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1. Introduction 

In practice, although parking slot occupation information can be sensed by a centralized 

operator in real time, some information essential for centralized slot assignment, such 

as drivers’ parking duration and final destinations, is usually not centrally available but 

is only individually known. Inevitably, this provides incentives for the strategic 

behaviors of drivers (a driver may maximize her utility by misreporting private 

information), possibly leading to the suboptimal system performance of a centralized 

parking management platform. Resolving this problem calls for a mechanism design to 

align drivers’ selfish behavior with the objective of the centralized operator to achieve 

an optimal allocation of parking resources. In the literature, for simplicity, many studies 

investigating mechanism designs for parking management (e.g., Chen et al., 2015; Zou 

et al., 2015) assume that all drivers are willing to participate in a parking slot assignment 



and that a driver will not incur a negative utility if she participates and is eventually not 

assigned a slot. However, in reality, because of the cost of opportunities, a negative 

utility will indeed emerge if a driver participates and is eventually not assigned a slot.  

 

The contributions of this paper are threefold. First, we propose a mechanism design to 

manage parking space allocation in a dynamic and stochastic environment. To 

guarantee its effectiveness, the proposed mechanism design is based on an ADP 

approach. Second, we relax the assumption that a driver’s utility remains nonnegative 

if she chooses a parking system operated under a mechanism design and is not assigned 

a parking slot. In this context, a rational driver will maximize her expected utility to 

decide whether or not to choose the parking system. Third, we show that the resulting 

equilibrium under the proposed mechanism design may not always be the approximate 

system optimum entry condition because of the equilibrium’s non-uniqueness. We 

provide an integrated mechanism design as a corrective.   

 

2. Methodology 

 

In each period, the actions of the central decision maker (CDM) are divided into two 

stages. In the first stage, the CDM decides which drivers are allowed into the system to 

maximize the overall expected discounted benefits of the system. A driver who enters 

the system and is not assigned a slot may incur a large penalty, as the waiting time at 

stages one and two constitutes an opportunity cost and she may thus incur a delay in 

arriving at her destination. Therefore, the CDM may block the entry of some drivers 

since the available parking spaces are limited. In the second stage, the CDM determines 

the optimal parking space allocation. 

 

In period 𝑡, the CDM’s first-stage optimal decision-making problem can be formulated 

as follows:   

 



𝑉𝑡(𝒲𝑡) = 𝑚𝑎𝑥
 𝒢𝑡

𝔼ℛ𝑡
𝛹𝑡(𝒲𝑡, 𝒢𝑡 , ℛ𝑡)  (1) 

 

Given 𝒢𝑡, the CDM’s decision-making problem in the second stage can be formulated 

as follows:  

 

 𝛹𝑡(𝒲𝑡, 𝒢𝑡, ℛ𝑡) = 𝑚𝑎𝑥
𝒳𝑡

𝐶𝑡(𝒲𝑡, ℛ𝑡, 𝒢𝑡, 𝒳𝑡) + 𝛾𝑉𝑡+1(𝒲𝑡+1)                 

(2) 

𝑠. 𝑡.    

∑ 𝑥𝑖𝑛
𝑡

𝑛∈𝑁 ≤ 1    ∀𝑖 ∈ ℐ𝑡
′   

∑ 𝑥𝑖𝑛
𝑡

𝑖∈ℐ𝑡
≤ 1     

∀𝑛 ∈ Ω𝑡   

𝜉𝑖 − 𝑥𝑖𝑛
𝑡 𝑔𝑜𝑑

𝑚𝑡 ≥ 0   ∀𝑖 ∈ 𝐼𝑜𝑑
𝑚𝑡 , 𝑛 ∈

Ω𝑡, (𝑜, 𝑑, 𝑚) ∈ ℬ  

 

𝜏𝑡+1
𝑛 = 𝑚𝑎𝑥 (𝜏𝑡

𝑛 − 1,0)    ∀𝑛 ∈ 𝒩\Ω𝑡   

𝜏𝑡+1
𝑛 = ∑ ∑ 𝑚𝑥𝑖𝑛

𝑡
𝑖∈𝐼𝑜𝑑

𝑚𝑡(𝑜,𝑑,𝑚)∈ℬ     
∀𝑛 ∈ Ω𝑡   

𝑥𝑖𝑛
𝑡 ∈ {0,1}  ∀𝑖 ∈ ℐ𝑡

′, 𝑛 ∈ Ω𝑡  

 

Denote by 𝑄𝑡(𝒲𝑡, 𝒢𝑡) the expected discounted value of being in state 𝒲𝑡 and taking 

action 𝒢𝑡 , i.e., 𝑄𝑡(𝒲𝑡, 𝒢𝑡) ≔ 𝔼ℛ𝑡
𝛹𝑡(𝒲𝑡, 𝒢𝑡 , ℛ𝑡) . To tackle the computational 

complexity of solving the above stochastic programming, we develop an ADP approach 

wherein we adopt the value function approximation 𝑄̅𝑡(𝒲𝑡, 𝒢𝑡) to replace 𝑄𝑡(𝒲𝑡, 𝒢𝑡) 

in Bellman’s equation and step forward in time to make decisions, i.e., 

max
𝒳𝑡∈𝒳̅𝑡,𝒢𝑡+1

𝐶𝑡(𝒲𝑡, ℛ𝑡, 𝒢𝑡 , 𝒳𝑡) + 𝛾𝑄̅𝑡+1(𝒲𝑡+1, 𝒢𝑡+1) (3) 

In this process, we gradually reach more accurate value function approximations and 

better policies by iteratively updating the value function approximations. 

 

To facilitate the implementation of an optimal allocation of parking resources, we then 

propose an online mechanism design whereby drivers’ rational and strategic behaviors 

comply with CDM’s approximate optimal decisions,  𝒢𝑡
∗ and 𝒳𝑡

∗. Specifically, the 

parking fees drivers need to pay are calculated through 𝑝𝑖(𝜃𝑡) =



− (∑ 𝑟̂𝑗
′(𝑋1𝑡)𝑗≠𝑖,𝑗∈𝒟̂𝑡

+ 𝛾𝑉̅𝑡+1 (𝒲𝑡+1(𝒲𝑡, 𝜃𝑡
𝑖 , 𝜃𝑡

−𝑖, 𝑋1𝑡))) + (∑ 𝑟̂𝑗
′(𝑋2𝑡)𝑗≠𝑖,𝑗∈𝒟̂𝑡

+

𝛾𝑉̅𝑡+1 (𝒲𝑡+1(𝒲𝑡, 𝜃𝑡
−𝑖, 𝑋2𝑡)))  , where 𝑋1𝑡 ∈ 𝑎𝑟𝑔 max

𝑋
∑ 𝑟̂𝑗

′(𝑋)𝑗∈𝒟̂𝑡
+

𝛾𝑉̅𝑡+1(𝒲𝑡+1(𝒲𝑡, 𝜃𝑡
𝑖 , 𝜃𝑡

−𝑖, 𝑋))  and 𝑋2𝑡 ∈ 𝑎𝑟𝑔 max
𝑋

∑ 𝑟̂𝑗
′(𝑋)𝑗≠𝑖,𝑗∈𝒟̂𝑡

+

𝛾𝑉̅𝑡+1(𝒲𝑡+1(𝒲𝑡, 𝜃𝑡
−𝑖, 𝑋)). 

 

We then prove that, in stage one, drivers’ choices of whether or not to enter the managed 

system following the operator’s recommendation satisfy Bayesian-Nash equilibrium, 

and in stage two, that truthful reporting is a dominant strategy for all drivers under any 

circumstance. 

 

3．Results 

Figure 1 compares the numbers of drivers choosing to enter the publically-owned 

parking system and are finally assigned parking slots under 𝑂𝑀∗(online mechanism 

design) and 𝑀𝑃 (myopic policy). We observe that the CDM allocates fewer parking 

slots to drivers in the first two periods under 𝑂𝑀∗ , while fewer parking slots are 

allocated to drivers in the latter periods under 𝑀𝑃. This makes intuitive sense because 

the CDM only considers the current system revenues and thus tends to utilize all 

available parking spaces in each period. In contrary, the 𝑂𝑀∗ takes into account future 

system revenue and thus may reserve some parking slots for latter parking demands 

such that the system revenues of all periods can be maximized. 

 

(a) 𝑂𝑀∗                       (b) 𝑀𝑃 

Figure 1. The number of drivers who are assigned parking slots 

 



Figure 2 shows the average realized revenues of drivers choosing to enter the 

publically-owned parking system. The average realized revenues under 𝑀𝑃 remains 

relatively stable over many period, which is attributed to the excessive utilization of 

parking slots in earlier periods. That is, if there are few parking slots available, then the 

CDM’s decision space is rather limited, and hence the average realized driver revenues 

are of less fluctuation.  

 

(a) 𝑂𝑀∗                      (b) 𝑀𝑃 

Figure 2. Average realized revenues of drivers entering the system  

 

Figure 3 compares the average parking fee each driver needs to pay if assigned a 

parking slot. In general, the parking fees under 𝑂𝑀∗  yields a more substantial 

fluctuation than those under 𝑀𝑃 , which is attributed to the fact that the CDM’s 

decision space in the latter periods is rather limited under 𝑀𝑃 . Furthermore, the 

average parking fee under 𝑂𝑀∗ is lower than that under 𝑀𝑃 except the first period. 

The parking fee a driver pays reflects the impact of her entry on the system, and this 

impact is rather modest if there are more parking slots available.  

 

(a) 𝑂𝑀∗                      (b) 𝑀𝑃 

Figure 3. Average parking fees per driver 

 



4. Conclusion 

 

In this paper, we first investigate the stochastic dynamic parking resource allocation 

problem for a publicly owned parking system. To address the curses of dimensionality 

and the complexity of state transition probability, we adopt an ADP framework to derive 

an approximate optimal solution by value iterations. To cope with strategic and rational 

behaviors of drivers, based on the approximate value function, we further propose a 

two-stage online mechanism design to induce the approximate optimal allocation of 

parking resources. 

 

In future research, to guarantee the computational tractability, we will investigate how 

to design value function approximations such that the entry condition derived by the 

ADP method exactly satisfies the BNE condition. Furthermore, we will explore 

designing a charging scheme in the online mechanism design that yields a unique BNE 

condition.  
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