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Abstract

Decentralized Finance (DeFi) applications introduce novel financial instruments replicating and extending traditional ones
through blockchain-based smart contracts. Among these applications, DeFi derivatives protocols enable the creation and
trading of decentralized derivative instruments whose value depends on underlying cryptoassets, indices, or other reference
variables. Despite their growing significance, however, they remain relatively understudied compared to other DeFi proto-
cols, such as lending protocols and decentralized exchanges. This paper systematically analyzes DeFi derivatives protocols,
categorized into perpetuals, options, and synthetics, with the aim of comparing their instrument structures, protocol mecha-
nisms, operational dynamics, and economic agents. We provide a formal characterization of the main classes of decentralized
derivative instruments and develop a protocol-agnostic framework that connects instrument-level specifications, market-state
variables, and protocol-level mechanisms. We complement the analytical framework with numerical simulations that evaluate
how derivative positions evolve under varying economic conditions, including changes in underlying asset prices, volatility,
protocol-specific fees, and leverage. Overall, this study provides a structured analytical framework for understanding and

comparing the design and functioning of decentralized finance derivatives protocols.
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Introduction

Derivatives protocols are an established category of Decen-
tralized Finance (DeFi) applications that enable users to
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create, trade, or manage derivative instruments. These finan-
cial instruments are implemented through smart contracts
deployed on a Distributed Ledger Technology (DLT), such
as Ethereum. Their value is derived from an underlying asset
or index, such as cryptocurrencies, fiat currencies, commodi-
ties, or other financial indicators.

Despite a strong initial interest within the DeFi com-
munity, the growth of derivatives protocols experienced a
contraction after mid 2022. However, as Fig. 1 shows, the
total U.S. dollar value of digital assets deposited in the smart
contracts of major derivatives protocols—known as the Total
Value Locked (TVL)—has started increasing again rapidly
since 2024, driven mainly by new blockchain platforms, such
as Solana and Arbitrum. This revived growth appears to be
associated with the emergence of new market entrants that are
challenging existing incumbent decentralized applications
implemented on the Ethereum blockchain. This scenario sug-
gests an evolving, competitive landscape within the DeFi
derivatives sector and a renewed interest from developers
and DeFi users.
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Fig.1 Total Value Locked (TVL) evolution over time for the derivative
protocols reported in Table 1, distinguished by chain. Data extracted
from DeFiLlama (2025a)

Derivatives protocols are commonly mentioned as one
of DeFi’s core decentralized applications (dApps), along
with Protocols for Lending Funds (PLFs), Decentralized
Exchanges (DEXs) with Automated Market Makers (AMMs),
Yield Aggregators, and Liquid Staking protocols (Schir,
2021; Werner et al., 2022; Harvey, 2021; Xu and Feng, 2022;
Kraner et al., 2025). Like other DeFi dApps, derivatives pro-
tocols rely on blockchain technology and web services to
offer decentralized financial instruments. More broadly, they
may contribute to reshaping financial and web-based ecosys-
tems through algorithmic automation, competitive financial
engineering, and new forms of openness in the provision
of financial services (Auer et al., 2024). In contrast to other
well-researched DeFi applications, however, they remain rel-
atively understudied.

Indeed, the existing work on derivatives in the crypto
ecosystem focuses mainly on tokens (Luo et al., 2024; Gud-
geon et al., 2020a) or on products traded on centralized
exchanges (He et al., 2022). Existing research has not yet
provided a systematic analytical framework for decentral-
ized derivatives protocols and the services they offer.

Our paper addresses this research gap by systematically
reviewing existing DeFi derivatives protocols. We exam-
ine their main design features, the instrument classes they
support, and the similarities and differences in how these
protocols are implemented in practice.

Building on this protocol analysis, we develop a two-layer
framework for DeFi derivatives. The first layer formalizes
the economic structure of the main derivative instrument
classes observed in decentralized markets, namely perpetu-
als, options, and synthetic assets. The second layer maps the
protocol components and operational mechanisms through
which these instruments are instantiated, priced, collateral-
ized, maintained, and settled on-chain.

More specifically, our framework includes: (i) a for-
mal representation of the derivative instrument classes
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considered; (ii) a taxonomy of the main economic agents
and protocol components involved in their functioning; (iii)
a characterization of the main interaction mechanisms and
operational dynamics through which these instruments are
issued, traded, collateralized, and settled; (iv) a systemati-
zation of how different components are implemented across
protocols in practice; and (v) a simulation environment that
operationalizes selected elements of the formal representa-
tion to explore the interaction between market conditions and
protocol design variables under stylized assumptions.

To develop this framework, we follow a structured process
consisting of protocol selection, source analysis, and frame-
work derivation. We select a sample of major derivatives
protocols, reported in Table 1, analyze their documentation,
interfaces, smart contracts, and technical sources, and extract
their main design and operational characteristics.! Through
this approach, we compare heterogeneous DeFi implemen-
tations within a common analytical structure, providing a
structured basis for understanding the design and function-
ing of derivatives protocols in decentralized finance.

The remainder of the paper is structured as follows. The
“Background” section provides background on derivatives
in traditional finance and their evolution within the crypto
sector. In the“Related work™ section, we review the related
work. The “Methodology and Data” section presents the
methodology adopted to select the protocols analyzed and
the data sources used. The “Analytical representation of DeFi
derivative instruments”” section introduces the analytical for-
malization of the main derivative instrument classes. The
“DeFi derivative protocols: Agents, components, and oper-
ational dynamics” section then extends this perspective to
the protocol layer by presenting the key actors, components,
and operational dynamics of decentralized derivatives proto-
cols. In the “Simulation framework” section, we complement
the theoretical framework with Monte Carlo simulations to
analyze how underlying price dynamics and protocol design
variables affect position outcomes under varying conditions.
Finally, the “Conclusions” section concludes and outlines
directions for future research. The appendix provides addi-
tional tables, the full list of sources, and further background
details on derivatives in traditional finance.

Background

In this section, we provide background information to posi-
tion derivatives protocols into the landscape of DeFi and
relate them to their corresponding equivalents in traditional
finance.

! The entire list of sources used is reported in Table 9 in the Appendix.
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Table 1 List of protocols Protocol Category Main TVL TVL Change
analyzed, selected as the top five Chain (m USD) (2024)
protocols by TVL on
DeFiLlama within the Jupiter Perpetuals Solana 1720.88 +1864.36%
Derivatives, Synthetics, and .
Options categories. The Drift Trade Perpetuals Solana 802.55 +595.48%
Derivatives category primarily GMX Perpetuals Arbitrum 696.06 —29.07%
includes lpfﬁﬁcolsbilssuing ) dYdx Perpetuals dYdx 431.56 +23.69%
perpetuals. The table reports the - -
protocol category, main chain, Hyperliquid Perpetuals Hyperliquid 398.65 +151.84%
TVL in US$ on 31 December Synthetix Synthetics Ethereum 381.33 —50.23%
2024, and the TVL percentage Derive Options Ethereum 82.44 +2202.17%
variation during 2024 Alchemix Synthetics Ethereum 67.79 ~7.15%
Youves Synthetics Tezos 47.60 +10.02%
GammaSwap Options Arbitrum 27.36 +34860.89%
Deri V4 Options Linea 24.67 +96.20%
Metronome Synthetics Ethereum 15.88 +1.97%
Hegic Options Arbitrum 13.40 —10.65%
SOFA.org Options Arbitrum 6.94 +1230.15%
Taiga Synthetics Acala 2.76 —85.64%

Derivative contracts in traditional finance (TradFi)

In TradFi, a derivative contract is a financial instrument
whose value is derived from an underlying variable, which
can range from the price of a traded asset to the performance
of an index, underlying commodity or currency rate, among
others. It represents an agreement between two parties to
exchange value based on changes in the underlying variable’s
valuation over time.

The global derivatives market is massive and com-
plex (Bis, 2023); thus, a comprehensive discussion of all
existing derivatives contracts goes beyond the goals of this
study. In the following, we introduce key elements and the
primary instruments traded in traditional finance.

Forward contracts are customized contracts between two
parties, typically traded over-the-counter (OTC), to buy or
sell an asset at a specified future date for a price previously
agreed upon. OTC refers to a kind of market where trans-
actions occur bilaterally between participants, without the
involvement of a centralized exchange. Futures contracts are
similar to forwards, but they are standardized and traded on
exchanges. They are typically marked to market on a daily
basis and converge to the spot price of the underlying asset
as maturity approaches. Options grant the buyer the right,
but not the obligation, to buy (call) or sell (put) an asset
at a specified price within a defined period. This advantage
comes at the cost of an up-front fee. Swaps are agreements
between two parties to exchange cash flows or other finan-
cial instruments. The most prominent ones are interest rate
swaps, credit default swaps, currency and equity swaps.

Derivatives are typically traded on centralized exchanges
or OTC. While the two mechanisms exhibit differences, in

both cases several intermediaries are involved in the con-
tract creation, from brokers, who facilitate user access to
exchanges and support negotiations, to financial institutions,
which create and manage derivative trading, and clearing-
houses, which act as central counterparties to guarantee
settlement and mitigate risk. More details on these products
are in Appendix A.

Derivative contracts in crypto centralized finance
(CeFi)

Blockchain-related derivatives can refer either to conven-
tional derivative contracts written on cryptoassets or to
instruments whose issuance, trading, or settlement relies
directly on blockchain infrastructure. The former are finan-
cial instruments typically created and traded through cen-
tralized cryptocurrency exchanges (CEXs) such as Binance
or BitMex.? These trading platforms enable customers to
trade cryptocurrencies or derivatives built on top of them
in a centralized ecosystem, with trades executed on a plat-
form rather than on a blockchain and the exchange acting
as a custodian and counterparty. CEXs and other cryptoasset
service providers are part of Centralized Finance (CeFi), an
ecosystem that mirrors traditional financial systems despite
being based on distributed ledger technologies (Saggese et
al., 2024).

While derivatives offered by CEXs share similarities with
TradFi products, the CeFi derivatives market has distinct
characteristics. One primary difference is that the deriva-
tives market in CeFi is largely dominated by perpetuals, a

2 https://www.binance.com/en and https://www.bitmex.com/
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type of contract similar to futures but without an expiration
date. Interestingly, perpetuals were first proposed by Shiller
(1993) with no relation to cryptocurrency markets. However,
they were not implemented in practice for a long time, until
they started gaining significant traction and wider adoption
in cryptocurrency markets, when they were pioneered by Bit-
MEX (2025). Unlike standard futures, perpetuals rely on a
funding-fee-based mechanism in which traders periodically
exchange payments to keep the contract price aligned with
the underlying reference price.

Derivative contracts in decentralized finance (DeFi)

A distinct class of blockchain-based derivatives consists of
instruments natively implemented on blockchain infrastruc-
ture. These are financial products created by Derivatives
protocols, i.e., DeFi applications that leverage DLTSs to repli-
cate existing financial instruments in a decentralized system.
Unlike derivatives offered in centralized ecosystems, these
financial instruments are issued and traded automatically
and deterministically on-chain through smart contracts. In
many implementations, users interact with smart contracts or
protocol-managed liquidity pools rather than directly with a
bilateral counterparty, although other designs rely on order
books or market makers (Auer et al., 2024). Trading and
clearing mechanisms are meant to be implemented on-chain
as well, aiming to eliminate reliance on centralized interme-
diaries.

According to leading DeFi data aggregators, derivative
protocols are commonly grouped into three categories: per-
petuals (often listed under ‘derivatives’), synthetics, and
options (see Table 1). Perpetuals are similar to those imple-
mented in CEXs such as BitMex; synthetic assets are
contracts that track the performance of various assets with-
out requiring their ownership; and option-based instruments
replicate the economic logic of their traditional finance coun-
terparts.

DeFi derivatives typically reference crypto-native assets
as the underlying asset, but may also track traditional finan-
cial indices or synthetic representations of real-world assets.
Notably, DeFi derivatives may thus rely on oracles, i.e.,
blockchain-based services that feed external (off-chain) data
to a blockchain or smart contract, to correctly price deriva-
tives (Eskandari et al., 2021).

Note that issuing and trading derivatives on cryptocur-
rencies takes place mostly on centralized cryptocurrency
exchanges at the moment, with daily trading volume in the
order of magnitude of billions (Ackerer and Hugonnier,
2024). However, although we acknowledge that the CeFi
market is larger than that of DeFi today, the former does not
differ substantially from traditional derivatives, while the lat-
ter represents a rapidly growing segment of the crypto market
and a significant innovation in financial infrastructure design.

@ Springer

For this reason, we will focus on this category in the remain-
der of the paper.

Related work

Derivative protocols are often cited as one of the most rele-
vant decentralized applications in DeFi (Schir, 2021; Werner
etal., 2022; Auer et al., 2024). Despite this, they remain rela-
tively understudied compared to both cryptocurrency-based
derivatives traded on CEXs and other DeFi applications, and
to the best of our knowledge, a unified framework abstracting
their design space is missing.

A large body of literature has examined perpetual deriva-
tives and other instruments issued by centralized exchanges
(Soska et al., 2021; Rahimian and Clark, 2024), focusing,
e.g., on pricing dynamics (Alexander et al., 2020; Koriczal,
2025; Brini and Lenz, 2024), hedging strategies (Alexander
et al., 2023; Cheng et al., 2021), market liquidity and qual-
ity (Ruan and Streltsov, 2022), contract design and market
microstructure (De Blasis and Webb, 2022), and deriving
no-arbitrage pricing for perpetual futures under frictionless
assumptions (He et al., 2022; Ackerer and Hugonnier, 2024).

Similarly, the academic community has extensively stud-
ied DeFi applications like protocols for loanable funds (Bar-
toletti et al., 2021; Gudgeon et al., 2020b) and DEXs with
AMMs (Bartoletti et al., 2022; Lehar and Parlour, 2025; Xu
etal.,2023), which respectively enable users to lend (borrow)
and trade crypto assets. Moreover, a systematization of prior
work abstracting the main design choices and mechanisms
of other DeFi applications like yield aggregators (Cousaert et
al., 2022; Xu and Feng, 2022) and staking protocols (Gogol
et al., 2024) already exists.

In contrast, the academic literature on DeFi derivative pro-
tocols is limited and fragmented. One stream of research
focuses on perpetuals. Angeris et al. (2023) formalize per-
petual futures in a parameterized, mathematically rigorous
manner, and Do and Pham (2024) introduce an AMM-based
mechanism for decentralized perpetual futures, aiming to
reduce liquidation and bankruptcy risks, respectively, for
traders and liquidity providers. Closer to our aims, Chen et
al. (2024) systematize differences between CeFi and DeFi
perpetuals, highlighting how varying design mechanisms
shape market dynamics and traders’ behavior. A second
stream of literature focuses on the DeFi options and synthet-
ics market.Andolfatto et al. (2024) and Singh et al. (2024)
compare CeFi and DeFi option markets. The former argue
that higher costs in DeFi reflect thinner liquidity and lim-
ited retail demand, while the latter examine the main design
choices of these markets and identify key technical, financial,
and adoption-related challenges. Zhang et al. (2024) propose
UP-BLOC, an options contract protocol that is applicable to
any blockchain and allows the buyer to engage in trading
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without locking assets. Finally, Rahman et al. (2022) conduct
an overview of synthetic assets and a preliminary analysis of
their basic mechanisms.

In summary, existing studies on DeFi derivatives pro-
tocols focus on individual derivative protocol categories
or investigate a limited set of features, rather than com-
paring their full design space across protocols. By con-
trast, we adopt a broader perspective, analyzing these
protocols—perpetuals, options (expiring and everlasting),
and synthetics—altogether, and comparing both their finan-
cial elements and protocol dynamics within a unified formal
approach. To the best of our knowledge, no prior work (i)
builds such a unified cross-protocol conceptualization; (ii)
maps actors, components, and operational flows across pro-
tocol designs; and (iii) complements it with a simulation
framework that quantifies how protocol parameters and mar-
ket conditions affect profitability and liquidation risk of a
position; thus differentiating our work from instrument- or
protocol-specific studies. To this end, we develop a structured
approach, introduced in the following section, to support our
cross-protocol analysis and formalization.

Methodology and Data

This section describes the methodology used to select the
derivatives protocols included in our systematization and the
data sources analyzed to derive the proposed framework. We
follow a structured process that consists of three main phases:
protocol selection, data source analysis, and derivation of
the formal framework. In these phases, we combine a data-
driven approach for protocol selection with qualitative and
technical analysis to extract relevant information. Below, we
detail each of them.

Protocol selection To identify the most prominent derivatives
protocols, we rely on DeFilLlama (2025a), a widely used DeFi
data aggregator that tracks metrics like TVL, publishes pro-
tocol performance indicators, and categorizes DeFi protocols
according to the financial services they offer. In addition to
the Derivatives category, which comprises primarily proto-
cols issuing perpetuals, DeFilLlama includes other related
categories, such as Synthetics, Options, Risk Curators, and
Insurance.? The latter two mostly focus on coverage against
on-chain risks, and we consider them to be beyond the scope
of our study. We therefore focus on the three subcategories
Perpetuals, Synthetics, and Options. For each category, we
selected the top five protocols based on TVL serving as a

3 A full list of DeFiLlama categories can be found at https:/defillama.
com/categories

proxy for user adoption and capital engagement.* The ratio-
nale behind our selection is that, given the highly dynamic
nature of DeFi, covering all derivatives protocols would be
challenging; therefore, we focus on the top ones, which are
the most widely adopted, and assume that their mechanisms
and dynamics are representative of the largest part of the
ecosystem.

Once we identified a list of candidate protocols, we
performed a filtering step as follows. We manually veri-
fied the accessibility of each protocol’s public interface,
including the website, the trading application (dApp), and
the documentation. Protocols lacking accessible interfaces
or documentation were excluded. For instance, Outcome
Finance (2025b) was excluded due to inaccessibility, while
Opyn (2025) was omitted because its latest dApp was only
available on testnet and not yet accessible to all users.

Table 1 reports the results of our selection process. More
specifically, it summarizes the information on the five most
relevant derivative protocols ranked by TVL for the three
protocol categories analyzed.

Protocol Analysis For each of the protocols of Table 1, we
conducted an in-depth manual analysis of their design and
operational mechanisms, relying on the following sources:

e official documentation such as whitepapers, developer
documentation, and user guides;

e public interfaces such as dApps and websites;

e smart contract source code, when available via Etherscan,
GitHub, or protocol explorers;

e online communities of the protocols, e.g., official Discord
channels, and technical articles (Dune, 2025; Medium,
2025; Messari, 2025) for implementation-specific insights.

Table 9 in the appendix reports the entire list of sources
we used for each analyzed protocol.

Framework derivation Following an inductive approach, we
derived the analytical framework from the protocol-level
information collected in the previous phase. We first cleaned,
filtered, compared, and harmonized the heterogeneous data
gathered from available sources. We then abstracted from
implementation-specific details to identify the recurring
structural components that characterize derivative instru-
ments across protocols.

This process led us to organize each instrument class
around three interacting components: an instrument-level
specification, a market state, and a protocol-level mechanism.

4 While we acknowledge that TVL is an imperfect metric currently
lacking a standardized methodology (Luo et al., 2024; Saggese et al.,
2025), it is widely accepted as a measure of performance and scale of
DeFi protocols and DeFi more broadly.
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The instrument-level component captures the contractual and
economic attributes of a position. The market-state compo-
nent captures the relevant price variables used for valuation,
payoff determination, margin monitoring, and settlement.
The protocol-level component captures the rules imple-
mented by the protocol.

Based on this structure, we derive the main economic
quantities associated with each derivative class.

The resulting framework provides a protocol-agnostic
abstraction for comparing heterogeneous derivatives pro-
tocols along common analytical dimensions, rather than a
protocol-by-protocol account of implementation details.

Analytical representation of DeFi derivative
instruments

This section develops a unified analytical representation for
the main derivative instruments in decentralized finance: per-
petuals, options, and synthetic assets. Despite differences in
payoff structure, lifecycle, and implementation, these instru-
ments can be described through a common framework that
separates instrument-level attributes, market-state variables,
and protocol-level mechanisms.

For each instrument class, we adopt a tripartite represen-
tation, (X , ymarket Zp“’t), where X denotes the instrument
specification, Y™kt denotes the market state, and ZP™!
denotes the protocol-level mechanism.

This representation provides a consistent basis for deriv-
ing the main economic quantities associated with each
instrument class, such as unrealized profit and loss and col-
lateralization ratios.

Perpetuals

Perpetual contracts are derivative instruments without a fixed
expiration date, allowing traders to maintain positions indef-
initely. They provide exposure to the price dynamics of an
underlying asset without requiring contract rollover, as in tra-
ditional futures markets. We represent a perpetual contract
as three interacting components that together capture all the
elements needed to describe its creation and evolution.

The instrument-level specification of a position is repre-
sented by the tuple:

XPP = (U, C, L, S, P),

where U denotes the underlying asset, C denotes the col-
lateral posted by the trader, L denotes the leverage, S €
{+1, —1} denotes the position direction, i.e., whether the
position is long or short, and P, denotes the entry price.
Intuitively, the tuple captures the ingredients needed to open
the position.

@ Springer

The protocol mechanism captures the dynamics affecting
the position and can be formalized as the following tuple:

ZP = (F, 7 mi, my),

where F is the funding mechanism that defines how the fund-
ing rate f is computed, ¥ denotes the transaction fee rate,
and m; and m,, denote the initial and the maintenance margin
requirement, respectively.

The market state captures the relevant pricing variables
and can be defined as:

ket
ymanet = {Pindex» Pmark)

where Pipgex 1S an exogenous reference price constructed
from external markets, and Ppgark is the protocol-internal
price used for valuation, margining, and liquidation. It is
typically defined as a function of the index price and protocol-
specific adjustments.

The triplet (XPP, ymarket| zprot) provides a formal rep-
resentation of the position specification, the relevant market
variables, and the protocol rules governing position evolu-
tion.

Position lifecycle

Once opened, the position can be represented in time-indexed
form. Some components of XP*P_ such as the underlying
asset U, the position direction S, and the entry price P,,
remain fixed unless the position is modified. Other quantities,
including equity, unrealized profit and loss, funding flows,
notional exposure, and margin ratios, evolve as functions of
the market state Y™kt (1) and the protocol rules encoded in
Zprot_

The initial notional exposure and the corresponding signed
position size are determined by Co and L, the collateral and
leverage chosen at position opening:

No = Lo - Co,

where g represents the signed quantity of underlying asset
exposure, e.g., the number of ETH units. This quantity
remains constant over time unless the position is modified.
Unrealized PnL captures the mark-to-market variation at time
t of the position relative to the entry price:

uPnL(t) = q - (Pmark(t) - P€)

The interaction between Pjpgex (f) and Ppark (¢) is central
to the funding mechanism. In perpetual markets, the fund-
ing rate is typically linked to the relative deviation between
the mark price, used for margining and liquidation, and the
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index price, which approximates the external spot price of the
underlying asset. We denote by F a protocol-specific funding
function:

f)=F <Pmark(t) - Pindex(t)> .

Pindex (1)

Funding is settled at discrete times f; according to the
protocol mechanism F, yielding a sequence of funding rates
f (tx). Each settlement transfers value between long and short
positions as a function of the position size, the mark price,
and the funding rate. A positive funding rate implies that
long positions pay funding, while short positions receive
it. This formulation abstracts from protocol-specific adjust-
ments, such as interest-rate components, clamps, borrowing
fees, or price-impact terms, which can be incorporated into
F.

We denote by ®"4(z) the cumulative funding component
up to time ¢, obtained by aggregating all funding payments
settled at times #; < t.

Account equity at time ¢ aggregates initial collateral,
entry transaction costs, mark-to-market variation, and fund-
ing flows:

E(t) = Cy— I" + uPnL(t) + @M (r),

where I denotes the entry transaction cost, defined as I
7. Np.

The current notional exposure is given by N(¢) = |q] -
Prark (t). The margin ratio measures the solvency of the posi-
tion relative to its current notional exposure:

_E®

MR(t) = .
N(t)

(0

The position must satisfy the initial margin requirement
at initiation, M R(0) > m;, while at later times liquidation
becomes admissible whenever the margin ratio falls below
the maintenance threshold, M R(t) < m,,.

Protocol-level instantiations

The protocol-level heterogeneity observed in practice can be
interpreted as different instantiations of the components of

the triplet (XPerP, ymarket | Zprot) 'in particular with respect
to supported underlying assets, collateral design, margin
requirements, and fee mechanisms.

Table 2 reports information on the underlying assets and
collateral available on the perpetual protocols investigated.

Inthe table, the term “L1” refers to native blockchain cryp-
tocurrencies such as SOL (the native cryptocurrency of the
Solana blockchain), BTC (the Bitcoin cryptocurrency), and
ETH (the native cryptocurrency of Ethereum). The term “L.2”
refers to tokens associated with Layer 2 protocols (Gang-
wal et al., 2023), i.e., blockchain protocols built on top
of existing blockchain platforms (e.g., Ethereum as a base
layer) to address scalability or transaction-cost limitations.
The label “DeFi” includes governance and utility tokens
of decentralized finance protocols, such as AAVE (2025),
LDO (2025), and UNI (2025). The category “Meme” refers
to tokens inspired by Internet memes or cultural references
(e.g., Dogecoin or Pepe), while “Gaming” collects tokens
used within blockchain-based games and metaverse environ-
ments. The category “Forex” comprises instruments whose
payoff is linked to traditional foreign-exchange rates (e.g.,
TRY/USD or EUR/USD), and “RWA” (Real-World Assets)
denotes tokens representing on-chain claims on off-chain
assets (Vella et al., 2026). Finally, “Stable” refers to cryp-
tocurrencies designed to maintain a relatively stable value
relative to an external reference, typically a fiat currency.

Table 2 highlights the heterogeneous design choices
adopted by decentralized perpetual protocols. Jupiter Exchange
lists a limited set of Layer 1 assets as underlyings, while
allowing stablecoins as collateral only. Drift Trade and GMX
exhibit a broader coverage of underlying assets but differ sig-
nificantly in collateral design: Drift restricts collateral to a
small set of assets, whereas GMX allows most listed assets to
be used as margin. Hyperliquid follows a similar approach to
GMX. dYdX supports by far the broadest universe of under-
lying assets, spanning all categories, including less standard
instruments such as forex pairs and tokenized real-world
assets. Despite this extensive coverage, collateral is restricted
to a single stablecoin (USDC), reflecting a conservative col-
lateral policy. These differences suggest that protocols tend to
restrict collateral to highly liquid, widely recognized assets,
while allowing greater flexibility on the underlying side.

Table 2 Overview of selected

perpetual protocols (snapshot: Protocol Supported assets #U #C
April 2025). Supported Assets Ll L2 DeFi Meme Gaming Forex RWA  Stable
are grouped by categories; each Jupiter exchange . . o . © » © . 3
cell encodes (underlying, .
collateral) support from left to Drift trade ® ® ©® ® ® ® ® e 49
right: eo = underlying only, ce = GMX (Arbitrum) e o o o o © o o® 49 49
collateral only, ee = both, co = dYdx © © © © © © © . 671 1
t rted .
ot supporte Hyperliquid ) o o o o © © o 45 45
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Table 3 Maintenance-margin rules and maximum leverage offered by leading perpetual protocols

Platform

Maintenance-margin policy

Maximum leverage

Jupiter exchange

Drift

GMX
dYdX

Hyperliquid

Maintenance margin is computed from the
net exposure after feess Mm = price =+
|C — close fee — borrow fee — size/L| x price

size ’
with “+” for shorts and “—” for longs

Asset-specific schedule: maintenance margin ranges
from 3% (most liquid) to 16.67% (least liquid)

Not disclosed in the public documentation

Asset-dependent range between 0.05 and 10%

Maintenance margin equals one-half of the initial mar-
gin at max leverage. With max leverage from 3 x to

100 x on Solana; 150 x on Ethereum and Wrapped
Bitcoin

101 x on SOL, ETH, BTC; 3—10 x on other tokens

100 x on major tokens; 50 x on others

50 x on BTC and ETH; 20 x on SOL; 5-10 x on other
tokens

3-40 x, depending on the asset

40 x, this yields 16.7 to 1.25%

Protocols also differ in their specification of margin con-
straints, which directly instantiate the parameters m; and
my, in the protocol-level component ZP™'. Table 3 sum-
marizes maintenance-margin rules and maximum leverage
across protocols. Interestingly, maximum leverage varies sig-
nificantly across platforms, ranging from 3 x to above 100,
implying substantial differences in attainable exposure and
risk profiles. Margin requirements are often asset-dependent,
reflecting differences in liquidity and volatility across traded
instruments. Some protocols adopt explicit formulas based
on position size and fees (e.g., Jupiter), while others define
tiered or asset-specific schedules (e.g., Drift, dYdX).

The fee structures reported in Table 4 correspond to dif-
ferent specifications of the funding mechanism F, and the
transaction cost parameter ' in ZP™', While most protocols
implement periodic funding payments to align the perpet-
ual price with the underlying index, the specific design of
these mechanisms varies substantially. Some platforms rely
on explicit funding rates computed from price deviations
(e.g., Drift, dYdX, Hyperliquid), whereas others combine

Table 4 Fee structure of leading perpetual protocols

funding and borrowing components into a unified fee (e.g.,
GMX), or replace funding altogether with borrowing fees
(e.g., Jupiter). One-off transaction costs, typically propor-
tional to traded notional, are consistently observed across
protocols, although their magnitude and structure depend on
volume tiers, market conditions, and additional factors such
as price impact. While the analytical representation abstracts
from implementation-specific details, these heterogeneous
mechanisms can be interpreted as different realizations of a
generalized funding function and transaction cost structure
within the same formal framework.

Options

Options are derivative instruments that grant the holder the
right, but not the obligation, to buy or sell an underlying
asset at a predetermined price. In decentralized finance, they
appear in both expiring and non-expiring forms. While expir-
ing options concentrate their economic logic at maturity,

Platform Ongoing hourly fees

One-off fees (open/close)

Jupiter exchange

Borrow fee only: hourly borrow fee = utilization ratio x
hourly borrow rate x position size. No funding fee

Flat 0.06% of notional each time a position is opened or
closed; extra price-impact fee when the trade moves the
pool price

Drift Funding fee: every hour the trader pays/receives one- Market-specific base fee 0.03-0.10%; additional “insur-
twenty-fourth of the percentage gap between the 1-h ance/borrow” surcharge 0.75-5.0%
EWMA mid-price and the oracle reference price

GMX Single hourly charge that combines funding and borrow Base fee 0.04-0.06% of notional, discounted by volume
components (formula in protocol docs) tiers; price-impact fee for large orders

dYdX Funding premium: (max(0,Bid — Index) — Base fee 0.025-0.05% with volume tiers; ongoing trader-
max (0, Index — Ask))/Index rewards program can offset part of the cost

Hyperliquid Hourly funding payment: funding rate = aver- Maker—taker tier schedule: 0-0.045% of notional

age premium index +
premium, —0.0005, 0.0005)

clamp(interest rate —
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everlasting options introduce mechanisms that make their
behavior closer to that of perpetual contracts.

We represent option-based instruments through the same
triplet (X , ymarket Zp“’t).

Expiring options

At the instrument level, an expiring option is represented as
the following tuple:

XOPt — (U,C,L,S, Ps, Texpiry>a

where U is the underlying asset, C is the collateral, L is the
leverage factor when margining is supported, S denotes the
option type, P is the strike price, and Texpiry is the expiration
date. In this context, the strategy variable S distinguishes
between the two standard payoff structures:

e Call option: the right to buy the underlying asset at the
strike price;

e Put option: the right to sell the underlying asset at the
strike price.

Again, the tuple represents the ingredients to open a posi-
tion.

The market state is captured by the underlying price,
resulting in a 1-element tuple:

Ymarket — (PU)-

The protocol component ZP™' is typically minimal for
fully collateralized options, but may include margin require-
ments or liquidation rules in margin-based implementations.

Also in this case, once the position is opened, the tuple
becomes a function of the time X°P'(z). The economic
logic of expiring options is concentrated at maturity. Let
Py (Texpiry) denote the underlying price at expiration. The
payoff of one option contract is:

max(Py (Texpiry) — Ps,0), if S = call,
My =
max(Ps — Py (Texpiry), 0), if S = put.

This representation highlights that expiring options do not
rely on intertemporal funding or margin dynamics in their
simplest form, as their valuation is primarily determined by
the strike price and the contract horizon.

Everlasting options

Everlasting options are derivative instruments that provide
option-like exposure without a fixed expiration date. Their
structure extends that of expiring options by replacing the

maturity constraint with a funding-based mechanism that
regulates the persistence of the position over time.

At the instrument level, we represent an everlasting option
as

Xeopt = <U7 C» L7 Ss PS)?

where the components retain the same interpretation as in
expiring options, except for the absence of a fixed expiration
date. The market-state component is analogous to that of
expiring options, while the protocol-level component intro-
duces a funding mechanism and margin requirements:

ZPrOt = <‘F7 mi7 ml’ﬂ>7

where F denotes the discrete funding mechanism and
m;, my, represent initial and maintenance margin constraints.

Given this structure, the economic behavior of everlast-
ing options combines elements of both expiring options and
perpetual contracts. As in expiring options, the payoff struc-
ture depends on the strike price and option type. However,
the absence of maturity implies that positions are subject to
funding payments and margin constraints, analogous to per-
petual derivatives. For this reason, everlasting options can
be interpreted as an intermediate class of instruments, bridg-
ing the static payoff structure of expiring options and the
continuous-time exposure and funding dynamics of perpet-
ual contracts.’

Protocol-level instantiations

Table 5 reports the underlying assets and collateral supported
by the options protocols we consider in this study. Compared
to perpetuals, options are limited to a smaller number of cryp-
toassets, primarily stablecoins such as USDC and USDT, or
major native cryptoassets like ETH and BTC. Additionally,
protocols offering expiring options focus mainly on these two
underlyings, ETH and BTC. In contrast, perpetual contracts
include a wider variety of underlying assets and different
types of collateral.

Synthetics

Synthetic assets are digital financial instruments that repli-
cate the value or price exposure of an underlying asset with-
out requiring direct ownership. In decentralized finance, this
exposure is typically implemented through over-collateralized
minting mechanisms, whereby users lock collateral to issue

5 A full treatment of option pricing lies beyond the scope of this study.
For protocol-specific pricing approaches for perpetual or everlasting
options, see e.g. (Protocol, 2025).
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Table 5 Overview of selected option protocols: underlying assets, collateral assets, and option type

Protocol Underlying Collateral Option type

Derive ETH, BTC USDC Expiring

Hegic ETH, BTC USDC.e Expiring

SOFA.org ETH, BTC USDT, crvUSD, stETH, RCH Expiring

Deri V4 SOL, ETH, BTC, BNB, TON, SUI USDC, ETH, USDT, WBTC, DAL ARB, LINK, Everlasting
DERI, LUSD, wstETH

GammaSwap weETH, WETH, WBTC, PENDLE, PEPE, ARB, WETH, USDC, USDC.e, USDO++, WBTC Everlasting

GS

synthetic tokens tracking a reference asset. We represent syn-
thetic instruments through the triplet (X synth ymarket Zp“’t).

At the instrument level, a synthetic asset is defined as the
tuple

X = (U, C),

where U is the underlying asset to be tracked and C is the
collateral posted to support minting. The market component
captures the evolution of the relevant price processes:

Y™t = (Py, Pe),

where Py denotes the reference price of the underlying and
Pc the price of the collateral.

The protocol component encodes the collateralization and
fee structure:

gprot _ <V, ¢stab>’

where y is the minimum collateralization threshold and ¢
represents stability or borrowing fees applied to open posi-
tions.

Position lifecycle

Again, once opened, we represent the position as a function
over time that depends also on the market conditions ¥ ™market
and the protocol mechanism ZP™!, We denote this function
XY™ (1) that corresponds to a time-indexed instantiation of
the tuple above.

Given this structure, the core economic variables of a syn-
thetic position can be derived directly. Let M (¢) denote the
number of synthetic units minted at time ¢. The correspond-
ing debt value is:

D(t) = M(t) Py (1),

which reflects the obligation of the user denominated in
the reference value of the underlying. The value of posted

@ Springer

collateral is:
VE(@r) = C(t) Pe(t),

where C () denotes the collateral balance at time ¢.
The collateralization ratio, which is the key solvency met-
ric in synthetic protocols, is then defined as:

VE@)  C@)Pe(r)

CRO=TD0 = MoPw

Protocol safety requires this ratio to remain above the
minimum threshold y. Liquidation becomes admissible
whenever CR(t) < y.

In contrast to perpetual contracts, synthetic protocols do
not rely on directional leverage or funding transfers between
long and short positions. Instead, their internal consistency is
ensured through over-collateralization, debt accounting, and
liquidation mechanisms.

While the analytical representation abstracts from imple-
mentation-specific details, different protocols instantiate
these components through heterogeneous choices of collat-
eral types, supported underlyings, and fee structures.

Protocol-level instantiations

Table 6 reports the underlying assets and collateral types
supported by the synthetic protocols analyzed in this study,
providing a concrete illustration of how the components
(U, C) and the associated collateral policies are instantiated
in practice.

Synthetix V3 supports assets such as sUSD, sETH, sBTC,
and sLINK. Legacy assets, including sSAMZN, sTSLA,
and sAAPL, are no longer actively used and are therefore
excluded from our table. A more comprehensive list is avail-
able on Etherscan.®

6 https://etherscan.io/tokens/label/synthetix ?subcatid=3-0&size=7&
start=0&col=3&order=desc


https://etherscan.io/tokens/label/synthetix?subcatid=3-0&size=7&start=0&col=3&order=desc
https://etherscan.io/tokens/label/synthetix?subcatid=3-0&size=7&start=0&col=3&order=desc
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Table 6 Overview of selected synthetic protocols: underlying assets and collateral assets

Protocol Underlying Collateral

Synthetix sUSD, sETH, sBTC, sLINK Layer 1, Layer 2, DeFi

Alchemix alUSD, alETH ETH, WETH, DAI, USDC, USDT, FRAX

Youves uUSD, uBTC, uXTZ, uXAU, uDEFI TEZ, tzBTC, SIRS

Metronome Synth msUSD, msETH, msBTC, msOP ETH, WBTC, DAI, USDC, FRAX, sfrxETH, vaETH, vaUSDC, vaFRAX,
vacbETH, varETH, vastETH, OP, vaOP

Taiga tDOT DOT, LDOT

DeFi derivative protocols: Agents,
components, and operational dynamics

So far, we have introduced the main derivative instrument
classes and their analytical representation in terms of the
triplet (X, y™market, ZProt) "which abstracts instrument-level
features, market-state variables, and protocol-level mecha-
nisms.

This section translates the analytical representation into its
operational counterparts: agents instantiate instrument-level
choices, oracles provide market-state variables, and smart-
contract modules enforce protocol-level rules.

Our conceptualization highlights that perpetual and option
protocols involve similar agents, components, and lifecycle
dynamics; accordingly, we analyze them jointly. Synthetic
protocols are then examined separately, since their opera-
tional logic differs in that exposure is generated through
collateralized minting and debt creation rather than through
margined trading positions.

Agents and components in perpetual and option
protocols

The agents and components involved in perpetual and option
protocols can be interpreted as the operational counterparts
of the analytical framework introduced in the “Analytical
representation of DeFi derivative instruments” section. Col-
lectively, they determine how instrument specifications are
instantiated, how market-state variables are observed, and
how protocol rules are enforced throughout the lifecycle of
a position. Three main economic agents participate in pro-
tocol activity: traders, liquidity providers, and liquidators or
keepers.” Table 7 summarizes these agents and protocol com-
ponents.

Traders are the primary agents through which the instrument-
level component X is instantiated. By selecting contractual
parameters such as the underlying asset, position type,

7 Governance users, i.e., holders of governance tokens that grant voting
rights and decision-making power, also play a crucial role in protocol
activity. However, a detailed discussion of their role goes beyond the
scope of this study. For further details, see e.g. (Han et al., 2025; Kitzler
et al., 2024).

leverage, strike, or collateral structure, they determine the
economic configuration of the position.

Liquidity providers (LPs) are users who supply assets to a
liguidity pool, i.e., one or more smart contracts used to store
reserves of crypto-assets. These reserves can serve several
purposes, including supporting leverage-based trading activ-
ity and acting as a counterparty in pool-based market designs.
In return for providing liquidity, LPs may receive a liquidity-
pool token representing their share of the pool’s assets and
entitling them to a proportional share of fees and other pro-
tocol incentives. The specific reward structure varies across
protocols.

Liquidators or keepers are external agents who monitor
the health of open positions and start liquidation procedures
when positions are undercollateralized by activating pre-
defined smart-contract functions once collateral or margin
conditions fall below the required threshold.

Among the main protocol components, oracles provide
the exogenous inputs required to determine the market state
ymarket - qupplying the price data used for valuation, risk
monitoring, and liquidation.® Oracles may differ signifi-
cantly in their trust assumptions (Al-Breiki et al., 2020):
centralized solutions depend on a single data provider and
offer efficiency at the cost of greater concentration risk,
whereas decentralized oracles, such as Chainlink (2024) and
Band Protocol (2024), aggregate information from multiple
independent nodes, thereby improving robustness and trust-
worthiness.

The position-management/execution module governs how
orders are submitted, matched, and recorded in protocol
state. It implements the transition from user intent to real-
ized exposure. Across the protocols considered, this module
is implemented through different execution and counterparty
structures. In the order-book model, trades are matched on
a continuous limit order book, either on-chain or off-chain,
and price discovery is endogenous to the order flow. In the
pool-counterparty model, by contrast, users trade against a

8 Oracles may also derive data from other smart contracts or decen-
tralized exchanges. In that case, they are often referred to as on-chain
oracles. Off-chain oracles instead pull data from external sources, such
as traditional financial markets or web APIs.
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Table 7 Summary of the main economic agents and protocol components involved in decentralized derivatives protocols, and their relation to the

analytical framework

Category

Definition

Economic agents
Trader

Liquidity provider (LP)

Liquidator/keeper

Protocol components

Liquidity pool
Oracle

Position-management/

Execution module

Clearing and

Risk-management module

A user who creates, modifies, and closes derivative positions by selecting contractual parameters (e.g., under-
lying, leverage, strike, collateral), thereby instantiating the instrument-level component X

A user who supplies capital to the protocol, typically through liquidity pools, supporting leveraged trading or
pool-based counterparty exposure, and earning a share of fees or incentives

An external agent who monitors protocol-defined solvency conditions and triggers liquidation procedures when
margin or collateral constraints are violated

A smart-contract-based reserve of assets used to support trading, leverage, settlement, or counterparty exposure,
depending on the protocol design

A component that provides the reference data required to determine the market state Y™t including prices
used for valuation, risk monitoring, and liquidation

A protocol component that governs order submission, matching, execution, and the registration of position
updates in protocol state, implementing the transition from user intent to realized exposure

A protocol-level component, or set of smart contracts, that operationalizes ZP™ by computing profit and loss,
enforcing margin or collateral constraints, tracking account health, and triggering liquidation procedures

liquidity pool rather than against another trader, and execu-
tion prices are typically determined using external reference
prices together with protocol-specific price-impact and fee
rules. Some protocols also adopt hybrid structures that com-
bine order-book execution with additional protocol-level
mechanisms for margining, settlement, or liquidity support
(Table 8).

The clearing and risk-management module operational-
izes ZP™!' by enforcing margin requirements, computing

profit and loss, tracking account health, and triggering liqui-
dation.

Dynamics of perpetual and option protocols

We now provide an overview of the operational dynam-
ics of perpetual and option derivatives protocols. A typical
derivatives protocol exhibits two main operational flows. The

Table 8 Execution model, counterparty structure, and oracle design across selected derivatives protocols

Protocol Execution model

Liquidity pool

Oracle

Jupiter exchange Pool-counterparty

Drift Hybrid

GMX Pool-counterparty
dYdX v4 Order book
Hyperliquid Order book
Derive Order book

Hegic Pool—-counterparty
SOFA.org Market-makers
Deri V4 Pool—counterparty
GammaSwap Pool—-counterparty

Single index pool (SOL, ETH, WBTC,
USDC, USDT); pool PnL and a share of
fees accrue to LP

No single counterparty pool

Per-market GM pools; optional GLV vaults
allocate across markets; long/short tokens
back positions

No counterparty pool
No counterparty pool

No counterparty pool
Single-asset pools (ETH, WBTC)
No counterparty pool

Unified cross-chain pool

Borrows LP tokens from external pools

Edge (primary); Chainlink and Pyth for
verification/backup

Pyth
Chainlink

Chain-native validator-aggregated oracle

Weighted median of major venues
(Binance, OKX, Bybit, Kraken, KuCoin,
Gate.io, MEXC, Hyperliquid)

Black Scholes oracle
Chainlink

Chainlink

Oraclum and Pyth
Oracleless
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first is the liguidity provision flow that captures the process
through which liquidity providers supply and withdraw cap-
ital. The second is the trading flow, shown in Fig. 2, which
encompasses the sequence of actions a trader follows to
open, manage, and close positions. The following subsec-
tions describe the exchange models and these operational
flows in detail.

Liquidity provision flow

The liquidity flow specifies how a protocol governs the sup-
ply, utilization, and withdrawal of assets, and clarifies the
structure of liquidity provisioning as well as the role of lig-
uidity providers (LPs) in market operations.

LPs contribute assets to a liquidity pool and receive LP
tokens that represent a claim on the pool’s net asset value.
Two accounting designs are common. For reward-bearing
tokens, the LP token’s unit value appreciates as fees and
rewards accumulate; instead, in the case of rebase tokens,
the protocol increases the token supply to reflect increased
rewards. For example, in Jupiter (2024), appreciation is
driven by protocol-generated fees that accumulate to the pool,
allowing the LP token’s value to increase over time.

Finally, liquidity withdrawal proceeds via a burn-and-
redeem mechanism: LP tokens are burnt, and the protocol
returns the corresponding share of the pool. Depending on
the implementation, withdrawals may be subject to fees or
limits to preserve pool stability and reduce liquidity shocks.

[ Trader J [Position Management} [ Oracle

J [Cnllatcral Vault} [ Clearing House J [ Liquidity Pool }

Opening the position

1. Submit order

________________

2. Request reference price
_______________ >

3. Provide collateral

4. Validate risk constraints

alt X
[risk constraints satisfied]

5. Read reference price

7. Approve position opening

8. Provide liquidity for leverage

9. Settle trading fee

10. Create position

[otherwise]

7. Reject order / request more collateral

Position monitoring

11. Modify position
- -

12. Revalidate risk constraints

[compliant]

13. Keep position open

[under-collateralized]

14. Return residual collateral, if any

Closing the position

15. Submit close request
_______________ >

16. Realize PnL

Fig.2 Sequence diagram of the main interactions involved in opening, monitoring, liquidating, and closing a leveraged perpetual position. Dashed
arrows indicate informational interactions without direct value transfer, whereas solid arrows denote value transfers or state-changing actions
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Trading flow

This second mechanism describes how a position is opened,
monitored, and closed within a protocol. We decompose this
flow into three main phases: (i) opening the position, (ii)
monitoring and managing the position, and (iii) closing
the position. At position opening, the trader instantiates X,
the oracle supplies the variables entering Y™ (¢), and the
protocol validates the constraints encoded in ZP™! before
execution. Then, positions are continuously updated as mar-
ket prices evolve, affecting Y™2™e(r) and consequently
equity, margin ratios, and funding flows. Finally, closing a
position finalizes the realized PnL and settles all associated
protocol-level cash flows. Below, we detail these phases and
analyze how trading operations interact with the protocol’s
infrastructure.

Opening the position A trader initiates a position by submit-
ting an order through the protocol’s position-management
module (Action 1, Fig. 2). The protocol then requests the
current reference price from the oracle (Action 2), while the
trader provides the required collateral (Action 3). Before the
position can be created, the protocol validates the relevant
risk constraints (Action 4), using current price information
and the posted collateral as inputs (Actions 5-6). This val-
idation determines whether the proposed position satisfies
the protocol’s requirements in terms of collateral adequacy,
leverage, and margin conditions. If these constraints are sat-
isfied, the protocol approves the opening of the position
(Action 7). When leverage is involved, additional liquidity
is then sourced from the liquidity pool (Action 8), and the
trader settles the applicable trading fee (Action 9). The posi-
tion is subsequently created and recorded in protocol state
(Action 10). If the required risk constraints are not satisfied,
the protocol rejects the order or requests additional collateral
instead (Action 7°, alternative branch).

At entry, the position’s economic exposure depends on
posted collateral, leverage, and contract specifications. The
notional exposure N (¢) serves as the reference base for sev-
eral computations, including trading fees, borrowing costs,
and funding transfers, and it updates with size adjustments
over the life of the position. In pool-based designs, leverage
is supported by protocol liquidity, while borrowing and trad-
ing fees are typically charged upon opening and during the
life of the position.

Monitoring and managing the position Once opened, a posi-
tion enters a monitoring phase in which the trader may
submit a modification request, for instance to change the
position’s exposure or collateralization level, when supported
by the protocol (Action 11). This update triggers a renewed
validation of the protocol’s risk constraints (Action 12). If
the position remains compliant, it is kept open (Action 13,
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compliant branch). If instead the position becomes under-
collateralized, liquidation may be executed (Action 13,
liquidation branch), and any residual collateral is returned
to the trader when available (Action 14).

More generally, the protocol continuously monitors account
health as market prices evolve. Positions are marked to
market using updated reference prices, and account equity
changes with unrealized profit and loss, accrued funding
transfers, borrowing costs, execution fees, and collateral
movements. In this way, the protocol repeatedly checks
whether the position remains above the relevant maintenance
threshold. We abstract here from implementation-specific
details such as partial liquidation mechanisms or protocol-
specific auction procedures.

Closing the position A position can be closed by the
trader through the protocol’s position-management module
(Action 15). At that point, the protocol computes and realizes
the final profit and loss (Action 16), which is then reflected in
the trader’s account balance. More complex closing condi-
tions, such as stop-loss or take-profit rules, can be understood
as protocol-specific variations of this general closing logic.

Synthetic protocols

Synthetic protocols generate exposure by minting a syn-
thetic asset against posted collateral, thereby creating a
collateralized debt position that must remain sufficiently
over-collateralized over time. While they share some core
components with perpetual and option protocols, such as ora-
cles, collateral vaults, and clearing-house mechanisms, their
operational logic differs in that exposure is created through
minting and debt issuance rather than through margined
trading positions. Figure 3 summarizes this lifecycle by dis-
tinguishing three main phases: minting, position monitoring,
and redemption.

Minting A trader initiates a synthetic position by submitting a
mint request to the protocol’s position-management module
(Action 1, Fig. 3). The protocol then requests the relevant
reference prices from the oracle (Action 2), while the trader
provides collateral to the collateral vault (Action 3). Before
minting can proceed, the protocol validates the applicable
collateralization constraints (Action 4), using both the posted
collateral and the reference prices as inputs (Actions 5-6).

If the required collateralization conditions are satisfied,
the protocol approves minting and credits the synthetic asset
to the trader (Actions 7-8). Otherwise, the mint request
is rejected, or additional collateral is required (Action 7,
alternative branch). Minting determines both the quantity of
synthetic units issued and the corresponding debt position,
valued at the synthetic asset’s reference price; together, these
define the position’s economic exposure.
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Fig.3 Sequence diagram of the o Pechitem Oracl Ol Clearing
workflow in SyntthiC pr otocols. ader agement racie Vault House

The diagram distinguishes three
main phases: minting, position
monitoring, and redemption.
Dashed arrows indicate
informational interactions
without direct value transfer,

1. Submit mint request

Minting

2. Request reference prices

>

3. Provide collateral

whereas solid arrows denote

4. Validate collateralization constraints

value transfers or state-changing
actions

5. Read reference prices

[collateralization constraints satisfied]

8. Credit synthetic asset

[otherwise]

7. Approve minting

7. Reject mint request / request more collateral

Position monitoring

9. Check collateralization ratio

alt
[compliant]

10. Keep position open

[under-collateralized]

11. Return residual collateral, if any

12. Submit redemption request

Redeeming the synthetic asset

13. Unlock collateral

. Return collateral

Position monitoring After issuance, the protocol continu-
ously monitors the health of each open position by checking
its collateralization ratio (CR), i.e., the value of posted collat-
eral relative to the outstanding synthetic debt, using updated
oracle prices (Action 9). As long as the position remains com-
pliant with the protocol’s collateral requirements, it stays
open (Action 10). If instead the position becomes under-
collateralized, liquidation may be triggered (Action 10’,
alternative branch), and any residual collateral is returned
to the trader when available (Action 11).

More generally, protocols enforce a minimum collat-
eral ratio to preserve solvency. When a position approaches
this threshold, the trader may restore safety by adding
collateral, partially repaying the debt, burning synthetic

units, or combining these actions. We abstract here from
implementation-specific details, such as protocol-specific
liquidation penalties or auction-based liquidation proce-
dures.

Redemption To close a healthy position, the trader submits a
redemption request and repays the outstanding debt by burn-
ing the corresponding synthetic asset (Action 12). Once the
debt has been extinguished, the protocol unlocks the collat-
eral (Action 13) and returns it to the trader (Action 14). At
redemption, any remaining profit or loss, net of redemption
fees, stability charges, and execution costs, is realized and
reflected in the trader’s final proceeds.
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Simulation framework

We complement our systematization of DeFi derivative pro-
tocols with numerical simulations that approximate how
derivative positions evolve under controlled market and pro-
tocol conditions. To this end, we develop a Monte Carlo
framework in Python that models the lifecycle of derivative
contracts under stochastic price dynamics, protocol-specific
fees, and liquidation mechanisms. All code is publicly
available on our GitHub,? providing a reproducible imple-
mentation for testing, comparison, and future extensions.

For the perpetual case analyzed in the main text, the
simulation environment is aligned with the tuple-based rep-
resentation introduced in the “Analytical representation of
DeFi derivative instruments” section. This alignment ensures
that the analytical and computational components rely on the
same formal specifications, thereby preserving consistency
between theoretical modeling and numerical experimen-
tation. A detailed mapping between the analytical tuple
components and their corresponding implementation is pro-
vided in the repository. The simulation should therefore be
interpreted as a controlled executable instantiation of the per-
petual component of the framework, rather than as a full
protocol emulator. Although the framework can simulate per-
petuals, everlasting options, and synthetic assets, the analysis
in this paper focuses on perpetual futures, which currently
represent the most widely used class of DeFi derivatives in
practice. Prototype implementations for the other instrument
classes are included in the associated repository.

In the simulations, the underlying asset price P; is modeled
as a function of time ¢ through a geometric Brownian motion,
a standard stochastic process in derivatives pricing (Hull and
Basu, 2016; Shreve, 2004):

dP[ ZILP[dt‘i‘O'Plth,

where W; is a standard Brownian motion capturing the
stochastic component of price evolution, p denotes the
expected rate of return, and o denotes volatility. Each run
generates one realization of P; over a fixed horizon T'. Along
each simulated path, we track the evolution of prices, unreal-
ized profit and loss, trader equity, margin ratios, collateral
conditions, liquidation events, and terminal realized PnL.
Aggregating multiple runs makes it possible to estimate dis-
tributional outcomes and risk metrics, including liquidation
probability and realized PnL, under different market and pro-
tocol configurations.

The perpetual simulation pipeline combines pathwise
analysis, batch experimentation, and sensitivity analysis.
Single-path simulations trace the joint evolution of price,

9 https://github.com/LucaPennella/sok-defi- derivatives
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equity, PnL, and margin ratios while explicitly incorporat-
ing trading, borrowing, and funding fees. Batch simulations
repeat this procedure across scenarios to estimate outcome
distributions over fixed horizons. Sensitivity analyses then
quantify how leverage, volatility, and transaction costs affect
risk and profitability. In particular, heatmaps describe the
bivariate dependence of realized PnL and liquidation proba-
bility on volatility and leverage, while tornado diagrams rank
the local univariate impact of individual parameters around
a baseline configuration.

To illustrate the behavior of the framework under con-
trolled conditions, we conduct 2000 simulation runs over
7-day horizons across parameter grids spanning volatility
values 0 € {0.02,0.04,0.06,0.08} and leverage levels
L e {2,5,10,15,20}. Figure4 summarizes the result-
ing sensitivity surfaces. Liquidation probability generally
rises with both volatility and leverage, suggesting that con-
figurations combining higher market volatility and higher
position leverage are associated with more pronounced lig-
uidation risk. Median realized PnL declines as volatility
and leverage increase, especially in high-leverage scenarios.
Taken together, these results illustrate the structural trade-off
embedded in perpetual markets: leverage amplifies exposure,
but it also compresses the margin buffer and increases the
probability that adverse price movements trigger liquidation.

We further examine short-term risk drivers through a uni-
variate tornado analysis around the baseline configuration.
For each parameter, we apply symmetric £20% multiplica-
tive shocks while holding all other parameters fixed, and
measure the resulting change in 7-day liquidation probabil-
ity relative to the baseline value of approximately 33%. As
shown in Fig. 5, leverage and volatility are the dominant local
drivers of liquidation risk. In this calibration, both parameters
generate substantially larger changes in liquidation proba-
bility than trading fees, maintenance margin requirements,
and funding mechanics, whose local effects remain compar-
atively small over the 7-day horizon.

These smaller local effects should not be interpreted as
evidence that protocol-specific parameters are economically
negligible. The tornado diagram measures marginal sensitiv-
ity around a specific baseline configuration and over a fixed
7-day horizon; it therefore captures local rather than global
importance. Under this calibration, volatility and leverage
dominate because they directly affect the distribution of price
paths and the size of the margin buffer. By contrast, trad-
ing fees, borrowing costs, and funding payments enter the
equity process cumulatively and may become more relevant
over longer horizons or under alternative fee and funding
regimes. Similarly, maintenance margin requirements pri-
marily affect outcomes when simulated paths are close to the
liquidation boundary. Encoding perpetual mechanics through
the tuple-based representation makes the formal model exe-
cutable. The simulation framework therefore operationalizes
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Fig.4 Sensitivity analysis from Monte Carlo simulations of perpetuals.
risk

the analytical representation developed in the “Analytical
representation of DeFi derivative instruments” section, links
simulated outcomes to the protocol parameters encoded in
ZPrtand provides a flexible, reproducible tool for study-
ing the risk properties of DeFi derivatives. Appendix A.4
reports a protocol-specific implementation of the framework,
showing how the general model can be instantiated using
parameters inspired by selected perpetual protocols.

Conclusions

In this paper, we conduct a systematic analysis of derivatives
protocols in DeFi. Although derivative instruments represent
a central component of traditional centralized financial mar-
kets, their decentralized counterparts remain comparatively
understudied, and a unified, high-level formal framework
abstracting their design space is currently missing. This paper
addresses this gap by identifying, analyzing, and organizing
leading DeFi derivatives protocols into a common analytical
framework, focusing on perpetuals, synthetics, and options.

Fig.5 Tornado diagram for
7-day liquidation probability.
Bars show the change in
liquidation probability under
symmetric parameter shocks
around the baseline
configuration, indicated by the
vertical dashed line
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Higher volatility and leverage reduce median PnL and increase liquidation

Drawing from protocol documentation, user interfaces,
deployed smart contracts, and community-driven sources,
we first provide a formal representation of the main classes
of decentralized finance derivative instruments. Then, we
extend the framework to the protocol layer, focusing on the
interactions between economic agents and protocol compo-
nents. The resulting framework captures the main design
principles, protocol actors, trading flows, and operational
mechanisms that underpin decentralized derivatives proto-
cols. Finally, we conduct numerical simulations showing how
derivative positions evolve under varying market and pro-
tocol conditions. By abstracting structural components and
financial functions across protocols, our framework provides
a basis for systematically comparing heterogeneous imple-
mentations.

We acknowledge that our study is not without limita-
tions. First, our protocol selection process relies on TVL
and excludes protocols lacking sufficiently accessible code
or documentation. This choice may bias the analysis toward
relatively mature and well-documented protocols, while
overlooking newer, smaller projects that may incorporate

Tornado Diagram of Liquidation Probability

22.5 25.0 27.5 30.0 325 35.0 375 40.0 42.5
Liquidation probability (%)
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innovative mechanisms. Second, given the early-stage nature
of the DeFi derivatives ecosystem, the documentation of
some protocols is limited or fragmented. This may limit
the comparability of some design features across implemen-
tations. Third, our analysis reflects a specific observation
window and imposes an arbitrary cutoff at December 31,
2024, whereas the set of leading protocols is evolving rapidly
over time. Nonetheless, the proposed framework offers a
protocol-agnostic abstraction of recurring design principles
and provides a structured basis for comparing heterogeneous
implementations. It also provides an analytical foundation
for studying decentralized derivatives protocols, and serves
as a starting point for further theoretical and empirical anal-
yses in the field. Future work could expand our analysis,
framework, and simulation to additional protocols, develop
protocol-specific taxonomies for second-layer features, and
leverage on-chain data to study user behavior and market
efficiency more thoroughly.

As DeFi derivatives continue to evolve, comparative and
executable analytical frameworks of this kind can support
more systematic research on protocol design, risk formation,
and market behavior.

Supplementary Information  The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12525-026-00925-
9.
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