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Abstract—The attention is a scarce resource in decentralized
autonomous organizations (DAQs), as their self-governance relies
heavily on the attention-intensive decision-making process of
“proposal and voting”. To prevent the negative effects of pro-
posers’ attention-capturing strategies that contribute to the
“tragedy of the commons” and ensure an efficient distribution of
attention among multiple proposals, it is necessary to establish a
market-driven allocation scheme for DAQOs’ attention. First, the
Harberger tax-based attention markets are designed to facilitate
its allocation via continuous and automated trading, where the
individualized Harberger tax rate (HTR) determined by the pro-
posers’ reputation is adopted. Then, the Stackelberg game model
is formulated in these markets, casting attention to owners in the
role of leaders and other competitive proposers as followers. Its
equilibrium trading strategies are also discussed to unravel the
intricate dynamics of attention pricing. Moreover, utilizing the
single-round Stackelberg game as an illustrative example, the
existence of Nash equilibrium trading strategies is demonstrated.
Finally, the impact of individualized HTR on trading strategies is
investigated, and results suggest that it has a negative correlation
with leaders’ self-accessed prices and ownership duration, but its
effect on their revenues varies under different conditions. This
study is expected to provide valuable insights into leveraging
attention resources to improve DAOs’ governance and decision-
making process.

Index Terms—Attention, decentralized autonomous organizations,
Harberger tax, Stackelberg game.

I. INTRODUCTION

S an emerging technology that can revolutionize various
N\ industries, blockchain has been gaining increasing atten-

Manuscript received April 1, 2024; revised April 8, 2024; accepted April
17, 2024. This work was partially supported by the National Natural Science
Foundation of China (62103411) and the Science and Technology
Development Fund of Macau SAR (0093/2023/RIA2, 0050/2020/A1).
Recommended by Associate Editor Qing-Long Han. (Corresponding authors:
Fei-Yue Wang and Juanjuan Li.)

Citation: J. Li, R. Qin, S. Guan, W. Ding, F. Lin, and F.-Y. Wang,
“Attention markets of blockchain-based decentralized autonomous
organizations,” IEEE/CAA J. Autom. Sinica, vol. 11, no. 6, pp. 1370-1380,
Jun. 2024.

J. Li and R. Qin are with the State Key Laboratory of Multimodal Artificial
Intelligence Systems, Institute of Automation, Chinese Academy of Sciences,
Beijing 100190, China (e-mail: juanjuan.li@ia.ac.cn; rui.qin@ia.ac.cn).

S. Guan, W. Ding, and F. Lin are with the Faculty of Innovation
Engineering, Macau University of Science and Technology, Macau 999078,
China (e-mail: sangtian.guan@ieee.org; 2009853EMI30001@student.must.
edu.mo; feilin@ieee.org).

F.-Y. Wang is with the State Key Laboratory for Management and Control
of Complex Systems, Chinese Academy of Sciences, Beijing 100190, and
also with the Faculty of Innovation Engineering, Macau University of Science
and Technology, Macao 999078, China (e-mail: feiyue.wang@ia.ac.cn).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JAS.2024.124491

, Member, IEEE, Sangtian Guan
, and Fei-Yue Wang

, Member, IEEE,
, Fellow, IEEE

tion in recent years [1]—[3]. One of the most typical applica-
tions of blockchain is decentralized autonomous organiza-
tions (DAOs), which are organizations that operate without a
central authority [4], [5], using smart contracts to facilitate
decentralized decision-making and automate administrative
tasks [6], [7]. DAOs are self-governing entities that enable
members to collaborate and make collective decisions in a
transparent and secure manner [8]-[10] leveraging the
immutability and consensus mechanisms of the blockchain
[11], [12]. The development of DAOs has broadened the defi-
nition of assets to encompass not only traditional economic
tokens but also knowledge, trust, and attention [13], [14], as
well as further innovating the way they are generated, traded,
and valued in the decentralized economy [15], [16]. Among
them, we put special focus on DAO members’ attention, con-
sidering that the decision-making pattern of “proposal and
voting” commonly used by DAOs is attention intensive [17].
In the context of DAOs, attention refers to the focus and
engagement that members or participants dedicate to the activ-
ities, discussions, and decision-making processes within the
organization [18], [19]. DAOs are by nature distributed and
decentralized communities that rely on consensus among their
members to produce governance decisions [20], [21], and the
outcomes depend greatly on members’ attention allocated to
various proposals and the resulting voting choices [22], [23].
However, the allocation of attention in DAOs is not always
straightforward. Due to the decentralized nature of DAOs
[24], [25], members may have varying levels of incentives and
interests while their attention spans are limited [26]. This
opens up new opportunities for creating decentralized atten-
tion markets where DAO members can buy and sell their
attention in a transparent and secure manner. However, the
decentralization of attention also poses challenges of unequal
allocation of attention, where certain proposals receive more
attention than others, potentially leading to imbalanced deci-
sion-making [27]. Just as an “uncongested toll-free highway”
is considered a public good, while a “congested toll-free high-
way” is considered a common good, attention in DAOs can
also shift between being a public good and a common good,
depending on the scale of demand. As the number of propos-
als increases, the competition for members’ attention intensi-
fies, causing attention to the transition from a public good to a
common good. DAO members’ average attention span
decreases due to the constant barrage of information and dis-
tractions [28], leading to the development of new strategies
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aimed at capturing and retaining attention, e.g., some pro-
posers resort to using attention-grabbing titles to draw mem-
bers’ attention to meaningless proposals. This could lead to
the “tragedy of the commons” [29], [30], where valuable pro-
posals with more straightforward titles may be neglected. This
trend could lead to the entire DAO community resorting to
attention-grabbing titles, further depleting attention quickly
and wastefully. The mismatch between the value of proposals
and the attention they get can impede the growth of DAOs.

Traditional solutions to address the “tragedy of the com-
mons” have primarily involved privatized markets and admin-
istrative management [29], [31]. However, these solutions are
not applicable to the attention economy of DAOs, and may
even go against the principles and spirits of DAOs. On the one
hand, DAOs are decentralized networks comprised of individ-
uals with common goals and values, where individuals exhibit
the traditional market behaviors of pursuing self-interests
independently as well as autonomous and coordinated behav-
iors that involve mutual adaptation [32], [33]. Even if mem-
bers are also owners and governors of a DAQO, they cannot act
solely in their self-interest. On the other hand, DAOs embody
free will that is not controlled by centralized governance, rely-
ing instead on technology and incentives in a trustless envi-
ronment to build collaborative relationships and address the
problems of information asymmetry and its associated ineffi-
ciency losses [34]. Therefore, it is crucial to find a cus-
tomized governance solution to address the “tragedy of the
commons” of DAOs’ attention as well as realize their effec-
tive allocation.

A feasible solution is to stimulate and accelerate the flow of
social value and achieve a good allocation schedule for
DAOs’ attention in the market manner [35]. The first priority
of such a solution is to clarify their property rights [36]. Along
with the private and public property rights corresponding to
the traditional solutions, there should be partial common prop-
erty rights in DAOs, also known as partial common owner-
ship (PCO) [37]. For the implementation of PCO in DAOs,
the radical market (RM) approach offers a novel idea through
the establishment of continuous trading [38]. It means atten-
tion can remain in a state of constant property rights claim and
exchange, preventing permanent ownership by any member.
Aiming to facilitate RM for achieving this continuous trading,
proper monetary mechanisms and pricing methods for DAOs’
attention need to be employed. However, the most commonly
used auction-based pricing methods, such as the Vickrey
Commons [39] are not applicable due to the following rea-
sons. Traditionally, attention in the digital economy is con-
trolled by centralized entities, such as social media platforms
and advertising networks. These entities use algorithms and
auction mechanisms to match the supply and demand of atten-
tion [40]—[42], but the process is often opaque and vulnerable
to manipulation. In contrast, attention in DAOs can be com-
pletely controlled by the individuals who generate it. This has
given rise to the decentralized attention allocation pattern that
requires the auction to be conducted in a many-to-many man-
ner, making it challenging to maintain fairness and efficiency
as the DAO community expands. Besides, the generation of
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attention in DAOs is inherently an infinite game, where both
proposers continuously submit multiple bids to reach a deal,
making it difficult to guarantee efficient trading [43], [44].
Moreover, the dynamic conversion of public and private prop-
erty in the open Web3 network results in high liquidity of
attention.

In RM, the self-assessed pricing mechanism can be utilized
to address the problems discussed above, since it advocates
compensating the previous owner for facilitating the attention
trading. However, proposers may not tend to clarify their true
values on DAOs’ attention to create the information asymme-
try [45]. To tackle this challenge, the Harberger tax (HT) is
introduced as the self-assessed pricing method that offers a
more precise way to build a strong relationship between the
price and value [38], [46]. The basic principles of HT boil
down that the owner of a good or asset must periodically
announce its market price and pay the tax accordingly as long
as he owns it, and any interested buyer can purchase it at that
price [47]. HT is seen as a means of ensuring that the market
price of attention is close to its true value, because a high
price will lead to a high tax while a low price will make the
ownership of attention acquired by others [48]. Besides, the
employment of HT can eliminate the private monopoly and
promote market transactions, thereby increasing the effi-
ciency of allocating the ownership of DAOs’ attention. As
such, it is in favor of maintaining the dynamic and fair atten-
tion markets of DAOs. In turn, DAOs also provide a feasible
environment to implement HT, since all related information is
recorded in blockchain in a secure, transparent, real-time fash-
ion, and smart contracts are used to automate the tax collec-
tion and ownership transfer [49]—[51]. In addition, the decen-
tralized governance structure of DAOs minimizes the concen-
tration of power and reduces the risk of tax abuse, thereby
promoting fairness in setting rules concerning tax and trading
[52], [53].

The key to establishing a successful market for DAOs’
attention is to determine an appropriate Harberger tax rate
(HTR). In general, HTR is a constant depending on the weigh-
ing of the investment and allocation. When the asset value
strongly depends on the owner’s investment, the HTR should
be low and close to the observable turnover rate, while when
the monopoly problem is severe, the HTR should be high
regardless of the asset turnover rate [54]. Therefore, it is not
feasible for DAOs’ attention markets to employ a relatively
low HTR, as the only consideration is to optimize the alloca-
tion and prevent monopoly but not an investment. In terms of
traditional assets, it has been advocated to disregard overly
granular HTR and instead adopt coarse-grained rates for a
small number of easily distinguishable property classes, such
like natural resources, and real estate [48].

Although there are considerations of different tax rates for
different classes of properties, the differences in the social val-
ues resulting from the ownership of the same property held by
different people are seldom investigated. However, this is
exactly what should be viewed highly in DAOs. Because the
benefits brought by different proposals’ access to attention
have remarkable differences, e.g., the attention devoted to
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meaningful proposals is more valuable to the whole DAO
community than evil or speculative ones, and the changes in
attention allocation may significantly alter the landscape of
various proposals and then have a profound impact on the
development of DAO community. Considering that the pro-
posers’ reputation can be regarded as a prerequisite for evalu-
ating proposals’ values and impacts [55], [56], and blockchain
provides a new way to define and quantify proposers’ reputa-
tion via the performance of their previous proposals and votes,
we are motivated to adopt the individualized HTR based on
each proposer’s reputation in these markets [57], [58].

After establishing the DAOs’ attention markets based on
individualized HT, the pricing strategies in trading attention
will also be discussed. Each proposer needs to compete for
limited attention resources, resulting in the inability to inde-
pendently determine the self-assessed price of attention when
he is the owner or the offering price when he wants to be the
owner. Therefore, the game model should be used to study
proposers’ optimal strategies concerning attention ownership
and trading. According to the rules of HT, the Stackelberg
game model of DAOs’ attention markets is formulated, where
the owner is regarded as a leader employing the strategy of
announcing the appropriate price while other competitive pro-
posers are regarded as followers having strategies of submit-
ting the appropriate offers. Our study starts with establishing
the Stackelberg game to capture the dynamic nature of DAOS’
attention trading, for which the solution process of the equilib-
rium strategy profile is given. Then, the single-round Stackel-
berg game is taken as an example to more directly demon-
strate the existence of attention trading equilibrium as well as
investigate the impact of individualized HTR on attention
pricing.

The major contributions of this study include: 1) The new
insights into the governance of DAOs’ attention is provided
by designing the HT-based attention markets, where the indi-
vidualized HTR is employed to highlight the importance of
distinguishing the values that different proposals can generate
to the DAO community in terms of investing attention; 2) The
Stackelberg game model is established and analyzed in the
formulated attention markets to explore how attention is
priced via proposers’ competitive responses.

The remaining part of the paper proceeds as follows: Sec-
tion II presents DAOs’ attention markets based on Harberger
tax; Section III formulates the Stackelberg game model of
DAOs’ attention markets; Section IV analyzes proposers’
equilibrium trading strategies; Section V makes a brief discus-
sion of this study and points out potential directions for future
research; Section VI summarizes this paper.

II. DAOS’ ATTENTION MARKETS BASED ON HARBERGER TAX

In a DAO, any member can create a proposal that is submit-
ted for discussion on the platform or forum. Feedback is pro-
vided by others to address potential issues and refine the pro-
posal before it goes to the vote. Generally, the voting takes
place using predetermined modes like token-based or reputa-
tion-based voting.

To promote the adoption of their proposals, proposers strive
to capture the attention of voters. To facilitate the attention
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allocation, the economic policy of HT is implemented to trade
attention and design DAOs’ attention markets, that is, each
attention owner should pledge HT to maintain the ownership
of attention. This market design can provide an environment
for proposers in DAOs to trade on the expected values gener-
ated by attention invested in proposals.

A. Harberger Tax

Generally, HT encourages owners to set an adequate price
that can balance the tax they pay and the attention duration
they keep. The basic rules of HT for pricing DAOs’ attention
are as follows: 1) The owner announces the self-assessed price
of his attention zone publicly and pledges HT accordingly;
2) Ownership of attention can be taken by any other proposer
offering the price at any time during the period. Meanwhile,
the HT difference between the pledged duration and the actual
duration will be returned to the original owner. Then, the new
owner sets a new price.

The traditional practice of HT is that only when the new
purchasing offer reaches the owner’s price, the ownership is
immediately transferred to the new owner. However, atten-
tion is a perishable resource different from traditional proper-
ties. If the ownership transfer conditions of traditional HT are
not met, the retained attention will not generate new value for
the owner. Because attention invested in proposals instead of
proposers can produce values, it is difficult for DAO mem-
bers to continuously suggest new proposals. Aiming to avoid
such invalid waste of attention, it is regulated that nobody can
offer prices to obtain attention or pledge HT to retain atten-
tion for his proposal with voting duration outside the certain
period. Meanwhile, when the voting duration ends, the atten-
tion owner will automatically lose ownership. Besides, high
HTR is set to encourage the attention trade so as to allow
more proposals to get attention in favor of screening out valu-
able ones from numerous proposals in DAOs.

Aiming to design attention markets of DAOs, attention
should be treated as the tradable underlying assets. When
quantifying attention as a type of assent within DAOs, the cal-
culation of time invested serves as the most significant and
tangible metric. However, it is essential to account for the
quality of attention, such as concentration and perceptiveness
of proposers. Taking these into consideration, attention is
divided into clear trading zones, and each zone is defined by
the time dimension and range dimension. From the time
dimension, attention in DAOs is divided into J periods
equally, each of which is roughly the same as the preset vot-
ing duration 7. From the range dimension, we suppose that the
size of DAO members stays unchanged and the attention of
each one is indiscriminate. By doing so, we can start from the
perspective of members and categorize their attentions into
different sets from the range dimension. That is, attention
within a DAO is divided into K sets, and each set D* has m
DAO members’ attention. To ensure that each set can provide
enough attention while avoiding the negative impact of exces-
sive attention devoted to some proposals, m is the trade-off
between the total number of DAO members and the threshold
of attention required by a proposal. The composition of each
attention set in the same period does not coincide.
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The collection of proposals with voting duration falling into
the period j is Z; ={z1,j,...,2x,,-.-}. Suppose that each pro-
poser only has one proposal for voting in a specific period, the
attention zone owned by the proposal (or proposer) z; is
denoted by D, ;. He can pledge HT HT, ; for any desired
duration of the attention ownership, but only need to pay
HT  ; for the actual duration, that is

HT ;= 5x,jTx,

Px,j
HT . j= 5y, jTx, T

Q)

Here, py; is the actual attention ownership duration, s, ; is
the self-assessed price, and 7y ; is the accumulated HTR of the
entire period j. Generally, higher s, ; and longer p. ; lead to
higher HT, ;. Moreover, in an effort to avoid malicious pro-
posals and meaningless proposals taking up attention, the rep-
utation of the proposer is taken into consideration to formu-
late the individualized HTR 7y ; = B, jr. Here, r is the base tax
rate, By,j is the reputational weight, and higher reputation will
lead to lower 8, ; and lower r, ;. It is worth noting that it is
possible to have r,; > 1. Just like its usage in decentralized
applications, the daily rate is adopted while the cumulative tax
rate of a certain period can exceed 1. Besides, DAOs’ atten-
tion markets encourage continuous trading, and a high tax rate
is a means to promote it.

B. Attention Trading

In DAOs’ attention markets based on HT, blockchain-
enabled smart contracts are used to automatically execute
trades. These smart contracts are by nature computer proto-
cols that self-verify and automatically enforce the committed
rules. Thus, they can ensure that the attention trading can be
carried out in a real-time and unmanned fashion, creating an
efficient and fair environment for the continuous trading of
DAOs’ attention. The detailed process of attention trading
supported by smart contracts is shown in Fig. 1.

Market creation

N
- ~

Purchase offer

L ~_ No
 Accept? ~~—. Purchase denial

., -
N7

N
- ~

N
~"Period ~. Yes

>~ Tax collection
Market keeps open M

The trading process of DAOs’ attention markets.

Fig. 1.

Step 1: Market Creation
The attention timeline of a DAO is divided into J periods,
and each belongs to one attention trading contract. Before the
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starting time #; of period j, the attention trading contract SC;
will be created in advance, but only when the time comes to
f=tj, it will be opened automatically for proposers to pur-
chase their desired attention sets.

Step 2: Purchase Offer

The contract SC; is in essence a series of smart contracts
corresponding to each attention set, i.e. SC; = (S C}, .. ,SCf),
which support the ownership exchange between DAO pro-
posers in the jth period. For the trading of an attention zone
D’j‘. , any price offered by the first owner that is no less than the
threshold can be accepted; otherwise, only the price no less
than the announced one of the current owner can be accepted.
If there are multiple acceptable offers, only the one submitted
first will be determined as the new owner.

Step 3: Attention Trading

For the attention zone D’;, the payment of its new owner z,,;
will be automatically performed by the contract SCl/‘.. After
that, the ownership will be transferred to the new owner, that
is Dx’ j= DI;

Step 4: Tax Collection

Meanwhile, HT will be charged to the previous owner
according to the actual ownership duration, and the HT differ-
ence due to the actual duration being shorter than the pledged
duration will be withdrawn to him.

Step 5: Price Announcement

The new owner zy,; should announce his self-assessed price
sx,j of the owned attention zone Dy ;.

Step 6: Tax Pledge

The new owner z, ; pledges HT for the corresponding atten-
tion zone to the tax pool of the DAO.

The attention trading market of period j will remain open
until the end time ¢;+7. The state of the specific attention
trading contract SC; depends on the current time 7; if 7 <1,
the contract will be executed automatically when its defined
period comes; if 7e[rj,t;+7), the contract is undergoing;
while if 7 > #; + 7, the contract has been closed.

Based on the above analysis, taking the attention set D as
an example, there are two cases of ownership transfer during
period j in DAOs’ attention markets. Case /: At least one pro-
poser submits the purchasing offer exceeding the price, the
ownership of D¥ will be transferred in this period (as shown
in Fig. 2). Case 2: No one proposes the purchase offer with
price exceeding that announced by the current owner, so there
is no attention trading in this period and the ownership of D
remains unchanged until the next period j+ 1. Meanwhile, all
HT pledged by the owner will be collected by the DAO com-
munity (as shown in Fig. 3).

Take the case that the attention ownership is only trans-
ferred once in period j as the example to illustrate how DAOs’
attention markets work. The owner z;,; obtains the ownership
at the very beginning of period j, set the self-assessed price
s1,; and also pledges the corresponding HT for the entire
period. At time t;j+¢’ <t;+7, the proposer z; offering a
price q2,j > s1,; will take the ownership since then. The actual
duration of z1 ; is p1,j =1, and he will get paid at the offered
price and also be returned the HT difference.
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Then, the new owner z; sets the price s2;, and pledges
HT, ; for the duration py j=7—-1,

G1j=q2,j+s1,jr,j

’

Tt

HT j=s3,jr2,j

3

C. Proposers’ Revenues

The revenue R, ; of the owner z,; is composed of four
parts: 1) the value V, ; generated by attention invested to his
proposal that makes it be noticed or passed, 2) the payment
from transferring the ownership Gy, ;, 3) the price charged to
obtain attention ownership gy ;, 4) the paid HT HT, ;.

Rx,j:Vx,j"'Gx,j_qu_HTx,j- (4)

Among them, V ; is calculated by the following function:

Vx,j = Ax,jpx,jvx,j~ ©)
Here, the product of attention intensity A, ; and ownership
duration is used to express the invested attention, and v, ; rep-
resents the value of unit attention to the owner. With the atten-
tion ownership transfer, the attention of a DAO member can
be paid to multiple proposals in the same period. However,
people’s attention is limited and will be rapidly consumed
with the increase of information obtained. Therefore, we con-
sider that the attention intensity decreases with the sequence
of obtaining attention, that is
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Axj>Axt1,),V2xj €EZ;. (6)

Here, zx,; denotes the xth proposal with attention paid by a
DAO member in the period j, and A, ; is its attention inten-
sity. The attention intensity is modeled as the following expo-
nential attenuation function:

Ax,j:ax_lm @)

where 0 < @ < 1 is the attenuation coefficient. If x = 1, there

is A1,j =m, which means the first owner of the attention set

wins the complete attention; otherwise, 0 <A, ; <m, which

means the other owners win the incomplete attention.
Accordingly, we have

1 Pxj
Ryj=a mpyvxj+qeerj=qej=Sxjrej— - (8)

III. THE STACKELBERG GAME MODEL OF DAOS’
ATTENTION MARKETS

The price of attention zone is the result of the game played
by the owner and other proposers in DAOs’ attention markets.
The owner’s self-assessed strategy is affected by the coming
purchasing offers; meanwhile, other proposers’ purchasing
strategies are the response to it. However, the owner’s self-
assessed strategy will neither influence that of the next owner
nor be influenced by that of the previous owner. In view that
both self-assessed prices and purchasing offers are public
information in the blockchain-based DAOs, we consider the
trading game in attention markets to be a sequential dynamic
game with complete information that can be regarded as a
Stackelberg game [59], [60]. In such a game, the owner z,; is
the leader who sets the price sy j, and another proposer zy+1,;
is the follower who submits the purchasing offer g4 1, ;.

For any proposer zx4+1,; who wants to purchase the attention
set, given sy j, there are only two strategies for him to choose:
either g1, =0 or gyy1,j = sy j, which depends on the rev-
enues generated by the optimal price s i Consequently,
there is

Sx,js Rx+1,j(sx,j’ S;_H’j) >0
Qi1 ) = ©
0, Rx+1,j(sx,j,si+l’j) <0.

Especially, when x = 1, the offered price g; ; equals the pre-
determined fixed threshold so,;.

The leader z,; must have paid at the price q;j =51, to
take the attention, and currently should determine the optimal
self-assessment 57 o which is subject to the follower’s pur-
chasing offer q; A The follower zy41,; cannot determine the
optimal offer ¢ ny separately, but needs to optimize jointly
with his self-assessment s ) considering that g7 Y
resolves the transfer of attention ownership while the owner-
ship duration depends on s, T

The Stackelberg game in DAOs’ attention markets contin-

ues for multiple rounds as shown in Fig. 4, where ¢ is

only

*

x+1,j
influenced by 7 1) while 7 1118 coupled with g7, wy
that the proposer zy+1,; and zy42,; will form the new leader-

follower game relationship. This game continues until the end

SO
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Fig. 4.  The strategic response in the multi-round Stackelberg game.

of period j or there is no demand for attention trades. This
indicates that only considering z,; and the closely followed
Zx+1,j cannot figure out the equilibrium strategy (s
of the Stackelberg game.

First, we discuss the equilibrium strategy for any pair of
leader-follower in the multi-round Stackelberg game.

If q; 11 = S the leader’s revenue is

*

.
x,j’qx+l,j)

_oox—1 pXJ
Ry j(D)=a MPx Ve Sx,j = Sx-1,j = Sl

(10)
Taking the partial of R, ;j(1) with respect to s ;, we get

OR, (1 Sx,jTxj OPxj Tx,jDx,j
x,]( ) _ (ozx_lmvx,j— x,jVx,j OPx,j i1- x,jpx,]. (11)
05y T 05y, j
AR, (1) . B
Let T =0, the optimal self-assessment s j(l) under

this case can be got.
If g, iy = 0, the leader’s revenue is

Sx,j

x—1
.
Ry @)= (@ mvgj= =250 = ) pa )= seny. (12)
d=1

The self-assessment in this case must be high enough to
exclude any potential purchasing offer. Meanwhile, the leader
wants to pay HT as little as possible. As such, the optimal
price will be set as

(13)
The leader’s optimal self-assessed price s;’j can be got by
comparing R;j(l) and R;/.(Z),

S;j(l)a

* — *
Sxj = Sx,j(Z),

S;’j(Z) = min{sx,j|Rx+1,j(Sx,j, sjc+1,j) <0}.

R, (1)> R} (2)

R (<R, 2 (14)

s;j(l) or si’j(Z), R;’j(l)zR;’j(Z).

Then, the backward iteration is conducted to finally get the
equilibrium strategy (s} j,q; "y j) of the Stackelberg game in
DAOs’ attention markets. It starts from analyzing the game of
the last pair of leader-follower and obtaining their equilib-
rium strategies, which will be iterated to the revenue func-
tions of the previous pair to obtain their equilibrium strategies,

and so on until the first pair of leader-follower in period ;.

IV. TRADING STRATEGIES IN THE STACKELBERG GAME

Although the multi-round Stackelberg games discussed
above are more accordant with DAOs’ practices, proposers
are inclined to assume that they can keep the attention owner-
ship for the rest of the period when pledging HT and estimat-
ing returns, because it is very difficult for proposers to pre-
cisely predict the purchasing offers in the future rounds. This
will lead them to optimize their strategies with the thinking of
the single-round games. Besides, we try to discuss the game

RN A N N S N R S R I

equilibrium in a more detailed way as well as analyze the
impact of HT on it. In view of these, this section studies the
special case of the proposed Stackelberg game, namely the
single-round Stackelberg game in DAOs’ attention markets,
where the leader is z;,; and the follower is 2 ;.

A. Equilibrium Analysis

As follows, we first investigate the proposers’ equilibrium
pricing decisions in the single-round Stackelberg Game of
DAOs’ attention markets. To facilitate the following analysis,
the example function is formulated to calculate py ;, consider-
ing that p,; grows longer with the increase of s,; when
sx,j > 0, but the growth rate will gradually decrease.

¢

Prj=T——.
Sx,j

(15)

Here, we have p, ;> 0.
Lemma 1: In the single-round Stackelberg game of DAOs’

V1,j
avyj’

attention markets, when ry ;> 1+ the strategy profile

j

(ST, j =
rium.

Proof: If q»,j = s1,j, the leader’s attention ownership dura-
tion will be shorter than z. For the simplicity of calculation,
we also suppose m = 1. Therefore, the leader’s revenue is

rl’j_l,qz’jzs’l"j) qualifies as its possible equilib-

¢ c
Ry ()= (r——)vyj+s1,;—S0,;—s1,jr1,;(1———). (16)
S1,j Tsl,j

Accordingly, there is

ORy;(1 TV1,j = S1,j71,/)C
1,j( )=( Lj 1’21 1)) +1—rl,j(1—L)-
TSL]'

(17)

asl,j Tsl,j

Then, we figure out the leader’s optimal self-assessed price

s% (1) that makes R 0. So, we have
L,j (9.3‘1,]'
cVy
—2 =r -1 (18)
S1,j

When 0 <r; <1, there is no optimal self-assessed price,
because the leader is motivated to raise the price to fight for
the duration infinitely approximate to the entire period j.
When ;> 1, the leader’s optimal self-assessed price under
the case g2,; = 51,; is

L= [ (19)
SI,J' - rl,] _ 1 9
which leads his maximal revenue to be equal to
« Cri,j
Rl,j(l):Tvl’j-'—T_So’j_z Cvl’j(}"l,j—l). (20)
Meanwhile, the follower’s revenue is defined by
vij o s2jr2j, [c(ri—1)

Ry j(1) = (avy j — —L- - =L L@

ri,j—1 T V1,
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Since there is no minimum limit for proposers to set the
self-assessment, the follower’s optimal price is s;j =0.As a
result, his maximal revenue is

Vi,j c(rij—1)
-1 Vl’j

R; (1) = (ava - (22)

which should meet the condition described by (9). That is,

Vlgj

avyj— > 0. (23)

rl,j— 1

This implies that the strategy profile (s T A /%, q;’j =
51 ) is a potential equilibrium when ry ; ]

Lemma 2: In the single-round Stackelberg game of DAOS
attention markets, the strategy profile (sl,j = facvyj, qu =
qualifies as its possible equilibrium.

Proof: 1f q2,; =0, the leader’s attention ownership duration
is p1,; = T and his revenue is

Rl,j(Z) =TV1,J’— (24)

Here, s*l"j(2) must be high enough to force the follower to
take the response strategy of giving up the purchasing offer.
As such, the following conditions should hold:

Ry ;(2) =

80,j = S1,jT1.j-

apz jva, j=S1,j <0, Vpggj > 0. (25)

That is,

c
avz’j(‘r—(‘r—?))—sl,j <0,¥py,;>0. (26)

Lj
Then, the leader’s optimal price and the maximal revenue
under this case can be got as

57.;(2) = yacvy (27)

Rij(2) =TV],j—S0,j — F1,j VaCV2 j. (28)

Here, we obtain that the strategy profile (ST,J' = \Jacvyj,
a5 2= = 0) can be a possible equilibrium. [ ]

Theorem 1: In the single-round Stackelberg game of DAOs’

attention markets, if 7 ;

cvy,
,IJ_JI, qzl = Slj) will be achleved when either 0 <y ;<

(T‘f + fav2,)? or vy ;> (7 + +fav2,)? with r; satisfying

one of the following conditions:

, the equilibrium (slj =

1) r; ST RN I+ ok < iy
) > (xfm/wﬂ of TS ey,
212v1’1
A when 1+ avz < W—A,
_ vy _ iy -A<1l+

2) rj > (W+TW)2 + A, when (Nertya, 2 s
VL) 272 2ty
avyj = (Yot Javs )2

2T2V]‘j
3) r,j mZ >—(‘/E+T\/(Y"T,j)2 +A

Proof: To make the potential equilibrium strategy (s} =

\ rCIVIfw qé J= 51 ]) described in Lemma 1 be the final equi-
librium strategy, it must have R’{’j(l) > R’{’j(Z), namely
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cr
“ 2 Jevi j(r - D41 yaev; 0. (29)
-
Further calculation yields
(Ve+Tfave)’r 2 =4ty j+4721; 20, (30)

Here, we have A = 1672v; j(12v1 j— (Ve + T y@v2,)?).
If 72v) ;= (Ve +7avs;)? <0, (29) is always established,

and (s*;,j = rLll,l _’1 .45 = =] j) is the final equilibrium.
202y,
If Tzvlj—(\/E+T\/cT2j) =0, when r ;= —(\f+‘r (lw/z 7=

2, we have R* (1) —R* (2) However, since ry; > 1+
there is

OéV2 J

Ve 2
— + \Javy i
(‘r 2,]) -2

ryj> 1+
a’Vz,j

€2))

This means we can only get R* (1) > R* (2) ifvyj= (
V)

The above analysis signifies that if O<vy;< (¥+
\/oTz,)2 it will always be R} (1) > R} (2).

If 72v; ;- (\/_+T\/M)2>O ie., vij> (—+ Va2,
one of the following conditions should be satisfied for (29).
That is, either

2‘rzv1,j +21 \/vl,j(ﬂvl,j —(Ve+1a;)?)

rLi> 32
Li (Ve+T1+favy,)? (32)
or
2‘1'2\11,]- -27 \/vl,j(‘rzvl,j —(\e+T1 \/avz,j)z)
s (Ve +T1avy;)? - 33
J
To facilitate the following analysis, let:
21 \/vlyj(‘rzvl,j —(Ve+T1 @ ))?)
A= > . (34)
(Ve+T1 @)
When 1+ 2 < - ff: \;;1{7)2 A, to make (29) established,
there should be elther
272y,
ry> e (35)
( \/_ +T+favs)
or
Vi) 272y, 2w
1+ <r 36
vy Lj < (\/_+T\/a’\12 ])2 (36)
272 v, Vi,j 272 v1,j
When (Ne+t /le Y2 A<+ (zv;,j < (Vett yava )2 ,ky\in)z +A, (29)
holds only when
272
TV ] (37)
T (Nerryam)?

272 2ty

> (Ne+T (favy; (Ve+t vavs )2

+ A, (29) holds only when
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L (38)
avy,j

r,j> 1+

|

Theorem 2: In the single-round Stackelberg game of DAOs’
attention markets, the equilibrium (s”l‘ = Jacvy, j,q; =0)

w111be achleved1f0<r11<1+ , or r1/>1+

avz > V1,j >
( 7 \/CTZJ')Z and none of condltlons illustrated in Theorem
1 is met.

Proof: If 0<ryj<1+— only strategy profile (sy;=
V25,45 ;= 0) can be the equ111br1um Then, it can be eas-
ily proved that Vsy ;, Ry j(\/@cvy;,0) = Ry j(s1,5,0), and Vg2 j,
Ry j(Jacvy;,0) =2 Ry j(facvy j,q,7). This means neither the
leader nor followers can improve their revenues by unilateral
strategies that deviate from this strategy profile.

If rpj> 14— > (¥4 \javz;)?, when none of
conditions 111ustrated in Theorem 1 is satisfied, we can only
have Rj] (1) <Rj (2) Accordingly, the equilibrium (s1
\/CWZJ’ 9= 0) w111 be achieved. [ |

B. The Impact of Individualized HTR

Building upon the equilibrium analysis above, we will fur-
ther examine the impact of the reputation-based individual-
ized HTR on proposers’ pricing strategies as well as the
resulting revenues in attention trading.

It can be found that the leader’s HTR creates impacts on the
equilibrium strategy, but the follower’s HTR does not. In view
of this, we focus on analyzing how the leader’s HTR affects
their pricing and purchasing strategies, especially the individ-
ualized HTR defined by the reputational weight.

Theorem 3: While the impact of the individualized HTR on
the leader’s equilibrium self-assessed price and ownership
duration shows a negative correlation, its effect on his equilib-
rium revenues varies depending on the specific conditions.

Proof: First, we consider that a lower HTR 7y ; either results
from a better reputation (i.e., a lower reputational weight 51 ;)
or a lower base tax rate ». According to Theorem 1 and 2, we
discuss the following two equilibrium scenarios.

D0 << L+ yavg,)

If a lower r1 ; does not change the condition ry ;> 1+

ozvz N
the equilibrium will remain as a state of attention ownership

transfer. Here, a lower ry; will raise the price Si,j set by the
leader and prolongs his ownership duration p’f’ It However, its
impact on the leader’s equilibrium revenue depends on their
correlation, which is analyzed by

CI)R’IJ(I) _ E B CVLj
07’1,/’ T rl N 1 ’

=0, we obtain 7 ;=

(39)

6R* (l)

Let ” - <
r,j < r1 s a lower r1; will make the leader’s revenue decr-
eased; and when 7y ; > 71 ;, a lower rq; will make the leader’s

revenue increased.

If a lower 71 ; makes the condition ry ;> 1+ (:v'—; no longer

5]
hold, the equilibrium will change from the state of attention
ownership transfer to no attention ownership transfer as dis-

cussed in Theorem 2. Consequently, the equilibrium self-
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assessed price s’;‘,j will be elevated, resulting in a longer own-
ership duration and an increase in his revenue.

2) V1,j > (T‘f + \/avz,j)z

If a lower r1,; makes at least one of the conditions dis-
cussed in Theorem 1 still holds, the equilibrium state of the
game will not change (i.e., remain as if the attention owner-
ship transfer occurs), but the equilibrium self-assessed price
will increase, leading to a longer ownership duration.

Meanwhile, there are multiple possibilities for changes that
the individualized HTR brings to his revenue. If 71,; falls into
the range specified by any equilibrium condition of Theorem
1, a lower ry; can cause the leader’s revenue to stay
unchanged, increase or decrease. If 71,; goes out of the range

specified by each equilibrium condition of Theorem 1, there
1,0

only exists ry ;> 7 ; such that < (), which means a

r
lower ry,; will make the leader’s reveiiue increase.

If a lower r,; makes the equilibrium conditions of Theo-
rem 1 do not hold anymore, the equilibrium state of the game
will change from the occurrence of attention ownership trans-
fer to the non-occurrence of attention ownership transfer as
discussed in Theorem 2. Under this situation, the optimal self-
assessed price s’f’j will increase, resulting in a longer owner-
ship duration and an increase in his revenue.

From the above analysis, we can conclude that a lower HTR
of the leader promotes the increase in his equilibrium price as
well as ownership duration but does not necessarily elevate
his equilibrium revenue in the single-round Stackelberg game
of DAOs’ attention markets.

Then, following a similar proof process, we can also get that
a higher HTR of the leader induces a decrease in his equilib-
rium price as well as ownership duration but does not neces-
sarily reduce his equilibrium revenue.

By applying the above analysis, the conclusion of Theorem
3 can be obtained. u

V. DiscussioN

Attention is an important resource for blockchain-based
DAOs to realize self-governance, as they rely on the collec-
tive attention of their members to make decisions in the mode
of proposal and voting. Aiming at voting the truly valuable
proposals that are in favor of the development of DAOs, atten-
tion markets are established to create continuous trading to
allow the attention allocation to reach a wide range and
achieve high efficiency via the HT-based pricing mechanism.

In these attention markets, no one can independently deter-
mine his trading strategy. Instead, the owner’s pricing strat-
egy is affected by the coming purchasing offers; and in turn,
the purchasing offers are the competitive proposers’ response
strategies to it. The owner sets the price first and then others
submit offers accordingly, forming a leader-follower game
relationship. This inspires us to use the Stackelberg game
model to study the trading and pricing strategies of DAOS’
attention markets. Our study shows that there is equilibrium in
the attention trading game, which is instrumental in establish-
ing stable attention markets for DAOs and making the trading
process standardized and automated by smart contracts.

Moreover, the tax rate plays a crucial role in these markets.
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If HTR is kept very low owners’ prices can be declared high
to prevent ownership change; while if HTR is set high so that
owners’ willingness to submit high prices will be weakened to
promote ownership transfer. Besides, even though the impact
of HTR on owners’ revenues is inconsistent under different
conditions, the lower HTR resulting from the better reputa-
tion or the lower base tax rate still encourages them to
announce a high price to retain ownership of attention for
longer. By understanding the impact of individualized HTR
on attention’s trading prices and its ownership transfer, not
only DAO members can make informed decisions on trading
strategies but also the DAO community can set proper base
rates and reputational weight in attention markets.

This study provides a preliminary solution with HT-based
attention markets as the core to deal with the tragedy of com-
mons concerning attention in DAOs. However, there are also
more complexities raised with the proposed attention market
to be resolved. First, the attention difference among DAO
members is ignored in the current analysis. Actually, because
DAO members’ governance power is unequal, their attention
engagement will result in different effects on the promotion
and implementation of proposals, thus creating varying val-
ues for proposers and also the whole DAO community. Sec-
ond, we do not consider the relevance of attention price with
its ownership duration. However, there exists the strong corre-
lation between the attention’s value and the duration of its
retention time. Only when the duration is appropriately long,
can the invested attention produce better returns to owners,
because too short a duration may not make the proposal accu-
mulate enough votes, while too long a duration may make
owners pay unnecessary fees for the invalid duration. Third,
despite that the formulated attention markets support dynamic
HTR, we have not considered it in-depth in this paper. On the
one hand, from the perspective of the DAO community, the
base tax rate can be dynamically adjusted according to the
attention supply and demand. On the other hand, from the per-
spective of proposers, their reputation is dynamic. Both of
these dynamics can be used to design dynamic and adaptive
attention markets. Therefore, DAQOs’ attention markets are
still a developing topic that deserves further exploration and
innovation.

VI. CONCLUSIONS AND FUTURE WORK

This paper seeks to address the challenge of allocating lim-
ited attention resources in DAOs by designing HT-based
attention markets. On one hand, the unique trading rules of
HT offer a novel approach to pricing attention within DAOs
and establishing corresponding property rights; on the other
hand, the integration of blockchain and smart contract tech-
nologies in DAOs facilitates the implementation of HT. First,
DAOs’ attention markets based on individualized HT are
designed, involving a detailed discussion of the trading pro-
cess and the formulation of proposers’ revenue function.
Within this framework, attention trading unfolds through six
distinct steps, encompassing market creation, purchase offers,
attention trading, tax collection, price announcement, and tax
pledges. Then, The Stackelberg game model is formulated
within these markets, with attention owners assuming the role
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of leaders, while other competitive proposers act as followers.
The examination of attention pricing is conducted through an
exploration of the equilibrium trading strategies employed by
proposers within the Stackelberg game. Especially, in the sin-
gle-round game, the equilibrium strategies under different
conditions are discussed. Furthermore, the analysis is con-
ducted on the impact of individualized HTR on equilibrium
trading strategies, revealing a distinct negative correlation
with leaders’ announced prices and ownership duration. How-
ever, the impact on their revenues is found to be mixed.

This study supports the designs of market trading methods
and allocation mechanisms for managing attention in DAOs.
Additionally, it enhances our comprehension of proposers’
strategies in garnering attention for their proposals during the
decision-making process within DAOs. Furthermore, this
study provides a potential approach for managing other intan-
gible and perishable resources similar to attention within
DAOs. Such insights contribute to the evolution of improved
governance models and decentralized decision-making pro-
cesses, fostering more equitable and sustainable resource man-
agement within DAOs and the burgeoning Web 3.0 landscape.

In the future, we will explore the dynamics and complex
inter-dependencies of attention markets within DAOs, espe-
cially the potential differences in proposers’ attention, the
long-term dynamics and evolving strategies of the proposed
game, and the measurement of the reputation and its influ-
ence on tax rate. Besides, the advanced Al models like Chat-
GPT and Sora will be integrated to optimize the attention pric-
ing strategies, due to their capability of comprehend and pre-
dict the market information [61]-[64]. Moreover, more
sophisticated and innovative models for artificial societies will
be established [65]-[67], to advance the experimentation and
evaluation of DAOs’ attention markets [68], [69].
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