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Abstract: Improving the level of construction safety is an important task for stakeholders. How
to balance the interests and reduce the conflicts between stakeholders has become the key factor
in reducing accidents. To design incentive mechanisms that can not only improve the level of
construction safety but also make the construction enterprise and construction workers mutually
beneficial, differential game models under different incentive mechanisms are constructed. The study
found that the greater the impact of construction workers’ safety efforts on the safety reward and
punishment, the higher the level of construction safety. However, when construction workers” efforts
have too much impact on the reward and punishment, it is not conducive to the improvement of
the income of the construction enterprise. The smaller the proportion of income allocated to the
construction enterprise, the higher the level of construction safety. However, when the proportion of
income obtained by the construction enterprise is too low, it is not conducive to the improvement
of the income of the construction enterprise. The safety reward and punishment mechanism and
the income sharing mechanism that meet specific conditions can make the construction enterprise
and construction workers mutually beneficial. In addition, the level of construction safety and the
income of the construction enterprise and construction workers under the combination mechanism
composed of the reward and punishment mechanism and the income sharing mechanism is higher
than that under a single mechanism.

Keywords: construction safety; mutual benefit; differential game; reward and punishment;

income sharing

1. Introduction

Sustainability and safety are two issues that have attracted more attention in the
construction field [1,2]. In construction safety, construction enterprises have conducted
a lot of work, such as improving the construction environment of construction workers,
strengthening safety management, and so on. However, the construction industry is still a
high-risk industry [3]. The construction industry’s share of fatalities is the highest of all
industries, accounting for roughly 19% of all workplace fatalities, although the industry
accounts for roughly 4.5% of the total workforce [3]. Therefore, the safety performance of
the construction industry is still an area of concern.

There are many factors affecting construction safety [2-5], among which the safety
management behaviour of construction enterprises and the safety behaviour of construction
workers are two important factors [6-11]. The improvement in the level of construction
safety is the result of the joint efforts of construction enterprises and construction workers.
In the process of construction, the construction enterprise and its construction workers
are interdependent. The survival of the construction enterprise depends on the labour
paid by its construction workers, and the survival of construction workers depends on the
wages paid by the construction enterprise. This is consistent with the symbiosis theory in
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ecology. The system of construction safety can be regarded as a symbiotic system. As an
epistemology and methodology, symbiosis theory has been applied in many fields [12-16].
According to symbiosis theory, the symbiotic system has higher efficiency and stability
under the mutually beneficial mode [17-21]. The mutually beneficial mode can balance
the interests and reduce the conflicts between the construction enterprise and construction
workers. How to balance the interests and reduce the conflicts between the stakeholders of
construction safety is the key factor to reduce accidents [22]. Therefore, it is necessary to
design incentive mechanisms of construction safety from the perspective of mutual benefit.

Reward and punishment is a common mechanism to encourage construction work-
ers to take safety behaviour. At present, there are many studies on the impact of the
reward and punishment mechanism on workers’ safety behaviour. Ting pointed out that
punishment can make front-line workers adopt safety behaviour [23]. Guo found that
rewards can strengthen construction workers’ safety behaviour, and punishment can in-
hibit the occurrence of unsafe behaviour [24]. Shin found that rewards could encourage
construction workers to adopt safety behaviour [25]. Because safety behaviour requires
construction workers to expend more effort, rational construction workers will compare
rewards and punishments with their efforts before taking action. According to Becker’s
related research [26], when the expected cost is less than the expected benefit, their be-
haviour motivation will be transformed into real behaviour. Thus, too low rewards and
punishments cannot play an incentive role. Excessive reward and punishment will reduce
the income of construction enterprises or construction workers. How to make the reward
and punishment mechanism not only improve the level of construction safety but also
improve the income of construction enterprises and construction workers is still a gap in
the relevant research.

Revenue sharing is a mechanism used to solve the problem of supply chain coordi-
nation in supply chain management. Supply chain management has a mature body of
knowledge [27]. Some coordination mechanisms in supply chain management, such as
revenue sharing mechanisms and cost sharing mechanisms, have been used to improve
the safety level of production in supply chains. For example, Yang founded that the rev-
enue sharing mechanism and the cost sharing mechanism can improve the safety level of
production in the supply chain composed of suppliers and manufacturers [28]. Can the
revenue sharing mechanism or the income sharing mechanism improve the safety level of
the system composed of construction enterprises and construction workers? What kind
of income sharing mechanism can improve the income of construction enterprises and
construction workers at the same time? Can the combination of reward and punishment
mechanism and income sharing mechanism bring a higher safety level? These problems
lack relevant research.

Reward and punishment mechanism and income sharing mechanism will affect the
income of the construction enterprise and construction workers. Driven by interest, they
will have a behavioural interaction. This behaviour interaction can be analysed by the
evolutionary game theory [22]. Evolutionary game theory has been widely used in the
research of traffic safety [29-31], food safety [32-34], coal mine safety [35-37], construction
safety [38-42], and so on. For example, Yun established an evolutionary game model
to analyse the safety strategy selection of stakeholders in the tower crane operation on
construction sites [6]. Guo used evolutionary game theory to analyse the impact of different
behaviour strategies among the government, construction units, and construction workers
on the behaviour strategies of other parties [41].

However, the above research did not consider the dynamic change characteristics of
the level of construction safety. The level of construction safety will change dynamically
with time under the influence of factors such as aging of construction equipment and
facilities. This change will affect the decision making of the construction enterprise and
construction workers in the game of construction safety. Evolutionary game theory cannot
analyse the game behaviours of the construction enterprise and construction workers in
this situation. However, the differential game theory can. The differential game refers to the
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continuous game of multiple participants in a time-continuous system trying to optimize
their independent and conflicting goals and finally obtain the strategies of each participant
over time and achieve a Nash equilibrium [43-45]. Based on differential game theory, the
following work is performed: (1) The differential game model without incentive mechanism,
the differential game model under the safety reward and punishment mechanism, and
the differential game model under the income sharing mechanism are constructed; (2) the
safety efforts and the income of the construction enterprise and construction workers under
different mechanisms are compared; (3) safety incentive mechanisms are designed, which
can not only improve the level of construction safety but can also make the construction
enterprise and construction workers mutually beneficial.

The remainder of the research is structured as follows. In the second section, differen-
tial game models under different situations are established and solved. The third section
compares the model results and analyses the influence of the main parameters on the model
results through a numerical example. The fourth part is the conclusion and suggestion.

2. Model Construction and Solution
2.1. Differential Game Theory

The differential game can be regarded as a generalization of optimal control theory
and dynamic programming in which more than one player is involved in the game [44].
The differential game is defined as follows:

In a differential game with n participants, the strategy chosen by the participant i at
time t is u;(t), then his objective function in the game period [to, T] is:

mac [ gi(t,2(8) 1 (8)102(0), .. ua (1) dt + Qi (x(T) )

uj to

where g;(t,x,u1,uy,...,u,) represents the payment of participant i at time ¢, and the
payment result is consistent with the strategic behaviours of other participants at time ¢. It
is also related to the state variable x (). At the end of the game period, the terminal return
of participant i is related to the state variable x(T) at that time, which is Q;(x(T)). The
state variable x(t) satisfies the following dynamic variation equation:

x(t) = f(t,x(t), ur(t), up(t),..., un(t)), x(ty) = xo ()

where x(t) = dx(t)/dt. g;(t,x,uq,up,..., uy) and f(t,x,uq,uy,...,uy,) are differentiable.
The optimal strategy set of all participants except participant i is
u*; = {uj,uy, . .ouf g, ul g, ..., uy}. If there is fto gi(tx(t),ur(t),u*;(t))dt + Qi(x(T)) >
ft?; Qi (t, Xl (), ui(t), u"ii(t)) dt+ Q; (x[i] (T)) for all u}, then the strategy set (3, u3, ..., u})
is said to constitute a non-cooperative Nash equilibrium solution of differential game in-
volving n people, where x(t) and x[ () represent the state when the participant i selects
the optimal strategy and does not select the optimal strategy in the period [to, T]. x(t) and
xll(t) satisfy:

£(1) = £t x(0), 4 (5, 44(1)), x(to) = x )

e = £ (1, 21000), 17 (5), 0 ,(8)), 2 (ko) = 30 )

The Nash equilibrium solution of the differential game can be obtained by constructing
Hamilton Jacobi Bellman equation (HJB) [46-48].

2.2. Model Symbols
The symbols used in the model are shown in Table 1.
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Table 1. Model symbols.

Model Symbols Meaning
e Construction enterprise’s income function.
w Construction workers’ income function.
5(t) Level of construction safety at time ¢.
SE Construction enterprise’s safety effort.
Sw Construction workers’ safety effort.
ke Cost coefficient of construction enterprise’s safety effort.
kyy Cost coefficient of construction workers’ safety effort.
N Influence coefficient of construction enterprise’s safety effort on the level
of construction safety.
8 Influence coefficient of construction workers’ safety efforts on the level of

construction safety.

0 Attenuation rate of the level of construction safety.
Construction enterprise’s income other than safety effort costs, accident
losses, and construction workers’ salaries.

W Salary received by construction workers without safety reward and
punishment.
L Maximum punishment to construction workers.
U Coefficient of safety reward and punishment.
P Accident probability under unsafe conditions.
€ Influence coefficient of safety level on accident probability.
Lg Loss of the construction enterprise in the case of accident.
Lw Loss of construction workers in the case of accident.
0 Discount rate.
d Proportion of income obtained by the construction enterprise under the
E income sharing mechanism.
Proportion of income obtained by construction workers under the
income sharing mechanism.
N Situation without safety incentive mechanism.
R Situation with the reward and punishment mechanism.
C Situation with the income sharing contract
Situation with the joint action of the reward and punishment mechanism

R . : .
¢ and the income sharing mechanism

2.3. Model Assumptions

Hypothesis 1. The participants in the game are a construction enterprise and its
construction workers. Efforts of the construction enterprise in safety equipment investment,
safety supervision, and other work related to construction safety are called the safety
effort of the construction enterprise. Efforts of construction workers in complying with the
safety system and other work related to construction safety are called the safety effort of
construction workers.

Hypothesis 2. According to the convexity characteristic of cost [49-51], the costs of the
construction enterprise’s safety effort and construction workers’ safety effort are kg'Sg?/2
and k;,S4,2/2, respectively, where kg’ is the cost coefficient of construction enterprise’s
safety effort without considering the impact of safety investment on production investment.
Sg is the safety effort of the construction enterprise. ky, is the cost coefficient of the safety
effort of construction workers. Sy, is the safety effort of construction workers. The increase
in safety investment may lead to the decrease in production investment, resulting in
opportunity loss. To ensure that I in Table 1 does not change with the level of construction
safety, it is assumed that the opportunity loss generated by the construction enterprise’s
safety effort is —kg”kg'S £2/2, where kg is the impact coefficient of safety effort on the
construction enterprise’s production income. Taking into account the opportunity loss
caused by safety effort, the income of the construction enterprise is I — kg"kg’S £2/2 —
ke'Sg?/2 =1 — (kg"kg' +kg')Sg?/2. Let kg = kg”kg' + kg', and reassume the cost of the
safety effort of the construction enterprise as kpSg? /2.
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Hypothesis 3. The level of construction safety is affected by the safety effort of the
construction enterprise and construction workers. Under the influence of factors such as
the aging of safety equipment, the level of construction safety will decline with time. The
level of construction safety is a dynamic process with time. Referring to Nerlove arrow’s
goodwill dynamic equation [52] and other related research [53,54], the dynamic change
process of the level of construction safety with time t is described as follows:

dS(t)/dt = aSg + BSw — 5S(t) ®)

S(t) is the level of construction safety at time t. &, 8, and J are shown in Table 1.

Hypothesis 4. Through the control test, Unto and Markku found that there is a
significant linear relationship between the safety level and the accident rate, and the higher
the safety level, the lower the accident rate [55]. Based on this research, the probability of
accident is assumed as P — eS(t), where P, ¢, and S(t) are shown in Table 1. According
to the solution of Equation (5) in the Appendix A, S(t) = ¢Sy + 1_(‘;& (aSE + BSw),
where S is the level of construction safety when t = 0. With the increase in ¢, S(t) tends to
(aSg + BSw) /6. To ensure P — eS(t) > 0, we assume 0 < ¢ < P5/(aSg + BSw).

Hypothesis 5. The construction enterprise and construction workers have the same
discount rate p, where p > 0. The discount rate refers to the interest rate used to change
future payments into the present value. They both seek the degree of safety effort to
maximize income in an infinite time region.

2.4. Model without Safety Incentive Mechanism

When there is no safety incentive mechanism, the salary paid by the construction
enterprise to construction workers does not change with the change in construction workers’
safety efforts. In [0, co], the income functions of the construction enterprise and construction
workers are:

T = /Oooe—Pf{I — kpSg2/2 — (P —€S)Lp — W)dt ©)

w = /Ooo e P{W —kwSw?/2 — (P — &S) Ly }dt @)

where 71 is the income function of the construction enterprise. 7Tyy is the income function
of construction workers. (P — €S)L is the loss expectation of the construction enterprise
when the accident occurs. (P — eS)Lyy is the loss expectation of construction workers when
the accident occurs. The decision-making problem faced by the construction enterprise and
construction workers is to seek Sg and Sy to maximize 7rg and 71y under the condition
of dS(t)/dt = aSg + BSw — 05(t), where S(0) = Sg > 0. By constructing Hamilton Jacobi
Bellman equation (H]B), the Nash equilibrium solution of the model can be obtained. The
calculation process is shown in the Appendix A. In the equilibrium state, the safety efforts
of the construction enterprise and construction workers are:

eLru

N _

°F = (p+0)kg ®)
N_  eLwp

o= (o +6)kw ©

where SgV is the safety effort of the construction enterprise. Sy is the safety effort of
construction workers. N refers to the situation without a safety incentive mechanism. The
evolution process of the level of construction safety is:

1—e 0 [ELEtXZ eLWﬁZ]
5(p+5) kE kw

SN(t) = e %5y + (10)
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In the equilibrium state, the income of the construction enterprise and the income of
construction workers are:

eLE N I—-W—PLg eLp  .eLpa®>  eLyp?
Vel = SN(t) + + 11
_ 2 2
WN _ SLW SN(t) W PLW + ELW SLEDC SLW‘B ] (12)

= -
p+o P o(o+6)*" ke 2k

where VN is the income of the construction enterprise. ViwN is the income of construction
workers. The total income of the construction enterprise and construction workers is:
(Lg?+2eLweLlg)a® | (€2Lw>+2eLgely ) B>

LpteL I-PLg—PL
Vew®™ = VEN + VN = %SNU) + [ P(pio‘)Z[ 2k + 2w ] (1%

2.5. Model under the Reward and Punishment Mechanism

In the situation with the reward and punishment mechanism, it is assumed that
the salary paid by the construction enterprise to construction workers is W — (L — uSy).
L is the maximum punishment for construction workers. y is the coefficient of reward
and punishment, which indicates the impact of construction workers’ safety effort on the
reward and punishment. In [0, o0], the income functions of the construction enterprise and
construction workers are:

g = /000 e_‘ot{l — kESEZ/Z —(P—¢S)Lg — [W — (L — ySW)]}dt (14)

= [P~ (L )] kwSwE/2 - (P eS)Luldt (15)

where dS(t)/dt = aSg + BSw — 0S(t). S(0) = Sp > 0. The solving process of this model is
similar to that of the model without an incentive mechanism. In the equilibrium state, the
safety efforts of the construction enterprise and construction workers are:

Lrax
SpR = L 16
F (o + )k 16)

(o + 0)kw
where R represents the situation with the reward and punishment mechanism. The evolu-
tion process of the level of construction safety is:

1—e % eLpa® N y(p+5),8+£LW,BZ]

SRt — 75155
() ¢ 0+(5(,0+5)[ kE kW

(18)

In the equilibrium state, the income of the construction enterprise and the income of
construction workers are:

R _ €Lp ¢R [-PLe—W+L _ €Lg2a®  p%(p+6)+puelwp eLg  relpa® | pP(p+o)+eLwp?

Ve = st (0 T 20(p+6) ke Plo+0)kw Pt ke T ) 19)
R _ elw cR W-L-PLy _ p2(p+8)+pelwp _ [p(p+6)+eLwpl ely relpa® | pB(o+0)+eLwp?

V™ = 765 (t)+ P T ootk 20(0+0) kw +p(p+(5)2[ ke T ky ] (20)

The total income of the construction enterprise and construction workers is:

VewR = VeR + vy R = ehetelw gR(p) 4 I-PLe—Plw E2Lp%?  [p(o+d)+eLwp® | eLptely [sLEaZ " uﬁ(p+5k)JgLWﬁ2] 1)

p+o P  2p(p+0)%ke 20(p+6)*kw p(p+6)” - ke
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To further improve the level of construction safety, the following first designs a revenue
sharing mechanism and then designs a combination mechanism composed of the safety
reward and punishment mechanism and the income sharing mechanism.

2.6. Model under the Income Sharing Mechanism

In the situation with the income sharing mechanism, it is assumed that the construction
enterprise and construction workers share the income through contract (dg, dy ), where dg
is the proportion of income allocated to the construction enterprise. dyy is the proportion of
income allocated to construction workers. dr + dy = 1. In [0, c0], the income functions of
the construction enterprise and construction workers are:

ne = [ e dell — keSe /2 (P - eS)Lela 22)

Ty = /Ooo e P Ayl —keSE2/2 — (P — €S)Le] — kwSw?/2 — (P — S)Ly}dt  (23)

where dS(t)/dt = aSg + BSw — S(t), S(0) = Sp > 0. In the equilibrium state, the safety
efforts of the construction enterprise and construction workers are:

eLpa

c_
= o &
c _ dweLgp +eLwp

W T o+ o)k ®)

where C represents the situation with the income sharing contract. The evolution process
of the level of construction safety is:

1—e~% eLpa®>  (dweLg + SLW)ﬁZ]

SE(t)y=es
(B =S+ 505 s o

(26)
In the equilibrium state, the income of the construction enterprise and the income of
construction workers are:

_ dgeLg SC(t) n dE(I —PLg) " dpeLg ELEIXZ (dwELE —l—SLw)ﬁz]

Ve© 5
p+0 Y plp+0)° 2ke Ky

(27)

C _ dweLg+elw oC dw(I—PLg)—PLyw _ dwe?Lg%e® | (dwelp+elw)eLpa® | (dwelp+elw)p?
Yw 0+o S=(t) + 0 2kep(p+0)? p(p+0)? [ ke + 2k ] (28)

The total income of the construction enterprise and construction workers is:

C _ elp+elw oC I-PLp—PLy dpeLp reLpa® | (dwelp+elw)p?y
VEW —  p+d 5 (t) + 0 + p(p+5)2[ 2kg + kw ]
(dweLp+eLw) [eLEocz (dweLg+eLw)p?

(29)
o(p+6)2 ke + 2k ]

dwszL%az +
2kpp(p+0)>

2.7. Model under the Combination Incentive Mechanism

Under the combination mechanism composed of the reward and punishment mecha-
nism and the income sharing mechanism, the income functions of the construction enter-
prise and construction workers are:

g = /Ooo e P{dg[l — kpSg?/2 — (P — €S)Lg] + (L — uSw) }dt (30)

Ty = /00o e P dw[l —kgSg?/2 — (P —€S)Lg] — (L — uSw) — kwSw?/2 — (P — €S)Lyy }dt (31)
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where dS(t)/dt = aSg + BSw — 05(t). S(0) = Sg > 0. In the equilibrium state, the safety
efforts of the construction enterprise and construction workers are:
Lea
g.RC _ _ELEX 32

g (0 +6)ke 2

re _ (p+0)p+dweLlpp +eLwp
(o +0)kw

where RC represents the situation with the joint action of the reward and punishment
mechanism and the income sharing mechanism. The evolution process of the level of
construction safety is:

Sw (33)

1—e % eLpa® (o +0)up+ (dweLg + sLW)/Bz]

SRCt — 751‘8
(B =S+ 555 e Ky

(34)

In the equilibrium state, the income of the construction enterprise and the income of
construction workers are:

RC __ dpeLg RC dg(I—PLg)+L dpe?Lg2a? 1% (0+0)+u(dweLg+eLw)p dpeLp reLpa® | w(o+6)B+(dweLp+eLlw)p>
VET = ST+ P 2p(p+6) ke p(p+0)kw p(p+5)2[ + N

p+o N kg kw

ViyRC = dweLp+elw SRC(4) + dw(I—PLg)—L—PLy i 12 (p+0)+pu(dweLlp+elw)B

p+o R P o(p+0)kw (36)
dwe’LEa®  [u(p+0)+(dweLp+ely)p] + dwaE+£Lw[€LEﬂ2 + H(P+5)/5+(dWELE+eLW)52]
2p(p+0)2k 2p(p+6)%kw p(p+8)2 L ke ky

The total income of the construction enterprise and construction workers is:

VEWRC _ elptely SRC(t) + I—PLg—PLy e2Lp2a? [1(0+6)+(dweLp+eLw)Bl* | eLp+ely [sLEaZ n y(p+5)ﬁ+(dw€LE+sLW)52]. 37)

p+o 3  2p(p+0)ke 20(0+0) ky p(p+0)” - ke kw

3. Model Results Discussion
3.1. Comparison of Model Results under Different Mechanisms

N _ _elpa N _ _elwB R _ _eLpa R _ plp+d)+elwp
It can be seen from S = (p+5)kE’SW = (p+5)kW’SE = (p+52k5’;gw = ik

C __ ELEDC C _ deLEﬁ+£LW‘B RC __ ELEDC RC _ P+t5 H+dwELEﬁ+€LW‘B
SE” = Gaojer SW = T ook 7 OE = (a0 Sw = = that

the greater the accident loss Lg or Ly, the greater the safety effort of the construction enterprise
or construction workers. The smaller the cost of safety effort k. or kyy, the greater the safety
effort of the construction enterprise or construction workers. Compared to the situation
without an incentive mechanism, the safety reward and punishment mechanism will not
affect the safety effort of the construction enterprise but will improve the safety effort of
construction workers. In addition, the greater the coefficient of reward and punishment, the
higher the safety effort of construction workers. Compared with the situation without an
incentive mechanism, the income sharing mechanism will not affect the safety effort of the
construction enterprise but will improve the safety effort of construction workers. Moreover,
the greater the proportion of income allocated to construction workers, the higher the safety
effort of construction workers. Compared with the situation with the safety reward and
punishment mechanism and the situation with the income sharing mechanism, the safety
effort of construction workers under the combination mechanism is higher. According to
SN(t), SR(t), S¢(t), and SRC(t), the following proposition can be obtained.

Proposition 1. Compared with the situation without an incentive mechanism, both the safety
reward and punishment mechanism and the income sharing mechanism can improve the level of
construction safety. In addition, the level of construction safety under the combination incentive
mechanism is higher.
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__ =0t __,—0t 2
Proof of Proposition 1. SR () — SN(t) = W >0,5¢(t) —SN(t) = % >
1—e % )dyeLg B2

_ ,—0i
0, SRC(t) — 5R(t) = (e 2 Mmekel” o gRe(p) — 5C(g) = (e DB - o here, S(1),

SR(t), S€(t), and SRE(t) represent the safety level without an incentive mechanism, the safety
level under the reward and punishment mechanism, the safety level under the income sharing
mechanism, and the safety level under the combination incentive mechanism, respectively. [

According to the income of the construction enterprise and the income of construction
workers under different situations, the following proposition can be obtained.

Proposition 2. Compared with the situation without an incentive mechanism, when

_ 2p(1—e ") (eLg+eLy)B+20eLgp . . .
u<u = 5(p+9) , the safety reward and punishment mechanism can im-

prove the total income of the construction enterprise and construction workers. When Ly < L < Ly,
the reward and punishment mechanism can not only improve the income of construction work-
ers but also improve the income of the construction enterprise, where u dis the coefficient of
reward and punishment, and L is the maximum punishment to construction workers. L, =
S[p? (p+0)+peLw Bl H[P(lfef&)ﬂs]d‘lsﬁ, and Ly = plo(1—e~*") +dleLwp + ;12(p+6)2752Lw2/32'

o(p+0)kw o(p+0)kw o o(p+0)kw 2(0+6)%kw

epe R N (1,e—ét)y(gLE+sLW)/5 peLpp 12 .

Proof of Proposition 2. Vg™ — Vg™ = 50T + p(p+§)kw ~ ke According
20(1—e=%) (eLp+eLy)B+20eL 1—e=0) +5]eL

to Vew® > Ve, u < al )(5(E+5)W)ﬁ 2y VER — VEN = ”[p((sp(m))kw] L % -
12 (p+6)+peLwp . R N R 1, N _ He(1=e™")+dleLwp
W.zAccordlng to VE > VE P L > Ll. VW VW = 5P(P+5)kw +
M - L According to VwR > VN, L < Ly, where L; and L, are shown in

Proposition 2. J

According to Proposition 2, under certain conditions, the reward and punishment
mechanism designed according to the effort of construction workers in construction safety
can not only improve the safety level but also make the construction enterprise and con-
struction workers mutually beneficial.

Proposition 3. Compared with the situation without an incentive mechanism, the income sharing
mechanism can improve the total income of the construction enterprise and construction workers. Under

. Ay—r/ A2 —4A VEN . Apta/ A2 —4 A VEN Ag—/ A2 +4AW
the condition of 2=NLZAAVED g < i { ANV L2 ZATED g AT VA PR 10y o

24, 24, 24,

Ay—+/ A2 —4A VEN A4+\/A42+4A3W1/‘0 % Ax+r/ A2 —4A VEN . .
max{ oy 1+ 745 b <dp* < = a—— the income sharing
mechanism (dg*,1—dg*) can not only improve the income of construction workers but can also
improve the income of the construction enterprise, where dg* is the proportion of income obtained by the

1— 67& +6 82 L 2722

construction enterprise in the income sharing mechanism. Ay =

3p(p+6) kw
[20(1—e %) +0]e L B2 eLre—0tS (I-PLg) , [Ro(1—e%)+6]e2 Lg%
W, A, Ay = ,and Ay = SEE_0 E
1/p+ A1, As 208(p+0) Ky 4 b5 T T 208(0+06) kg
[20(1—e ") +8JeLgeLiy B2
06 (0+0) kw
... 1—e =) dyy (L2 +eLyelLr ) B
Proof of Proposition 3. Vew€ — Vew = ( Jiw( kel )b +
0(0+0)kw
27 2p2 2 227 202
2wdgeLe"p +22d(58f§;2LkWﬁ HWELEA S Vi€ = —A1dg? + Aydp. Ay and A, are shown
o w

\ A2274A1VEN Ap++/ A2274A1 VEN
<dp < 5 .

in Proposition 3. According to Vi¢ > VgN, Ao 24 %
VWC — VWN = A3(1 _dE)2 + A4(1 - dE) - Wl/P ACCOI‘dil’lg to VWC > VWN, dE <

Ayg—+/ A2 +4A3W Agtr/ A2 H4AW . .
14 = 42/;; MO p gy > 1 4 AT 42/;; 2 1/p.A3andA4areshown1nProp051t10n
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Ay—+/ Ar2—4A VEN . (A Ar2—4A VEN Ag—+/ A2 +4AW
3. Thus, when =2 2 Ve < dp* < min{ 2+ 22A1 WVET 14 A 4*+44;3 1/P}

24, 24,

A Ap2—4AVEN A Ag2+H4AW A A2 —4AVEN
ormax{zvz 1VET 14 4+\/4+ 31/}<dE*< 2tV Ay VeT and Viy€ >

2A1
vwlN. O

According to Proposition 3, compared with the situation without incentive mechanism,
the income sharing mechanism (dg*,1 — dg*) can not only improve the safety level but
also make the construction enterprise and construction workers mutually beneficial.

Proposition 4. Compared with the reward and punishment mechanism, under the condition

2p(1—e=°) (Lg+L L .
of dp > 2”8(;;; 9 _ (i 5L)E( etlw) _ 1, the combination mechanism composed of the re-

ward and punishment mechanism and the income sharing mechanism can further improve the
total income of the construction enterprise and construction workers. Under the condition of

5 .
ax{BﬁBrJ(BﬁBz) —4B1(Ba=Wa/p) 2u(p+8) _ 2p(1—e”*)(LptLlw) 1 < 75
2B; 7 T ¢BLg JLE E
. Bi+By+1/(B1+By)>—4B1 (By— W /p) 3—+/B32+4ByW /p
< min{ B2 \/( 1 22{);1 1(B2— W P 32;; 4 Wa/ Py or max
B1+32*\/(31+Bz)2*431(32*W2/P) 2u(p+8) 2P(1*€7§t)(LE+LW) 11 By++/Bs?+4ByWa /p
{ 2B, » “eBLg Sir A+ 78, b <
B1+By+1/ (By+By)* —4By (By— W,/ o . .
dp* < =2 \/( ! 221)3 (P2~ W p), the combination mechanism can not only further im-

1
prove the income of construction workers but can also further improve the income of the con-
struction enterprise, where dg is the proportion of income obtained by the construction enter-

. . o , . . 1—e~ %) 4+5]2 L2 B2
prise and dg** is the proportion in the income sharing mechanism. By = lp(1=e ") +02Le%p

) ps(p+6)kw
B - lpeLpe So+(p+0)(I-PLp)]  Ro(1e”®)+ole?Leta? - [p(1—e ) tolucLep
2 0(p+3) 200(p+0)kE p3(0+0)kw
(e ®)+olclpelwf® | pelep p  _  pelpe'Sot(p+d)(I=PLg) | [p(1-¢ ") +dletlp%?
p3(p+0) %k plpFo)kw” 3 p(p+3) 206(p+0)kp
[o(1—e~%)+6]ueLp [Zp(lfe"”)+§]sLEeLw‘BZ B, — [2p(17€’5’)+§]£2LE2/32
p3(p+o)kw 00(p+0) %k 1P = 206(p+0) kyy
Proof of Proposition 4. Ve RCE VewR =
20(1—e)+-6(2—dw ) dwe? L2 B2+ [20(1—e = )eLyy f—26 8)]dweL
20(1—e™*")+6(2—dw)]dwe* LB [p( e ")eLwB-26u(p+O)dweLep i > 2;,8%;;5) B
206(p+06) %k E
20(1—e) (Lg+Ly) W
( 5L)E 1, VEWRE > ViRl VERC — VR = (1 —dg)dgBy — (1 —dg)By + e
) By+By—1/ (B1+By)?—4B; (Bo—W.
According to VgRE > ViR, = \/( ! 221)31 1(B2=Wa/p) < dp <
By+Bo+1/ (By+B2)?—4B (By— W, . .
= \/( ! 221)31 1(B2 2/‘0). By and B, are shown in Proposition 4. VwRE — VR =
. _ /B2
Bsdw + Badw? — M. According to VwRE > ViR, dp < 1+ B 332;1434%/'0 ordg > 1+
2 . ..
Bty BSZBE ABWa/p B3 and By are shown in Proposition 4. Thus, when
B1+By— (Bl+32)27431(327W2/p) 2(p+6)  20(1—e%) (Lp+Lyw)
max{ \/ 35, , i%JLE ) _ 2( JL)E -1} < dg*™ <
By+Ba+1/ (B1+By)?—4B; (Bo—Ws/ Bs—~/Ba2+ 4B, W
n{ B2 \/( 1 221)31 1(B2 =W p),l—l— 3=/ 32;; 4 2/P} or
By+By—\/(Bi+B2)*—4By (Ba—Wa/p) 2u(p+s)  20(1—e %) (Lg+Lyy) B3++/Bs2+4B4Wa /p
max{ o5 ' TefLy . oLz -L1+ 2B, }
By+Ba+1/ (B1+By)?—4B; (By— W,
< g < BB/ 2y B WP) yRC S VR, and VgRC > VR, O

Proposition 5. Compared with the income sharing mechanism, when y < p** =
20(1—e%") (eLp-+eLy)B+2dgdeLp
6(p+9)
ment mechanism and the income sharing mechanism can further improve the total income of the
construction enterprise and the construction workers. Under the condition of Ly’ < L < Lp’,

, the combination mechanism composed of the reward and punish-
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the combination mechanism can not only further improve the income of construction workers
but can also further improve the income of the construction enterprise, where y is the coeffi-
cient of the reward and punishment and L is the maximum punishment to construction workers.
L/ = 12(0+0) +peLpBrpelwp ;lp(lff“)desLEﬁ/ L = [(1—e~")p+0]u(dweLe+eLw)B 4

(p+0)kw o(p+0)kw o(p+0)kw 2kw
(s RC c _ wp(1—e®")(eLp+eLy)B+pdpdelpp 2
Proof of Proposition 5. Vi~ — Vg (— § 5o (o 0k ~ 2k When
RC C y/.RC c _ n(—e*)dgeLlep | | p2(p+8)+peLpBtpclwp
# < ﬂ**’ VEW > VEW . VE —VE = M"’p - P(P+5)kw .When
’ RC C RC c _ [ 1—e 0t p+(5]]l(dw€LE+ELw)‘B L ’,{2
L > L, Vg > Ve, Vw —Vw- = 3p(p+o)kmy % + 2ok * When

L < Ly, ViwRE > Vi C. u**, Ly, and Ly’ are shown in Proposition 5. [J

3.2. Numerical Example
3.2.1. Parameter Setting

The following is an example of how to analyse the impact of incentive mechanisms on
the model results. The values of each parameter are as follows: I = 100, P = 0.01, ¢ = 0.001,
Lr =1000, Ly =500, kg =10, kyy =5, = 0.5, =0.5,5 = 0.5, p = 0.5, and Sp = 0.1.

3.2.2. Influence of the Reward and Punishment Mechanism on Model Results

According to Proposition 2, compared with the situation without incentive mecha-
nism, when the coefficient of reward and punishment satisfies 4 < u*, the reward and
punishment mechanism can improve the total income of the construction enterprise and
construction workers. p* is shown in Figure 1a. When the maximum penalty L satisfies
Ly < L < L, the reward and punishment mechanism can improve the income of the
construction enterprise and the income of construction workers at the same time. When
is equal to 0.5, 1.0, 1.5, and 2, L; and L; are shown in Figure 1b.

257

(a)

10 15 20

(b)

Figure 1. The boundary of reward and punishment coefficient that can increase the total income and

the boundary of the maximum penalty that can improve the income of the construction enterprise and
the income of construction workers at the same time. (a) The boundary of reward and punishment
coefficient, where p* is the upper boundary. (b) The boundary of the maximum penalty, where L; is
the lower boundary and L, is the upper boundary.

When the maximum punishment L = 0.15 and the coefficient of reward and punish-
ment takes different values, the level of construction safety is shown in Figure 2a. The total
income of the construction enterprise and construction workers is shown in Figure 2b. The
income of the construction enterprise is shown in Figure 2c. The income of construction
workers is shown in Figure 2d, where y and L satisfy 4 < p* and L1 < L < Ly, respectively.
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Figure 2. Influence of the reward and punishment mechanism on model results (where L = 0.15):
(a) The level of construction safety; (b) Total income of the construction enterprise and construction

workers; (c) Construction enterprise’s income; (d) Construction workers” income.

It can be seen from Figure 2 that the safety reward and punishment mechanism can
improve the level of construction safety. In addition, the greater the coefficient of reward
and punishment, the higher the level of construction safety. However, a large coefficient of
reward and punishment will make the income of the construction enterprise lower than
that without an incentive mechanism. A small coefficient of reward and punishment will
make construction workers” income lower than that without the incentive mechanism. The
reward and punishment mechanism, which satisfies y < p* and L; < L < Ly, can not
only improve the income of the construction enterprise but can also improve the income of
construction workers. For example, ¢ = 1.0 and L = 0.15 as shown in Figure 2.
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3.2.3. Influence of Income Sharing Mechanism on Model Results

The impact of dr on the level of construction safety is shown in Figure 3. df is the
proportion of income allocated to the construction enterprise. As can be seen from Figure 3,
the income sharing mechanism can improve the level of construction safety, and the smaller
the value of df, the higher the level of construction safety.

0.16 1 4++++++++++++++
> ++ G‘ & .0 0 6 © 06060606600
o 0.14 +::e"v: 9TV ee e
© ..-_’.g‘v"*_*.*-**-*--*-#-****-ﬂ--#**-
2012} g’;‘*_ ‘; 5 KKK e XK e KKK K XK
o X e ————————
S 0.1#=
..3 no incentive mechanism
5 0.08 ... .. income sharing mechanism (d=0.4) 1
qg 006 | ~+-0--- income sharing mechanism (d_=0.5) |
T>) ~+-¥--- income sharing mechanism (d _=0.6)
2 0.04 - ¥ income sharing mechanism (dE=O.7) i
Qo ; ; ; =
= 002 Xincome sharing mechanism (d _=0.8) |
-------- income sharing mechanism (dE=0.9)
0
0 5 10 15 20

t

Figure 3. The impact of dg on the level of construction safety.

According to Proposition 3, compared with the situation without incentive mechanism,
the income sharing mechanism (dg*,1 — dg*) can make the construction enterprise and
construction workers mutually beneficial. The value range of dg* is shown in Figure 4.

///’ _______________
0.667 P )
dgq <dg <dg,
. 06669 —
——dg
0.6668
0.6667 : . .
0 5 10 15 20
t

Figure 4. The income sharing mechanism that can make the construction enterprise and construction
workers mutually beneficial.

According to dg*, when df is equal to 0.6660, 0.6665, 0.6670, and 0.6675, respectively,
the income of the construction enterprise and the income of construction workers are shown
in Figure 5.
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Figure 5. Influence of dg on the income of the construction enterprise and construction workers:
(a) Construction enterprise’s income; (b) Construction workers” income.

As can be seen from Figure 5, a dg with a larger value will make construction workers’
income lower than that without the incentive mechanism. A dg with smaller value will
make the income of the construction enterprise lower than that without incentive mecha-
nism. When the value of df is appropriate, it can improve construction workers” income
and enterprise’s income at the same time. For example, dg = 0.6670 as shown in Figure 6.

>035| phE AR YO0 SIS SO0 S 0
2 - FEFFELE LT AL
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5 : %
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Figure 6. The level of construction safety under the combination mechanism when dr takes
different values.

3.2.4. Influence of Combination Mechanism on Model Results

When p = 1.0, L = 0.15, and df, takes different values, the level of construction safety
is shown in Figure 6. As can be seen from Figure 6, compared with the safety reward and
punishment mechanism, the level of construction safety under the combination mechanism

is higher.
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According to Proposition 4, compared with the situation under the safety reward
and punishment mechanism, dg** can make the construction enterprise and construction
workers mutually beneficial under the combination mechanism. When y = 1.0 and
L = 0.15, the value range of dg** is shown in Figure 7, where, y and L satisfy p < y* and
L1 < L < Ly, respectively.

0.668
dE1
0.66795 | ——d,
ow
-o —————————
0.6679 -
/ ok
// dgy <dg <dg,
0.66785 /
0.6678 — : .
5 10 15 20

t

Figure 7. dg** that can make the construction enterprise and construction workers mutually beneficial
under the combination mechanism.

According to dg**, when df is equal to 0.6678, 0.6679, 0.6680, and 0.6681, the in-
come of the construction enterprise and the income of construction workers are shown in
Figures 8 and 9. It can be seen from Figures 8 and 9 that when df is large, the income of
the construction enterprise under the combination mechanism is higher than that under
the reward and punishment mechanism. When dr is small, the construction workers’
income under the combination mechanism is higher than that under the reward and
punishment mechanism.

“é . .-m--ﬁr"ﬁ"'ﬂ"é"*3---23-~-t3r--$---¢---$---3---$~-~f3-~-t)
o 1204 F PRI SIS SV SV S S S VR R R S R
Q ’ 3 A .. 000 'gQ---8---8---8..-.8---8-.-8---0
c s o.0-@@-8-80-0

- BRI S e 25 20 2 2 20 0 20 0 R N R R 3
& 12035 T ]
R )

% 120.3 _ reward and punishment (u=1.0,L=0.15) ]
"GC: ---% - combination mechanism (p=1.0,L=0.15,dE=0.6678)

g 120.25 ---@--- combination mechanism (p=1.0,L=0.15,dE=0.6679) |
§ 120.2 -+ A:-- combination mechanism (u=1.0,L=0.15,d _=0.6680) |
"3 ---Xx-- combination mechanism (p=1.0,L=0.15,dE=0.6681)

S 12015 : : ,
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t

Figure 8. Construction enterprise’s income when dr takes different values under the
combination mechanism.
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Figure 9. Construction workers’ income when dr takes different values under the

combination mechanism.

When drp = 0.6670, L = 0.17, and p takes different values, the level of construction
safety under the combination mechanism is shown in Figure 10. The income of the con-
struction enterprise and the income of construction workers are shown in Figures 11 and 12.
dp = 0.6670 is the income sharing proportion that can make the construction enterprise
and construction workers mutually beneficial under the income sharing mechanism.
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Figure 10. The level of construction safety when p takes different values under the
combination mechanism.
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Figure 12. Construction workers” income when p takes different values under the

combination mechanism.

It can be seen from Figures 11 and 12 that when y is small, the income of the construc-
tion enterprise under the combination mechanism is higher than that under the income
sharing mechanism. When p is large, construction workers” income under the combination
mechanism is higher than that under the income sharing mechanism.

4. Conclusions

and Suggestions

To improve the level of construction safety and make the construction enterprise
and construction workers mutually beneficial, differential game models under different
safety incentive mechanisms are established. In addition, the safety efforts and the in-
come of the construction enterprise and construction workers under different mechanisms

are compared.
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The following conclusions are obtained through the research. (1) The safety efforts of
the construction enterprise and construction workers increase with the increase in accident
loss and the decrease in safety effort cost. (2) Compared with the situation without an
incentive mechanism, the safety reward and punishment mechanism designed according to
the safety effort of construction workers will not affect the safety effort of the construction
enterprise but will improve the safety effort of construction workers. (3) Compared with the
situation without an incentive mechanism, the income sharing mechanism will not affect the
safety effort of the construction enterprise but will improve the safety effort of construction
workers. (4) Compared with the situation without an incentive mechanism, the safety level
under the safety reward and punishment mechanism is higher. In addition, the greater
the impact of construction workers’ safety efforts on safety rewards and punishment, the
higher the level of construction safety. (5) Compared with the situation without incentive
mechanism, the level of construction safety under the income sharing mechanism is higher,
and the smaller the proportion of income allocated to the construction enterprise, the higher
the level of construction safety. (6) The reward and punishment mechanism can make
the construction enterprise and construction workers mutually beneficial. However, a
larger coefficient of reward and punishment is not conducive to the improvement in the
income of the construction enterprise. A smaller coefficient of reward and punishment is
not conducive to the improvement in construction workers’ income. (7) The income sharing
mechanism can make the construction enterprise and construction workers mutually
beneficial. However, when the proportion of income allocated to the construction enterprise
is large, it is not conducive to the improvement in the income of construction workers.
When the proportion of income allocated to the construction enterprise is small, it is not
conducive to the improvement in the income of the construction enterprise. (8) The level
of construction safety under the combination mechanism composed of the reward and
punishment mechanism and the income sharing mechanism is higher than that under a
single mechanism. (9) Under certain conditions, the income of the construction enterprise
and the income of construction workers under the combination mechanism are higher than
those under a single mechanism.

According to the above conclusions, the safety reward and punishment mechanism
and income sharing mechanism that make construction enterprises and construction work-
ers mutually beneficial can not only improve the level of construction safety but can also
improve the income of construction enterprises and construction workers at the same
time. The increase in income will reduce the conflict between construction enterprises and
construction workers. The reduction in conflict will make the system of construction safety
have lower accidents and higher efficiency.

Based on the above findings, the following suggestions are put forward for con-
struction enterprises. (1) Construction enterprises can design a reward and punishment
mechanism related to construction workers’ safety efforts, and they can improve the safety
level and income by adjusting the maximum punishment and the impact of construction
workers’ safety efforts on safety reward and punishment. (2) Construction enterprises and
construction workers can sign an income sharing contract, and they can improve the safety
level and income by adjusting the proportion of income distribution between construction
enterprises and construction workers. (3) Construction enterprises can implement a safety
incentive mechanism combining reward and punishment with income sharing.
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Appendix A

Model solving process without incentive mechanism.
The income functions of the construction enterprise and construction workers are
as follows:

TE :/ e_Pt{I—kESEZ/Z—(P—eS)LE—W}dt
0

w = / e’pt{W - kWSW2/2 - (P — €S)Lw}dt
0

For any state S > 0, there are continuous differentiable functions Vg (S) and Viy(S)
which satisfy the Hamilton Jacobi Bellman (HJB) equation:

max

PVE(S) = {I—kESEz/Z (P —eS)Lg — Wy + VE'(S)(aSg + BSw — 0S)}

max R kySw2/2 — (P —€S)Lw + V' (S)(aSE + BSw — 6S)}

PVw(S) =
Maximize the right end of the equation to obtain: Sg = VE'a/kg, Sw = Viw'B/kw.
Substitute them into H]B equation to obtain:

pVe = (eLp — VE'6)S + I — Vg'*a®/ (2kg) — PLg — Wy + V' [VE'a? /ke + Vi’ B2/ kw]
VWIZ,BZ VEIOCZ N VWIﬁZ ]

2kw kg kw

From the above formula, the linear function of S is the solution of HJB equation. Let

VE(S) = e1S +e2, Viw(S) = §1S + g2, where ey, €3, g1, and g are constants. Substitute them
into HJB equation to obtain:

pVW = (SLW - VW/(S)S + W1 - — PLW + VW,[

2.2 2
pe1S +per = (eLp —e10)S+1— L% _prr—w, +e1[@ gl
2kp kg kW
22 2
0815 + 022 = (L — 10)S + Wy — &1 £ _ PLw + &1 [7 + &]
2kw ke kw
_ elp _ elw _ I-W;-PLg eLp  reLpa® | eLyp? _ W;—PLy
where ¢ = pier 81 = 350 €2 = 0 p(er(s)z[ kg + 1, & = 0
+ ; (:l;rv;)z [ngE: + SLW’S |. Substitute them into V£(S) and Viy(S) to obtain:
L I-W; —PL L Lea?  eLypB?
VN = ELE gv i 1 E SEZEE“ Swﬁ}
p+0 p plo+0)>" Zke — kw
VN = eLw sN(h) W; — PLy eLw  eLpa? eLWﬁZ]
p+6 P p(p+06)* ke 2ky
Substitute VpN' = ;LE and ViV’ = ;ﬁ’g into Sg = V]’f;“ and Sy = —kav;ﬁ to obtain:
SEN _ eLpu
(o +d)ke
SWN - ELWIB

(o +0)kw
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The general solution of S(t) = aSy™ + BSwN — 88 is:
S(t) =e /o C 4 /(ocSEF + ,BSWF)ef o4t g

When t = 0, S(0) = Sy. Based on this, we can obtain C = Sy — (aSgf + BSw*) /4.
Substitute to S(t) to obtain:

1—e 9% eLpa? eLWﬁZ]

SNt — 7&5
(B) =S+ 5075 ko
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