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SUMMARY The Proof of Stake (PoS) is a consensus algorithm for
blockchain, in which the integrity of a new block is validated according to
voting of nodes called validators. Since a new generated block is confirmed
according to validators’ voting, it is important to motivate validators to vote
correctly. One of incentive mechanisms for validators is a reward-penalty
based incentivization, in which validators who contribute to correct consen-
suses are rewarded, while those who make incorrect block confirmation are
penalized. In this paper, we consider a reward-penalty mechanism based on
the voting profile of a validator. We quantify the voting profile of a valida-
tor with exponentially weighted moving average of voting results, and the
reward/penalty of a current voting is derived with the voting profile value.
We evaluate the performance of the proposed mechanism by computer sim-
ulation, investigating the impact of system parameters on the estimation
accuracy of the validator profile and the amount of validator’s stake. Nu-
merical results show that the proposed algorithm can estimate the voting
profile of a validator accurately even when the voting profile dynamically
changes. It is also shown that the proposed mechanism gives more reward
to validators with high voting profile.
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1. Introduction

Blockchain is a distributed ledger technology which is
supporting cryptocurrencies used on the Internet. In a
blockchain, transactions are stored in a block, and the new
block is linked to a ledger database with a chain structure
by consensus algorithms. One of the consensus algorithms
for blockchains is Proof-of-Work (PoW), which has been
adopted in Bitcoin [1] and Ethereum [2]. In PoW, the block-
approving procedure is called mining. However, mining
requires a huge amount of computing power, causing a huge
amount of electricity consumption [3]. This energy waste is
a drawback of PoW.

Proof-of-Stake (PoS) is a consensus algorithm devel-
oped for addressing the drawback of PoW. In PoS, the com-
puting power is replaced by a deposit paid in the cryptocur-
rency, called stake. In PoW, a node with higher computing
power obtains a higher chance to create a new block. In PoS,
unlike PoW, a node that holds a higher amount of stake is
more likely to create a new block.

In PoS, some participating nodes are selected as valida-
tors according to their amounts of stake. The main role of
validators is to validate the integrity of a new block and to
confirm it by voting. It is important for validators not only to
verify generated blocks precisely but also to vote correctly.
In order to make validators vote correctly, reward-penalty-
based incentive mechanism plays an important role.

†The authors are with NAIST, Ikoma-shi, Nara, 630-0192,
Japan.
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In this paper, we consider a reward-penalty mechanism
based on validators’ voting profiles. The voting profile of
a validator represents its reliability according to its voting
history. A reward or penalty for the vote of a validator is
calculated according to its reliability. Conducting simulation
experiments, we investigate the impact of a validator’s voting
history on the amount of its stake.

This paper is organized as follows. Section 2 introduces
the related work on the consensus algorithms for blockchains.
In Section 3, we describe the details of our reward-penalty-
based mechanism in the consensus algorithm of a blockchain
with PoS. Numerical examples are shown in Section 4, and
we conclude the paper and show future work in Section 5.

2. Related Work

In Bitcoin, a participating node obtains a reward if it solves
a cryptographic puzzle associated with a new block, and
the new block is appended to the blockchain [4]. Since the
winning probability of mining depends on the computing
power of participating nodes, a lot of high-performance spe-
cial hardware is invested in mining. As a result, an enormous
amount of electricity is consumed, leading to environmental
damage [5]. In order to address the energy-consuming draw-
back of PoW, PoS has been proposed. PPcoin [6] is known
as the first cryptocurrency with PoS consensus mechanism.

In Bitcoin and PPcoin, when more than one node solves
a cryptographic puzzle, multiple new blocks are added to
the latest block and the chain branches. This phenomenon is
called a fork. Bitcoin and PPcoin solve the fork issue with the
longest chain rule, in which the chain with the largest number
of blocks is considered as a valid chain [1, 7]. However, the
longest chain rule is not enough to guarantee the finality of
transactions because of the possibility of another new long
chains in the future.

One of PoS-based implementations guaranteeing the
transaction finality is Tendermint [8]. In Tendermint, a par-
ticipating node deposits tokens as a security deposit stake.
A predefined number of participating nodes are selected as
validators in descending order of stake. The validator re-
sponsible for generating a block is called a proposer. When
the proposer generates a block, validators except the proposer
validate the generated block.

The selected validators form a committee, and each
validator votes based on its validation result of the generated
block. If the number of votes for the new block is greater
than or equal to the threshold prespecified by the network, the
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Fig. 1 Consensus procedure for PoS-based blockchain.

committee makes a consensus that the block is valid. The
block approved by the committee is eventually appended
to the blockchain. Due to the consensus with voting, fork
never happens. In addition, the finality can be defined as
the point at which the committee reaches the consensus on
the generated block. (See Fig. 1 for details of PoS-based
consensus algorithm.) The blockchain technologies such as
Cosmos [9], Polkadot [10], and Ethereum 2.0 [11] adopt the
PoS-based consensus algorithm, in which a consensus on the
validity of a block is made by simple voting of dichotomous
choices, an approval or not (including an abstention).

Leonardos et al. proposed the weighted voting for the
PoS-based blockchains [12]. The weighted voting is a group-
decision procedure with fixed population size [13, 14], in
which the voting result is calculated with weights associated
with voters’ reliability such that the likelihood of the better
choice of two alternatives is maximized. In [12], the vot-
ing reliability of a validator is quantified as a profile, and
the quota of the weighted approval votes for a consensus is
derived.

The reward-penalty based mechanisms for PoS-type
blockchains have also been considered in [15, 16]. In those
studies, the reward/penalty is considered for the voting result
of a newly generated block, whereas the voting profile of a
validator is not taken into consideration. In this paper, we
consider a reward-penalty mechanism based on the voting
profile of a validator, which is estimated from the voting
history of the validator. A validator that votes correctly is
given a reward. On the contrary, when the validator votes
incorrectly, some of its stake are confiscated.

3. Reward-Penalty Mechanism for PoS

3.1 Reward and Penalty

Let N = {1,2, . . . ,V} denote the set of validators that main-
tain the blockchain. A block is generated in every time slot
t ∈ N ∪ {0}. The validators validate the integrity of the
block in every block generation, and then vote. we define
si,t ∈ R+ ∪ {0} as the amount of stake of validator i, and
ri,t ∈ R as the reward or penalty resulting from the voting
outcome in time slot t. The amount of stake of validator i in
time slot t + 1, si,t+1, is defined by the following equation.

si,t+1 = si,t + ri,t . (1)

When a new block is generated, all validators verify it
and submit votes. If the majority of the votes is positive, the
block is judged as “valid” and added to the blockchain. If
the majority is negative, the block is determined as “invalid”
and discarded. A vote of a validator is called “correct” if the
validator judges a valid block as valid or an invalid one as
invalid. On the contrary, if the validator judges a valid block
as invalid or an invalid one as valid, the corresponding vote is
called “incorrect”. Let xi,t ∈ {0,1} denote the voting result
of validator i in time slot t. xi,t = 0 represents that validator
i voted for an incorrect block, while xi,t = 1 implies that
validator i voted for a correct block. Note that voting for
an invalid block poses a serious threat to the integrity of the
entire blockchain. There are two types of incorrect voting,
one is intentional and the other is unintentional†. In this
paper, we do not distinguish between them.

We define ri,t as the amount of reward or penalty for
validator i at t, which is given by

ri,t =

{
rewardi,t, if xi,t = 1,
penaltyi,t, otherwise,

where rewardi,t ∈ R+ ∪ {0} is the reward and penaltyi,t ∈
R− is the penalty. rewardi,t is calculated by

rewardi,t = pi,t · β, (2)

where pi,t is the profile of validator i at time slot t and is
described in details in the next subsection. β ≥ 0 is the basic
reward at each time slot defined in the protocol. We can
see from (2) that the higher pi,t of validator i is, the more
rewardi,t it can obtain.

Using the amount of stake si,t−1 of validator i in the last
time slot t − 1, we calculate penaltyi,t as

penaltyi,t = −γ · si,t−1, 0 ≤ γ ≤ 1,

where γ is a weight parameter for penalty and determines
how much of stake will be confiscated based on si,t−1.

3.2 Validator’s Profile Update

In this subsection, we describe how to estimate the voting
profile of a validator, which is the indicator of the accuracy
for block verification. Let pi,t ∈ [0,1] denote the profile of
validator i at time slot t. The profile pi,t is updated by the
following exponentially weighted moving average (EWMA)

pi,t = δ · pi,t−1 + (1 − δ) · xi,t, 0 ≤ δ ≤ 1. (3)

Note that a large pi,t implies that validator i is likely to
validate a new block correctly. A small δ results in pi,t that
is dominantly affected by the current voting result xi,t , while
a larger δ gives a smoother estimate of pi,t .

†An intentional vote can be regard as an attack to fail the correct
consensus. On the other hand, the unintentional one can be caused
by hardware failure or unstable network environments.
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Table 1 Parameter Settings.
Parameter Setting
δ {0.9, 0.99, 0.999}
γ {0, 0.01, 0.02}
ζ {0.99, 0.999, 1}

4. Numerical Examples

4.1 Simulation Model

In our simulation, the unit of the simulation time t ∈
{0,1, . . . ,T} is the block-generation time, which is constant
and equal to d [s]. The simulation starts at time slot 0 and
ends at T . At the beginning of time slot t, a new block is
generated. The new block is valid with probability ξ ∈ [0,1],
independent of the other generated blocks.

Each validator votes for the integrity of the new block.
We assume that all the validators vote correctly with proba-
bility ζ . That is, with probability ζ , the validator votes for a
valid block or against an invalid block. On the contrary, with
probability 1 − ζ , the validator votes for an invalid block or
against a valid block.

Let St denote the total amount of stake on the network at
time slot t, which is defined by St =

∑n
i=1 si,t . Based on this,

we calculate the basic reward β by the following equation.

β =
S0 · ϵ
T · V

,

where ϵ is the inflation rate for the period T . The amount of
stake of the validator i in time slot t, si,t , is updated by (1)
with the reward ri,t . In terms of the performance measure,
we consider the average amount of stake of validators in time
slot t, savg,t , which is given by savg,t =

∑
i∈N si,t/V .

In our simulation, the block generation time is set to
d = 60 [s], and a block generation process for two weeks is
simulated. From this assumption, we have T = 20160. The
number of validators is set to V = 1000. For all the valida-
tors, the initial amount of stake is set to si,0 = 1000, and the
initial profile is set to pi,0 = 0.5. From these assumptions,
we have savg,0 = 1000 and S0 = 106. In [17], the inflation
rate for a year is set to 0.15. Using this value, the inflation
rate for two weeks, ϵ , is set to

ϵ = 0.15 · 14
365

≃ 5.7534 × 10−3.

We summarize the remaining parameter settings in Table 1.

4.2 Impact of EWMA Weight Parameter

First, we investigate how the EWMA weight parameter δ
of the equation (3) affects the validator profile pi,t . For
simplicity, we consider the case of ξ = 1, that is, all the
generated blocks are valid. In this experiment, we change the
correct voting probability ζ , investigating how correctly pi,t
follows ζ . ζ is changed according to the following scenarios.
When 1 ≤ t < 2500, ζ = 1. When 2500 ≤ t < 7500,
ζ = 0.25. When 7500 ≤ t < 12000, ζ = 0.5. When

12000 ≤ t < 17000, ζ = 0.75. When 17000 ≤ t, ζ = 1.
Fig. 2 shows the evolution of pi,t for one validator.

Here, δ is set to 0.9. It is observed that pi,t takes the value
of 1 until t = 2500. Then, pi,t suddenly decreases to the
value lower than ζ = 0.25 at t = 2500, and fluctuates greatly
around 0.25. After t = 7500, pi,t fluctuates around 0.5, and
we also observe the same tendency from t = 12000 to 17000.
After t = 17000, pi,t returns to the value of 1.

Figs. 3 and 4 show the evolution of pi,t in cases of
δ = 0.99 and 0.999, respectively. It is found that pi,t exhibits
less fluctuation with the increase of δ. This is because a
large δ makes current samples less significant, smoothing
the estimate of pi,t . It is also observed that pi,t slowly
approaches to the true value with the increase of ζ .

When designing the reward-penalty mechanism with
pi,t , it is important to consider the tradeoff between the
fluctuation and convergence speed. In the following, we set
δ = 0.99.

4.3 Impact of Penalty Weight Parameter

Figs. 5 to 7 represent the average amount of stake of valida-
tors savg,t in time slot t. Here, we set δ = 0.99, and savg,t ’s
in three cases of γ = 0, 0.001, and 0.02 are plotted in each
figure.

Fig. 5 shows the average amount of stake of validators in
case of ζ = 0.99. It is observed in this figure that when γ =
0.02, the average amount of stake significantly decreases. It
is also observed that savg,t for γ = 0.01 exhibits the same
tendency as that for γ = 0.02, however, the former is greater
than the latter. In case of γ = 0, on the contrary, the average
amount of stake slightly increases.

Fig. 6 shows the average amount of stake in case of
ζ = 0.999. In this figure, we observe the same tendency as
Fig. 5. However, decreasing rates of savg,t ’s in Fig. 6 are
smaller than those in Fig. 5.

Fig. 7 shows the average amount of stake for ζ = 1, in
which validators vote correctly. We observe a slight increase
of stake, regardless of the penalty weights.

From the above results, it can be seen that as the penalty
weight γ increases, more severe penalties are imposed on val-
idators that don’t vote correctly. If too much severe penalties
are imposed, validators may leave the system, and the con-
sensus mechanism with PoS is likely not to work. A careful
design of the penalty weight parameters γ and ζ is required.

5. Conclusion

In this paper, we considered a reward-penalty-based mecha-
nism for PoS. In our proposed mechanism, the reliability of
a validator is characterized as a profile, and each validator
is rewarded or penalized according to its voting, depending
on its current profile. Numerical results showed that the
proposed approach can estimate the profile of a validator
accurately. In addition, it was shown that by adopting the
profiles, validators with a high profile can obtain more re-
wards than validators with a low profile. This may motivate
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Fig. 2 Sample of pi ,t . (δ = 0.9)
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Fig. 5 Evolution of savg,t . (ζ = 0.99)
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Fig. 6 Evolution of savg,t . (ζ = 0.999)
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Fig. 7 Evolution of savg,t . (ζ = 1)

validators to vote correctly.
In this proposed approach, the reuse of discounted re-

wards and confiscated stake by penalty is not taken into con-
sideration. Further studies are needed to consider a reward-
penalty-based mechanism with the reuse of stake in order to
incentivize validators to vote more correctly.
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