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Abstract—Driven by the burgeoning growth of the Internet of Everything and the substantial breakthroughs in deep learning (DL)
algorithms, a booming of artificial intelligence (Al) applications keep emerging. Meanwhile, the advance in existing computing
paradigms, i.e., cloud computing and edge computing, provide assorted computing solutions to satisfy the increasingly high
requirements for ubiquitous Al services. Nevertheless, there are some non-trivial issues in the computing frameworks, including the
underutilization of computing power, the self-interest of computing-power trading mechanism, and the inefficiency of Al services
management. To tackle the above issues, we propose a computing-power trading framework based on blockchain, also named Al-
Bazaar. In Al-Bazaar, the Al consumers play multiple roles and feel free to contribute the computing power rented from the computing-
power provider (CPP) for blockchain mining and Al services. Accordingly, we formulate the computing trading problem as a Stackelberg
game. Based on the win or learn fast principle (WoLF), we design a profit-balanced multi-agent reinforcement learning (PB-MARL)
algorithm to search the Al-Bazaar equilibrium, while finding the balanced profits for Al consumers and CPRP. Numerical simulations are
carried out to demonstrate the satisfactory performance and effectiveness of the proposed framework.
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1 INTRODUCTION

RECENTLY, driven by the burgeoning growth of the Inter-
net of Everything and the prosperous development in
deep learning (DL), a booming of artificial intelligence (A
applications keep emerging [1], [2], [3]. Meanwhile, the
advance in existing computing paradigms, i.e., cloud com-
puting and edge computing, can satisfy the increasingly
high requirements for numerous Al applications with low
latency, high bandwidth, and strong computing power,
making the Al services everywhere [4], [5], [6]. In turn, these
ubiquitous Al services have given rise to the novel comput-
ing framework that requires comprehensive connectivity
and efficient computing power [7], [8], [9], [10].

Generally, the computing nodes in the computing frame-
works are widely distributed, while the computing power
resources are heterogeneous. The edge nodes are con-
strained by limited computing resources, which already
cannot support the computing-intensive Al services. Mean-
while, cloud nodes provide a cost-effective solution for
computing-power sharing among the resource-limited edge
nodes, i.e., the Al consumers [11], [12]. To open up the com-
puting power of different computing nodes, there is a press-
ing need to explore a trusted computing-power sharing and
trading framework. Specifically, the computing-power pro-
vider (CPP) in this framework integrates the computing
resources from the computing nodes to offer the computing
power to the resource-constrained computing nodes,
enabling a wealth of Al services to meet their business
requirements.

Nevertheless, there are some non-trivial issues in the
computing-power sharing and trading framework. For
example, 1) The computing power resources in CPP cannot be
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fully utilized [13]. The computational resources in some com-
puting nodes assigned to Al consumers may not be suffi-
cient to support increasingly complex computational
demands, while other nodes may have normal workloads,
or even be idle. The above scenario enables the computing
power underutilized, and further causes the computing
supply contradiction. 2) The computing power trading lacks a
fair profit-balance mechanism. Generally speaking, the CPP is
self-serving and only focuses on its interests. As the number
and types of Al consumers increase, the computing-power
trading framework will enter a new era of the free-market
economy. Therefore, it is necessary to break the egoism and
monopoly of the CPP to provide a profit-balanced trading
mechanism. 3) Currently, the quality management of Al serv-
ices is inefficient. Coupled with the rise of Al services, the
computing demands have been showing continuous and
rapid growth. Nevertheless, subject to the resource-con-
strained computing environment, the existing computing
framework cannot satisfy the accurate, personalized, and
high-quality service requirements. In general, the above
challenges have fueled the urgent need to develop a fully-
utilized, profit-balanced, and efficient computing trading
framework for ubiquitous Al services.

Notably, the CPP provides paid resources services for
computing-intensive Al applications in the computing
power trading framework. Blockchain, as an immutable,
accessible, and tamper-proof ledger, promises several bene-
fits for computing resource trading, including recording the
scattered computing power, meeting contractual conditions
of computing trading and pricing without trusted
intermediaries, and so on [14], [15]. Specifically, with the
development of consensus protocols, blockchain has
become an Al-friendly system. For example, several types
of research are focusing on the proof of useful work consen-
sus protocols [16], such as proof of learning (PoL) [17], proof
of training quality (PoQ) [18], proof of deep learning (PoDL)
[19], etc. In general, these protocols mainly aim at replacing
the hashing puzzle in the traditional proof of work (PoW)
with the model training and then interconnect the whole
learning models in a distributed blockchain manner to con-
struct the lightweight intelligence system. These protocols
conquer the problem of computing power waste while
improving the learning abilities of the resource-poor com-
puting nodes. Therefore, it is natural to integrate the proof
of useful work consensus protocol-based blockchain with
the computing-power trading framework to improve Al
services quality.

In our previous work [20], by jointly considering the per-
spectives of Al consumers, networking, and CPP, we design
a computing-power networking framework for ubiquitous
Al However, the proposed framework is not concerned
with the comprehensive computing-power trading mecha-
nism. In this paper, assisted by the proof of useful work con-
sensus protocol in blockchain (i.e., PoL consensus protocol),
we propose a computing trading framework for ubiquitous
Al services, named Al-Bazaar. For the three issues raised
above, Al-Bazaar can address them from several mecha-
nisms. Specifically, the Al consumers play multiple roles,
and they feel free to contribute the computing power rented
from the CPP for blockchain mining and Al service, thus
solving the first and third issues. Meanwhile, the computing
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trading problem can be formulated as a Stackelberg game to
ensure the balance of interests in Al-Bazaar, which in turn
can solve the second issue. The key contributions of this
work are as follows.

e Based on blockchain, we propose a computing-
power trading framework with a multi-role feature
for ubiquitous Al services.

e In order to reach the balance of the profits between
CPP and Al consumers, we formulate the computing
trading problem as a single-leader-multiple-follower
Stackelberg game. Moreover, the Nash equilibrium
(NE) of each stage and the Al-Bazaar equilibrium in
the Stackelberg game are given with proof of exis-
tence and uniqueness.

e Based on the win or learn fast (WoLF) principle, we
design a profit-balanced multi-agent reinforcement
learning (PB-MARL) algorithm to help the CPP and
Al consumers find balanced profits. Experimental
results demonstrate the satisfactory performance
and effectiveness of the proposed framework.

This article is organized into seven sections. The related
work is shown in Section 2. Section 3.1 describes the pro-
posed computing trading framework. In Section 4,we pres-
ent the system model and problem formulation. The PB-
MARL algorithm is designed for searching the Al-Bazaar
equilibrium of the proposed game model in Section 5. Simu-
lation results are presented and discussed in Section 6.
Finally, concluding remarks are given in Section 7.

2 RELATED WORK

2.1 Traditional Computing-Power Network
Frameworks

As a novel computing framework, the computing-power

network comes into existence. It aims to provide more flexi-

ble and high-quality Al services by connecting resources

between the cloud, edge, and end to form a computing-

power resources pool.

There are several efforts in the computing-power net-
work frameworks, which considered the computing power
can be regarded as the information to share among the com-
puting devices [21], [22], [23]. For example, the authors in
[21] studied a computing first network. In this network,
computing power and network states were treated as the
routing information and published to the whole nodes. By
this means, computing power was connected as a system-
atic grid. Likewise, the authors in [22] argued that comput-
ing power is as easily traded and shared as matter, energy,
and information. Further, the work in [23] presented the
computing network can seamlessly discover the computing
power, and identify the server closest to the user for effi-
cient processing of the Al tasks.

However, all of that works didn’t consider the usage of
computing power as a paid service, which made the pro-
posed approach un-generalized.

2.2 Blockchain-Assisted Computing Frameworks
With the development of blockchain, its transparency and

traceability can offer significant benefits to computing trad-
ing systems [24], [25], [26]. Moreover, aided by cloud
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The proposed computing-power trading framework for Al

computing and blockchain, the authors in [27] developed a
resource trading platform for Industrial IoT. Similarly, the
authors in [28] established a blockchain-based toll collection
system to motivate the heterogeneous edge platforms to
share their vacant resources. To satisfies the desirable eco-
nomic properties of the computing-power trading, the
authors in [29] set up an auction-based model for high-effi-
ciency resources trading. The above works probed into a
paid service model of computing trading via blockchain.

Nevertheless, on the one hand, the consensus mechanism
used in these works was traditional, i.e., PoOW protocol, and
it needed large amounts of computing power to break the
hashing puzzle through brute force, which leaded to
resource wastage. On the other hand, the Al consumers
were single-role, meaning that they only devoted their com-
puting power to blockchain mining. None of the above con-
sidered the comprehensive scenario that consumers could
either perform blockchain mining or Al service tasks, or
both.

3 THE Al-BAzAAR COMPUTING FRAMEWORK

3.1 Framework Description

In this paper, we propose a computing-power trading
framework, i.e., Al-Bazaar, with multi-role (i.e., consumers
feel free to be a miner or an Al servicer, or both), and profit-
balanced (i.e., the computing profits are satisfied by both
sides) features for Al services.

As shown in Fig. 1, Al-Bazaar is committed to balancing
the allocation of computing power, connecting the scattered
computing resources, motivating the computing nodes to
share their computing power, as well as allowing the multi-
farious customization needs of Al consumers. There are two
types of entities in the Al-Bazaar, including AI consumers
and CPP. Particularly, the resource-constrained Al consum-
ers request computing power from the CPP via blockchain
for satisfying their requirements. Concretely, the Al-Bazaar
computing framework consists of the following layers.

3.2 Al Consumers Layer

In Al-Bazaar, there exists a group of Al consumers, denoted
by i e N ={1,2,...,,N}, as shown in the AI consumers
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layer of Fig. 1. Specifically, the tasks of Al consumers are
mainly concentrated in two classes: Al training and Al
inference.

e Al training: An Al consumer requires intensive com-
putation to support the Al training service, such as
image recognition, speech recognition, natural lan-
guage processing, transportation control, and aug-
mented reality, sustained by neural networks (NNs),
reinforcement learning (RL), federated learning (FL)
algorithms, etc.

e Al inference: In addition to the Al training tasks, an
Al consumer also requires computation to process
the Al inference leveraging the training results to
manage the realistic tasks. This task retains the learn-
ing ability, and can be applied to the new datasets for
quick inference response.

To meet the Al demands, bandwidth must also be
acquired in Al-Bazaar. Nevertheless, it is provided by the
network operator and is therefore not included in the com-
puting-power trading framework. Next, the computing-
power provider layer is introduced as follows.

3.3 Computing-Power Provider Layer

With the acceleration of IoT and emerging computing
frameworks constructions, the proliferation of computing
power from the centralized cloud node to the network node
is a matter of momentum. Generally, the computing nodes
in the computing frameworks are widely distributed, while
the computing power resources are heterogeneous. The
CPP are committed to integrating computing-power resour-
ces from the computing nodes by resource pooling, provid-
ing a cost-effective solution for resource-limited edge
devices, i.e., the Al consumers.

Hence, a trusted computing-power trading framework is
of great necessity to support credible computing sharing
between CPP and Al consumers. Blockchain, as an open,
cryptographic, and decentralized system, provides a range
of related computing solutions. Then we present the block-
chain layer as follows.

3.4 Blockchain Layer
Blockchain includes a series of technologies, such as consen-
sus mechanism, encryption algorithm, distributed data stor-
age, and so on. These technologies enable blockchain to
possess the characteristics of decentralization, transparency,
security, etc., to help with establishing the secure trusted
computing-power trading framework. Specifically, this
paper adopts the PoL-based consensus mechanism in
response to the huge computing power waste of work-
based protocols. PoL regards the NNs training as a working
puzzle, which is viewed as the learning-based mining ser-
vice, rather than meaningless hashes. It is for this reason
that the AI consumers in the computing-power trading
framework can play multiple roles (i.e., the miner or Al ser-
vicer), and we will give a detailed description in Section 4.
From Fig. 1, it is also observed that the NNs in Al-Bazaar
are multiplexed. On the one hand, NNs can be treated as a
puzzle in the learning-based blockchain. On the other hand,
they serve as the underlying support for the DL algorithms.

As a result, multiplexed NNs provide strong su%)port for
y.
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the sustainable development of computing-power trading
and Al services at a higher level.

4 Al-BAzAAR MODEL AND PROBLEM
FORMULATION

We first present the computing-power trading model in Al-
Bazaar in Sections 4.1 and 4.2. Then the computing-power
pricing and purchase demand problem between the CPP
and Al consumers can be formulated as a Stackelberg game
in Section 4.3 . Further, we give the proof of existence and
uniqueness of the Stackelberg game in 4.4 .

4.1 Al-Bazaar Model Description
4.1.1  Model Assumption

The Al-Bazaar model is illustrated in Fig. 2. Noted that dif-
ferent computing-power members placed in the framework
have widely various strategies, divided into the purchase
strategy from Al consumers and the pricing strategy from
CPP. Specifically, in Al-Bazaar, CPP concentrates on selling
computing power, while Al consumers submit computing-
power purchase demands to rent computing power from
the CPP for managing diversiform tasks and running block-
chain applications for Al services.

Assume that there exists the CPP and N Al computing-
power consumers. We formulate the computing trading
problem between CPP and Al consumers as a single-leader-
multiple-follower Stackelberg game. At first, CPP proclaims
a uniform computing-power unit price for all Al consumers.
Then each Al consumer determines the purchase strategy to
get computing power for supporting a great variety of tasks.
The uniform computing-power unit price is represented as
P € [Pmin, Pmaz), Where ppi, and p,q, are the minimum and
maximum computing-power unit price, respectively. The
decided computing-power purchase demands of Al con-
sumers are denoted as F = {F, F,..., F,,..., Fx}, where
F; € [Fin, Finas)- Specifically, F, and F,,, are the mini-
mum and maximum computing resources requested by the
consumer, respectively.

4.1.2 Multi-Role Al Consumers in Al-Bazaar

In Al-Bazaar, the tasks of Al consumers include Al training
and Al inference, resulting in the two roles shown in Fig. 3.
As the mining puzzle is solved, the training tasks for Al
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consumers will be accelerated. At this point, the Al con-
sumer acts as a miner to fight for the bookkeeping right of
the blockchain, to receive the block reward. If the CPP
returns the required training result to the Al consumer for
inference, the Al consumer can be an Al servicer to satisfy
their personalized demands. In addition, Al consumers
have the flexibility to switch roles between Al services and
miners. That is, they can choose a portion of computing
power for business needs and another portion for block-
chain mining.

4.2 Learning-Based Mining Model

In this paper, we adopt the learning-based consensus proto-
col, i.e.,, PoL [17], as shown in Fig. 4. It regards the local
training process as the puzzle and believes an NNs with the
smaller loss function can efficiently provide high-quality Al
services. The winner will issue a block and further get
returns. After reaching the consensus, the other nodes then
change their parameters in the NNs according to the
winner’s transaction. To perform the PoL process between
Al consumers, we need to utilize the same standard dataset
only including normal data. The model can only be brought
online if its results on this standard dataset are up to par,
which also prevents poisoning attacks.

Assume consumer 4 decides to allocate the part of com-
puting power g; for mining, named the role-playing ratio.
Accordingly, the proportion of consumer’ computing power
devoted to mining ¢ for mining in the whole blockchain net-
work is «;, which is

Zj:l Bik;

Similar to PoW [30], we consider the occurrence of
addressing the learning-based puzzle can be formulated as
a random variable subject to a Poisson distribution. Analo-
gously, the probability that miner ¢ successfully solves this
type of puzzle and reaches consensus is p;, which can be
expressed as

py = aie™ M, @

where ¢ refers to a constant parameter associated with
learning puzzle, and 77 means the propagation time
required for a block to reach consensus. Specifically, 77 rep-
resents the liner function with respect to the block size B;,
the propagation factor tr and the evaluation metric of each

miner solution for the learning-based puzzle §;, i.e., TV =
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18, B;. For example, in the PoL, ¢ is related to the given train-
ing time T’ppqy, which means € = 1/Tpq,,. Without loss of
generality, we assume each block contains the equal num-
ber of transactions, that is B; = B. Additionally, consider
the loss function value of trained NNs from the miner ¢ as
the evaluation indicator §;.

If the miner successfully addresses the learning-based
puzzle, it will broadcast its solution to the whole network,
while other nodes throughout the network validate the cor-
rectness of this solution and reach a consensus. The first
miner that successfully wins the bookkeeping right will
receive the reward. Likewise, the miners could gain rewards
form two ways. The reward R is obtained from mining suc-
cessfully, and the reward R, is the performance reward,
defined as the product between a performance reward fac-
tor A and block size B, i.e., R, = AB. Thus, the profit that an
Al consumer derives from mining is defined as follows:

U™ = (R+ AB)ae ™5, (3)

4.3 Profit-Balanced Stackelberg Game Model

We formulate the computing-power trading between com-
puting-power members as a two-stage Stackelberg game
model. Their profit functions in each stage are given as
follows.

Consider that computing-power members have quasi-lin-
ear utilities [31]. Specifically, the CPP profit gained in Al-
Bazaar is defined by the Al consumers’ payment minus the
service cost. In the first stage, the CPP decides the computing-
power pricing strategy within strategy space P = {p | pmin <
P < Pias ; based on the demands provided by the Al consum-
ers to maximize its profit U,,,, it can be described as:

N
P1: - CO)F;
m;}ix lzzl(p ) @

S.t,p S [prm'n ) pmax] )

where C is the electricity cost per computing-power unit.
This revenue-incentive mechanism will incentivize selfish
CPP to join in the Al-Bazaar, while utilizing the idle com-
puting power for Al services.

Furthermore, the Al consumer’s profit received in the Al-
Bazaar is defined by the reward from blockchain minus the
mining risk cost and payment for renting computing power
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from CPP. In the second stage, the Al consumer decides the
purchase amount of computational power with the pur-
chase strategy space F' = {F; | ;o : Finin < Fi < Fpe0 ) based
on the computing-power unit price set in the first stage. As
such, for consumer i, it can flexibly act multi-role to maxi-
mize its own profit U;, which can be formulated as:

P2: II}@XE((l — B;)Cy — uip) + m;U}"
StE S [Fmi,nv Fmaz]v (5)

where U!" is the profit of the Al consumer from mining. Spe-
cifically, u; is a weight factor indicating the tendency of the
ith Al consumer to think about how much the payment cost
is more important to the total profit, and the m; is the token
effect parameter denoting the equivalent monetary worth of
mining. C, denotes the profits per computing-power unit
caused by realizing business needs.

Overall, both CPP and AI consumers will like to acquire
the greatest profits [20], [24]. In the following, we investi-
gate the equilibrium property and tradeoff analysis of the
two parties’ profits.

4.4 Model Analysis
To verify the formulated Stackelberg game exists the equi-
librium, we bring the following definitions and theorems.

Definition 1. An Al-Bazaar equilibrium point of Stackelberg
Game in this paper is a group of strategies {{F;},cn,P"}
meeting the following conditions:

Ucz)p(F*7P*) ZUcpp(F*7P)7
UL(F*7P¥) EUZ(FaP¥) (6)

An Al-Bazaar equilibrium refers to that no player has an
incentive to change its strategy after taking into account the
opponent’s decisions. Therefore, it is the optimal strategy in
this profit-balanced game. Next, we will prove the equilib-
rium property of each stage and the Al-Bazaar equilibrium,
and further analyze the profit-balanced problems of the two
parties in detail.

4.4.1 Al Consumers’ Game

The self-interest behaviors of computing-power members in
Al-Bazaar create a competitive environment, and form a
noncooperative game on the consumer side.

Lemma 1. The strategy space for each consumer F' is a non-
empty, convex, and compact set, and U; is an apparently con-
tinuous function in F'.

Proof. In the second stage, the Al consumers have N pur-
chase strategies, and the domain of these strategies is
[Finin, Finaz)- It's easy to observe this strategy space is a
non-empty convex set, and the profit function u; of each
consumer is continuous. Moreover, the domain of the
strategy space has the upper bound, meaning F' is a com-
pact set. The proof is completed. 0

Theorem 1. The NE in the Al consumer’s game exists.

Proof. From lemma 1, we know U; is apparently continuous
in F. We set RS = m;(R + AB)e ™% and take the first and
second derivatives of (5) with respect to F; respectively,
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which are given by:

gg = —((B = )Cy + uip) + R% @
z (Z85)

277 A o

22? _ RCM < 0. 8)

Z (Zi\il ﬂij>3

Therefore, U; is proved to be a strictly concave func-
tion with respect to Fj. As such, the Nash equilibrium of
the game on the Al consumers side exists [32]. ]

Theorem 2. The profit function of the consumer u; has the fixed
point, and the NE of Al consumers definitely is the fixed point
of the profit function.

Proof. According to Lemma 1 and the similar proofs in [33],
[34], we could arrive this theorem. a

Then, under certain conditions, the uniqueness of NE is
proved by leveraging the standard function method [32].
We then introduce the definition of the standard function as
follows.

Definition 2. If a general function f (x) satisfies the following
conditions, it could be defined as a standard function: (1) Posi-
tivity: Vx € X, f(x) > 0; (2) Monotonicity: Vxi,xs €
X,x1 < zo, f(x1) < f(x2); (3) Scalability: Vp > 1,z € X,
flpz) < pf().

As we proved in Theorems 1 and 2, there is at least one
NE, which can be shown to be a fixed point. Then we get

(F) = (f(FY), f(F5), - F(BR)), ©)

where f(F;) is the purchase strategy function for the con-
sumer i.
Let g—% = 0, and we have

XVI g — | R i BT 10)
0 pu; + (B; — 1)Cy’
while we know that
N
D BiF = BiFi+BF (11)
J=1 j#i

Therefore, the strategy function satisfies the following
equality by substituting (11) into (10):

R BiF
F = i) B, F;. (12)
7 \//3; (put (ﬁt - 1 Cb ;
Overall, the strategy function is shown as follows:
Fmin7 E < Fmin,
F;‘* = f(E) = E: Fmin S E S Fma,m (13)
F?’Il(ll" E > Fmaz-

In this paper, we mainly focus on the second case. Then, the
Theorem 3 proves the uniqueness of NE in the consumer’s
game.
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Theorem 3. When the role-playing ratio of each consumer is
same, i.e., B, there must be only one NE in consumer’s game
given the following condition

2(N — 1)pu,

+(B-1)C  Kpuj+(B—1)C,
7 < ; i (14)

is satisfied.
Proof.
(1) When the role-playing ratio of each consumer is

C

. . R
same, it’s easy to obtain that }_; ; Fj < jm—ri—gy <

% on the basis of the condition (14) and Lemma

it
2, then we get
RS, F
Z F; ﬂ (15)
= (pus + (B~ 1)C)

Therefore, we can lgrove f(F;) > 0,VF; € F.
Q@ Let F,FMelFand I < F', we can obtain the fol-

lowing conclusmn by substituting it into (12),

— f(F)

(e

( > T - ZF;)( DT+ ZF}) 16)
J#i J#i j#i

i#i

As F < F',then \/ > Fj = \/ >4 Fj < 0. Moreover,

R -
L — Fi— Fl e
Jrrtima— S5 [T

Re¢ [ _
< pu; + (ﬂ — 1)Cb o J
R¢
9 SR
pui + (B —1)Cy ; J)

Based on the Lemma 2, we have f(F) < f(F"). (3) Con-
sider Vp > 1, it can be proved that

pf(Fi) — f(pF)

)

TG

Hence, we can verify (13) is the standard function.
According to [32], it can be concluded that there is defi-
nitely one NE in the strategy space set. O

Specifically, the unique NE is given by the following.

Theorem 4. If each Al consumer i chooses the same role-playing
ratio B and the condition (14) holds, the unique NE in the Al
consumer’s game is provided as follows:
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N-1
R =
N i+(B—1)Cy
Zj:l (1’“11?751)
2
N -1 .pui—|—(,3—1)C’b (18)
N ui+(B—1)C RS '
>N (”JTN) i

Proof. Due to the equal role-playing ratio of each Al con-
sumer, from (12), we have

s Ei puit (B-1)G,
2 c ’
(=X F) B

Specifically, we sum the two sides of (19) separately, and
obtaining the left part of (19)

N
D_EED Fit Y F

]\T
Yl Bi A 22 N

(19)

7 2 r 2
(x5 ) (XX 5) (20)
N
Vo
=(N - 1)723—l .
N
() m)
Then we have
ShE (ot (B-1)C
N-DZ =2\ | 1)
(ijl F/) =t J
Next, it can be obtained that
zv: P N-1
j=1 ’ Z;V:l (Puﬁ(gl)%) (22)

After simplifying and applying (10) into (22), we have

Ry, F; N-—-1
pu; + (B —1)C, NN
Y\ T

(23)

By (22) and (23), we can derive (18) and the proof is
completed. ]

Lemma 2. If the Al consumer has the same role-playing ratio B,
while the condition (14) is ensured, then

Y F; < 7
20 Alpu + (B 1)Gy). @)
Proof. From the (18) and (22), we can obtain that
2
N-1 pui + (B—1)Cy
Z ij = s an —-1)C; ' C ! (25)
A Z;-\:l (pij +(I§(- ) b) R;

By substituting (14) into (25), we can easily get (24). ]

4.4.2 CPP’ Profit Optimization

In the AI consumers’ stage, the pricing strategy of CPP
related to the computing-power purchase amount F;. After

2343

substituting (18) into (4), we can arrive
(p-C)N-1)
wi+(B8;—1)C

Zi\; . (%)

Correspondingly, we analyze the profit maximization of the
CPP under the scenario that the Al consumer achieves the
optimal purchase strategy.

Uaw = (26)

Algorithm 1. The PB-MARL Algorithm for the CPP

. win  glose
Input: oy, ¥epps 8Cpp , SCPP .

Initialization: t = 1, Quyp(st,,, ') = 0, 7epp(sl,,,, ') =
- jin lose
\Aipp\ ’ ﬂ‘*‘”’(sipp’pt) - \Aippl ey < By C(Sipp) =0.
fort=1,2,3,---
1: Observe the state stcpp.
2: Select action p' at the probability policy
ﬂcpp(sipp7 pt)
3: Observe the next reward R, and the state sgpl.
4: Update Q (s, p'):

Qepp (86 P') — (1 = ) Qepp (S5, P') + ey
(Repp + ¥ eppMaXpe Ay, QCPP(sf;;pl 'D))-

5: Update average policy ﬁcpp(sfzpp, p):

Clsgp) = Clsg,) +1
ﬁcmz(silpp»P) — ﬁ(:pp(Sippy p) + m (ﬂ”PP(Sf:pm p)
7ﬁCPP(sf:[)‘y;7p))7Vp € Acpp-

6: Update current strategy 7., (s, p):
ﬂCPP(Sf:p[np) — ncpp(sf;[,[,,p) + Fs;m]}p,Vp € Acpp~

end for
until

Theorem 5. The CPP can achieve profit maximization under the
unique optimal price.

Proof. From (26), we can obtain the first order and second
order derivatives of profit U, with respect to comput-
ing-power unit price p, i.e.

o, NV -DX RSN, - D0+ w)

A A 2
» (P + (8- 1)G)
and

. (27)

v (N =D R (SN (8- 10G+ O w)

—QZUJ

7 J 3
=1 (p S u+ 0 (B — 1)Cb)

(28)

Due to the negativity of (28), we can prove that U, is
strictly concave function with respect to p. Thus, the CPP
can maximize profit with the unique optimal price. The
conclusion arrives. 0

As such, there is definitely a p* enabling CPP to acquire
the optimal profits. That is, both AI consumers and CPP can
achieve optimal profits, which is essentially the Al-Bazaar
equilibrium point of the game.
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5 PROFIT-BALANCED MULTI-AGENT
REINFORCEMENT LEARNING ALGORITHM
BASED COMPUTING-POWER TRADING

In this section, we develop the PB-MARL algorithm for
learning optimal strategies and searching the Al-Bazaar
equilibrium. Concretely, we introduce the multi-agent
model of Al-Bazaar in Section 5.1, and introduce the PB-
MARL algorithm in Section 5.2.

5.1 Profit-Balanced Multi-Agent System Model

The RL framework enables players to learn the optimal pol-
icy by trial and error leveraging feedback from their own
actions and experiences in an interactive environment. In
this paper, let s, = p and s/, = [F{~"],_y signify the state of
AT consumers and CPP, respectively. Consider F' € A, and
p' € A indicate the submitted computing-power purchase
action of Al consumers and the computing-power unit price
policy determined by CPP, respectively. A, expresses the
Al consumer’s action space, and A, denotes the CPP
action space.

At the beginning of the time slot ¢, the CPP sets the uni-
form computing-power unit price p' based on the state F} =
[Fi~1]..y observed from underlying game model, and F/~*
means the submitted purchase computing-power amounts
of each AI consumer in time slot (¢ — 1). According to (4),
we define the Markov Decision Process (MDP) of the CPP,
sty = [F{ ;e signifies the state space, action space is
denoted by p' € A, and the reward function is shown as
follows:

N
Repp = Z(pl ~O)F.

i=1

(29)

For the AI consumers, after observing the computing-
power unit price action of the CPP in time slot ¢, then each
of them determines the submitted purchase action F on
account of its state. Similarly, according to (5), we define the
MDP of the Al consumer, where s! = p' represents state
space, action space is defined as F' € A,, whereas the
reward function is given by:

R, = F'((1 = B,)Cy — u;p") + mi(R + AB)aze ™8 (30)

5.2 Profit-Balanced Multi-Agent Reinforcement
Learning Algorithm
We design the PB-MARL algorithm for learning optimal
policies in the non-stationary environment constructed by
multi-agents. This algorithm is the extension of Q-learning
[35], and it can avoid suffering the seriously oscillatory
problem compared to the single-agent RL. Concretely, the
PB-MARL algorithm selects the suitable learning parameter
82;)’;" and 855;;‘3 for updating the learning rate 8, according to
the WoLF principle. And the architecture of the PB-MARL
algorithm is shown in Fig. 5.

Algorithm 1 shows the details of the PB-MARL algorithm
for the CPP in the multiagent system. Specifically, «,, €
(0,1] represents the learning rate, and y,, € (0,1] denotes
the discount factor. At the beginning of the algorithm, some
parameters need to be initialized. By observing the relevant
state, action, and reward, the Q-function of the CPP with
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Fig. 5. The architecture of the PB-MARL algorithm.

the computing-power unit price p can be formulated by
Qupp(8!,y,, ). Similar to Q-learning, the updating rule of the
Q-table can be given in step 4. Then, an average policy
Tepp (8L, D) is introduced to determine the ‘win” or ‘failure’
of the current strategy. It can be updated by step 5, where
C(s!,,) represents the occurrences count of the state.

The CPP then can update its submitted price policy,
interacting with the environment and other agents to maxi-
mize the cumulative reward. And the update of the current

price strategy 7., (s,,,, p) is given by step 6, where

—mi t Sepp
min (n(:[ﬁ[)(sgpp7p)7 Ay —1)° Q,
Stypd

i t oy daw .
Zpr#p min (nlipp(sgp;ﬂp ) ‘At‘pll‘*1>7 otherwise.

(31)

Furthermore, we define (:p# argmaxycy,,Qepp
(8L P'), | Acpp | is the size of the CPP’s action set, and the
8¢pp is given by:

Swin’ Q/,
Bepp = { o (32)

lose :
Scpp , otherwise,

where () represents the case that the current value is greater
than the average value, i.e.,

Z ﬂCPP(Sffpp?p)QCPP(Sprp) 2
pEA(:pp

Z ﬁcﬁp(sipp’ p)Q(’PP (Sipp? 13) .

PEAepp

(33)

As for the complexity of the PB-MARL, the agent updates
its strategy according to step 4 in Algorithm 1. Therefore,
the complexity of the agent is O(S? x A). Specifically, S
denotes the element number in the state space set, while A
is the number in the action space set. Additionally, we can
obtain the submitted price policy of the Al consumers with
the PB-MARL algorithm similar to Algorithm 1, and we will
not elaborate here due to the page limit.

6 SIMULATION RESULTS AND DISCUSSIONS

Some extensive experiments are conducted to evaluate the
performance of the computing-power trading framework in
this section. Set the action space of Al consumers and CPP
be F; € [10,100], and P € [10,20], respectively. The given
learning rate o = 0.8, the discount factor y = 0.1, whereas
the learning parameters ;" = 0.0025 and 55,‘;;;)‘ = 0.01. Simi-
lar with [24], the other default parameters are set as Table 1,
where AM\{i} is the other Al consumers set after removing
the consumer 4. The proposed framework was then imple-

mented and tested in Python 3.7.
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TABLE 1

Parameter Values
Parameter Value Description
N 10 Number of Al consumers
€ 20 Training Parameter
T 0.01 Propagation factor
8; 0.8 Evaluation metric
c 5 Electricity cost
Cy 220 Al service profits
U; 0.5 Weight factor
m; 1 Token effect parameter
R 20000 Mining reward
B 500 Block size
A 2.5 Performance reward factor
B 0.2 Role-playing ratio of consumer ¢
Bangi} 0.1 Role-playing ratio of N\ {i}

First, we apply the PB-MARL algorithm for searching the
Al-Bazaar equilibrium in the non-stationary environment
constructed by multiple members. Fig. 6 demonstrates the
convergence performance of three algorithms: PGA-APP
that only needs to observe the local reward of the agent
when selecting a specific action[36], MiniMax Q-learning
[37] that leverages a “minimax” operator evaluated by solv-
ing a linear program to replace the “max” operator in the
update step of a standard Q-learning algorithm, and PB-
MARL algorithm. In Fig. 6, the red line represents the theo-
retically optimal solution. From Fig. 6, it can be observed
that the PGA-APP algorithm cannot converge and the per-
formance is poor. whereas, the MiniMax Q-learning and
PB-MARL algorithms can converge to the Al-Bazaar equi-
librium point approximately. Compared with the MiniMax
Q-learning, the PB-MARL converges faster obviously due to
the WoLF principle.

To get a more detailed view of the Al-Bazaar, we plot the
profit models of the computing-power members shown in
Fig. 7. Regardless of the strategies of other computing-
power members, the member in each unilateral model has
its own optimal behavior. Correspondingly, problem P2
only considers the optimization of consumer’s profit, and
its profit model is shown in the left part of Fig. 7. Mean-
while, problem P1 is to maximize the profit of the CPP, and
its profit model is shown in the right part of Fig. 7.

Here, we examine the profit-balance performance in Al-
Bazaar. Specifically, we leverage the red bar chart to denote
the AI consumer’s profit calculated by addressing problem
P2 through the Genetic Algorithm (GA), while the green bar
chart represents the solutions by solving problem P1
through GA. Furthermore, the blue chart represents the
profit obtained by addressing the Stackelberg game through
the PB-MARL algorithm. From Fig. 8a, it can be observed
that the PB-MARL algorithm could balance the profit of the
consumer and CPP while benefiting both of them.

Additionally, we compare the profits of computing-
power members between four algorithms, i.e., PGA-APP,
MiniMax Q-learning, GIGA-WOLF [38], PB-MARL. From
Fig. 8b, we can see that the PB-MARL algorithm is closest to
the Al-bazaar equilibrium compared with other baselines.
Further, the Al consumer’s utility may give rise to poor per-
formance as the number of Al consumers increases. That is
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Fig. 6. Convergence performance of distinct algorithms.

because as more Al consumers participate in Al-Bazaar to
compete for computing resources, they are less likely to suc-
cessfully solve Pol puzzles and receive rewards, further
yielding poor performance. However, the CPP would gain
more utility because more Al consumers will purchase com-
puting power to support their tasks.

In our proposal, the Al consumer can play multiple roles
simultaneously. In fact, it makes sense to consider the
impact of the role-playing ratio on the AI consumer’s profit.
As shown in Fig. 9 , we compare the profit of one consumer
in different block rewards. From Fig. 9a, for the small role-
playing ratio, as blockchain mining may be more reward-
ing, the AI consumer’s profit shows an upward tendency.
However, with an increase of g;, the Al consumer’s profit
decreases. That is due to devoting most of the computing
power to mining may cause a high risk of revenue loss. Fur-
thermore, the lower the block reward, the lower the profit

Fig. 7. The profits model of the Al consumer and CPP.
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Fig. 8. Profits performance comparison with different baselines.

Al consumers receive, and the more likely they fall into the
mining risk group when the AI consumer chooses a large
role-playing ratio.

Fig. 9b compares the AI consumer’s profit in different
roles with the growing number of Al consumers. As shown
in Fig. 9b, for the small-scale Al consumers, consumer 4
could gain the mining reward readily when it rather wants
to act the miner role. In this scenario, the larger g is, the
greater reward from blockchain consumer will receive. As
more Al consumers enter Al-Bazaar to contend for comput-
ing power, they are less likely to successfully obtain the PoL
puzzle solution, while taking more mining risks. Hence,
with a large number of Al consumers, the larger §; gets, the
more the consumer’s return from the blockchain slowly
diminishes, and then there is a crossover point, after which
it becomes more unprofitable compared to the other con-
sumer who tends to mine with less computing power. To
cope with the large-scale user situation, we can set a higher
reward for stimulating more users to participate in block-
chain mining.

Fig. 9c demonstrates the impact of the performance
reward factor A. From Fig. 9¢c, the profit of the CPP would
rise with the growth of A. This is due to the fact that the
higher performance reward factor will stimulate more Al
consumers to purchase computing power for self-interest.
Similarly, it is found that an increase in block reward brings
about additional profit for the CPP as well. This is because
the fixed block reward motivates the purchase demands of
the Al consumers, and further boosts the gain of the CPP.

Furthermore, we assume Al-Bazaar has manifold roles
and examine the impact of the transaction block size on the
profit of the follower in this scenario in Fig. 9d. These three
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Fig. 9. Comparison of both sides profits with various blockchain factors.

lines signify the profit of the Al consumer ¢ in distinct ratio
between B; and By (;)- From Fig. 9d, it can be observed that
as the size of the block increases, the profit of the consumer
first ascents, then decreases. This is due to the fact that
when the block records fewer transactions, the increment of
the performance reward is greater than the decrement of
the block reward. After reaching the maximum, the degree
of difficulty that consumer ¢ obtains block reward from
blockchain creeps up, and the decrease in mining incentives
will be even more pronounced. Therefore, the Al consum-
er’s profit appears to be a downtrend trend. Additionally,
the greater computing power that AI consumer devotes to
mining, the better revenue it will get.

7 CONCLUSIONS AND FUTURE WORK

With the assistance of blockchain, this paper proposes a
computing-power trading framework for ubiquitous Al
services, also known as Al-Bazaar. In Al-Bazaar, Al con-
sumers have the flexibility to switch roles between Al serv-
ices and miners, while feeling free to contribute the
computing power rented from the CPP for personalized
demands. Accordingly, a two-stage Stackelberg game
between CPP and AI consumers is formulated. Further,
we develop the PB-MARL algorithm based on WoLF to
find the Al-Bazaar equilibrium for better learning-based
services in the resource-constrained computing environ-
ment. The experimental results further emphasize that Al
consumers and CPP can make satisfying decisions and
gain benefits. In the future, we will continue to improve
the real framework implementation, while designing
smart contracts to ensure the security and transparency of
the transaction process.
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