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Abstract—Decentralized systems built around blockchain tech-
nology promise clients an immutable ledger. They add a transac-
tion to the ledger after it undergoes consensus among the replicas
that run a Proof-of-Stake (POS) or Byzantine Fault-Tolerant
(BFT) consensus protocol. Unfortunately, these protocols face
a long-range attack where an adversary having access to the
private keys of the replicas can rewrite the ledger. An existing
solution to this problem forces each committed block from these
protocols to undergo another consensus, Proof-of-Work (POW)
consensus; POW protocol wastes computational resources as
miners compete to solve complex puzzles. In this paper, we
present the design of our Power-of-Collaboration (POC) protocol,
which guards existing POS/BFT blockchains against long-range
attacks and requires miners to collaborate rather than compete.
POC guarantees fairness and accountability and only marginally
degrades the throughput of the underlying system.

Index Terms—Fault Tolerance, Blockchain, Security, Long-
range Attack, Consensus, Transactions, Reliability, Proof-of-
Work, Proof-of-Stake, Collaborative Mining.

I. INTRODUCTION

Decentralized systems built using blockchain technology
promise their clients an immutable and verifiable ledger [1],
[2], [3]. These systems receive client transactions and use state
machine replication to add these transactions to the ledger. As
these systems are often composed of untrusting nodes, some of
which are malicious or Byzantine, establishing state machine
replication requires these systems to run a consensus protocol
that can handle malicious attacks [4], [5]. The two most widely
adopted categories of these consensus protocols are: Proof-of-
Stake (POS) protocols [3], [6] and traditional Byzantine Fault-
Tolerant (BFT) protocols [4], [5].

Stake-oriented consensus protocols, such as Proof-of-Stake
(POS) protocols, use a probabilistic distribution to decide
which node gets to add a new block of client transactions to
the ledger; often, the nodes with a higher stake (or wealth)
have a higher probability of proposing a new block [6].
Communication-oriented protocols, such as traditional BFT
protocols, give each node an equal opportunity (a vote) to
add an entry to the ledger; agreement on the next block is
reached through successive rounds of vote exchange [4], [7].

Some systems combine POS and BFT to yield efficient con-
sensus [3]. Despite these differences, these protocols follow
the same design: each block added to the ledger includes the
digital signatures of a quorum of participants to prove that a
quorum agreed to update the ledger.

Unfortunately, any decentralized system that employs these
protocols suffers from a well-known attack: a long-range
attack where an adversary attempts to create an alternate ledger
and targets clients (or new participants) that cannot distinguish
between the original ledger and the adversarial ledger [8], [9],
[10], [11]. An adversary can launch a long-range attack on
systems running POS/BFT consensus protocols due to the
following reason: In POS/BFT protocols, it is computationally
inexpensive for nodes to add a new block to the ledger. An
adversary with access to the private keys of the honest nodes
can use these keys to create an alternate ledger; following are
the two ways to access the private keys of others:

1) Stealing. An adversary can attempt to steal the keys of
the nodes; stealing private keys is a widespread attack,
and such attacks have resulted in losses of up to $200
million [12], [13], [14].

2) Bribing. An adversary can bribe honest nodes to sell
their private keys, especially nodes that once participated
in the system and no longer have any stake in it. This
bribery attack is feasible because decentralized systems
expect to run for years and cannot guarantee that the
original set of participants will always run the system.
Based on the Tragedy of the Commons [15], rational
participants will opt to earn further incentives by selling
their keys.

Once an adversary has access to these keys, it can use them
to fork the original ledger at a specific block number and create
an adversarial ledger with alternate blocks. If it has stolen over
50% of the private keys, the adversary can control the whole
train. Alternatively, the adversary waits for existing nodes to
leave and new nodes to join the system. Once it discovers a
new node interested to join the system, the adversary presents
its adversarial ledger as the authentic ledger to the new node,



which unfortunately cannot distinguish between the two. It is
hard for new nodes to distinguish between the ledgers despite
the existence of the honest nodes in the system who have
access to the original ledger because the adversary has used
the private keys of such honest nodes to forge their identities.

A naive solution to this problem is to ensure that honest
nodes never leave the system and that no new node can
join it. However, this solution is impossible to implement
in a decentralized setting as nodes frequently leave/join the
system [16], [17]. Other prior attempts include: (1) Using key-
evolving cryptographic techniques and increasing the number
of keys an adversary needs to compromise [8], [18], which
typically delays the imminent long-range attack. (2) Creating
state checkpoints and storing them at all the nodes, assuming
that an adversary can only compromise the keys of at most
one-third of nodes [19], [11] (3) Periodically appending the
ledger state to the Bitcoin blockchain [20], [21]. Indeed, the
third direction can guard existing decentralized systems against
long-range attacks. For an adversary to present an adversarial
chain to the new nodes, it also needs to rewrite the Bitcoin
ledger, which is computationally infeasible. Bitcoin employs
the POW consensus protocol, which follows a computation-
oriented model as it requires all the nodes to compete toward
solving a complex puzzle. Whichever node solves the puzzle
first adds a new block and receives a reward as compensation
for its efforts. As POW nodes constantly compete with each
other, POW-based solutions lead to the wastage of computa-
tional resources, as there is only one winner. [22].

The challenges existing solutions face while eliminating
long-range attacks make us conclude that any solution for
long-range attacks should: (1) not rely on the long-term safe-
keeping of private keys, (2) reduce wastage of computational
resources, and (3) be computationally expensive to rewrite the
ledger.

In this paper, we introduce Power-of-Collaboration (POC)
protocol, which, when appended to decentralized systems
running POS/BFT consensus, helps to meet the aforemen-
tioned goals. POC is noninvasive as it works on the output
of underlying POS/BFT consensus protocol and has minimal
impact on the performance of existing decentralized systems.
POC advocates for collaborative mining, which, like POW,
requires miners to solve a compute-intensive puzzle, but all
the miners are now working together (instead of competing)
to solve the same puzzle.

The most closely related work, Bitcoin’s centralized min-
ing pools, also attempts to reduce the costs associated with
mining [23], [24], [25]. As the name indicates, these mining
pools are centralized and managed by an organization. The
organization sets the rules for the mining pool, decides which
node should receive a reward and how much reward, and
controls which node can participate in the pool. Not only is
the existence of centralized mining pools against the ethos of
a decentralized system, but the managing organization charges
fees for management without spending any computational
resources. Further, attempts to create a decentralized mining
pool have been unsuccessful due to nodes not doing designated

tasks and lack of accountability: the last block added by any
decentralized mining pool in Bitcoin was in 2019 [25], [23].

POC, in essence, functions as a single decentralized mining
pool where all the nodes collaborate to find a solution for the
compute-intensive puzzle. Like POW, nodes are still spending
their computational resources to find the nonce, which makes
it computationally expensive for the adversary to create an
adversarial ledger. However, we need to ensure that, like
centralized mining pools, we reduce the wastage of computa-
tional resources while also guaranteeing decentralization and
fairness. We do so by splitting the compute-intensive puzzle
into a set of unique sub-problems, and each node works on
a unique subset of these sub-problems; the solution to the
original compute-intensive problem is present in these subsets.
We also need to provide accountability and deter malicious
nodes from not doing work, as it can delay the discovery of
the solution. POC does so through our slice-shifting protocol,
which identifies and penalizes a malicious miner and transfers
its work to honest miners. To allow participants join and
leave the mining group, POC also provides a reconfiguration
solution to reschedule the problem assignment.

To show that POC is effective in practice, we append it to
several decentralized systems. In our first set of experiments,
we append POC to Apache’s ResilientDB (Incubating) [26] as
it provides access to an open-source permissioned blockchain
platform and an optimized implementation of PBFT, a BFT
consensus protocol. ResilientDB’s PBFT implementation adds
approximately 1000 blocks per second on a system of 128
replicas, and our experiments illustrate that POC can sustain
this throughput on a system of 128 miners and requires 29×
less mining time than Bitcoin’s POW protocol. In our final
set of experiments, we use the Diablo [27] benchmarking
framework to append POC to four popular blockchain sys-
tems, namely Diem [28], Algorand [3], Ethereum [2], and
Quorum [29]. Our results illustrate that POC has a minimal
impact (≈ 10%) on the throughput of these blockchains. Next,
we list our contributions.

• We present the Power-of-Collaboration (POC) proto-
col, which, when appended to existing decentralized
systems running POS and BFT protocols, makes it
computationally-expensive for an adversary to launch a
long-range attack.

• POC introduces the notion of collaborative mining, which
divides the mining task among all the miners.

• POC advocates fairness and accountability: rewards are
distributed among the miners in proportion to their share
of work, and Byzantine behavior is quickly detected and
penalized through the slice-shifting.

Outline. In §II, we discuss various types of consensus
protocols, pooled mining, and long-range attacks. In §III and
§IV, we present the design of our POC protocol and discuss
the impact of malicious attacks.

II. BACKGROUND

We begin by presenting the necessary background.
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A. POS and BFT Consensus

POS consensus protocols allow each node to add the next
block to the blockchain in proportion to its invested stake [3],
[30]. Often, the stake is equivalent to a monetary token or
currency. Once a stakeholder proposes the next block, all the
other nodes also sign this block, which acts like an agreement
among the nodes. Similarly, BFT protocols [4], [5] designate
in each round a replica as a leader, which proposes a block.
Following this, all the replicas work through multiple rounds
of message exchange to ensure that the proposed block has
the support of a quorum of honest replicas.

B. Long-range attack on POS and BFT

A known attack that affects both POS [20], [21] and
BFT [9], [8] protocols is the long-range attack, where an
attacker attempts to create an alternate ledger. As described in
§I, in POS/BFT protocols, it is computationally inexpensive
for nodes to add a new block to the ledger. Thus, an adversary
needs access to the private keys of the honest nodes, which it
can do either through stealing or bribing. Once an adversary
has access to these keys, it can use them to fork the original
ledger at a specific block number or height and create an
adversarial ledger with alternate blocks (orthogonal, but in
the past, blockchains have observed forks due to malicious
attacks [31]). As nodes of decentralized systems frequently
leave/join the system [16], [17], the adversary can use this
opportunity to present its adversarial ledger as the authentic
ledger to a new node (or client), which unfortunately cannot
distinguish between the two. We illustrate this through the
following example.

Example 1. Assume that a decentralized system S has the
following POS blockchain ledger: B1,B2, ...Bk, ...Bn. Say
malicious nodes get access to the private keys of all the honest
nodes and decide to create an adversarial ledger, starting
from the k-th block. Once it is the turn of malicious nodes
to propose new blocks, they reveal the following adversarial
ledger: B1,B2, ...B

′
k, ...,B

′
n,B

′
n+1. Any new node joining S

cannot distinguish between these two ledgers and will choose
the longest chain. Similarly, some existing honest nodes, if
bribed, may decide to forfeit their ledger and switch to the
malicious ledger. Moreover, as time passes, with old nodes
leaving the system and new nodes unable to distinguish, a
hard-working adversary may be able to affirm the adversarial
ledger as the original ledger.

In practice, there are a lot of examples where an adversary
has successfully stolen the private keys of honest parties [12],
[13], [14]. We agree that stealing so many keys, primarily
when the nodes are distributed is hard. Hence, a rational attack
is where the adversary bribes the honest validators who no
longer have a stake in the system. As these validators have
nothing to lose, Tragedy of the Commons [15] suggests that
these validators will sell their private keys in return for some
incentive.

A naive solution to this problem is to fix the set of nodes. In
that case, even if the adversary has access to the private keys

of these nodes, it cannot convince the honest nodes to switch
to the adversarial ledger as, locally, each of them has a copy
of the ledger. Unfortunately, it is hard to prevent old nodes
from leaving the system. New nodes will eventually fill those
spots, and the adversary needs to target only these nodes.

The challenges make us conclude that any solution for
long-range attacks should: (1) not rely on the long-term safe-
keeping of private keys, and (2) be computationally expensive
for an attacker to rewrite the ledger.

C. Proof-of-Work Consensus

We briefly look at the design of POW consensus protocol,
which can help in preventing long-range attacks.

In the POW protocol, each miner M ∈ M selects some
client transactions from the available pool of transactions and
packs them in a block B. This block B also includes a header,
which contains: (i) hash of the previous block (prev), (ii) the
digest of all transactions or Merkle root MB, (iii) difficulty D,
and (iv) the nonce η, among other fields [23], [32]. As each
miner decides which transactions to include in its block, two
miners may mine blocks with different transactions that extend
the same previous block (with the hash prev). Computing MB

of all transactions in the block requires a miner M to compute
a pairwise hash from leaves to the root. The difficulty D,
also termed as the difficulty of finding the nonce, informs the
miner of the range of desired hash [33]. Specifically, each
miner continuously selects a random nonce η till it satisfies
the following equation:

hash(prev || MB || η) < D (1)

When M discovers a valid nonce, it adds it to its block and
broadcasts this block to all the miners. When another miner M′

receives a block with a valid nonce that extends the last block
added to the ledger (with hash prev), M′ adds the received
block to its ledger and starts building/mining the next block
that extends the received block. Note: once M′ has added a
block to the ledger, if in the future, M′ receives any other
block that includes prev, it ignores that block. Consequently,
the miner who discovers the nonce earliest has the highest
probability of adding a new block to the ledger as its block can
reach a majority of miners the earliest. Clearly, POW miners
compete with each other in an attempt to find a valid nonce;
POW consensus faces the following two challenges (among
many others): (1) All but one miner waste their computational
resources and only the winner receives an incentive for finding
the nonce. (2) More than one miner can find a valid nonce,
which can temporarily fork the ledger. As there is no longer
one ledger and instead multiple forks, POW protocols define a
mechanism to trim all but one fork, leading to further wastage
of computational resources.

One solution to reduce the probability of forks is to increase
the hardness/difficulty of finding the nonce; decentralized
systems dynamically update the difficulty D to fix the rate
miners add new blocks to the ledger. These systems want
to ensure that miners spend at least a fixed amount of time
searching for the valid nonce. The value of D is a system

3



parameter and D increases if miners are producing blocks at
a faster rate than expected or the probability of forks is high
and decreases vice versa.

III. POWER-OF-COLLABORATION

POC aims to guard a decentralized system running
POS/BFT protocols from long-range attacks. It offers the
following properties:
G1. POC makes it computationally expensive (solve com-

plex puzzles) for an adversary to overwrite the original
ledger,

G2. POC requires miners to collaborate and work on the
same block; each miner has to work on a subset of
the search space. Consequently, miners spend fewer
resources than POW.

G3. POC ensures fairness by distributing incentives among
all the miners; even if there is no valid nonce in a miner’s
search space, it receives an incentive for its efforts.

G4. POC penalizes any miner that fails to find a valid nonce,
if present, in its search space.

Before we describe the design of POC, we discuss some of
the possible solutions and their limitations.

Version 1. Say a decentralized system running a POS/BFT
consensus protocol employs a POW consensus subsystem to
guard itself against long-range attacks. Each batch of trans-
actions that the consensus protocol commits is forwarded to
the POW subsystem to add to the ledger maintained by POW
miners. Each miner M follows the POW protocol: creates a
POW block that includes one or more committed batches, a
transaction that transfers incentive to its account, the hash of
the previous block prev, and initiates the search for a valid
nonce. When M finds the nonce, it broadcasts its block and
the nonce to the other miners. If another miner M′ receives
a block/nonce, it starts building/mining the next block and
includes the hash of the received block/nonce as the previous
block. This solution faces the following two limitations: (i) all
but one miner wastes their computational resources (lack of
fairness), and (ii) more than one miner can find a valid nonce,
which can temporarily fork the ledger and lead to a subsequent
increase in the hardness/difficulty of finding the nonce (§II-C).

Version 2. Next, we replace the POW consensus subsystem
with a centralized mining pool, where the pool operator
receives the next committed block and creates sub-problems
for the pool’s miners to mine. This solution does not face
any of the above limitations. However, this solution illustrates
control by a single operator/organization, which receives fees
for its services and decides the incentives/penalties for the
pool’s miners.

Version 3. Finally, we replace the centralized mining pool
with a decentralized mining pool, where miners decide to
coordinate with each other without any operator. The following
are the challenges for any decentralized mining pool-based
solution (i) which miner decides the content of the block, (ii)
how to fairly distribute rewards among the miners, and (iii)
how to detect and penalize a malicious miner that delays block
mining by not performing designated tasks

Replicas
(Replicas of S run consensus to commit T)

Miners
(Miners run PoC)

2) Fetch 
committed T

3) Send 
valid 
nonce

4) Fetch the 
agreed nonce and 
mine next block

1) Sends a 
transaction T

Client

Fig. 1: Transactional flow in a system S+POC.
Overview. Our solution should offer the four appealing

properties (G1 to G4). Consequently, we design POC that
requires no centralized organization and guards a POS/BFT
protocol from long-range attacks. In Figure 1, we illustrate the
transactional flow.

(1) POC expects that the underlying POS/BFT protocol
reaches consensus on client transactions among its replicas
and forwards every committed batch of transactions to the
POC miners.

(2) Once miners are ready to mine, they select a set of
ordered batches to form a block. To allow miners to collaborate
and reduce computational resource wastage, POC ensures that
all the miners are mining identical blocks, and each miner
searches for the valid nonce on a unique subset of the search
space (property G2). It also shows that an adversary must
provide more resources than half of the miners in order to
create an alternative block as all the miners solve the nonce
collaboratively. (property G1)

(3) Once a miner discovers a nonce, it broadcasts the nonce
to everyone. To ensure that there are no forks of the ledger,
POC requires the underlying POS/BFT consensus protocol to
attest a nonce. Note: this recursive dependency helps to quickly
select a valid nonce; the same task can be done by running a
consensus on the nonce among the miners.

(4) Once a miner finds a valid nonce, each miner receives an
incentive, which ensures fair reward distribution (property G3);

(5) Byzantine miners may not search for nonce in their
subset of the search space. If the valid nonce is present in
this subset, then no miner will ever discover it. POC allows
miners to independently discover such malicious attacks and
switches honest miners to different subsets to facilitate the
discovery of the nonce.

(6) POC guarantees accountability by penalizing malicious
miners that failed to find a valid nonce (property G4).

Next, we discuss our POC assuming no attacks (good case).
Later, we explain how we handle malicious attacks.
A. Client Transaction Ordering

Prior to running POC, we expect the blockchain system
S to reach consensus on client transactions. For POC, the
consensus run by S is a black box. The system S is free to run
any consensus protocol of its choice. It needs to only provide
POC miners with committed blocks, a batch of transactions.

Our use of the term committed implies that each committed
block has been accepted by a quorum of replicas of S and
will persist across adversarial failures. For instance, in BFT
protocols like PBFT [4] and HotStuff [5], blocks are committed
when they have quorum certificates from 2fR + 1 replicas.

4



In several other blockchain systems, a block is assumed
committed if it is at a specific depth in the blockchain. A
depth indicates the position of the block in the blockchain;
the larger the depth of a block B, the greater the number of
blocks that succeed B and the harder it is for another fork to
overtake this chain.

The assumption of POC miners working with only commit-
ted batches has two advantages: (1) It frees POC from having
any knowledge on the consensus run by S, and (2) POC miners
will not waste their resources on batches that may not persist.

B. Chain Communication

Once the blockchain system S has committed a block, we
require it to forward the committed block to POC miners to
log it in the ledger. Like popular blockchain systems, Bitcoin
and Ethereum, we employ the gossip protocol for broadcasting
a block. Here, we are making a simplifying assumption that
each node is connected to a sufficient number of honest nodes
because, in gossip protocols, each node forwards the message
to only its neighbors. Alternatively, the replicas of S can
employ either the Information Dispersal Algorithm [34] or
Byzantine Reliable Broadcast [35] if they cannot assume a
uniform distribution of honest nodes. Each miner accepts a
committed block once it receives it from fR + 1 replicas in
S, which assures this miner that it did receive a committed
block.

C. Collaborative Mining

POC introduces the notion of collaborative mining to log
each committed block in the ledger.

Collaborative mining, like centralized pooled mining,
should ensure that each miner works on a unique sub-problem
so that miners do not waste their computational resources.
Thus, we divide the POW hash computation into nM disjoint
sub-problems and require each miner to work on a distinct
predetermined sub-problem. Like existing POW systems [1],
POC miners have to compute a SHA-256 hash, which is
represented as a 32-byte hexadecimal value. Thus, the solution
space S comprises of 2256 possible values. We divide S into
u slices; the size of each slice is a system parameter. Given
S1,S2, ...,Su slices, the following holds:

S1 ∩ S2 ∩ · · · ∩ Su = ∅ and S1 ∪ S2 ∪ · · · ∪ Su = S
POC assigns each miner one or more consecutive slices based
on its stakes. We assume that each slice is assigned to a miner
in M. We discuss the slice assignment scheme in more detail
in § III-E. Given the difficulty D, each miner computes a
hash till it reaches the target 32-bit SHA-256 hash (refer to
Equation 1). This requires each miner to find a nonce η in its
set of slices.

Next, we describe the POC consensus.

D. POC Protocol Steps

From an outside view, our POC protocol works in rounds,
and within each round, each miner attempts to find a valid
nonce in its pre-determined slices. Next, we explain the POC
protocol under the assumption that each miner knows the next
block to mine (§III-C) and has received this block through

HASH

[T1, T100]

HASH

[T101, T200]

HASH

[T201, T300]

HASH

[T301, T400]

BLOCK 1 BLOCK 2 BLOCK 3 BLOCK 4

HASH

[T1, T200]

HASH

[T201, T400]

BLOCKS [1-2] BLOCKS [3-4]S-blocks

Mined blocks

Fig. 2: Illustrating how σ = 2 contiguous S-blocks produced
by replicas of S are aggregated into one mined block of POC.
Here, each S-block includes 100 transactions.

chain communication (§ III-B). In the case that a miner does
not have access to the next block to mine, it can ask the other
miners about the missing blocks.

Block Creation. When a POC miner receives a block from
fR+1 replicas, it adds that block to the list of pending blocks.
The list of pending blocks is an ordered list of committed
blocks that a miner is yet to add to the ledger; these blocks
are ordered by the sequence number assigned by the POS/BFT
consensus protocol running at S. As the difficulty D of mining
a block sets the rate at which blocks are added to the POC
ledger, which in turn impacts the system throughput and
latency, at higher difficulties, POC has a lower throughput than
the POS/BFT consensus protocol. Consequently, POC miners
have an ever-growing list of pending blocks, as the rate at
which they add these blocks is slower than the rate at which
they receive them from the POS/BFT protocol.

To reduce this gap between total blocks received and blocks
mined, POC allows miners to batch a set of committed S-
blocks, thereby, each mined block includes σ > 0 committed
S-blocks.1 The value of σ is a system parameter. POC requires
miners to only aggregate σ consecutive S-blocks from the
pending list, which is essential for maintaining the block
ordering by S. For the sake of discussion, let us assume that
each S-block is assigned a monotonically increasing sequence
number k and each mined block is assigned a sequence number
b. If the last block mined by miners had sequence number b−1
and the sequence number of last S-block added to the (b−1)-th
block is k−1, then in the b-th block, each miner will aggregate
the following blocks: k, k+1, ..., k+σ. Aggregating S-blocks
in this way is safe as these blocks are already committed by
replicas of S. We illustrate this next.
Example 2. In Figure 2, the replicas of S committed four
S-blocks starting with sequence number 1. Assume σ = 2,
then each POC miner aggregates 2 consecutive S-blocks into
a mined block.

Each mined block includes a Merkle root of all the trans-
actions; as each S-block contains a Merkle root of all the
transactions, a miner M generates the Merkle root for the
mined block by hashing the Merkle roots of all the aggregated
blocks.

Nonce Discovery. Once a miner knows the valid nonce for
(b − 1)-th block, it initiates the search for the nonce for b-th
block. Assuming the miner Mi knows the set of slices it needs
to mine (§III-E), which we denote as Si, Mi initiates nonce

1For disambiguation, we use S-blocks to denote the blocks produced by
replicas of S and mined block to denote the block produced by miners.
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Block
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Nonce
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Nonce
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Consensus
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[0, 1]
[2, 3]
[4, 5]

M3

M2

M1

PBFT

Fig. 3: POC protocol with miners M = {M1, M2, M3}.
The solution space S = [0, 5] is divided into three slices
([0, 1], [2, 3], [4, 5]). Assume the valid nonce 2 and miner M2

discovers it in its slice.

discovery. Specifically, Mi iterates over all the values in its
slices Si.

Nonce Announcement. When a miner Mi finds a valid
nonce η, it creates a message NONCEFIND that includes η
and broadcasts this message to all the miners. When a miner
Mj receives a NONCEFIND message, it terminates the process
of nonce discovery if the received nonce is valid. Next, each
miner that has access to a valid nonce gossips this nonce to
the replicas of S.

Nonce Attestation. Next, POC leverages the underly-
ing POS/BFT consensus protocol to attest the discovered
nonce. Specifically, when a replica R of S receives matching
NONCEFIND messages from fM + 1 miners, it creates a
transaction that includes the received NONCEFIND message as
its data. Whenever it is the turn of R to propose a new block,
and if an S-block containing the NONCEFIND message for
the b-th mined block is yet to be proposed, R proposes a new
block that includes this message. We expect honest replicas to
prioritize nonce transactions over others to prevent delays in
adding newly mined blocks to the ledger.

Chain Append. When a miner Mi receives the valid nonce
for the b-th block from replicas of S, Mi appends this block
to its local ledger and marks the nonce discovery process for
the b-th block as complete. Post this, Mi executes the reward
transactions in the block to distribute the reward (§III-E).
Finally, Mi begins mining the next block. We use the following
example to illustrate POC mining.
Example 3. In Figure 3, the solution space S = [0, 5] is
divided among three miners. The three slices are: S1 = [0, 1],
S2 = [2, 3], and S3 = [4, 5]. Assume the valid nonce is 2
and it lies in the slice of miner M2. Once M2 discovers the
nonce in its slice, it broadcasts the nonce to all the miners,
following which each miner requests the replicas of S to attest
this nonce.

Multiple Nonces. Given that there may be multiple
nonces/solutions for each puzzle and that miners work on these
puzzles independently, the nonce attestation phase is essential
for finalizing the nonce; notably, choosing any nonce would be
valid. We use PoS/BFT (the consensus layer) as a tie-breaker
to choose any of these valid nounces. This is the key insight
that simplifies POW computation (mining layer), allowing us
to solve POW collaboratively because we essentially removed
reaching common grounds (i.e., consensus) from the mining
process and utilize the mining proof only as a notary process
to prevent long-range attacks.

Thus, we need to guarantee that all the miners select the

same nonce, which is trivial for POC as each nonce is attested
by replicas of S. If the next proposer for an S-block receives
two or more NONCEFIND messages with distinct valid nonces,
it selects one of them as the solution. When, eventually, this
block becomes committed, all the POC miners will have access
to the same nonce for block b. The termination process that
occurs upon receiving the NONCEFIND message is designed
to optimize resource utilization, as only one solution can be
accepted for each block. Most importantly, in POC , miners
collaborate toward a common goal (finding the solution),
whereas in PoW, each miner operates independently on the
same task.

E. Staking and Rewards

POC, like POW, rewards its miners with incentives for
their participation in the mining process; miners expend their
computational resources and would only do so if they make
some profit. However, unlike POW, POC wants to ensure
fairness by rewarding each miner for collaboration even though
the valid nonce was not in its slice. In POC, we reward each
miner in proportion to the number of slices in its slice set. As
stated in Section III-C, in POC, there are a total of u slices. We
assume the following: (1) Each of these u slices is assigned to
a unique miner. (2) Each miner is assigned a set of consecutive
slices. We require a miner to invest its monetary resources in
exchange for each slice it holds. Like existing POS systems,
we term this investment by a miner as staking as the miner
no longer has access to its invested monetary resources [2],
[3], [30]. If a miner could not finish the mining due to the
excessive slice space, it will be regarded as an adversary. We
will also discuss the miner reconfiguration in [36] to reassign
the slices whenever a new miner joins or an old miner leaves
the system.

The economics of converting actual currency into an online
tradable commodity is a problem faced by every decentralized
system, for which current literature includes several ad hoc
solutions. Thus, its design is beyond the scope of this paper.
For simplicity, we assume that POC builds on top of some
token Ψ, where Ψ is the cost of purchasing a slice. Each miner
exchanges its currency for a set of Ψ. If a miner Mi wants e
slices in its set, Mi stakes e × Ψ tokens. This information is
added to the first block of the POC ledger, which is often
referred to as the genesis block. Specifically, POC-genesis
blocks stores the following information: (1) total number of
miners (nM), (2) number of tokens staked by each miner, (3)
a public key for each miner, and (4) slice to miner mapping.

During POC’s collaborative mining, each miner refers to
this genesis block to identify the slices it is responsible
for mining. Once a miner receives a valid nonce from the
replicas of S, it adds a reward to the account of each miner.
Like existing systems [2], [1], we assume that the reward is
proportional to the fees paid by the clients; each client pays a
fee to add its transaction to the ledger and this fee is divided
among the miners in proportion to their number of slices. For
example, if the client for transaction T pays ♢ tokens and a
miner Mi has e slices in its set, Mi receives e×♢×Ψ

u tokens
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as a reward. We maintain each miner’s account as a key-value
pair in a NoSQL database replicated across all miners/replicas;
the key field represents the public key (logged in the genesis
block) of each miner, while the value field represents the token
balance.

IV. MALICIOUS ATTACKS

Unlike a centralized mining pool, where the pool operator
oversees the activity of all the miners and rewards/penalizes
them for their actions, POC assumes a decentralized setup.
Thus, POC needs to provide protection from malicious attacks
and guarantee accountability while ensuring that it makes it
computationally expensive for the adversary to overwrite the
ledger using long-range attacks.

First, we expect that the underlying POS/BFT protocol
guarantees safety and liveness properties [36]. Thus, it should
be capable of handling attacks by a standard adversary.

Second, a standard adversary can only attack the POC in
the following ways:
A1. As multiple nonces can satisfy Equation 1 and if Byzan-

tine miners are fortunate enough to find two such nonces
for a mined block, they can equivocate by sending each
nonce to only a subset of honest miners and replicas.

A2. A miner decides to not participate in the POC’s collabo-
rative mining or if a miner discovers a nonce in its slice,
it decides to not send it to other miners.

Third, an advanced adversary that has access to the keys
of any replica/miner can use these keys to forge any message.

Final, each distributed system needs to also guard against
denial-of-service attacks. To prevent these attacks, we follow
the best practices suggested by prior works [37] and assume
that the replicas/miners use one-to-one virtual communication
channels, which can be disconnected if needed.

Next, we discuss how we handle attacks by a standard
adversary on POC and attacks by advanced adversaries on
the entire system.
A. Standard Adversary

As replicas of S help in selecting a nonce, Attack A1
is trivially resolved. Each replica R selects a nonce for the
mined block at height b only after it receives fM+1 matching
NONCEFIND messages. Whenever it is the turn of R to propose
a new block, and if an S-block containing the nonce for the b-
th mined block is yet to be proposed, R proposes a new block
that includes this nonce. Thus, only one of the two nonces
will commit and honest miners will receive only one nonce.
If there aren’t sufficient matching messages, then no nonce
will be selected and this will lead to the eventual detection of
some Byzantine miners.

To resolve Attack A2, next, we present our slice shifting
protocol, which penalizes miners for malicious behavior.

B. Slice Shifting

Each honest POC miner should search for a nonce in its set
of slices until it receives a valid nonce from another miner or it
has exhausted its slices. A malicious miner may not follow this
behavior; it may want to disrupt the process of nonce finding.

If the malicious miners are fortunate and the nonce is present
in their slices, then honest miners may never receive the nonce,
and POC will come to a halt. We aim to quickly resolve such
a situation. We do so by running our slice shifting algorithm
that switches miner slices under failures. This is done with the
aim that when an honest miner has access to the slice held by
a malicious miner, it can discover the nonce in that slice and
broadcast it to other miners.

Next, we illustrate slice shifting protocol through an exam-
ple. Post this, we will explain the protocol in detail.
Example 4. Figure 4 illustrates the slice shifting protocol.
Assume the nonce lies in slice [2, 3] and miner M2 fails to
announce the nonce. Eventually, honest miners timeout while
waiting to receive a valid nonce and trigger slice shifting
protocol. These miners must create a certificate to prove that
a majority wants to do slice shifting. They send this certificate
to the replicas of S for attestation. Post this, each miner works
on a new slice. Once, they discover the nonce, they initiate the
process of penalizing M2.

Timer Initialization. POC miners, who have exhausted
their slice search space and do not have a valid nonce, need a
mechanism to make progress. We follow existing BFT works
and require each miner to set a timer before it starts mining a
slice. Specifically, each miner sets a timer δ for the b-th block
and stops δ when it has a valid nonce for the b-th block.

Malicious Miner. If M’s timer δ expires and it does not
have access to a valid nonce, M announces to all the other
miners that it wishes to initiate the slice shifting protocol. The
slice shifting protocol runs for at most fM rounds and deter-
ministically switches slices assigned to each miner. A round
of slice shifting only takes place when at least fM+1 miners
request to do so. Specifically, when a miner Mi timeouts, it
creates a message SHIFT(b, r) and broadcasts this message
to all the other miners. Here, r represents the slice shifting
round, which is initially set to zero. When M receives SHIFT
messages from fM+1 distinct miners, it requests the replicas
of system S to help reach a consensus on slice shifting. To
make this request, each miner must broadcast a certificate C
that includes fM + 1 SHIFT messages.

Shift Attestation. When replicas of S receive a signed C
from fM +1 POC miners, they agree to attest this slice shift.
This attestation requires the replicas to run consensus on this
certificate C; the next proposer for a S-block includes C as a
transaction in its block. Note: consensus on C is like consensus
on any transaction where C acts as the transactional data. Post
consensus, all the replicas gossip this block to the miners.
Once a miner M receives a S-block from fR +1 replicas that
include a committed certificate C, it assumes it is time to shift
its slices. Following this, it increments the shift round r by one
and mines the next slice. If in shift round r, Mi was responsible
for mining slices {Si,Si+1, ...,Sj}, in round r + 1, Mi will
mine slices {Si+1, ...,Sj ,So}, where o = (j+1) mod u, and
u is the total number of slices. Again, before mining for round
r+ 1, Mi restarts the timer δ for the k-th block. It is possible
that the timer δ again timeouts, due to more failures. In such a
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Fig. 4: Slice shifting procedure: assume 2 is the valid nonce and is present in the slice of malicious miner M2. M2 fails to
broadcast 2, which triggers slice shifting; and with help of replicas of S, once 2 is found, it is penalized.

case, Mi would need to initiate another round of slice shifting.
However, under a standard adversary and reliable network, for
each mined block, we need to run the slice shifting protocol
only r = fM times.

No nonce – Merge. Although infrequent, POC miners may
encounter cases where no nonce satisfies Equation 1. This
no nonce situation is scarce in POW because miners work
on different blocks, but it is possible in POC because all the
miners collaborate on the same block. We resolve this situation
as follows.

If even after r = fM rounds honest miners do not have
access to a valid nonce, we require the miners to terminate
their search for the nonce and initiate the merge process, which
requires miners to mine two or more consecutive mined blocks
together, with the hope that mining multiple blocks together
increases the probability of finding a nonce. For instance, for
the b-th block, if a miner M receives a certificate C from S
replicas, which has shift round r = fM, M concludes that no
valid nonce exists for the b-th block. Following this, M creates
a new block that merges contents of the b-th and (b + 1)-th
blocks. This merged block now serves as the b-th block and
miners attempt to find the nonce for this block. The merged
block includes a Merkle root, which is the hash of all the
transactions in b and (b+ 1)-th blocks.

Penalty for Slice Shifting. Frequent slice shifting due to
malicious miners is detrimental to the performance of POC;
it forces honest miners to do more work and wastes their
resources. To discourage these attacks, we penalize malicious
miners. We require each miner to track the number of shifts
(r) it took to find a valid nonce and to identify the miners that
failed to perform this task.

In POC, identifying malicious miners responsible for r
shifts is a trivial task for honest miners. When a miner Mi

receives a valid nonce for the b-th block in shift round r
(1 ≤ r ≤ fM), it identifies malicious miners based on the
slice containing the valid nonce. Let Sj be the slice, then Mi

looks into the genesis block to find the initial assignment of
the slice. Using this information, Mi determines the miners
who held this slice in subsequent r−1 rounds and adds these
miners to the set of malicious miners Mmal.

To penalize these malicious miners, we again invoke the
replicas of S. Once a miner M has the knowledge of set
Mmal, it sends a message PENALTY(Mmal, b, r) to all the
miners. Once M receives PENALTY messages from fM + 1
miners, it creates a certificate (like it created for slice shifting)
that includes these PENALTY messages and broadcasts this
certificate to each replica in S.

When the replicas of S receive a PENALTY certificate signed
by fM + 1 distinct miners, they add it to a new block for

consensus. Post consensus, honest miners penalize malicious
miners by deducting their account balances.
C. Advanced Adversary: Long-Range Attacks

An advanced adversary, unlike a standard adversary, has
access to the private keys of honest replicas/miners. It can use
these keys to forge any message that has a digital signature. In
the context of our system, the following attacks are possible:
(1) Multiple committed S-blocks with the same sequence
number, (2) Forgery of nonce, shift, or penalty messages.
(3) Forgery of S-blocks, containing nonce, shift, or penalty
transactions. If an adversary can compromise the keys of
honest replicas/miners, POC can not guarantee fairness and
accountability; honest miners may get penalized. However,
POC guarantees that it is computationally expensive for the
adversary to rewrite the existing ledger.

To illustrate that POC guards against long-range attacks, we
theoretically analyze its hardness. We follow Example 1 where
starting from the k-th block, malicious parties want to rewrite
the ledger. To do so, malicious replicas would first create an
alternate set of S-blocks using the compromised private keys
of honest parties. Next, these malicious replicas would forward
these S-blocks to the malicious miners, who will attempt to
forge the POC ledger by creating new mined blocks. These
malicious miners will not receive any help from honest miners
as they have a local copy of the ledger.

As the combined computational power of honest miners
is more than malicious miners, it is safe to assume that in
any round of POC, malicious miners control at most 50%
slices and have a 50% chance of finding a valid nonce.2 So,
1
2 is the probability that malicious miners find the solution
for an “alternate block” in their set of slices. The probability
that malicious miners find the solution for the b consecutive
alternate blocks in their set of slices is ( 12 )

b. If b = 7, the
probability is 0.7%. Clearly, if Byzantine miners have to create
a large number of alternate blocks, it is impossible for them
to find the nonces by just mining their own set of slices.
Alternatively, they can search for the nonce in all the slices
(entire solution space) but this at least doubles their work.

Next, we measure the actual time required to create an
alternate chain by taking into account two parameters: (1) the
age of the chain α (in months) and (2) the hashing power ratio
of the malicious miners (m) over the honest miners (h), m

h .
Essentially, it takes α× h

m months for the malicious miners to
reconstruct an α-month-old chain given their overall hashing
power ratio of m

h . For example, if the malicious miners hold

2Assuming that an adversary has access to the private keys of honest nodes
is orthogonal to the assumption that an adversary also has more computational
power than honest nodes. If an adversary controls more computational power,
then it can rewrite even the POW ledger.

8



1 50 100 150 200 5001000
1k

40k

100k
130k

Batch SizeT
hr

ou
gh

pu
t(

tx
n/

s)
(a)

1 50 100 150 200 5001000
0.0
5.0
10.0
15.0

Batch Size

L
at

en
cy

(s
) (b)

16 32 64 128
3k

10k
100k
430k900k

Number of ReplicasT
hr

ou
gh

pu
t(
tx
n
/s

)

(c)

16 32 64 128
0.0

0.5

1.0

Number of Replicas

L
at

en
cy

(s
) (d)

Fig. 5: Evaluation of ResilientDB architecture.

1
2 of the mining power and want to reconstruct a 1-year old
chain, it would require two years’ worth of computation to
create an alternative chain of equal length.

During these two years, the following two things can
happen: (1) The original chain will continue growing, which
further increases the task of malicious miners. (2) The system
is at a stall and honest miners/replicas detect that nothing is
getting appended to the ledger and will leave the system. These
arguments help us to demonstrate that simply compromising
the private keys of honest miners/replicas is insufficient to
launch a long-range attack on POC.

Proofs. For detailed analysis and proof of correctness,
please refer to our extended report [36].

V. EVALUATION

Our evaluation aims to study the scalability and failure
handling capability of POC.

Implementation. We implement POC on top of the Apache
ResilientDB, written in C++ [26]; ResilientDB provides access
to a scalable blockchain framework with APIs to implement
and test new protocols. It provides access to an optimized
implementation of the PBFT consensus protocol. Our POC im-
plementation has an LOC count of 1,300, while ResilientDB
has 28,000 LOC.

Setup. We run experiments on AWS c5.9xlarge (36 vCPUs
and 72 GiB memory), up to 128 miners and clients. Unless
explicitly stated, we use the following setup: deploy 128
replicas in ResilientDB to run PBFT consensus on S-blocks
of size 100. In each experiment, first 20% of the time we set
as warmup and results are collected over the remaining time
period. We average results over five runs. We use ED25519-
based DS for signing messages; PBFT makes use of CMAC
for replica-to-replica communication. Clients issue requests in
a closed-loop; a client sends its next transaction only after it
receives response for its previous transaction.

Benchmark. We run two types of experiments: (1) impact
of appending POC to PBFT. (2) impact of appending POC
to real-world blockchains. For the first experiment, clients
create YCSB [38] transactions from the Blockbench [38]
framework. These single-operation transactions are key-value
store operations that access a database of 600 k records. For
the second experiment, we extend the Diablo benchmarking
framework [27], which issues client transactions to four state-
of-the-art blockchain platforms.

Protocol Mining Time (s) Latency (s)
D = 8 D = 9 D = 10 D = 8 D = 9 D = 10

POW (Sequential) 696 > 2h > 5h 1233 > 3h > 10h
POW (Random) 328 4108 > 5h 652 8200 > 10h

POW + 30% POC 7 165 3103 17 303 6950
POC 3 48 738 6 84 1260

Fig. 6: Time to find a nonce by a system of 128 miners while
ensuring that these mining protocols meet ResilientDB PBFT’s
throughput of 1k blocks per second (where each block contains
100 Txns).

D = 8 D = 9 D = 10
5 possible solutions on average 2 possible solutions on average 1 solution

Fig. 7: Possible solutions on different difficulties.
A. Scalability of ResilientDB

First, we illustrate the scalability of ResilientDB fabric. This
experiment serves as a baseline for the future experiments,
illustrating the impact of POC on the system throughput.
In Figures 5(a) and (b), we measure the peak throughput
(transactions per second) and latency for PBFT consensus
protocol on varying the block size (S-block) from 1 to 1 k
on a system of 128 replicas.

We observe that although PBFT hits its peak throughput at
S-block size of 150, the optimal S-block size is 100 as the
throughput is only 11.5% less than the peak, while the latency
is 3× lower.

Beyond an S-block size of 150, there is no increase in
throughput because the queues that store messages at replicas
are full and can no longer process newer requests, which
increases the wait time (latency) for clients.

Next, in Figures 5(c)-(d), we increase the number of replicas
from 16 to 128; S-block size is 100. Unsurprisingly, on
increasing the number of replicas, there is a drop in the
peak throughput (consequential increase in latency) because
there is a corresponding increase in the number of messages
communicated per consensus; on moving from 16 to 128
replicas, the throughput drops by 86.8%.

B. Scalability of POC

In this set of experiments, we measure the time it takes
for various mining schemes to append a block to the ledger.
In Figure 6, we compare POC against three baselines: (1)
Bitcoin’s POW consensus, where each miner selects value
uniformly at random and checks if it is a valid nonce. (2)
POW consensus where each miner sequentially iterates over
each value in the search space (starting from 0) until it finds a
valid nonce, (3) POW with 30% miners running POC, which
allows us to approximate the impact of the largest centralized
mining pool in Bitcoin [39].

In this experiment, we want to meet the following three
goals: (1) The mining scheme reaches the same throughput
(blocks added to the ledger per second) as ResilientDB’s
throughput at 128 replicas, which is approximately 100k txns/s
(or 1k blocks per second). (2) Aggregate precise number of
S-blocks into a mined block so that we can observe least
latency (difference between time an S-block is received to the
time it is added to the ledger). (3) POC can address multiple
solutions. For example, for POC, the time to mine a block at
D = 8 is 3s, so we add 3k S-blocks in each mined block. The
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latency for each experiment is approximately twice the mining
time because each transaction waits for a time equivalent to the
mining time during the block generation phase and the mining
process. We observe that sequential POW mining requires
at least 2× more mining time and latency than randomized
mining. In comparison, POW with 30% mining pool does
reduce the mining time and latency. However, at D = 10,
POC yields up to 4.2× and 29× less mining time than 30%
POC and POW, respectively. In Figure 7, we also demonstrate
that multiple solutions may be located in different slices when
D is smaller. Like at D = 8, each block contains around 5
solutions. However, POC ensures that each miner obtains the
same solution to guarantee the safety of the block.

Next, in Figures 9(a) and (b), we increase the number of
miners from 64 to 128 while fixing the difficulty, D = 8.
For each setting, there is a specific size of mined block at
which it sustains the throughput of PBFT and achieves least
latency. We observed 3k, 5k, and 7k to be such block sizes.
We know that the peak throughput of PBFT is 100k txns/s and
latency at D = 8 is around 6s. Thus, a POC protocol with 64
miners hits the peak performance at 7k while a POC protocol
with 96 miners hits peak performance at 5k. Thus, we can
conclude that POC is non-invasive and has minimal impact
on the system throughput.

C. Resilience to Failures

Next, we illustrate the effect of failures on POC by studying
two types of failures: 1 malicious miner and No nonce (§ IV-B)
in Figures 9(c) and (d). In the malicious miner experiment,
we simulate a Byzantine miner, which does not broadcast the
solution of the 10-th block, which causes remaining miners to
timeout and perform one round of the slice-shifting protocol.
In the no nonce experiment, we ensure that no nonce satisfies
the 10-th block, which leads to fM+1 rounds of slice shifting.
These experiments cause the latency to shoot up for the 10-
th block (up to 5× for the no nonce case). To quickly bring
latency and throughput to the steady state, we merge the blocks
in the no nonce case.

D. Appending POC to Blockchains in the Wild.

Finally, we illustrate that POC can be integrated to state-
of-the-art blockchain systems to guard them against long-
range attack with minimal impact. We append POC to four
blockchains part of the Diablo [27] framework: Diem [28],
Algorand [3], Quorum [29] and Ethereum [2]. Our primary
goal is to showcase that appending POC to these blockchains
causes minimal impact on their performance.

Diablo provides access to a framework, written in Golang,
for evaluating popular blockchain systems. Diablo is composed
of three types of nodes: primary, secondary, and chain nodes.
The primary node is responsible for generating transactions
and delivering them to the chain nodes via secondary nodes
(mimicking a mempool functionality). The secondary nodes
assist the primary node in reducing resource overhead, e.g.,
CPU and network bandwidth, by disseminating transactions
to the chain nodes and collecting results. The chain nodes run
various blockchains.

To incorporate ResilientDB into Diablo framework, we
developed a Go SDK that provides an interface to send
transactions from Diablo to ResilientDB. To append POC to
different chains, we implement a Go-Server agent on each
chain node that periodically fetches blocks from the local chain
on the chain node through their SDKs implemented using
Golang. Specifically, the Go-Server provides a unified entry
for POC to obtain the block data. Note that in Diablo clients
submit requests in an open loop.

Setup. Like Diablo authors, we use AWS c5.9xlarge (36
vCPUs, 72 GiB memory) machines and deploy one primary
and 10 secondaries. We deploy 10 PoC miners within POC.
We use the workloads provided by Diablo. The maximum
observed throughput (in transactions per second or TPS) of
these blockchains as per the original paper is: NasDAQ (168
TPS), Visa (1000 TPS), Fifa (3483 TPS), Dota 2 (13303 TPS),
and Youtube (37976 TPS).

Results. Figure 8 summarizes our findings. Diem can sus-
tain 1000 TPS and Quorum only 204 TPS; their performance
drops significantly when the workload increases. Ethereum
attains a consistently low throughput in part due to its default
block generation period (15 seconds). Algorand exhibits a
more stable performance of 500-600 TPS across workloads.
All blockchains suffer from higher latency (as expected) when
the load increases, in a sense, artificially over-saturating the
system. We observe that ResilientDB can achieve a high
throughput of 37,967 TPS, which nearly matching the injected
load. When POC is added to any system, we observe that the
throughput drops at most by 10%-20% due to an increased
communication and added network latency. We argue that this
is a negligible cost as POC helps these blockchains prevent
long-range attacks, which continues to be a major vulnerability
in their design.

VI. RELATED WORK

BFT has been studied extensively in the literature: (1)
linearizing BFT consensus [4], [7], [40], [5], [41], (2) op-
timizing for geo-replication [42], [43], (3) concurrency and
sharding [44], [45], [46], [47], [48], [49], [50], [51], [52],
(4) optimizing for collaboration [53], [54], (5) leveraging
security components [55], [56], and (6) framework [57],
[58], [59]. Nevertheless, all of these protocols face long-range
attacks [60], [21].

Alternatively, prior works have focussed on designing POS
protocols that permit the node with the highest stake to propose
the next block [61], [3], [30]. However, even these protocols
suffer from long-range attacks if adversary has access to the
private keys.

Existing work to protect against long-range attacks includes:
(1) checkpointing the state through a trusted committee [8],
[62], [63], (2) key-evolving cryptographic techniques [64],
[65], [3], (3) verifiable delay functions [66], and (4) appending
the state to Bitcoin [11], [21].

With POC, we show how to make it computationally expen-
sive for an adversary to rewrite the ledger while forcing miners
to collaborate and conserve their computational resources.
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Fig. 9: Peak throughput and average latency attained by POC
under different conditions at D = 8.

Further, we show experimentally that collaboration helps POC
to waste fewer resources for a given difficulty.

VII. CONCLUSIONS

In this paper, we presented our novel POC protocol, which,
when appended to existing POS/BFT protocols, guards them
against long-range attacks. Like POW, POC makes it com-
putationally expensive for an adversary to rewrite the ledger.
However, unlike POW, POC introduces collaborative mining
that requires miners to work with each other instead of
competing.
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