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Bitcoin is at once highly predictable and highly unpredictable. With relative certainty, we
can measure the days between difficulty epochs and the months between halvings, and
Bitcoin’s emissions schedule is set in stone. Conversely, we have no idea what Bitcoin’s
price will be tomorrow or in a year, though we can of course throw out a guess or two.

Similarly, we can’t measure demand for blockspace until that demand materializes. But
we can devise a method for projecting transaction fees into the future to give miners a
better shot at anticipating transaction fee volatility.

The proliferation of Ordinal Theory and the advent of inscriptions on Bitcoin highlight this
need. At the beginning of May 2023, a new OP_CODE format sprung to life on Bitcoin,
called BRC-20 (in playful reference to Ethereum’s ERC-20 standard). The BRC-20 token
standard gave inscribers a new way to mint non-fungible tokens on Bitcoin. The activity
of “minting” BRC20 tokens caused transaction fees to spike, which in turn led to an
ephemeral and unexpected surge in hashprice. Transaction fee bidding wars were so
iIntense that some block rewards were over 12.5 BTC — greater than last halving epoch’s
block subsidy. Hashprice topped out at $129/PH/day on May 8 from the fee action, a 72%
increase from the week prior.

This profitability boost was short lived, though. As transaction fee volume receded and
Bitcoin's price slipped from $29,000 to $27,000, hashprice's meteoric rise cratered into a
swift decline over the course of the week. Even so, transaction fee volumes are still much
higher than they were last year, or even In February and March when the inscriptions
mania kicked off.

This volatility has Bitcoin miners, hosting providers, lenders, and hashrate forward traders
all wondering what comes next.

In this report we cover:

« How transaction fees function in the Bitcoin network
« The supply and demand factors that affect fees on the Bitcoin network
« How transaction fees have behaved historically

e Models we can use to forecast Bitcoin transaction fees

For Hashrate Index Premium Gold sulbscribers, we also provide:

« New forecasting methods for Bitcoin network transaction fees

« Updated hashrate supply and demand model projections and sensitivity tables
« Premium Hashrate Index Quarterly reports

« Hashrate Index API

This is the first iteration of our reports for Forecasting Transaction Fees, and we have
made this report public to share our research to the mining community for transparency
and feedback. Future versions of this report will be available only to Hashrate Index
Premium Gold and Platinum subscribers. For more information on our premium research
and data, please visit this page.
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Executive Summary

To forecast Bitcoin transaction fees, we employ qualitative and quantitative technigues. In
particular, we develop:

« Univariate time series forecasting techniques for periods of low activity, fees and
volatility,

« Univariate volatility forecasting techniques and multivariate causal methods to signal
upcoming periods of high activity, fees and volatility, and

« A case study to look at the development of transaction fees and MEV on the Ethereum
network.

These techniques provide readers with a comprehensive collection of effective tools for
forecasting Bitcoin transaction fees over the medium-term, enabling them to make more
informed decisions. Going forward, Luxor will continue to refine these methods and make
it easier for Hashrate Index Premium subscribers to access real time forecasts.
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What are Bitcoin Transaction Fees?

A Bitcoin transaction is sent, validated, and verified through a decentralized process
across the nodes of the Bitcoin network. Anyone can initiate a Bitcoin transaction by
providing all necessary information within the transaction data structure and
broadcasting it to the Bitcoin network through a Bitcoin node. This involves adhering to
the Bitcoin protocol's criteria for a valid transaction and signing the transaction with the

required digital signature(s) to unlock the specified Bitcoin funds, known as unspent
transaction outputs (UTXOs).

As part of the transaction, the user designates a recipient address for the funds and
selects an amount of bitcoin to be sent. It's important to note that the output amount
must be lower than, or equal to, the total bitcoin Included In the transaction's inputs. The
discrepancy between inputs and outputs in a Bitcoin transaction is the transaction
fee, which users incur for sending transactions on the Bitcoin blockchain.

Simplified Bitcoin Transaction Example

Visualization of a Bitcoin transaction. Screenshot taken from mempool.space

# of Inputs: 4 # of Outputs: 3

Inputs = 3.50 BTC Outputs = 3.49BTC
Address 1: 010 BTC Address 4: 0.20 BTC
Address 2: 0.20 BTC Address 5: 3.00 BTC
Address 3: 3.00 BTC Address 6: 0.29 BTC

Address 4: 0.20 BTC

Transaction Fee = Inputs - Outputs
Transaction Fee = 3.50BTC - 3.49BTC
Transaction Fee = 0.01 BTC

Witnhess Data (i.e., sighatures, etc.)

HASHRATE
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When a user wants to send Bitcoin to another address, their node broadcasts the
transaction to the network. Other nodes in the network receive the transaction data and
verify it against the rules of the Bitcoin protocol. If a transaction is valid, then a node will
add it to their memory pool (a.k.a the mempool) and propagate the transaction to the rest
of their peer nodes, a process known as gossiping.

Mining nodes, typically mining pools, aggregate transactions from the mempool into
blocks and receive the fees associated with those transactions. A mining node can fill
a block with up to four million weight units, which is referred to as 1 million vbytes and is
equivalent to 4 MB of data. Any transactions remaining in the mempool after a block is
filled waits for inclusion in the next block or blocks thereafter. As such, miners are
incentivized to prioritize transactions which pay the largest fee per weight unit in the
blockchain.

Term Definition

Block Size Refers to the physical storage capacity that a block or blockchain occupies, typically
iIn MB or GB. This measure is most relevant for node operators.

Block Weight (a.k.a. Block Space) Introduced after Segwit, this metric refers to the capacity for transactions within
each block. It takes into account the impact of certain transaction data, such as
witness data used in Segregated Witness (SegWit) transactions. Block weight is
measured in weight units, and it can differ from the block size depending on the
types of transactions included. This measure is most relevant for transaction fee
markets and is the primary focus of this paper.

Prior to the BIP 141 soft fork in July 2017, titled “Segregated Witness (Consensus layer)”
and commonly called Segwit, Bitcoin had a 1 MB block size limit. Though the reason was
never stated publicly, this 1T MB limit was quietly introduced by Satoshi Nakamoto In late
2010. Some have speculated that it was intended as an anti-spam measure to prevent
malicious miners from overloading the network with extremely large blocks full of artificial
transactions, or as a temporary measure while the network grew. At the time, blocks were
much smaller than 1T MB, so the limit was not a binding constraint.

The Bitcoin block size wars refer to the contentious debate within the Bitcoin community
regarding the appropriate block size limit for the cryptocurrency's blockchain. The conflict
primarily occurred between 2015 and 201/ as Bitcoin's popularity grew and transaction
congestion became a concern. Advocates for a larger block size argued that increasing
the block size would alleviate congestion and enable faster and cheaper transactions. On
the other hand, supporters of the status quo emphasized the importance of
decentralization and the centralization risks associated with larger blocks. The intense
disagreement led to heated discussions and the emergence of competing coins via
hardforking Bitcoin’s blockchain.
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Introduced In 2015 and activated in 201/, Segwit was a compromise in a bid to address
Bitcoin’s scalability dilemma.’ This involved splitting transaction data into two segments —
the sender and receiver data would stay In their original section In the block, but the
signature data (what’s called the “witness”) would be segregated to a different section of
the block (hence Segregated Witness, or Segwit). Segwit introduced a 4 million weight
unit limit whereby the original 1T MB data segment counted as 4 million weight units and
withess data, limited to 4 MB, would be counted as one weight unit equaling one byte of
data. In effect, this increased the block size limit from 1T MB to 4 MB. Block weight is also
commonly measured in vbytes, whereby 1 vbyte Is equivalent to 4 weight units.

The formulas below show the post-Segwit block weight limit.

4 million weight units = 1 million vB

4 million weight units = Block Weight

4 million weight units = MBy,;yinai pata section = 3 * MBoyiginai Data section and Witness Data

4 million weight units = MBy,;yinai pata section * 3 + (MBOriginal pata section) ¥ (MBuyitness pata)

4 ml”lOn We’gh tunits = MBOriginal Data Section * 4 + MB Witness Data

Taproot (BIP 340, 341, and 342), activated in November 2021, enhances data efficiency
and privacy for certain Bitcoin transactions, such as multi-signature transactions. Taproot
transactions replace Bitcoin’s Elliptic Curve Digital Signature Algorithm (ECDSA) for
signing transactions with Schnorr signatures; this enables, among other things, Bitcoin
users to aggregate multiple public addresses under a single signature. This lowers the
data load needed to execute multi-signature transactions (instead of having to store
signatures for 5 addresses in a 5-of-/ multi-sig quorum, for example, now nodes only
need to log 1 signature). Additionally, Taproot multi-sig and single-sig addresses use the
same address format. Right now, Segwit-enabled and other multi-signature addresses are
longer than their single-sig counterparts, so Taproot also gives multi-sig users a privacy
DOOSt.

Taproot could also pave the way for new smart contract implementations on the Bitcoin
network. It provides a more flexible framework for executing complex spending
conditions, allowing for the creation and execution of programmable transactions in a
more data-efficient way than previously possible. This opens up possibilities for
decentralized applications and innovative financial instruments, expanding the
capabilities of the Bitcoin network.

A testament to how Taproot’s data efficiency gains can usher in innovations, inscriptions
blossomed in Q2 of 2023 largely thanks to Taproot’s transaction improvement.
Specifically, the inscription content costs much less to transact when stored within
Taproot’s scripts; even though inscriptions were technically feasible with Segwit, Taproot
makes them more data efficient and thus cheaper.

"It was also a solution for transaction malleability, whereby unconfirmed transaction identifiers could be changed without invalidating
the transaction.
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From an economic perspective, transaction fees on the Bitcoin network serve multiple
purposes. Firstly, users can adjust their fees accordingly to prioritize their transactions
over others In the mempool and thus speed up transaction settlement. Secondly,
transaction fees act as a deterrent against spam and denial-of-service attacks by
imposing a cost barrier on users. This discourages malicious actors from flooding the
network with unnecessary or harmful transactions. Lastly, as the Dblock subsidy
decreases, transaction fees become a crucial long-term funding source for miners for
ensuring the security and sustainability of the Bitcoin network.

Transaction fees are an under-appreciated and increasingly important component of
hashprice — the revenue miners earn for selling hashrate. Together with the block subsidy,
they determine how much miners can earn from constructing blocks. Bitcoin’s subsidy
started at 50 BTC per block and is halved every 210,000 blocks (roughly 4 years), until
block 6,930,000 (projected in 2140), when the block subsidy becomes zero and mining
revenue will come exclusively from transaction fees.

As transaction fees become an increasingly important part of Bitcoin mining
economics, understanding transaction fee dynamics and forecasting them into the
future becomes critical for hashrate and hashprice market participants.
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What Determines Transaction Fees on the Bitcoin Network?

Bitcoin’s transaction fees are determined in the open market for block weight. As in
any other open market, prices and quantities — in this case fees and vbytes — are
determined by the economics of supply and demand. The determinants of Bitcoin
transaction fees have been explored in some academic and professional literature.? For
immediate and forward looking purposes, we focus on a basic supply and demand model
to form an understanding of the current block weight market structure.

HASHRATE

Economics of the Block Weight Market Luxor

Supply

sats / vB

Price

Demand

Quantity = vB

1m vB

Supply of Block Weight

The supply of block weight is determined by Bitcoin’s consensus code. The block weight
imit Is represented by the vertical line at 1T million vbytes on the x-axis.

Assuming the mining market is competitive and transparent, if block weight is not at
capacity, then miners have an incentive to include transactions with any positive fee in
the next block. Conversely, there is no incentive for Bitcoin senders to pay a fee above
the bare minimum if block weight is available.

With a fixed block weight limit, the marginal cost to miners with a full block is the
opportunity cost of foregoing the lowest fee rate per vbyte. That is, miners are
incentivized to place the highest bid per vbyte into their block.® If a user would like a
transaction included in the next block, they must outbid other transactions to incentivize
a miner to Include their transaction in the blockchain.

2 Literature on the determinants of transaction fees includes models and empirical evidence based on competitive and non-
competitive block weight market dynamics, auction protocols, queuing theory, and social norms and convention arising from the
default software settings of major wallet softwares or actions of large intermediaries in Bitcoin’s early years. See for example, Houy
(2014); Moser and Bohme (2015); Lopp (2016); Easley, O’'Hara, and Basu (2017); Kasahara and Kawahara (2017); Huberman, Leshno,
and Maollemi (2019); Li, Yuan, and Wang (2020); Tsang and Yang (2021); lik, Shang, Fan, and Zhao (2021); Lehar and Parlour (2021);
Fan, Ilk and Shang (2022); Burnett and Rochard (2022); Brown, Chiu and Koeppl (2022); Kim, Ryu and Webb (2023).

3 Unless they are filtering for compliance or regulation.
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In the short to medium term these supply parameters are fixed. However, in the longer
term, hard forks and soft forks could change the supply of Bitcoin’s block weight and
minimum transaction fee. For example, a 0.01 BTC minimum transaction fee was
implemented in 2010 as a deterrent to “spam” transactions, but was later removed as
transaction volume and Bitcoin’s price increased. Currently, a standard Bitcoin node will
only relay transactions that have a fee rate greater than one sat/vbyte.

Demand for Block Weight

Demand for block weight on the Bitcoin network is influenced by the demand for
transactions and the time users are willing to wait for confirmation. The level of time
preference, whether low or high, plays a crucial role in determining transaction fees. Low
time preference demand - where users are patient and willing to wait longer for
confirmation — generally does not drive fees. By contrast, high time preference demand,
where users require quick settlement, tends to be the primary factor driving block weight
demand, particularly in the short term.

Historically, users have generated Bitcoin transactions predominantly for self-transfer of
funds, payments, or trading. The more demand for transactions on the Bitcoin blockchain,
the more demand for block weight all else being equal. Further, the more users who
demand quick transaction settlement, the more demand for immediate block weight all
else being equal.* At the exchange level, inflow and outflow volumes and transaction
batching will have an impact on demand for block weight from trading activities, as do
integrations of layer-2 technologies like the Lightning Network and Bitcoin sidechains.

Demand for block weight can also come from other sources. For example, discrete-log-
contracts (DLCs) and DeFi impact the demand for block weight on the Bitcoin blockchain.
More recently, ordinals and inscriptions opened up new demand for Bitcoin block weight
and caused transaction fees to spike — most notably during the BRC-20 frenzy in early-
to-mid-May this year. The diagram below illustrates how the introduction of ordinals/
inscriptions impacted fee markets.

HASHRATE Luxor

Economics of the Block Weight Market: Ordinal/lnscription Impact

Supply

sats / vB
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Pre-Ordinal/lnscription Demand
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4 User need for quick settlement, for example, drove the BRC-20 frenzy in early- to mid-May 2023.

HASHRATE LLIXOI‘

HASHRATEINDEX.COM TWITTER.COM/HASHRATEINDEX 11


https://river.com/learn/terms/d/discreet-log-contract-dlc
https://river.com/learn/terms/d/discreet-log-contract-dlc

*CONFIDENTIAL: FOR HASHRATE INDEX PREMIUM SUBSCRIBERS ONLY*

Soft forks like SegWit and Taproot can impact demand for block weight as well. For
example, SegWit introduced a change Iin how the block weight was calculated, which
reduced the weight of each transaction. This effectively results in reduced demand for
block welight per transaction.

We realize this conclusion may strike some readers as counterintuitive, but our reasoning
is: SegWit reduces the amount of block weight a transaction requires. By reducing the
effective weight of each transaction, that user’'s demand for block weight is reduced.

While Segwit increased the total supply of block size in MB, which is important for node
operators, in the block weight market where transaction fees bid for weight, it manifests
as a reduction in demand for said weight. The supply of block weight was unchanged
after the implementation of SegWit.

Before SegWit, the block size limit in Bitcoin was fixed at 1 megabyte (MB). This limited
the number of transactions that could be included in each block, leading to congestion
during periods of high demand and resulting in higher transaction fees. The fees were
orimarily determined by the size of the transaction in bytes.

With the implementation of SegWit, the block weight concept was introduced. While the
block size calculation remained the same, the weight of transactions was calculated
differently. SegWit transactions separated the signhature data (witness) from the
transaction data, and the weight of the witness data was discounted.

Reduction in Block Weight Demand for the Same Size (MB) Bitcoin Transaction

Pre-Segwit Segwit
Original Data in MB 1.00 0.33
Witness Data in MB 0.00 0.67
Size in MB 1.00 1.00
Weight in vMB 4.00 2.00

Where Weight = 4 x Original Data + Witnhess Data

The discounting of the witness data in the block weight calculation effectively reduced
the demand for block weight. Users can fulfill the same demand for transactions using
less block weight. This improved efficiency led to an increase in transaction capacity and
a decrease in transaction fees for SegWit transactions.
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Economics of the Block Weight Market: Segwit Impact HASHRATE LLIXOI‘

Supply

sats / vB

Price

Pre-Segwit Demand

Post-Segwit Demand

Quantity = vB

Brown, Chiu and Koeppl (2022) estimate that Segwit reduced transaction fees by ~70%

Given the market structure of block weight, with no minimum fee and a fixed supply cap,
transaction fees fluctuate between periods of low activity and low fees, and periods of
higher activity with volatility and spikes in fees. This occurs because when supply is
perfectly inelastic, similar to real estate or collectibles markets, changes in price do not
lead to changes in the quantity supplied. As a result, prices become more responsive to
shifts in demand and cannot be stabilized by producers adjusting production levels.

In the following sections we observe this pattern in transaction fee data and develop
forecasting techniques to take advantage of our knowledge of this market structure.

Summary of Supply and Demand Factors’ Impact of Transaction Fees>

Variable Impact of a Variable Increase on Transaction Fees
Supply of:

Block Weight Limit Decrease
Minimum Transaction Fee Increase / No Change®
Demand for:

Payments Increase
Trading Increase
Quicker Confirmation Times Increase
Smart Contracts / DeFi Increase
Ordinals / Inscriptions Increase
Segwit / Taproot Adoption Decrease

Layer 2 Adoption Decrease

> The impact on transaction fees to a change in each variable is evaluated ceteris paribus.
° Depends if the minimum transaction fee is above or below the market rate.
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A Note on Maximal or Miner Extractable Value (MEV) on Bitcoin

Maximal or Miner Extractable Value (MEV) refers to the potential profits that miners can
extract from reordering, front-running, censoring, or otherwise strategically manipulating
transactions within a blockchain network. Borrowing a real estate analogy from Sreeni
and Zhang (2022), “being neighbors with a suddenly attractive piece of real estate or
auction may be extremely valuable.” That is, not all block space is valued equally.’

MEV played a crucial role In mining revenue on the Ethereum network prior to the merge.
't encompassed various activities such as decentralized exchange arbitrage, liquidations,
sandwich trading, and more. The presence of MEV opportunities largely depended on
decentralized finance applications built on the blockchain's underlying layer.

't is important for participants in the hashrate market to monitor developments in MEV on
the Bitcoin network. The emergence of DLC (Discreet Log Contracts) and token
standards like BRC-20 has led to instances of MEV activity, although it remains relatively
insignificant at present. An example of this was observed when F2Pool filtered
transactions from other Stacks miners intending to send BTC to STX staker addresses,
replacing a low-value transaction with their own BTC bid. This case, covered by
Blockworks in a thread, highlights just one instance of MEV in the Bitcoin ecosystem.

In a Miner Extractable Value (MEV) environment, block construction can be decoupled
from mining, allowing for the different entities to perform either task. Transaction ordering
relays like Flashbots In Ethereum act as intermediaries between miners and MEV traders
(sometimes called “searchers”), facilitating MEV-related activities. This MEV environment
presents new opportunities for miners to extract additional value from transactions and
can become a significant source of revenue.

How Have Transaction Fees Behaved Historically?

HASHRATE
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Average Daily Transaction Fees per Block

12 BTC

10 BTC

Tx Fee per Block (BTC)

7 We highly encourage readers to check out Sreeni and Zhang (2022) and Zhang and Konstantopoulos (2021) to learn more about MEV
economics in the market for block space.
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The previous chart shows the history of transaction fees on the Bitcoin blockchain, from
iInception on January 9, 2009 to May 31, 2023.
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Block Weight

Source: Bitcoinvisuals.com

Pre-mid 2016, as we can see in the block weight chart above, Bitcoin’s block weight
(block size at the time) was not at capacity and fees were miniscule. As documented by
Moser and Bohmer (2015) and Lopp (2016), fees were positive and fluctuated not due to
market congestion, but social norms and convention arising from the default settings of
major wallet softwares or actions of large intermediaries.

Since mid-2016, Bitcoin transaction fees have experienced periods of low activity and low
fees, as well as periods of higher activity with volatility and spikes in fees. These spikes
occurred during 201/-2018, 2020-2021, and May 2023. The volatility can be explained by

the following factors:

« Bitcoin price boom and bust cycles are closely tied to changes in demand for Bitcoin
transactions. As transaction volume surpasses the network's capacity, users are
required to pay higher fees in order to prioritize their transactions. We can observe
this phenomenon during significant market upswings, such as the boom in 201/ and
the pandemic period from 2020 to 2021, when the demand for Bitcoin was particularly
high. During these times, the surge in demand pushed transaction fees upwards at a
rapid pace. Conversely, when monetary policy shifted after these periods, leading to a
decrease in demand for Bitcoin, transaction fees also decreased accordingly.

« Protocol updates, technological advances, and technical standards that increase
transaction processing capacity can lower fees. For example, Segregated Withess
(SegWit) separates transaction data from signature data, allowing more transactions in
each block. Conversely, technical standards like the ordinals sequencing system,
inscriptions, and BRC-20 tokens can precipitate activity that increases fees.

Below is a table describing daily average transaction fees per block by year, days spent
below and above the average, and other relevant statistics. The data ranges from June
15, 2016, to May 11, 2023, focusing on recent periods of bitcoin transaction activity.
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Number of days Number of days

Year Mean Standard Minimum Maximum Range above or equal to below mean (for
Deviation mean (for that year) that year)

2016 0.502 0.126 0147 2.237 2.09 83 117
2017 1.834 1.240 0.417 9.651 0.234 119 246
2018 0.449 0.873 0.079 4.905 4.826 52 313
2019 0.367/ 0.309 0.075 1.752 1.677 115 250
2020 0.515 0.414 0.057 2.400 2.343 149 217
2021 0.423 0.424 0.047/ 2.532 2.385 157 214
2022 0103 0.046 0.032 0.315 0.283 145 220
2023 0.288 0.567/ 0.044 4.641 4.597 18 113

We note a few trends from the table. In 201/, transaction fees were significantly higher
due to various catalysts, making it an outlier year. The average transaction fee in 201/
was almost 3.6 times larger than any other year. The extreme volatility during that year,
reflected in the standard deviation and range, also exceeded other years. Conversely,
2022 had the lowest volatility and the lowest mean transaction fee.

Additionally, there is a consistent trend across the years, where the number of days with
transaction fees below the mean is much higher than the days above the mean. This
pattern holds for each year, with some years (like 2018 and 2023) showing a significant
difference, where the number of days below the mean is more than six times greater than
the days above the mean.
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At Luxor, we recognize that successful forecasting entails more than simply selecting and
refining a single model. It involves employing a diverse set of models to gain a
comprehensive understanding of the forecasted variable and the potential range of
outcomes. The objective of this report is to provide readers with a comprehensive
collection of the most effective tools for forecasting Bitcoin transaction fees, enabling
them to make informed and accurate predictions.

This report concentrates on predicting average Bitcoin transaction fees for monthly and
guarterly durations, aligning with the medium to long-term planning and decision-making
processes of Bitcoin miners, hosters, investors, and hashrate traders. Although there is
imited literature specifically dedicated to forecasting fees over these periods, it is worth
noting the abundance of online tools and features within Bitcoin wallets that facilitate
short-term fee predictions. These tools predominantly utilize mempool data to aid users
when they send transactions.

In our paper earlier this year on forecasting network difficulty, we described three general
methods commonly used in forecasting. They are:

1) Qualitative Techniques
2) Time Series Models (Univariate Models)
3) Causal Models (Multivariate Models)

We encourage readers to refer to Harvard Business Review's article on selecting optimal
forecasting techniques for a deeper understanding of the techniques discussed in this
section.

Qualitative Techniques

Qualitative technigues are an approach to forecasting typically utilized in situations where
data Is limited or when quantitative methods are hindered by resource constraints. These
methods rely on expert opinions, human judgment, and insights regarding significant
events to transform qualitative information into quantitative estimates.

The qualitative method provided In this paper Is a case study where we will look at the
development of transaction fees on the Ethereum network. The case study can be found
in Appendix 1.1-1.2 while the conclusions of the case study are outlined below.
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Conclusions from Ethereum Network Case Study

From our case study, we draw some general conclusions:

1. As with DeFi/NFTs on Ethereum, ordinals and inscriptions open up possibilities for
Bitcoin beyond current use cases, many of which are yet to be discovered.

2. There will be periods of low activity and low volatility, where transaction fees are more
easily forecastable.

3. There will be temporary periods of high fees and high volatility that are event driven.
For example, hype around one random meme-coin, NFT release, or project mignht
cause very short-lived spikes in transaction fees (e.g., BRC-20). More value-driven
uses of the crypto network such as Defi create the possibility of more sustained but
less volatile periods of high fees.

The points above illustrate the difficulty with forecasting transaction fees. Although
transaction fees can be low and non-volatile a majority of the time, which makes them
easier to predict during such conditions, it’s very difficult to predict when they will spike
dramatically. Luckily for Hashrate Index Premium sulbscribers, our forecasting methods
and partnership with the Ordinal Hub team may help catch unexpected surges in
transaction fees emanating from upcoming projects.

But how can we forecast Bitcoin transaction fees using quantitative techniques? In the
following sections we evaluate univariate time series and multivariate causal forecasting
technigues. We hypothesize:

1.1t is possible to accurately forecast average Bitcoin transaction fees for the next
month or quarter during periods of low volatility and stability; and

2. It is possible to develop signals to catch upcoming spikes in transaction fees using
more advanced multivariate causal models and/or volatility based forecasting
methods.

Quantitative Techniques: Univariate Time Series Forecasting

One of the most simple but fundamental phenomena in the field of forecasting is that
variables tend to be correlated with past values. This phenomenon Is called
autocorrelation. The direction or pattern of a variable’s past values (better known in the
field as “lags”) can help predict its future values.®

Autocorrelation gave birth to Autoregressive and Autoregressive Moving Average models
— more commonly referred to as AR and ARMA models. Below is a brief explanation of
these models, with an appendix section for our more interested readers which provides
further details about the models, including tests, assumptions, and lag selection
methods. Univariate models only include an analysis of the variable of interest itself and
its past values (i.e., with no other variables included).

8 From this point forward, our paper will refer interested readers to a detailed appendix that provides further information on the
equations and assumption tests conducted for these models (including trends, stationarity, seasonality, etc.).
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AR and ARMA Models

Autoregressive (AR) models rely on forecasting a variable based on a linear combination
of its previous values. This method assumes current and future values are linearly
dependent on past values and if the relationship is strong enough, past data on
transaction fees can be used to forecast future transaction fees. The general equation for
an Autoregressive model of order p, denoted as AR(p),® can be expressed as:

TXFi=c + 2(a; * TXF;_;) + &
Where,

e TXF; represents transaction fees at time t,
e CIs aconstant term
e ajrepresents the coefficients corresponding to the previous values TXF;._;,

e &:is the error term at time t.

Appendix 2.1 gives a further explanation of the equation above and AR models in general.

An Autoregressive Moving Average (ARMA) model can enrich the simpler AR model by
including a Moving Average (MA) element which combines the linear dependence of past
values (AR element) with the influence of past error terms (MA element). The error term,
also known as the residual term, represents the part of the observed data that is not
explained by the autoregressive component of the model, measuring the discrepancy
between the predicted values of the model and the actual observed values.

By Including the error term in the model, ARMA models can capture the random or
unpredictable nature of a time series, potentially providing a more accurate
representation of the data. The general equation for an ARMA model of order (p,q),'®
denoted as ARMA(p,q), can be expressed as:

TXFi=c + 2(a; * TXF:-j) + 2 (Bj * €t-j) + &
Where,

¢ pj represents the coefficients corresponding to the past error terms st-j

Appendix 2.2 gives a further explanation of the equation above and ARMA models in
general. A review of model selection methods and assumption tests are provided in
Appendix 2.3

> The parameter "p" represents the order of the autoregressive model, indicating the number of lagged observations used to predict
the current value.

19 |n addition to having the parameter "p" representing the order of the autoregressive model, ARMA models also include parameter "g"
representing the order of the moving average component, indicating the number of lagged forecast errors used in the model.
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Model Considerations and Evaluation

For the purposes of this paper, models and their coefficients will be based on a training
set which spans January 2009 to September 2022 for the univariate time-series models
and from June 2016 to September 2022 for the multivariate models." All the models were
evaluated over a testing set from October 2022 to May 2023.

This testing set from October 2022 to May 2023 was selected for two primary reasons.
First, it is customary to use the most recent period as the testing set for models. Second,
this timeframe encompasses both a period of low and stable transaction fees, as well as
the sudden spike in fees that occurred in May 2023. This enables us to evaluate the
performance of our models in different scenarios. The training and testing sets derived
from this period are utilized in the subsequent analysis of multivariate causal models
discussed later In the paper.

Mean absolute error (MAE) was used to determine forecast accuracy. It is calculated by
taking the average of the absolute difference between actual transaction fees and a
model’s forecasted transaction fees. The mathematical equation for MAE is:

/\

n
2 TXF; - TXF;

(]
MAE = —
N =1

For exogenous variables, we included the most recent week’s average transaction fee
value in monthly forecasts and the most recent month’s value in quarterly forecasts, and
this improved the accuracy of the AR and ARMA models. More recent transaction fee
values adjusted for weekly or other cyclical patterns have a stronger relationship with
future fees.

To evaluate the accuracy of a model’s forecast, one needs to compare its outputs with a
baseline measure. Most economic literature uses a random walk or “naive” model as a
baseline, which uses last period’s value to forecast the current period’s value. For our
purposes, we use the following naive model methodology: this month or quarter’s average
transaction fee is the forecast for the next month or quarter average transaction fee.
Mathematically the equation is the following:

TXF:.1 = TXF;

INn this paper, our time-series models were used to forecast one month and one quarter
into the future. With this approach, we make predictions for each data point in the testing
set based on the available information up to that point. The process involves iteratively
forecasting one time step ahead and updating the model with the actual value for that
time period. All these considerations and methods of evaluation mentioned in this section
apply to the causal models in the later sections (unless otherwise specified).

" For reasons described above and the limited relevance and availability of data pre-June 2016.
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Below are the results for three AR and five ARMA models tested for the forecast accuracy
of monthly average transaction fees and three AR and three ARMA models for the

forecast accuracy of quarterly average transaction fees.'

The forecast accuracy ratio is calculated by dividing the mean absolute error of a model
by that of the baseline. If a model's accuracy measure is below 1, it was more accurate
than the baseline and if it is greater than 1 it was less accurate. Highlighted in green are
the best performing models during the testing period.

Monthly Forecast Results:

Model

Base Model

AR
Models

ARMA
Models

Quarterly Forecast Results:

Model

Base Model

AR
Models

ARMA
Models

Process Forecast Accuracy Ratio (MAE)
Naive (Last Month Avg) Base
AR (1) 0.9019
AR (2) 0.8966
AR (3) 0.8828
ARMA (1,1) 0.9019
ARMA (2,1) 0.9700
ARMA (3,1) 0.8798
ARMA (2,2) 0.9079
ARMA (3,2) 0.9087/
Process Forecast Accuracy Ratio (MAE)
Naive (Last Qtr Avg) Base
AR (1) 0.9568
AR (2) 0.9463
AR (3) 0.9452
ARMA (1,1) 0.9611
ARMA (2.1) 0.9276
ARMA (3,1) 0.9450

Below are charts comparing the best monthly and quarterly transaction fee forecasts with
baseline and actual transaction fees for the period.

2 The most recent week’s average transaction fee value in monthly forecasts, and the most recent month’s value in quarterly forecasts

are included in the AR and ARMA models as exogenous variables.
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Monthly Forecast for Average Transaction Fee Per Block (Testing Set) - HASHRATE
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Our univariate time-series models marginally outperform our baseline model’s forecasting
performance. As with the baseline model, the limitation of these univariate models was
their inability to catch the sudden spike in transaction fees in May 2023.
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Volatility Forecasts: ARCH and GARCH Models

A prominent and growing area in forecasting literature has focused on forecasting
volatility. Many things in life are too difficult to forecast using the technigues we talked
about, such as asset prices, because their past values tell us almost nothing about their
future values. However, there are promising techniques that use past volatility to predict
future volatility. This has been the basis of many of the most popular options valuation
models over the years such as the famous Black-Sholes model.

In finance and economics, models such as ARCH and GARCH are commonly used to
forecast future volatility. These models are built upon the notion that volatility is not
constant over time, but rather exhibits clustering and persistence. Our hope is that the
volatility forecast can be incorporated as an exogenous variable in our time-series AR and
ARMA models to forecast transaction fees. If that does not end up being effective, then
we would at least uncover the relationship (or lack thereof) between volatility of
transaction fees and transaction fee levels.

An Autoregressive Conditional Heteroscedasticity (ARCH) model is a type of time series
model used to describe the volatility or variability of a sequence of data points over time.
't is commonly used in financial modeling to capture the clustering of volatility in asset
returns. The order of the ARCH(p) model depends on how many lags terms are included.
The general equation of an ARCH model is:

Ot = C + X (0t * £¢-1)
Where,
e 0; = represents the conditional variance of the time series at time t.
e C =is aconstant term that represents the long-term average variance.

e o = are the ARCH parameters, where i denotes the order. These parameters capture the effect of
past squared error terms on the current conditional variance.

e &:., = refers to the squared error terms at different lags, which are residuals form previous time
points.

The Generalized Autoregressive Conditional Heteroscedasticity (GARCH) model is an
extension of the ARCH model that incorporates both past squared errors and past
conditional variances to capture the volatility clustering in time series data. As with the
ARCH model, the order of the GARCH(p) model depends on how many lags terms are
included. The general equation of a GARCH model is:

af =c+2X(a* 8?.:-1) +2(B * Gf-i)

Where,
e B; = are the GARCH parameters, where j denotes the lag order. These parameters capture the ffect
of past conditional variances on the current conditional variance

o af_,- = represents the past conditional variances at different lags.
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ARCH and GARCH Model Results

For this model, we used daily data, as daily data feeds the models more of the volatility
that a monthly average would smooth out. Below are graphs of average daily transaction
fees and our volatility forecast from an ARCH(1) forecast and GARCH(1) from April 1, 2023
to June 29, 2023.
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