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Abstract. With the advances in quantum computing taking place over
the last few years, researchers have started considering the implications
on cryptocurrencies. As most digital signature schemes would be impacted, it is somewhat reassuring that transition schemes to quantum
resistant signatures are already being considered for Bitcoin. In this work,
we stress the danger of public key reuse, as it prevents users from recovering their funds in the presence of a quantum enabled adversary despite
any transition scheme the developers decide to implement. We emphasise
this threat by quantifying the damage a functional quantum computer
could inflict on Bitcoin (and Bitcoin Cash) by breaking exposed public
keys.

1

Introduction

The theory behind quantum computers (QC) was first introduced about 40 years
ago. Research in the space has produced outstanding results, that have the potential to undermine the most popular cryptographic protocols in use today.
One notable theoretical result is Peter Shor’s quantum algorithm [25] which can
be used to break digital signature schemes such as RSA or ECDSA. The engineering advancements needed to physically implement such a complex machine
have only recently started to appear, but a sudden improvement in the approach
towards scaling might lead to a powerful QC appearing virtually overnight.
The Bitcoin community is also affected by these developments, as the mechanism for ensuring ownership of funds relies on ECDSA. Bitcoin’s cryptography
must be updated; in fact there are plenty post-quantum cryptographic schemes
to choose from if one is willing to sacrifice speed and storage. Such a scheme
will be implemented in Bitcoin at some point and the majority of users will be
able to safely lock their funds with quantum resistant signatures. However, in
the extreme scenario of a Quantum Computer appearing without notice, not all
users would be able to benefit from this upgrade. Interestingly, the recommended
practices in Bitcoin would offer some level of quantum resistance that allows recovering funds safely, but unfortunately, many users do not follow these. In this
paper we analyse Bitcoin (BTC) and Bitcoin Cash (BCH) for the amount of
funds secured by exposed public keys; or, from the perspective of a quantum

research group, the “crypto–bounty” for engineering a powerful quantum computer.
1.1

Contributions

This paper builds upon previous work of the authors [27] and brings the following
contributions to the research space:
1. In Section 4.1 we describe the setting in which a quantum enabled adversary
would operate if it were to start attacking the Bitcoin network considering
developers and users take immediate measures to protect their funds and
recover the network.
2. In Section 4.3 we present two models of attackers: one that can run Shor’s
algorithm virtually instantly and a slower one that might be more realistic
for the first generations of attackers.
3. In Section 4.4 we describe attack vectors for maximising the crypto–bounty,
i.e. the amount of funds that are impossible to recover by legitimate users
in the presence of the attacker.
4. In Section 5 we present a study of the evolution of the crypto–bounty in
Bitcoin and its most significant fork, Bitcoin Cash. Furthermore, we describe
our methodology for obtaining these results and discuss what can be deduced
from them.

2

Related Work

Previous work [27] of some of the authors of this paper has looked into revealed
public keys to motivate the introduction of a protocol for transitioning to quantum resistance. They have found that approximately 33% of Bitcoin is secured
by public keys that are exposed either trivially in an output, or in an input
due to address reuse. In this study, we would like to consolidate that data and
perform a more in-depth analysis looking not only at the current UTXO set, but
also at the history of public key exposure and its source.
Other researchers have carried out a similar analysis [6], but their estimates
represent a much lower bound than what we are providing and does not consider P2SH and P2WSH type addresses which are very popular in recent years.
Furthermore, their study only looks at reused addresses, while we also inspect
reused public keys between different addresses.
We have also become aware of other similar studies created by members of
the cryptocurrency space, but we could not find descriptions of their methods
or details of the results. One such analysis was done by one of the developers of
BlockSci [12], who summarised his result that 5.8 million Bitcoins are secured
by exposed public keys in an online discussion [11].

3

Background

In this section we briefly cover the basic concepts necessary for understanding
the motivation behind the analysis we are conducting and the methods used to
perform it. We present some of the structures that are used in Bitcoin to secure
and move funds across the network and offer insight into the workings of Shor’s
quantum algorithm.

3.1

Bitcoin Fundamentals

Bitcoin transactions are data structures that encode the transfer of ownership
of funds using inputs and outputs. Transactions are created, shared and stored
by network participants following a protocol which dictates their validity and
ordering. Funds reside in unspent transaction outputs (aka. UTXOs), each having an associated value and a locking script. For usability, some standard types
of locking scripts are encoded in base 58 to produce addresses, which can easily
be shared with others. To spend funds, a transaction input references an output
and includes an unlocking script, which is used in combination with the locking
script for validation. Ownership is guaranteed by a combination of hash commitments and public key cryptography. In general, each input contains a digital
signature over the transaction spending the output. The signature is verified
against a public key that is encoded in the output either in plaintext or inside
a hash commitment which is revealed by the input. Depending on the type of
locking script in the output, the input consuming it needs to provide unlocking
data in various formats [4]. We can distinguish the following standard script
types:
1. Pay-To-Public-Key (P2PK) is the script type used for the first Bitcoin
transaction. This is the most simplified form of locking and unlocking scripts:
the public key is written in plaintext in the locking script, and the digital
signature appears in the input, also in plaintext. Only the owner of the corresponding private key can create a signature that would be verified against
the public key from the locking script.
2. Pay-To-Multisig (P2MS) is a script pattern that allows users to lock
funds to multiple public keys but require signatures only from a subset of
those. Similarly to P2PK the public keys are all listed in plaintext in the
locking script together with a minimum threshold number of signatures that
need to be provided in the unlocking script. However, public keys are quite
large and data on the blockchain costs fees, so this outputs are not very
popular.
3. Pay-To-Public-Key-Hash (P2PKH) is an improved version of P2PK.
The locking script contains a 20 byte hash commitment to the public key
and the input contains both the public key and digital signature. This type
of script was introduced to minimise the size of the output as hashes are
only 20 bytes compared to public key which are 65 bytes uncompressed or
33 bytes compressed.
4. Pay-To-Script-Hash (P2SH) outputs are yet another improvement; instead of specifying the locking script in the output, a 20 byte hash commitment to it is stored instead. A valid input contains the unlocking script
and the pre–image of the hash commitment from the output. This type of
output has the same size as P2PKH outputs, but allows for more complex
locking scripts to be encoded without requiring the payer to incur the fees
associated with the extra data. This script is most commonly used to nest
P2MS, P2WPKH, or P2WSH.

5. Pay-To-Witness-Public-Key-Hash (P2WPKH) was deployed in 2017
via a soft-fork in order to address several issues such as signature malleability
and throughput limitations. Similarly to P2PKH the locking script contains
a 20 byte hash of the public key and the input holds the public key and
signature. The difference is that the input data is held in a segregated area
called segwit which does not contribute towards the hash of the transaction
and size limit of a block.
6. Pay-To-Witness-Script-Hash (P2WSH) is a script type introduced together with P2WPKH and represents the P2SH version of segwit. The
output contains a 32 byte hash of the actual locking script, 12 bytes larger
than the 20 byte hash from P2SH. This increase is meant to improve security
against possible collision attacks as the work needed to find a collision in a
20 byte hash is no longer infeasible. This script type usually nests P2MS.
Digital Signatures in Bitcoin are implemented using the Elliptic Curve Digital Signature Algorithm (ECDSA); an implementation of the Digital Signature
Standard (DSS) based on Elliptic Curve Cryptography (ECC) [3]. ECC is an
approach to public key cryptography that relies on the mathematics of elliptic
curves over finite fields. To this end, the public key is a point on an elliptic
curve3 , and the secret key is the exponent at which a base point3 is raised in
order to obtain the public key. As in any other digital signature scheme, the
private key is kept secret and used to sign messages, while the public key is published and used to validate signatures. ECC and therefore ECDSA rely on the
assumption that it is intractable to solve the Elliptic Curve Discrete Logarithm
Problem (ECDLP) [7], which would allow deducing the private key from the
public key, defeating the whole purpose of a digital signature algorithm. Similarly to the more famous integer factorisation problem [8], ECDLP has no known
reasonably fast (e.g. polynomial–time) solution on a classical computer [17].
3.2

Quantum Computing

Quantum Computing is experiencing an increase in interest in the last few years
as more giants of industry become interested in the possibilities promised by
the theory behind quantum algorithms, i.e. they are able to solve certain classes
of mathematical problems with drastically improved running time compared to
classical algorithms. Although it is outside the scope of this paper to explain the
mechanism through which quantum algorithms achieve quadratic or exponential
speedups over their classical counterparts, we would like to offer some intuition
about why they are of interest for ECC, and hence, Bitcoin. Usually, quantum
computations encode many values on a single register and then perform computations on it. However, measuring the register would reduce the superposition to
a single value, losing all information about the other solutions. Thus, quantum
algorithms are designed to manipulate the register in order to extract knowledge
about the hidden structure of the values on the register.
3

Bitcoin uses parameters defined in secp256k1 [20] due to several mathematical properties which allow computations to be optimised.

Shor’s Algorithm [25] is a quantum algorithm that, in generalised form, can
solve a class of problems known as the hidden subgroup problem over a finite
Abelian field [18]. In fact most public key cryptography in use today relies on
the intractability of this problem in certain groups. Indeed, the ECDLP can
also be reduced to this problem, meaning that such an algorithm would be able
to compute a private key from a public key in relatively short time. The core
of the algorithm is the application of the Quantum Fourier Transform (QFT)
circuit [15] which runs in polynomial–time. Proos and Zalka have approximated
that approximately 6n (where n is the security parameter, 256 bits for Bitcoin)
qubits would be needed to run the computation [19] .

4

Context & Modelling

In this section, we assume the setting under which the quantum capable attacker
operates and explain what would constitute the crypto–bounty available to him,
even if the community learns of his existence and tries to switch to a quantum
resistant signature scheme. As described in previous work in [27,28], the main attack vectors available to quantum capable adversaries stem from exposed public
keys. Such adversaries can use Shor’s quantum algorithm with a revealed public
key as input, and compute the associated private key, gaining complete control
over the original owner’s funds.
Live Transaction Hijacking is a type of attack similar to a double–spend [13,
14, 22, 26]. The attacker can create conflicting transactions that spend the same
UTXOs as honest transactions but send the funds to addresses under his control.
A quantum enabled adversary can perform this attack only if he is able to
compute the private key associated to a public key revealed in the input of a
transaction while the transaction is still in the miners’ mempool. In the presence
of a malicious actor capable of this attack, users would not be able to create any
new transactions as this would reveal their public keys and their transactions
would be susceptible to hijacking.
4.1

Transitioning to Quantum Resistance

As the community learns of the presence of a quantum attacker approaching
the ability to perform live transaction hijacking, Bitcoin users would have to
stop all activity and deploy a scheme for transitioning to quantum resistance
under the assumption that they are in the presence of an adversary capable of
live hijacking. Such a protocol would have to rely on some construction that
does not expose the ECDSA public key immediately (or ever), but allows for the
linking of transactions to it. Some schemes that achieve this feat, are described
in [1, 27, 29], but the community can settle on any viable alternative. However,
we note that only UTXOs secured by not–yet–revealed public keys could be
safely transitioned to quantum resistance as public keys that are exposed at the
time of deploying the transition protocol would still be cracked by the attacker
who would be essentially indistinguishable from the actual owner. Therefore,
any UTXOs secured by revealed public keys would constitute a bounty for the
quantum capable attacker as the legitimate owners would not be able to move
the funds to quantum resistant outputs under their control.

4.2

Attack Vectors Considered

Given this setting, quantum enabled adversaries could still consume any outputs associated to public keys revealed before the deployment of the transition
scheme. Any attempt from the legitimate owner to transition the funds can be
hijacked using the private key computed using Shor’s quantum algorithm. Below
we enumerate some types of UTXOs attackers can target by obtaining exposed
public keys. We only focus on these scenarios as the information is publicly accessible and allows for the retrospective analysis of balances of revealed public
keys at a certain block height. Other types of public key unveiling are presented
in [27].
1. Outputs of type P2PK and P2MS display the public key in plaintext in the
output of the transaction.
2. Outputs of type P2PKH, P2SH, P2WPKH, or P2WSH where the necessary
public key has been used as part of P2PK or P2MS, thus exposing it.
3. Outputs of type P2PKH, P2SH, P2WPKH, or P2WSH where the locking
script is being used to receive multiple payments which are not consumed at
once. This sort of locking script reuse renders the unspent outputs vulnerable as the public key is exposed in the unlocking script of an input. Such
behaviour is discouraged due to a number of privacy attacks [5, 9, 16, 24, 30],
but many wallet providers and even large exchanges ignore these practices.
4.3

Adversary Model

Firstly, we assume the quantum capable attacker can only affect the blockchain
using Shor’s algorithm. As other studies [2,23,28] have discussed, quantum computers could be used to run Grover’s quantum algorithm [10] in order to obtain a
quadratic speedup in mining. It is not clear if this would lead to a real advantage
as current ASIC miners are highly optimised and supposedly much cheaper to
run than quantum computers. Therefore, our aim is to analyse only the stealing
of funds by using Shor’s algorithm.
The assumption we are working with is that once a quantum adversary starts
acting maliciously, the Bitcoin community detects this behaviour and clients are
quickly updated to use a scheme for transitioning to quantum resistance, thus
invalidating simple ECDSA signatures4 . At this point, the attacker can only
target the UTXOs secured by already revealed public keys. As legitimate users
learn of this development, they race to spend the vulnerable UTXOs in order
to transition them to quantum resistant outputs. At the same time, quantum–
capable attackers try to spend the same UTXOs using the private keys they
managed to break until this point. However, if the attacker cannot run Shor’s
algorithm fast enough, some users will manage to transition their funds without
the attacker having time to break their public key even though it was revealed.
4

We use the word ”simple” as any protocol for transitioning to quantum resistance
that aims to be deployed via a soft fork, needs to verify ECDSA signatures for
compatibility with un–upgraded clients. However, it must also verify some other form
of quantum resistant cryptography such that attackers cannot exploit the scheme.

Therefore, in order to maximise the value of the crypto–bounty, an adversary
would have to first collect all the revealed public keys, break them, and only
then start the attack. This strategy allows him to collect at least all the UTXOs
secured by revealed public keys at the time the transitioning protocol is deployed.
Although it is impossible to estimate the clock speeds of quantum computers
as the technology behind them is still in early stages and the most efficient
approach has not been determined yet, we will differentiate between two purely
hypothetical types of quantum capable attackers.
Instant attacker is able to deduce private keys from public keys considerably
faster than a transaction sits in a miner’s memory pool before it is included in a
block. Our analysis indicates that the median input count per Bitcoin block in
the past year is 5350. Thus, an instant quantum attacker should be able to break
approximately 5350 public keys every 10 minutes5 , meaning he would need to run
Shor’s algorithm in approximately 100 milliseconds. This speed suffices because
the attacker can offer higher fees than honest users, thus incentivizing miners
to only select his transactions. Such an attacker could start acting maliciously
immediately after he develops a quantum computer as the computation speed
he benefits from allows him to scan the mempool and hijack any attempt at
transitioning funds to a quantum resistant output.
Slow attacker represents a more realistic although still hypothetical adversary
that is able to deduce private keys from revealed public keys but needs a much
larger window of time in order to break all the public keys that are revealed.
The attacker builds a database of computed private keys, but at the same time,
some of these become unusable as users move their funds before the attacker has
finished collecting a sufficient amount. There are heuristics the attacker could
employ in order to minimise the amount of private keys he attempts to break
and maximise profit. For instance, he could analyse patterns of public key usage
and target those that are inactive for long periods of time, under the assumption
that the original owners have lost the private keys, and therefore, control of the
funds. Another effective strategy could be identifying public keys which are used
mainly for receiving money, e.g. exchanges use addresses where users deposit
their funds but rarely withdraw. However, for the purposes of this study, we
assume that at any given moment the attacker has broken only the public keys
revealed at least a year in the past.
4.4

Aggregating Vulnerable Outputs

Regardless of the speed of a quantum adversary, in order to identify all the
vulnerable UTXOs, an attacker needs to create and maintain two indexes: one
from potential locking scripts to revealed public keys and one from public keys
to the associated private keys. This allows him to prioritise the breaking of
public keys according to the value secured by them. For some output types
such as P2PK and P2MS this task does not pose difficulty as the public key is
revealed directly in the locking script. In general, an attacker could listen for all
5

10 minutes is an estimate for the average time a transaction sits in the mempool
before being included in a block.

transactions and group outputs by their locking script even though the public
key that unlocks them is not visible yet. Once at least one of these outputs is
spent, the public key used in the unlocking script can be linked to the UTXOs
that have not been consumed. However, these strategies only consider reuse of
the same locking script in multiple outputs but not the reuse of public keys
inside different types of locking scripts. To this end, we can define the concept
of equivalent locking scripts:
Equivalent locking scripts require the same public key to unlock them. It
is possible to detect reuse of public keys across the standard types of outputs
presented in Section 3. In surplus, to the locking scripts equivalent to a public key,
an attacker could also generate equivalent locking scripts for P2MS, i.e. P2MS
nested in one of P2SH or P2WSH. We describe the operations to generate each
type of equivalent standard locking script below:
1. Any public key, pk, can be hashed using HASH160(pk)6 to obtain the 20 byte
hash commitment used inside P2PKH and P2WPKH locking scripts.
2. Any locking script, S, of type: P2PK, P2MS, P2PKH, P2WPKH, or P2WSH
can be hashed using HASH160(S) to obtain the 20 byte hash commitment
used inside P2SH.
3. Any locking script, S, of type: P2PK, P2MS can be hashed using SHA-256(S)
to obtain the 32 byte hash commitment used inside P2WSH. Notice that
SHA-256(S) was already computed as part of calculating HASH1606 .
4. Any combination of up to 15 public keys can be used to generate P2MS
locking scripts. Although there is no direct benefit in obtaining P2MS locking
scripts as they display the public keys in the output, there might be P2SH or
P2WSH outputs which include a hash commitment to a P2MS otherwise not
revealed. These can be generated by hashing every possible P2MS obtained
from the set of exposed public keys using HASH160 for P2SH or SHA-256 for
P2WSH. We note that generating all these scripts takes polynomial time
(with exponent 15) in the number of unique public keys; in our analysis,
we have found approximately 700 million unique public keys. Even if we
only try to build combinations of just 3 public keys, it would still take 100
thousand years for the fastest miner7 on the market today to compute that
many hashes. Given the amount of computation required to identify such
outputs and the low value of P2SH outputs in general, we do not consider
this attack any further.
To use the
ble locking
the 6 most
P2WPKH,
6
7

8

above data, an adversary needs to keep an index from each possiscript to the private key that can unlock it. For every public key,
common locking scripts (i.e. P2PK, P2PKH8 , P2SH-P2PK, P2SH–
P2WSH–P2PK, P2SH–P2WSH) can be generated and included in

HASH160(x) = RIPEMD-160(SHA-256(x)) [21]
Currently, the fastest ASIC miner we are aware of is the Ebit E10 capable of computing 18Th/s.
Note that P2PKH contains the same hash commitment as P2WPKH, therefore it
suffices to store only one of them.

the index. Furthermore, any P2MS locking script can be used to generate locking scripts of type P2SH-P2MS and P2WSH-P2MS. With 700 million different
public keys and 55 million P2MS locking scripts, the attacker’s index would
hold approximately 4.3 billion entries. If needed, access to such an index can be
optimised using a bloom filter.

5

Crypto–Bounty Analysis

In this section we describe our approach to estimating the value of cryptocurrency, on the Bitcoin and Bitcoin Cash blockchains, vulnerable to an instant
and slow attacker. We have analysed the current state of the Bitcoin and Bitcoin Cash networks, but also the historic evolution of the crypto–bounty, in order
to deduce and compare patterns of public key reuse in the communities.
5.1

Methodology

To complete this analysis we have used a combination of open source tools and libraries made available by the Blockchain community. Most notably, BlockSci [12]
allowed us to obtain metrics for the number of outputs vulnerable and their value.
BlockSci uses a custom parser to generate indexes which are not found in usual
implementations of full nodes, such as: index of transactions by address, index
of inputs by referenced output, index of addresses by public key, etc. These constructions enable us to analyse various metrics throughout the history of different
Bitcoin-based cryptocurrencies.
For the historic analysis we would like to estimate the amount of cryptocurrency that is locked in vulnerable UTXOs at a given point in time, or in domain
specific terms: at a given blockchain height, h. Naturally, we only count the outputs which were unspent at that time and associated to a public key which has
already been revealed. Notice that most of the outputs that were part of the
UTXO set at height h, are actually spent at a later block height h0 > h, directly
revealing the public key associated to them. Therefore, we need to build an index of unique public keys by height of first reveal. We also use an index built
by the BlockSci parser to link each output to the input consuming it. Therefore,
we can formulate our strategy for computing the evolution of the crypto–bounty
available to a quantum enabled adversary.
For each output in every transaction in every block B, compute the height at
which the necessary public key is broken. For an instant attacker, the height at
which a public key is revealed is also the height at which it is broken. However,
for a slow attacker we must consider a delay of one year from the time the public
key is revealed. To generalise, we will define ShorDelay as the time delay it takes
to run Shor’s Algorithm for a certain quantum attacker. Depending on the type
of output, we can obtain the height Hreveal , at which the attacker could have
started running Shor’s algorithm on the public key associated to the output, in
the following ways:
1. P2PK → We query the index of public keys to obtain the first height at
which the public key in the output was revealed, Hreveal .

2. P2MS → For this type of output a minimum threshold, m, of public keys
need to be broken in order to obtain control over it. We can consider Hreveal
is the height at which m of the public keys were revealed. We lookup each
of the public keys in the index and sort the heights returned. Hreveal is the
value on position m (indexed from 1) in the list.
3. Other spent outputs → We perform a lookup in the index of inputs by
referenced outputs to obtain the unlocking script associated to this output.
Consequently, we find the public key needed and lookup the height at which
it was revealed, Hreveal , using the index of public keys. For nested P2MS
unlocking scripts (i.e. P2SH-P2MS, P2WSH-P2MS) there will be multiple
public keys. In that case we perform the same operations as for P2MS to
compute Hreveal .
4. Other unspent outputs → The remaining outputs are UTXOs which are
not P2PK or P2MS. For these outputs we rely on the BlockSci index of
equivalent addresses; this is similar to the index of equivalent locking scripts
we described in Section 4. Thus, for every UTXO with a locking script which
does not directly reveal the public key, we query this index for the equivalent
P2PK address. From this we extract the public key and lookup the height
at which it was first revealed, Hreveal . Due to space and time complexity,
BlockSci does not generate every possible P2SH script when implementing
the concept of equivalent addresses. Therefore, some P2SH UTXOs will not
be identified as equivalent to public keys that are revealed.
Having obtained the height at which the public key of each output was revealed, we can define the height at which an attacker is capable of breaking it
as the minimum between Hreveal incremented with the delay of running Shor’s
algorithm and the height at which the output appeared: B.height. Therefore,
Hbroken = min(B.height, ShorDelay + Hreveal ). If Hbroken is smaller than the
height at which the output is spent Hspent , the adversary would have had a window of attack: (Hbroken , Hspent ), during which he could have stolen the value
of this output. Finally, we we aggregate the values of overlapping windows to
produce the results that follow.
5.2

Results & Discussion

All the data presented in our work was collected at blockchain height 605650 for
both Bitcoin (BTC) and Bitcoin Cash (BCH). At this block height, there are
18M coins in circulation on each chain.
The current crypto-bounty is presented in Table 1. We notice that BCH
users behave more carelessly with their keys. While 31.77% of BTCs are locked
in 26.66M vulnerable UTXOs, in BCH 39.42% of the coins are locked in 16.25M
UTXOs. Apparently, BCH users lock more of their funds in less outputs than
those of Bitcoin. We believe this is a consequence of the segwit fork, as BTC
blocks do not include the signature data anymore, thus allowing for more outputs
and inputs than BCH blocks.

P2PK P2PKH P2MS P2SH P2WPKH P2WSH

Total

% of
Supply

Ins- BTC 1.75M
tant BCH 1.76M

1.92M
4.33M

41.43
30.6

2.03M
4.33M

22.4K
N/A

8.77K
N/A

5.74M 31.89%
7.12M 39.55%

BTC 1.75M
BCH 1.76M

1.46M
2.28M

41.34
30.59

0.76M
0.21M

2.9K
N/A

3.34K
N/A

3.99M 22.16%
4.25M 23.61%

Slow

Table 1. The current crypto–bounty in Bitcoin and Bitcoin Cash, from the perspective
of an instant and slow attacker.

The evolution of the crypto–bounty for an instant and slow attacker can
be seen in Figure 1 for BTC and Figure 2 for BCH. We have left out the plots for
P2MS and segwit type outputs as their values are insignificant in comparison
to the other outputs and would just clutter the image. We did, however, tally
their contribution towards the overall crypto–bounty (i.e. the Sum plot).
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Fig. 1. Evolution of the crypyo–bounty for an instant (opaque) and slow
(transparent) attacker, segregated by type of output.

In Figure 1, notice how the plots for P2PK converge around year 2013 and then
remain approximately constant until the present, indicating that there is almost
no activity involving P2PK outputs after 2013. This is expected as they are

considered legacy locking scripts, but the fact that these outputs have not been
moved for years, could signify that their owners have lost control of the private
keys. In consequence, no scheme can transition them to quantum resistance and
we can consider the 1.75M BTCs (and 1.76M BCHs) locked in these outputs a
guaranteed prize for the first quantum computer powerful enough to break a 256
bits ECDSA public key.
Also in Figure 1, we draw attention to the parallelism, or lack thereof, between two plots for the same type of output. We can use this to describe the
frequency and exposure of address reuse. For instance, the P2PKH plots for the
slow and instant quantum attacker show almost no correlation from 2013 to
2015. While the reuse of these addresses was considerable as indicated by the
instant attacker’s plot, the exposure of the outputs was mostly less than a year,
as the slow attacker’s plot does not follow the same trend.
Comparing BTC with BCH we can ignore the common history up to block
478558 at which BCH forked from BTC. To this end, the plots in Figure 2 start
at block 460000, such that the fork point is clearly visible.
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Fig. 2. Comparison between vulnerable coins in BTC (solid) and BCH (dotted).

Analysing Figure 2, we observe that although the total amount of coins vulnerable is relatively the same across BTC and BCH, there is a clear difference
in preference for output types in the two communities and this is creating an

upward trend for address reuse in BCH. While BTC users move funds away
from P2PKH to P2SH and P2WSH, which are harder to identify, the BCH community is increasingly reusing P2PKH addresses, which require only one hash
computation to be linked to the public key.
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Fig. 3. Historic size of the vulnerable UTXO set from the perspectives of the instant
(opaque) and slow (transparent) attackers in BTC.

A similar conclusion can be drawn from the charts in Figures 3 and 4, where we
plot the number of outputs that are vulnerable. Observe how the graphs for the
slow attacker differ across the two Figures for P2PKH and P2SH. While for BTC
(Figure 3) the plot is fairly distant from that of the instant attacker, in BCH
(Figure 4) they approach, almost converging. This means that slow attackers in
Bitcoin cannot make use of as many public keys as slow attackers in BCH. So
even though there are more outputs that reuse addresses in BTC, the exposure
of the public keys securing them is generally shorter. Furthermore, the value
locked in these outputs is steadily decreasing as we can see from Figure 2. At
the same time, BCH users are reducing the number of outputs, but as indicated
by the converging plots for the same type of output from Figure 4, most of them
are associated to public keys revealed long ago, hence the ascending trend of the
crypto–bounty for BCH observed in Figure 2.
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Fig. 4. Historic size of the vulnerable UTXO set from the perspectives of the instant
(opaque) and slow (transparent) attackers in BCH.
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Conclusion

In this paper, we have formulated the context in which a quantum enabled
adversary would have to operate if it were to start attacking the Bitcoin network.
We assumed the community would swiftly transition to a quantum resistant
signature scheme through the use of a transitioning scheme that allows users
to link transactions to their public keys without revealing them in the open.
However, it is up to the individual user, to operate in a responsible manner
that makes transitioning his funds even possible. Therefore, we emphasise the
importance of locking funds in UTXOs associated to public keys which have not
been revealed publicly, as otherwise, a quantum enabled adversary would be able
to forge any action on behalf of the legitimate user, including transitioning the
user’s funds to addresses under his control.
We propose two models for the quantum adversary: one that can run Shor’s
algorithm virtually instantly and a slower one that might be more realistic for
the first generations of quantum attackers. Consequently, we outline strategies
available to each of them for maximising profit through denying legitimate transactions to go through by overriding them with higher fee transactions spending
the same UTXOs.

Finally, we demonstrate the methodology used to analyse the current and
historic state of the vulnerable UTXO set as seen from the perspective of the
two types of quantum enabled adversaries. We present the results gathered and
analyse patterns of address reuse, noting that a larger percentage of the total
supply is store in considerably less outputs in Bitcoin Cash compared to Bitcoin.
Furthermore, Bitcoin Cash users reuse addresses for longer periods of time, while
in Bitcoin the exposure of public keys with positive balances is somewhat limited.
We note that currently there are 1.75M BTCs and 1.76M BCHs which reside in a
small number of outputs that have been mostly untouched since 2013, suggesting
these may be zombie coins which cannot be recovered by classical means as the
private keys have been lost. On the other hand, these coins could be considered
a guaranteed reward for the entity that implements the first large scale quantum
computer, whenever that would happen.
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