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ABSTRACT
A high-quality fresh high-definition (HD) map is vital in enhancing
transportation efficiency and safety in autonomous driving. Vehicle-
based crowdsourcing offers a promising approach for updating HD
maps. However, recruiting crowdsourcing vehicles involves mak-
ing the challenging tradeoff between the HD map freshness and
recruitment cost. Existing studies on HD map crowdsourcing often
(1) prioritize maximizing spatial coverage, and (2) overlook the
dual role of crowdsourcing vehicles in HD maps, as vehicles serve
both as contributors and customers of HD maps. This motivates
us to propose the Dual-Role Age of Information (AoI) based Incen-
tive Mechanism (DRAIM) to address these issues. DRAIM aims to
achieve the company’s tradeoff between freshness and recruitment
cost.
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1 INTRODUCTION
A high-quality and fresh high-definition (HD) map is crucial for
autonomous driving as it significantly enhances transportation effi-
ciency and safety [1, 13, 16]. On the HD map, dynamic information,
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such as agglomerate fog, and the construction area, is vital in im-
proving transportation efficiency [4]. Moreover, the dynamic nature
and unpredictability of this information necessitate its freshness,
requiring updates from the HD map company (“company" here-
after) within seconds or minutes [2]. The conventional approach
to updating HD maps involves the construction of dedicated map-
ping vehicle fleets equipped with high-precision sensors, such as
LiDARs and high-accuracy cameras [12]. However, the high cost
associated with maintaining such a fleet imposes limitations on its
scale and the frequency of map updates. Therefore, vehicle-based
crowdsourcing is a cost-effective approach to updating dynamic
information on the HDmap in academia [3, 14] and industry [6, 11].

In practice, vehicles contributing to the HD maps can also ben-
efit from utilizing them to enhance their driving experience. For
instance, navigation, a fundamental feature of the HD map, is piv-
otal in improving transportation efficiency [10]. Therefore, vehicles
involved in HD map crowdsourcing can serve as both contributors
and customers to the HD map. This is one of the key differences
between HD map crowdsourcing and general vehicle-based crowd-
sourcing, where vehicles only serve as contributors to perform the
crowdsourcing tasks and receive the reward [5].

Moreover, the recruitment cost is a significant concern for HD
maps. While crowdsourcing is often seen as a cost-effective means
of data collection, maintaining an up-to-date HDmap can be prohib-
itively expensive, particularly for frequent updates and extensive
coverage. Since vehicles can serve as both contributors and cus-
tomers to the HDmap, HDmap crowdsourcing allows the company
to charge participating vehicles. However, previous works [3, 8],
neglecting this aspect, lead to the company overcompensating in
pursuit of map freshness. To tackle this issue, we propose a flex-
ible incentive scheme that allows for both positive and negative
rewards, which constitute the company’s recruitment cost. A pos-
itive reward signifies compensation to vehicles, while a negative
reward denotes charges imposed on vehicles.
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Alongside the consideration of recruitment cost, the significance
of ensuring freshness is emphasized in the realm of HD maps. How-
ever, many vehicle-based crowdsourcing literature focused on max-
imizing spatial coverage under the recruitment budget [5, 7], which
is unsuitable for HD map crowdsourcing. This is because the fresh-
ness is coupled with vehicles’ trajectories. In other words, maximiz-
ing the spatial coverage is not enough to ensure the freshness of
the HD map. Specifically, when recruiting crowdsourcing vehicles
(“vehicles" hereafter) with the same spatial coverage, the resulting
improvement in the HD map freshness can vary significantly. To
characterize the freshness of the HD map, we use the expected age
of information (AoI) [9, 15].

Another key characteristic of HD map crowdsourcing is that
vehicles, acting as strategic players, strive to maximize their own
payoff during their interaction with the company [8]. As customers
of the HD map, vehicles obtain an HD map usage utility, which is
influenced by the expected AoI of the HD map and their individual
trajectories. On the one hand, vehicles benefit from a better HD
map service with a smaller HD map AoI. For instance, an HD map
with a smaller expected AoI can detect congestion more promptly
and re-route vehicles to avoid it. On the other hand, vehicles only
care about the freshness of locations along their specific trajectories.
Therefore, despite using the same HD map, vehicles obtain varying
HD map usage utility due to their distinct trajectories. To capture
this characterization, our paper introduces the concept of trajectory
AoI to help characterize the age- and trajectory-dependent HD map
usage utility (“HD map usage utility” hereafter).

Against this background, we design the Dual-Role AoI-based
Incentive Mechanism (DRAIM) to incentivize vehicles considering
the expected AoI of the HD map and regarding vehicles as both
contributors and customers. Specifically, we model the interaction
between the company and vehicles as a two-stage Stackelberg game.
This model defines the company’s payoff as the tradeoff between
the HD map expected AoI and recruitment cost . On the other hand,
vehicles’ payoff encompasses their HD map usage utility, costs,
and the reward received from the company. Moreover, our model
accounts for vehicles’ heterogeneous trajectories and costs.

2 MODEL AND OBSERVATIONS
We consider a setting where the company wants to maintain an
HD map with multiple kinds of dynamic information by recruiting
vehicles. The interactions between the company and vehicles are
as follows. The company 1 offers HD map-based services, e.g., nav-
igation2, and monetary rewards to participating vehicles, which
is determined by DRAIM. Note that the reward might be negative,
which implies the company could charge for vehicles. In that case,
the recruitment cost, the sum of rewards provided with vehicles,
is also negative. Then, vehicles decide to participate or not. If she
chooses to participate, she senses the traffic during her travel and
sends sensing data to the HD map. After that, the company re-
ceives sensing data from those vehicles and updates the HD map.
Simultaneously, the participated vehicle will receive the HD map
services, e.g., navigation, and the reward from the company. We

1For convenience, we refer to the company as ’he’ and the vehicle as ’she’.
2Notice that the HDmapmay provide multiple alternative trajectories to assist vehicles
in navigating various accidental events and situations

model this interaction as a two-stage Stackelberg game. In Stage
I, the company decides on the reward to maximize her payoff. In
Stage II, Each vehicle determines whether to participate or not to
maximize his payoff.

Our results give us the following observations:

(1) If vehicles have similar marginal costs, which is defined as
the difference between the cost and the HDmap usage utility,
and the HD map usage utility of full participation, i.e., all
vehicle participate, can cover vehicles’ costs, the optimal
reward is non-increasing in the number of vehicles. This is
because the company will occupy a more dominant position
in the interaction as there are more vehicles. On the other
hand, if the marginal costs of vehicles are far apart, the
optimal reward may decrease in the number of vehicles.

(2) As more vehicles are involved, vehicles will eventually de-
cline participation, even though more vehicles would result
in a higher HD map usage utility. This is attributed to the
company’s decreased reward. For vehicles, the detrimental
effect of decreased reward outweighs the potential benefit
of a greater HD map usage utility for vehicles.

(3) The companymay obtain a lower payoff as there are more ve-
hicles if the freshest HD map usage utility of vehicles cannot
cover their costs. This is because when vehicles’ lowest mar-
ginal cost is positive, the optimal reward remains positive.
However, the company has to pay for all participating vehi-
cles, regardless of their number. In that case, the increased
recruitment cost would gradually outweigh the benefit of
the fresher HD map as the number of vehicles increases.

3 CONCLUSION AND FUTUREWORK
This paper introduces DRAIM as a solution to encourage vehicle
participation in HD map crowdsourcing. DRAIM leverages the
dual role of vehicles to effectively minimize the company’s costs
associated with HD map updates, taking into account the tradeoff
between freshness and recruitment costs.

In future research, we can explore scenarios where vehicles have
more flexible options for interacting with HD maps. This includes
studying situations where vehicles can utilize the HD map without
actively contributing to it and cases where vehicles contribute to
the HD map without utilizing it themselves.
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