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Abstract

Hinzen, John, and Saleh (2022) argue that the design of the bitcoin protocol
results in a negative network effect. In their view, additional users create network
congestion and settlement delays that discourage adoption. This is an interesting
theoretical result, but it rests on faulty assumptions about how bitcoin actually
works. In particular, the authors fundamentally misunderstand how bitcoin
achieves consensus and how the entry and exit of miners affect the timing of new
transaction blocks. The authors also ignore existing, widely implemented scaling
solutions.
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I. Introduction

Millions use bitcoin as a speculative instrument, money, hedge, or safe-
haven asset.! Dissidents and outsiders prize its censorship-resistance.” In
fourteen years, it has grown into a network that hosts hundreds of
billions of dollars in value. Despite competition from other
ctyptocurrency projects, it remains dominant along many dimensions.’
Two countries have even adopted bitcoin as legal tender.* How far can
this go? Are there technical limits to bitcoin adoption?’

Hinzen, John, and Saleh (henceforth HJS) argue in the affirmative.’
Intriguingly, HJS contend that bitcoin’s design engenders a megative
network effect, whereby increased use of bitcoin for payments creates
consensus delays, which in turn prolong time to settlement.” The result is
taken to imply that Jwited adgption is an equilibrium outcome for bitcoin,
meaning it will never serve as a widely used global payments system.

We show that HJS are mistaken. Their fundamental error lies in
confusing how bitcoin actually achieves network consensus and how
bitcoin actually scales with a purely theoretical—and factually
incorrect—model. Whatever lessons may be derived from their
model, they have little application to bitcoin.

I1. The Argument
HJS’s argument deploys three propositions. First, bitcoin payments
require full network consensus for settlement. Second, the addition
of miners to bitcoin’s network prolongs time to settlement by
delaying network consensus. Third, there is an upper bound on
bitcoin payments, which derives from limits intrinsic to bitcoin’s
blockchain.®

The argument offered by HJS can be summarized as follows.
Suppose use of bitcoin’s blockchain for payments rises. As more
users compete to have their transactions included in scarce

! See, respectively, Baur, Hong, and Lee (2018), Hazlett and Luther (2019), Blau,
Griffith, and Whitby (2021), and Bouri, Molnar, Azzi, Roubaud, and Hagfors
(2017).

2 Bailey, et al. (2024).

3 Bailey and Warmke (2023).

4 Cross and Bailey (2023), Raskin (2021), Taylor (2022), BBC (2022).

5> The question here goes beyond familiar inquiries about bootstrapping, on which
see Luther (2019).

¢ Hinzen, John, and Saleh (2022).

7 On bitcoin’s positive, but limited, network effects, see Luther (2016a, 2016b,
2018).

8 Hinzen, John, and Saleh (2022): 348.
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blockspace, transaction fees rise (per proposition three). Rising fees
incentivize entry of new miners enticed by the prospect of capturing
those fees. And new miners slow down network consensus by
increasing the likelihood of stale blocks or forks in the blockchain
(per proposition two). In the absence of network consensus (per
proposition one), payments are less likely to succeed, rendering the
network less attractive for use. Thus, from its own design, bitcoin
faces barriers to wide adoption.

The argument is straightforward. But all three assumptions are
false. The bitcoin modeled by HJS bears little resemblance to bitcoin
in reality.

III. Wrong on Scaling

Bitcoin’s blockchain is a settlement—or base—layer.” Users submit
transactions to the network. Then full nodes wvalidate those
transactions before miners compete to publish them to bitcoin’s
blockchain. When a miner has a candidate block of transactions, the
full nodes must verify it before they each append the winning block
to their own copy of the network’s ledger—the blockchain."” A block
is added approximately every ten minutes, with a total throughput of,
at most, around seven settlements per second."

HJS do not seem to realize that bitcoin payments and bitcoin
transactions are not the same. While all bitcoin transactions follow the
path described above, bitcoin payments often route through other
networks, sidechains, and custodial payment systems that straddle
bitcoin’s blockchain. In doing so, these payments incur cleatly defined
trade-offs. They may achieve greater speed, privacy, or programmability,
but with varying degrees of security. Most importantly, with respect to
scaling, these off-chain systems enable users to get around bitcoin’s
base-layer transactions constraint.

9 Limiting attention to the base layer, Luther and Stein Smith (2020) argue that
final-settlement payments are neither centralized nor decentralized; they are
distributed. See also Luther (2013, 2014, 2016¢c, 2020) and Luther and Olson
(2015).

10 For a convincing argument that miners are publishers and nodes are referees, see
Warmke (2021).

1 On these and other details about how bitcoin works, see Antonopoulos (2017),
the standard technical manual on bitcoin’s base settlement layer.
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Consider the lightning network."” Lightning is an open-source,
peer-to-peer payment network operating atop the bitcoin blockchain,
much in the way that payment services like Visa and PayPal run atop
the dollar base layer. Whereas final settlement for Visa and PayPal
requires transferring physical cash or digital balances held at the
Federal Reserve, final settlement for lightning takes place on the
bitcoin blockchain. Lightning nodes stand in a mesh network, with
each lightning node connected to some others by way of payment
channels.” A sender need not have a direct payment channel to a
target node. The sender only needs a path of channels to the recipient
node. Lightning payments are fast, typically taking from mere
milliseconds to a few seconds. They are also cheap, with typical fees
of less than $0.01 per transaction.

Crucially, lightning payments do not require full consensus on the
bitcoin network for finality. Lightning stands in stark contrast to the
bitcoin base layer it sits atop in this regard. For an on-chain bitcoin
transaction to settle, the entire network must recognize it as valid.
For a lightning transaction to settle, only the lightning nodes involved
must agree. Each payment channel on the lightning network requires
one base-layer transaction to open and one base-layer transaction to
close. But, once the payment channels exist, there is no technical
constraint on the lightning network’s transaction rate beyond familiar
limits that restrict all internet traffic—the speed of light, latency and
throughput for node connections, and so on.

With these details in hand, observe how bitcoin scales to
accommodate more payments. While the main settlement layer has
technical limits for bitcoin #ransactions, layers built on top of bitcoin,
like lightning, have technical limits for payments that are well beyond
those of Visa and Mastercard. Payments need only settle infrequently
to the base layer, the bitcoin blockchain. These payment mechanisms,
again, do not inherit bitcoin’s intrinsic speed limit. The limit of
around seven settlements per second noted above applies only to the
bitcoin blockchain, not to the lightning payments layer, which can
process thousands of payments per second."*

12 The standard technical manual for lightning is Antonopoulos, Osuntokun, and
Pickhardt (2021).

13 For up-to-date statistics on lightning network nodes and channel capacity, see
ML.com.

14 There has been considerable controversy regarding the parameters that govern
bitcoin’s base settlement layer; see Bier (2021). The fundamental rationale for the
current parameters, despite the speed limits they impose, is that a light base layer
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A single on-chain bitcoin settlement can also include multiple
inputs and outputs, which allows for scaling through payment
batching. Users who need to make several payments can effectively
send bitcoin to multiple destinations in one transaction. On the
blockchain, this shows up as one transaction, though it would count
as multiple transactions when using almost any other form of
payment. This is significant because one on-chain transaction could
be used to send bitcoin to hundreds of different people. The most
obvious use case is when an exchange or other custodian processes
dozens or even hundreds of bitcoin payments in just one blockchain
settlement transaction. Here, as with bitcoin payments over lightning,
there is no 1:1 relationship between on-chain transactions and actual
payments, and so limits on the former do not impede the latter. Users
can also perform collaborative settlements that mix and match inputs
and outputs without the aid of any custodian in order to achieve
better privacy and more efficient use of blockchain space, once again
breaking any 1:1 link between on-chain transactions and payments."

For the above reasons, proposition one is false. Not all bitcoin
payments require full network consensus. The only agreement
required to settle an off-chain payment is between the nodes
involved. Other network nodes may not even see the payment, much
less track and verify it on their own ledgers.

Proposition three is also false. The settlement layet’s transaction
limits do not restrict the flow of payments, which can take place on
off-chain. Off-chain payment channels can process a nearly infinite
amount of payments with just two on-chain transactions: one to open
and one to close the channel. In this way, lightning payments bypass
the consensus bottlenecks intrinsic to the bitcoin base layer. Batched
payments similarly facilitate routing around those bottlenecks.

IV. Wrong on Mining and Consensus

There is an even bigger problem with HJS’s argument: It

misconstrues how the bitcoin network achieves consensus and falsely

claims that the addition of new miners slows down that process.
According to HJS, “The mining network’s free entry condition

then implies that additional miners enter the network. The resulting

permits anyone to operate a network node at low cost. This in turn enables a widely
distributed payments network that is difficult to censor or control, bitcoin’s most
fundamental value proposition.

15 For the latest on bitcoin privacy techniques along these lines, see Ficsor,
Kogman, Ontivero, and Sere (2021). See also Hendrickson and Luther (2022).
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network expansion exacerbates network delay which, due to the need
for consensus, prolongs expected user wait times.”"®

Note that this second proposition makes an empirical prediction
about block times (i.e., how long it takes for the network to achieve
consensus on its latest batch of transactions). Were it correct, we
would expect to see any addition of new mining (and, thereby, the
increase in hashrate—the cycles of an algorithm per second—across
the network) to result in longer block times.

In fact, we have not observed longer block times as hashrate has
increased over time. Consider the last five years, for example. In this
time, hashrate has increased by orders of magnitude.'” In the same
period, the network continued to publish a block around every ten
minutes. Nor have we seen that a drop in hashrate—that is, a loss in
mining—Ieads to faster network consensus, and shorter block times,
as HJS imply. In fact, the opposite happened in historic fashion with
China’s April 2021 ban on bitcoin mining. At that time, the
associated historic drop in hashrate led to a temporary zncrease in
block time. Again, this is precisely the opposite of what one would
expect from HJS’s model.

Figure 1. Network hashrate and block time, 2017-23'8
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16 Hinzen, John, and Saleh (2022): 348.

17 Bitcoin miners together computed around 7,572,423,973,014,190,000 hashes per
second on September 1, 2017, and around 363,000,000,000,000,000,000 hashes per
second on July 21, 2023; see figure 1.

18 Figure 1 is the authors’ work, with data drawn from BitInfoCharts.com.
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Anyone with passing familiarity with the bitcoin protocol knows
exactly why the secular rise in hashrate over the last five years has not
resulted in a secular drop in block time: the difficulty adjustment.
Every 2,016 blocks (roughly every two weeks at ten minutes per
block), the bitcoin network adjusts the difficulty to win the
competition to publish a block. Every 2,016 blocks, the software
looks at how quickly the previous 2,016 blocks were published and
sets the difficulty level for the next 2,016 blocks. When blocks arrive
substantially quicker than every ten minutes, the network raises the
difficulty. When blocks arrive substantially slower than every ten
minutes, the network lowers the difficulty. At times of rapid increase
or decrease of hash rate, blocks can come more or less often than
every ten minutes. But that only ever happens for about two weeks
(2,016 blocks); at that point, the difficulty adjusts.

What’s more, consider stale blocks (i.e., valid blocks excluded
from the blockchain when network nodes fall out of consensus).
From January 2020 to September 2022, for example, just forty-
four stale blocks were visible to one well-connected node run by
researchers.” And this rarity is exactly as one should expect: Mining a
bitcoin block is expensive (on the order of tens to hundreds of
thousands of US dollars). Miners would discontinue or dial down
operations were stale blocks much more frequent. We can empirically
verify that an increase in hashrate does not substantially increase the
incidence of stale blocks.

Proposition two is false. HJS misstate the relationship between
increased hashrate and network consensus. The addition of miners to
bitcoin’s network does not prolong time to settlement by delaying
network consensus, nor does the addition of miners to bitcoin’s
network increase the frequency of stale blocks.

V. Conclusion

HJS’s argument establishes the following already well-known fact:
Even with tweaked parameters, bitcoin’s blockchain does not scale
well for on-chain payments. This has been known since soon after
bitcoin’s creation. The current parameters allow for ten-minute block

19 See https://forkmonitot.info/feeds/stale_candidates/btc.rss. Since some stale
blocks fail to propagate across the entire network, there can be slight variations in
visibility of stale blocks from node to node. Across that interval, for compatison,
there were over 138,000 ordinary (non-stale) blocks recognized by all nodes.
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times, with each block typically containing between 1 and 4 MB of
data—roughly 1,800 to 4,200 transactions (which, again, is not the
same as 1,800 to 4,200 payments) every ten minutes. At these
parameters, the authors concede, the probability of forking is near
zero. What the mathematics predicts is supported empirically; forks
do happen, but very infrequently.

HJS further claim that a dramatic increase in transaction volume
would cause frequent forks, no consensus, and an unusable network.
But they are tilting at windmills: Bitcoin scales through off-chain
payments, not by increasing throughput at the base layer.” Off-chain
protocols afford more scalability precisely because they do not
require consensus of the entire network. Hence, the limited-adoption
thesis HJS advance should be interpreted only in the strictest terms:
As the number of would-be bitcoin users approaches infinity, the
proportion that will successfully transact on the base layer
approaches zero. Given the current bitcoin parameters, this should
surprise no one; the quotient of any fixed number and a denominator
going to infinity goes to zero.

Bitcoin has many fascinating lessons for interdisciplinary
researchers willing to put in the work.”’ Responsible research on
bitcoin should attend to the actual characteristics of the protocol and
scaling solutions that have been proposed or adopted. In doing so, it
might aid in better understanding those scaling efforts, their effects,
and their limits.”* HJS fall far short of this ideal.
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