identity as both
principals and agents, which results in intertwined issues such as incentive conflicts, risk
transmission, and cross-level information asymmetry [24]. So simply superimposing single-level
models cannot accurately depict their dynamic characteristics, which poses severe challenges for
incentive mechanism design.

Based on this, targeting the limitations of existing theories, this paper adopts the three-
dimensional research method of Theoretical Modeling-Numerical Simulation-Case Verification, and
extends fairness preference theory from bilateral principal-agent relationships to more realistic chain-
type n-level principal-agent scenarios. In the structural dimension, it horizontally expands the
terminal agent layer of the chain structure to construct a multi-branch agency model. In the
theoretical dimension, it breaks through the homo economicus assumption, incorporating
horizontal(among agents) and vertical(between agents and principals) fairness preferences into the
utility function, and focuses on the collaborative decision-making mechanism of terminal agents with
intermediate levels treated as a black-box. In the empirical dimension, it quantifies the impact of
fairness preferences on effort levels and agency costs through numerical simulation, and verifies the
practical applicability of the theoretical model with the case of farm-supermarket direct purchase. By
revealing the influence mechanism of fairness preferences on the collaborative decision-making of
terminal agents and designing collaborative mechanisms and incentive contracts adapted to complex
structures, this paper not only enriches the analytical depth and application boundaries of principal-
agent theory but also provides practical theoretical guidance and practical solutions for incentive
optimization in fields such as supply chain collaboration, organizational management, and platform
ecosystem governance.

2. Model Construction

2.1. Model Definitions and Assumptions

Definition 1: Let the set of all participants be P . Among them, the set of pure principals is

{P,}, and the set of terminal agents is 4={4,,...,4,} (|A| =m 21). The remaining participants
who act as both principals and agents are termed as intermediary, and their setis B={B,,...,B,}

(|B|=n21) . The model satisfies |P|=n+m and has n-level consecutive principal-agent

relationships (7 = 2).This structure is defined as a n-level principal-agent with multi-branches at

the chain terminal, as shown in Figure.1.
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Figure. 1: n-level Principal-Agent Structure with Multi-branches at the Chain Terminal

To investigate the impact of pure agents' fairness preferences, the following assumptions are

made.

1) (1) The principal p),, is risk-neutral, while both the intermediary and pure agents are strictly risk-

averse.

(2) Pure agents are homogeneous, and their output functionis 7; =a, + 0 , (i =12,..., m) , where @,

represents the effort level, and @ is an exogenous shock following a normal distribution Ni (0, 62) .

2) (3) The wage of a pure agent takes a linear formas §; =& + ﬂﬂ' -, where & is fixed payoffs and ﬂ is

. . - 1, »
the output sharing coefficient. And the effort cost functionis ¢; = 5 ba[ (b>0).

3) (4) The output function of an intermediary is as following. When I< j<n, T, =H + Tin +0.
m
While when ] =n, 1, = Zﬂ' f 7 0. Where, U 5 denotes the effort level of the intermediary, and o
i=1

follows a normal distribution N (0, 0'2) .

4) (5) The expected wage of an intermediary is ¢; = A+ ﬁjT ., JE {2, 3., n} ,where A is fixed

1
payoffs and B ;j is the output sharing coefficient. And the effort cost function is €; = E C #iZ (C>0).

2.2. Principal-Agent Model with Multi-branches at the ChainTerminal

Considering the preceding # —1levels principal-agent relationships, the intermediary participates as a dual-
identity participant whose payoffs is affected by multiple parties. Referring to the research method of Zhao
Chenyuan [24], the analysis of the preceding 7 —1 levels relationship is as follows.

The intermediary B, , as the direct principal of the intermediary B 41, gains actual payoffs equal to the

difference between the wages of intermediary B ; and intermediary B i+1 - Thus the actual payoffs is as

follows:
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gj =49, _qj_lz/l_'_ﬂjrj _(Z’+ﬁj+1z—j+l)

1
='Bf’uf+ﬁj€+(ﬁj—ﬂj+1)rj+1_gcﬂf

zﬁj/uj +(ﬂj _ﬂj-v-l)(i/'lk +iai)+[ﬁj +(ﬁj _lgj+l)(n+m_j)]9

J+l

When j €{2,3,...,n—1}, the actual net payoffs of intermediary B ; is the wage difference from B Bk

v, =& —e = By + (B~ B+ 2 a)

=
LB, + (B, = B+ m= 0= Cat
When J =7, the actual payoffs of intermediary B, is
&=+ B, s,
= At Pty 4 (B = )3 —ma+ (B, ~ Fym+ 10 |

W, =¢c,—¢,
A+ B, + (B, ~ D)~ ma+[(B, ~ Fym+ B,10 -~ C

Its net payoffs is

Its expected value and variance are respectively as follows:

o 1
By, = A+ uB,+(B, =B a;—ma—=Cu,, Dy, =[(B,~Pym+pB,T DO .
i=1

The actual net payoffs of the pure principal p, is
E=1,—q,=—A+A=BID p, + D a,+(n—1+m)6] .
Jj=2 i=1

In the n-th level of the principal-agent relationship, the net payoffs of the pure agent is

1
. =a+,37z,.—5bai2.

Its expected value and variance are respectively as follows:
1, 5 2_2
Eo, :a+ﬂa,.—5bal. , Do, = p°c".

Because both pure agents and intermediary are strictly risk-averse, so the certainty equivalent

payoffs is used to quantify risk preferences, with its core expression shown below [25]:

CE = E(R)- % pD*(R)
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1
Where CE denotes the certainty equivalent payoffs, £ (R) denotes the expected payoffs, 5 ,L)D2 (R)

denotes the risk premium, P denotes the risk aversion coefficient and D2 ( R) denotes the variance.

Based on this, the certainty equivalent payoffs for intermediary B J (2<j<n) canbe derived as follows.
J+1

U, =By, + (B, = ) + )~ Cai

1 .
_E[ﬁj +(ﬁj _ﬁj+1)(n+m _J)]po-z
When j = n, the certainty equivalent payoffs of the intermediary B, is

U, =24 B, + (B, = P2 a, —me =2 Cuit =~ [(, = Bm-+ B, 1po.

The certainty equivalent payoffs of the pure agent A is

1 1
X, =a+ fa ——ba’—— pLict.
: Ba, > ba, 2pﬂ

The pure principal p, is risk-neutral, so its certainty equivalent payoffs is

U =E&=-2+1-B)O_m+.a) .
j=2 i=1
Thus, the basic model under the assumption of complete rationality is derived as follows:

max U, =—/1+(1—ﬁ2)(z/,zk +Za,.) ,
Jj=2 i=1

n m 1
]R:Uzsjq zﬁjﬂj +(ﬂj _ﬁjﬂ)(Z/lk +leai)_zcﬂj

J+l

_%[’BJ‘ +(5; _ﬁj+1)(”+m_j)]p0'2 Zy;

U, =i+ B, +(B, - B> a,—max

—%Cuf —%[(ﬁ,, —Bym+p,1pc* 2 y,

Xigem = A+ fa, _%baiz —%pﬁzo'z =X, ,

2<j<n

IC:max x,_,_,,max U
a; M
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3. Research on the Terminal Incentive Mechanism

3.1. Analysis of the Black-Box Model

To focus on the terminal coordination mechanism, the complex internal interactions of the

intermediary is ignored and the intermediary can be treated as an integrated intermediary B,,. The
set of participantsis then W ={p,,B,,,X,}, (i=1,...,m), where p, represents the pure principal

and X,(i =1,...,m) represents the pure agent. The additional assumptions for the intermediary are

as follows.

(1) The intermediary is risk-averse.
(2) The wage formis M = A+ f3,,7,,, where 7, denotesoutputand f,, denotes the output

sharing coefficient.

1
(3) The effort cost functionis ¢,, = 5 C,Llf,[ , (C>0).And the output functionis 7,, = 4, +S,+6

where S , is the sum of outputs from pure agents and 6 followsa N(O, 0'2) distribution.

Based on the above assumptions, the core variables are derived as follows.

The output function of the intermediary is

Ty, :Zﬂi+,uM+t9:Zai+,uM+(m+1)t9 .

i=1 i=1

The actual payoffs of the intermediary is
Sy = ﬂ+,3MTM—iS[
i=1
=2k Bty By = )3~ ma+ (B~ Bms 10
The actual net payoffs of the intermediary is
sy, = /1+,BMTM—iSi —e,
i=1
= A+ Bty +(By —ﬂ)il:ai —ma +[(fy, —ﬂ)M+ﬂM]<9—%C#A24 |

The expectation value and variance of the intermediary’s net payoffs are respectively as follows:

’ S 1
Es'yy = A+ Byt +(By _ﬂ)zai _Ecﬂif —ma and
i=1

Ds',, Z[(ﬂM _ﬂ)m+ﬂM]2D9'

The certain equivalent payoffs of the intermediary is

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0948.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 March 2026 d0i:10.20944/preprints202603.0948.v1

8 of 20

Z 1
Uy :ﬂ’—'_(ﬂM _ﬂ)zai +:BMIUM _ECILI]%/I
i=1

~ma =2 (B - Pym+ B, T po’

The payoffs of the pure principal p, equals the difference between output and wage from the

intermediary B,, .The payoffs of the principal is

U:TM _M:TM _(2’+ﬂMTM)

= At (=B + gy +(m+1)O]

Given the assumption of the principal's risk neutrality, the certain equivalent payoffs of the principal is

EU==A+(1- B,y +3 ).

i=1

3.2. Fairness Preference Theory

Drawing on Fehr-Schmidt theory, this paper introduces the mechanisms of "relative
deprivation" and 'relative satisfaction” to reflect the sense of contentment [14,24,26]. From the
perspective of bounded rationality, the horizontal and vertical fairness preferences of pure agents are
incorporated into the n-level principal-agent structure with multiple terminal branches.

About horizontal fairness preference, pure agent X, pays attention to the

payoffs difference with other agents, and the perceived utility of pure agent X, is

@, =n,+k'> max{s,—s,,0}—k,'> max{s, —s,,0}.
G#)) i%]
In this equation i, Jedl, 2,....m}, §; and § i denote the actual payoffs of pure agents X ; and
X ; respectively, and 71; denotes the actual net payoffs of pure agent X,. k' and k j,

respectively measure the positive utility(a sense of pride) derived from having a higher payoffs

than others and the negative utility (a sense of envy) arising from having a lower payoffs than
others with k,’, k j' = 0. Under the assumption of homogeneous pure agents, let k'=k j' =k
(k"> 0) . The larger the value of k&, the stronger the intensity of preference for horizontal fairness

of pure agent X . The actual net payoffs of pure agent X is

1

w, = n; +k,2(si _Sj):ni +k'ﬂz(”i _ﬂ-j).

i#j i#j
About vertical fairness preference, considering the payoffs comparison with intermediary and
the pure principal, the revised net payoffs is

o, =n, +y,{max[s, —s,,,0]+ max[s, U, 0]}
—n{max[&; —s,,,0]+max[s, —~U,0]} '
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where S; is the actual payoffs of pure agent X, & ; is the actual payoffs of intermediary B,, (when
j=1, & ; represents the actual payoffs of the pure principal P, ), and 7; is the actual net payoffs of pure
agent X;. y,{max[s, —s,,,0]+max[s, —U,0]} and 7, {max[¢&; —s,,,0]+ max[s, U, 0]}
respectively represent the vertical pride-preference utility and envy-preference utility of the pure agent, with
Vs 2 0. Under the assumption of homogeneous pure agents, let v, =1n = k" to measure the intensity of

vertical fairness preference. The larger the value of ', the more sensitive the pure agent is to such fairness
issues, leading to the more significant adjustment effect of payoffs distribution fairness on actual net payoffs.

At this point, the actual net wage of pure agent X, is

@, =n, +k"[(s; —s),)+ (s, —U)]

=n, +k"[(m+2)a+2pr, +(,B—l)i7ri -0-u,1"

i=1

Referring to the research by Fu Qiang et al. [18], by integrating horizontal and

vertical fairness preferences, the actual net wage of pure agent X, is

o =n, +k’,82(7rl_ —7;)+k"[(m+2)a+2pm7, +(ﬂ—1)iﬂ'i —0—pu,] (3.1)

i#j i

About comprehensive fairness preference, Let k’ = k” =k denote the combined effect of horizontal and

vertical fairness preferences. Equation (3.1) can be simplified as

m

w;, =n, +k[ﬂZ(7Z—i _7z-j)+(m+2)a+218ﬁi +(IB_1)ZE1' _H_ﬂM]-

i#j i

Here S; is the actual payoffs of pure agent X ;i Sy is the actual payoffs of the intermediary, 7, is the
actual net payoffs of pure agent X ;- and k is the intensity of the pure agent's fairness preference. The

expectation and variance of the actual net payoffs of pure agent X ; are respectively

Eo =a+ fa, —%bai2 +k/5’2(ai —a,)

i#]
7

+kl(m+2)a+2fa,+(B-DDa, - ]
D, =[(km+ 2k + 1) —k(m+1)] D@.

When k=0, the pure agent is fully rational and no longer values fairness
preferences. The certainty equivalent payoffs of pure agent X, is
X, = o+ fa, —%baﬁ +k[BD (a,—a,)+H(m+2)a+2pa,]
i)

HHP-DY —yM]—%[(km+2k+1)ﬂ—k(m + DT po

The model degenerates into the traditional form under the assumption of full
rationality, achieving consistency with the classical model.
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3.3. Model Analysis Under Information Symmetry

When information is symmetric, the effort levels of all parties being directly observed and
without information barriers or moral hazard, the model only needs to satisfy the participation
constraint(IR), that is, the payoffs of the intermediary B,, and the pure agent X, is notlower than
their opportunity cost. The pure principal p, aims to maximize the expected net payoffs EU .
Assuming the reservation payoffs of both parties is X, the optimization problem is constructed as
follows:

max EU =—-A+(1-,,) (1, +iai)

i=1
7

< 1
IR:U), =A+(fy _ﬂ)zai + Pt _Ecﬂif —ma
i=1

2By m+ D)= po =%,

x, = a+ fa, —%baf +k[BY (a,—a,)+(m+2)a+2pa,]

i#j

+k[(ﬂ—l)ial. —uM]—%[(km+2k+1),b’—k(m+l)]2po-2 > x,

When setting the participation constraint to equality, solve the system of equations to obtain the
fixed payoffs
2km(1= B a, +2m(kp, + T, +x,) —2BQRk+1)D a,+b> a
i=1 i=1

o= pary and

2m(km + 2k +1)

2km(py, +Y a)+2m(T, +x))+bY a}
/1 — i=1 i=1
2(km+ 2k +1)

Caly +2(T +x) =25, (Ya, +1,,)
+ 2 i=1

4

where 7, = %[ﬂM (m+1)= pm]’ po* and T, = %[mk(ﬂ—ﬁM Ym+DT po>.

Substitute A into the objective function, take the partial derivatives with respect to ﬁ , ﬂM ,

My, a, a, ..., a, respectively, set the first-order partial derivatives as zero, and rearrange to

obtain as follows:
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__kms) o
km+2k+1" """ km+2k+1

7

e g L2kl 2kl
a=a,=..=a, = b and Ay Clhm+2k+1) °

Substitute the above expressions into the objective function, then

_(g+m)bx, (2k+ 1)’m
2Chg’ 4Chg’
o (2m +4b)k* +[2bCxy(m+2) + (m+4)Clk + C(2bx, +1) d
= an
2Chg?

7

2
_ Cg[beo(m+g)-;;néZI§+l) T bk kmt 2kt
g

A

Core Conclusions are as follows.

m+1 o
=———, which is

m+2

positively correlated with the fairness preference intensity £ .

Theorem 1: The optimal output sharing coefficient for the pure agent is

1
When k=0, =0, optimal risk sharing is achieved. When k — o, L tends to , which
m+

is consistent with the research conclusion of Zhao Chengyuan [24].

Proof: Since f = — D B mL 6 which B is positivel lated
TOOI: dInce _kn/l+2k+1’ ak (km+2k+l)2 , whnich means ISPOSI lveycorreae

. 1
with k and limB=""When k=0, 8=0.
k>0 m+2

: 2k +1
Theorem 2: The effort level of the pure agent X,(i=1,...m) is @, =a,=...=a, = P

which is positively correlated with the fairness preference intensity k and negatively correlated
with the effort cost coefficient b . Fairness preference can enhance the incentive effect.

1 2k
Proof: When k=0, a,=—,thus a,—a,(k=0)= 5 > 0, indicating that the incentive effect on
. Oa, _2 - .
the agent is enhanced. Furthermore, —— =— >0, so the agent's effort is positively correlated with

the fairness preference intensity & and negatively correlated with the effort cost coefficient b .

Theorem 3: The overall payoffs of the model is jointly determined by the number of pure agents m,
the effort cost coefficient, the reservation payoffs X, and the fairness preference intensity & . Itis

independent of the risk aversion degree and negatively correlated with the effort cost coefficient b .

+m)b 2k +1)
(gZC’Z)Sxo ( o )3m ,where g =km+2k+1, therefore
g g

Proof: Since EU =
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2 2
OEU Z_m(2k2+l) <0 g PEU :_(2k+21) 0.
ob 2b’g aC 2C°g

3.4. Incentive Model under Asymmetric Information

Under asymmetric information, because the principal cannot directly observe the effort level,
and the behaviors adopted in the principal-agent relationship are incompletely cooperative. A
contract should be designed through the incentive compatibility constraint(/C) [27]. The intermediary

and the pure agents choose the optimal effort level under the participation constraint, and the

optimization problem is constructed as follows:

max EU =—-A+1-,,)(w,, +ia,~)

i=1
7

& 1
IR:U,, =A+(By, _ﬂ)zai + Bty _ECIU/%/I —ma
i=1

S ))= pm po = x,

7

X, =a+ fa, —%bal.2 +k[ﬂ2(al. —a;)+(m+2)a+2pa,]

i#]

+k[(ﬂ—1)iai —,uM]—%[(km+2k+l)ﬁ—k(m+l)]2p0'2 > X,

i=1

The "intermediary" selects their own effort level £, to maximize their own utility, while the

principal designs the contract parameter ﬂM to maximize their own utility. Therefore, when

solving for the maximum value of the objective function, the maximum values of £/, and &,
should be derived first under the incentive compatibility constraint by backward induction. Set
U _ % _ Gk +2k+ DB~k

= =0 , from which it can be derived that @; = , My = 'H—M
Hy a; b C

When setting the participation constraint to equality, & and A can be calculated as follows:

o 2km(1—PB)S, +2m(ku,, +T, +x,)—23S(2k +1)+bS,
2m(km+2k +1) ’

2km(’Bg+Sl)+2m(T2 T x,)+bS,
20kam+ 2k +1)

A=

2
LT, (5,42

_ _ 2
where, S, = (km+2kb+ Dp—k. 5 = [(km +2kbt DB-KT

I =LA+ D)= pmF po* and T, =[S+ k(B =)o+ DF por*
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Substitute A, 4, and @; into the objective function, take partial derivatives with respect to ]

and f,,, and after rearrangement the following equations can be obtained.

OEU _[(m+g)B—(m+1)(k+ B,)bmpo’ +m(gf—3k—1)
op b ,

OEU _Cgpo’(m+)[mB—(m+1)p,1-B,g+2k+1
By Cg |

2 2 O’EU 1+ (m+1)*Cpo?
Meanwhile, aEU:_m(m+g)bp0' +g<0, _ (m+1)" Cpo

op’ b B C
g =km+2k +1.So the objective function has a local maximum. Set the first-order partial

<0, where

derivatives to zero and solve the system of equations simultaneously.

_ (ft2 +0)bg” +[(1—k— fr(k+ Dbt + Bk +1)(ft +1)g

p (ft* +1)bg” +bgmt +(ft +1)g’

_ bfg(g—2k—=1)* +[3(m+1)Cg* + (2k +3)b + (6k +1) f1gt
N (fi+1)(bt +1)g* +bgmt

N 2(m+1)Cgt+ 2k +1)g—(2k—m+2)bt
(ft+1)(bt +1)g* +bgmt

By

where g =km+2k+1, f=C(m+1)’ and t= po”.Substitute Sand [, into @, U, .

= bt(ft+1)g” —[(2k +1)(bft* — fi —1)+ 2btk]g + bmt
a (ft +1)(bt +1)bg + bmt

4

_bf’g? + Cig(m+1)(2-3g) =2k +D)(bft’ ~1)g
M (fi +1)(bt +1)Cg? + bmgt
@k +3)b+(6k +1) [ Yig — (4k —m+2)tb
(ft +1)(bt +1)Cg* + bmgt

The core conclusions are as follows.

Theorem 4: Under full rationality (k = (), the output sharing coefficient S is determined by the
effort cost coefficient and p0'2 . Moreover, the sharing coefficient of pure agents is higher than that

of the intermediary, achieving a balance between incentives and stability.

1+ (m+1)(Cm+C +b)poc”
1+bCp’c*(m+1)> +(m+1)(Cm+C+b)pc” '
B 1+ (m+1)(Cm+b) po”
1+ bC P> (m+1)? +(m+1)(Cm+C +b)po?

Proof: When k=0, thereis =

B

(m+1)Cpc>
1+bCp°c*(m+1)> +(m+1)(Cm + C +b) pc”

ThuS, ﬂ_ﬁM: >O.
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Theorem 5: After introducing fairness preference, the optimal effort level of pure agents is higher
than that under the assumption of complete self-interest. Fairness perception forms implicit
incentives and reduces moral hazard.

B (m+1)(mC+C+b)po® +1
b’Cp*(m+1) p* +(m+1)(mC +C +b)bpc® +b

function O =a, —a,’, wherea, is the effort level of pure agents when k#0 and @, is the

Proof: When k=0, a’'

, Construct the

effort level of pure agents when k = (). In this case,

k{imgb® f*t* + ft’[kmtb*>(m +2)+ gf (bt +2)]}
[ /B’ +bt(bm+b+ f)][bgtf (t +1)+tf (bm + g)+ g]
kg[bt’ (m+1)(bm+4 ) +bt(3m+2)+4 ft +2]
[ /B’ +bt(bm+b+ f)][bgtf (t +1)+1f (bm+g)+ g]

0=

where g =km+2k+1, f=C(m+1)’ and t= po”.Obviously, O>0,thus @, >a, .

Theorem 6: The effort level of pure agents is positively correlated with the fairness preference
intensity k, and maintaining a fair payoffs distribution structure is the key to improving incentive
efficiency.

Proof: Since

Oa; _ bt[g*(m+1)+2(2mg —m)]+4tfg” +2g°
ok [bfgt® +(m+ g)bt + fat]'b
N [B’m(g> +2mg —m)+2(g°m+2g" +2mg —m)] fbt* +2 gt
[bfgt® +(m+ g)bt + fat]’b
N [b’m(g> +2mg —m)+2(g°m+2g" +2mg —m)] fbt* +2 gt

[bfgt® +(m+ g)bt + fat]'b

’

where g =km+2k+1, f =C(m+1)’,t= po’and 2mg—m =m(2km+4k +1) >0 . Therefore
a.
—= >0, which implies that the effort level of pure agents is positively correlated with the degree

of fairness preference.

Theorem 7: The effectiveness of the incentive contract is jointly determined by k, C, b and

,00'2 , and the optimal sharing coefficient of pure agents is greater than that of the intermediary.

When k approaches infinity, the sharing coefficient is determined by m and prz.

Proof: When k # 0, there is

(k+1)(gC+k)

Fb= Chbg® +[Ck*m’* +2Ckm* + Cm + (C + b)(km + k + D)]g + (km +k+1)* ~

where g =(m+1)(k+1)po’. Obviously f—L, >0,ie, >, .As k approaches infinity,
mbpo® +bpo® +3
(m+2)(bpc® +1)

it follows that lim 8 =
k—0
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Theorem 8: The agency cost AC = EU" — EU (where EU" denotes the principal's expected payoffs
under symmetric information, and EU denotes the expected payoffs under asymmetric
information) is positively correlated with £ and o*.When k # (), a reasonable combination of

mand k can significantly reduce the agency cost.

AC=EU —EU
Proof: Since B {(m+1)’[(Cmg +b)t + mg +1]} (km — 2k —1)°t /
2gibfat’ +[m*(g +2k)+(5Ck + bk +2C +b)ym+ 2k +1)(b+ O]t + g}

Where g =km+2k+1, f=C(m+1)’,t = pco’, Therefore

0AC _ (km=2k=1)’’[(m+1)’ (i + £,)p’0" + £i]
op 2g[(m+1)’bgCp’c* +(f,po’ +g)I

>0

7

OAC _ (km=2k—1)’ p[(m+1)*(f; + f,)p’c* + f] 50

o 2g[(m+ l)zbngZ(f4 + (f4,0(72 + g)]2

Where f; =C°k’m’ +2kC’m"* 3k +1)+[13C°k* +2kC(4C +b)+ C*|m’,

£, =2Cm* Bk +1)(2Ck + C +b) +4C*k*m
+[(2C+b)’k +(C+b)*Im+(2k +1)b*’

f,=2g(m+1)’(Cmg +b)pc’ +(mg+1)g and
£, = Ckm® +(4k +1)Cm* +[(5C + b)Yk + 2C +blm+ 2k +1)(b+C) .

When k =0,we have

OAC _{1+(m+1)'Cbp’c® +[(Cm+b)’ +2m+1)(m+1)’ p’c” + 2(m+1)(Cm+b) pc’} 0
om 21+ (m+1)’Chp*c* + po*(m+1)(Cm+C +b)]* '

4, Numerical Simulation and Case Verification

4.1. Numerical Simulation

Set the parameters as p0'2 =1,C=1, b=1, m=3 and x,=0. Simulate the impact of

different fairness preference intensities K on the key variables of the model, and the results are

shown in Table 1.

Table 1. payoffs of each level under different fairness preferences.

Symmetric information Asymmetric information
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Fairness
Expected Net Effort level Expected Net
preferenc  Effort level of
payoffs of payoffs of of pure payoffs of payoffs of
e pure agents
pure agents principal agents pure agents principal
intensity
0.00 1.00 0.5000 2.0000 0.5676 2.1622 0.3221
0.50 2.00 1.5102 1.8776 1.7602 2.5835 1.2766
1.00 3.00 2.3333 2.3750 3.0000 2.9679 2.3333
1.50 4.00 3.1419 2.9343 4.2457 3.3293 3.4010
2.00 5.00 3.9463 3.5124 5.4934 3.6756 4.4720
2.50 6.00 4.7490 4.0988 6.7419 4.0116 5.5446
3.00 7.00 5.5508 4.6895 7.9909 4.3403 6.6179
3.50 8.00 6.3521 5.2827 9.2401 4.6637 7.6916
4.00 9.00 7.1531 5.8776 10.4895 4.9830 8.7657
4.50 10.00 7.9538 6.4735 11.7391 5.2992 9.8400
5.00 11.00 8.7544 7.0703 12.9887 5.6130 10.9144

Comparison of Table 1 and Figure.2 reveals the following findings.
(1) Regardless of whether information is symmetric or not, the effort level and expected payoffs
of pure agents, as well as the net payoffs of pure principals, increase significantly with the rise in the

k

fairness preference intensity *.
(2) The incentive effect under symmetric information is overall superior to that under
asymmetric information, while fairness preference exerts a positive regulatory effect on both states.

(3) When k=5 00, the effort level of pure agents under symmetric information is 10 times

higher than that when k=0 (complete rationality), and the net payoffs of pure principals increases
by 4.47 times, which verifies the significant incentive effect of fairness preference.

(a) Effort Level Comparison 5 (b) Expected Income Comparison i (c) Principal Net Income Comparison

—@- Symmetric Information —@-— Symmetric Information
~8— Asymmetric Information ~@— Asymmetric Information

—@— Symmetric Information
~8— Asymmetric Information

©

oo
S (& o ~

Pure Agent Effort Level
w

Pure Agent Expected Income
Pure Principal Net Income
(<>}

N

it

0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Fairness Preference Intensity Fairness Preference Intensity Fairness Preference Intensity

Figure. 2 The Impact of Fairness Preference on Key Variables
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A further analysis is conducted on the relationship between agency cost, the number of agents m, and fairness

preference intensity k in Table 2.

Table 2. Relationship between Agency Cost, Number of Agents and Fairness Preference

) Af? k=0 k=1 k=2 k=3 k=4 k=5
m=1 0.4545 0.3049 0.3622 0.4356 0.5138 0.5939
m= 0.6818 0.1078 0.0580 0.0396 0.0301 0.0243
m= 0.9189 0.0000 0.0697 0.1904 0.3252 0.4659
m=4 1.1607 0.1464 0.7015 1.3277 1.9735 2.6275
m=5 1.4051 0.6353 2.1016 3.6582 5.2393 6.8305
m= 1.6509 1.5177 4.3506 7.2909 10.2603 13.2416
m=7 1.8978 2.8248 7.4954 12.2889 17.1153 21.9554
m= 2.1453 4.5768 11.5655 18.6909 25.8528 33.0296
m=9 2.3934 6.7873 16.5804 26.5223 36.5039 46.5016

m=10 2.6417 9.4657 22.5530 35.8002 49.0896 62.3963

It can be concluded from Table 2 that
(1) When k =(), the agency cost increases monotonically with the rise in the number of agents .

(2) When f # (), the agency cost is jointly determined by m and £, and there exist multiple value
combinations that significantly reduce the agency cost (e.g., the agency cost is only 0.0580 when m=2 and k
=2).

(3) When m=3 and £ =1, the agency cost drops to 0, achieving the optimal synergy effect, which verifies the

feasibility of reducing agency costs by optimizing the combination of m and k .

4.2. Case Verification: Quality Incentives under the Farm-Supermarket Direct Purchase Model

The farm-supermarket direct linkage green supply chain is an important channel for farmers to
increase their payoffs, with a principal-agent structure as supermarkets(pure principals) —
suppliers(intermediary) — farmers(pure agents). Supermarkets need to incentivize farmers to
provide high-quality agricultural products through suppliers, to achieve a win-win outcome for all
three parties.

Studies by Fei have confirmed that the sum of the price premium for high-quality agricultural
products and the planting investment subsidy provided by supermarkets should equal the cost
difference for farmers between planting high-quality and low-quality agricultural products [28]. This
is highly consistent with the conclusions of the model in this paper. Farmers have a strong fairness
preference, and their effort level(investment in agricultural product quality) is significantly affected
by their perception of payoffs fairness.
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In practice, farmers not only focus on their own absolute payoffs but also attach importance to
the relative fairness of payoffs distribution. If they perceive that supermarkets obtain excess payoffs
through channel advantages while their own labor is not reasonably rewarded, they will experience
a strong sense of unfairness and thus reduce quality investment. Conversely, when the gap between
the acquisition price and the supermarket retail price is reasonable and subsidies are sufficient,
farmers' fairness preferences are satisfied and they are willing to exert greater effort to ensure the
quality of agricultural products.

Based on the model in this paper, supermarkets can optimize the incentive mechanism through
the following measures.

(1) Increase the purchase price of high-quality agricultural products and raise the output sharing
coefficient to directly enhance incentives for farmers.

(2) Increase training in planting technology and subsidies for production materials to reduce
farmers' effort costs, indirectly improve their effort levels, and thereby enhance green production
efficiency.

(3) Establish a transparent price announcement mechanism to narrow the perceived gap
between the purchase price and retail price, thereby strengthening the positive incentive of vertical
fairness preference.

(4) Optimize the scale of farmers managed by suppliers according to the fairness preference
characteristics of farmers in different regions, so as to reduce agency costs.

This case verifies the practical applicability of the model in this paper and provides an operable
practical path for the design of incentive mechanisms in complex principal-agent structures.

5. Conclusions

Based on principal-agent theory, this paper introduces fairness preference to construct a n-level
principal-agent incentive model with multi-branches at the chain terminal , and systematically
explores the impact of fairness preference on the effort level of terminal agents, the design of incentive
contracts, and the overall efficiency of the principal-agent chain. The core finding is that the fairness
preference of terminal agents is a key variable affecting the efficiency of the principal-agent chain.
This finding remedies the limitation of traditional incentive theory that neglects individual fairness
concerns and reveals the core cause of the deviation of contracts from reality.

Model analysis shows that in a complex chain-type multi-branch agency structure, fairness
preference profoundly affects the design of optimal contracts by altering risk sharing and incentive
costs.With the contract matching fairness preference characteristics, it motivates agents' intrinsic
motivation and achieves incentive compatibility, while reducing agency costs and improving green
production efficiency. Numerical simulation and The farm-supermarket direct linkage green supply
chain case further verify the validity and practicality of the theoretical model, which confirms that
fairness preference has a significant effect on controlling agency costs and improving the effort level
of agents.

The theoretical contribution of this paper lies in extending fairness preference theory to the
complex principal-agent structure with multi-branches at the chain terminal, and constructing a n-
level incentive model integrating horizontal and vertical fairness preferences. The practical value lies
in providing a quantitative reference for the design of incentive mechanisms in fields such as
enterprise management and supply chain collaboration. Incentive efficiency can be improved by
regulating factors related to fairness preference(e.g., optimizing the fairness of payoffs distribution,
matching the number of agents with the intensity of fairness preference).

Future research can be further expanded in the following directions. First, introduce
heterogeneous fairness preferences of agents to enhance the realistic explanatory power of the model.
Second, consider a dynamic evolutionary perspective to analyze the long-term interaction between
fairness preference and incentive mechanisms. Third, combine blockchain and quantum technologies
to explore the regulatory effect of information transparency on the incentive effect of fairness
preference.
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