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Abstract
Software Bills of Materials (SBOMs) have become a regula-
tory requirement for improving software supply chain security
and trust by means of transparency regarding components that
make up software artifacts. However, enterprise and regulated
software vendors commonly wish to restrict who can view
confidential software metadata recorded in their SBOMs due
to intellectual property or security vulnerability information.
To address this tension between transparency and confiden-
tiality, we propose Petra, an SBOM exchange system that
empowers software vendors to interoperably compose and
distribute redacted SBOM data using selective encryption.
Petra enables software consumers to search redacted SBOMs
for answers to specific security questions without revealing
information they are not authorized to access. Petra lever-
ages a format-agnostic, tamper-evident SBOM representation
to generate efficient and confidentiality-preserving integrity
proofs, allowing interested parties to cryptographically audit
and establish trust in redacted SBOMs. Exchanging redacted
SBOMs in our Petra prototype requires less than 1 extra KB
per SBOM, and SBOM decryption accounts for at most 1%
of the performance overhead during an SBOM query.

1 Introduction

Millions of software vendors today build products that de-
pend on open and closed source software components dis-
tributed through a myriad of channels; each component is,
in turn, composed of various software dependencies. While
open source software is typically available for inspection, ac-
curately identifying the direct and transitive dependencies that
are redistributed in a software product or a deployed system
remains a difficult challenge [35, 83].

Motivated by large-scale software supply chain incidents
such as the Log4Shell vulnerability [23] and the SolarWinds
hack [78], interest in Software Bill of Materials (SBOM) has
significantly increased for their ability to provide detailed
documentation about the components in a software artifact.

Recent regulations [39, 84] cemented the need for generating
SBOMs to enhance the transparency of the software supply
chain, prompting software vendors to collect and disseminate
SBOMs for their software products.

Yet, software vendors face three key challenges that hamper
the adoption of SBOMs in their software development life-
cycles. 1) Data confidentiality: Enterprise and government
practitioners have highlighted significant concerns about the
disclosure of intellectual property or private data when shar-
ing SBOMs with software consumers [28, 68, 69, 83, 88, 95].
2) Trustworthy SBOM data: Another common problem
is the lack of standard mechanisms to verify the integrity
of SBOM data and establish its trustworthiness [35, 83, 88].
3) Interoperable exchange: Additionally, current tools are
largely unable to generate SBOMs that can be composed and
(re)distributed in a standardized and efficient manner that
enables cross-vendor interoperability [50, 88, 95].

Current approaches for secure and trustworthy SBOM
exchange rely on contractual/legal processes like licensing
and non-disclosure agreements [69], or disparate ad-hoc sys-
tems [35, 46, 88] (e.g., secure repositories with restricted ac-
cess [41] or dedicated publish-subscribe systems [70]). While
these approaches facilitate the sharing of a vendor’s SBOM,
they offer limited scalability and interoperability for secure
SBOM exchange because they focus narrowly on distribut-
ing SBOMs to direct software consumers. Thus, as SBOM
data completeness is varied [83,95], consumers further down-
stream the supply chain still face challenges discovering and
trusting SBOMs for transitive dependencies.

To address these challenges, we propose Petra, an interoper-
able system for confidential SBOM exchange and trust. Petra
is the first-of-its-kind SBOM exchange system to support in-
teroperable composition and redistribution of SBOMs while
enforcing confidentiality and enabling cryptographic auditing
of redactions. Unlike existing SBOM exchange mechanisms,
Petra preserves integrity and access control after SBOMs are
redistributed across organizational boundaries.
SBOM exchange architecture for interoperability. At the
foundation of Petra’s design is an abstract SBOM exchange



architecture that centers the ubiquitous practice of software
composition and redistribution, i.e., the propagation of soft-
ware components incorporated into other software products.
Our model extends this paradigm to SBOMs, enabling the
generation and exchange of composable SBOMs in a manner
agnostic to SBOM data format or software ecosystem.

Petra achieves this goal at two levels. At the system level,
Petra defines a set of abstract SBOM exchange roles and
protocols that can be instantiated in existing software supply
chains (§3). At the data level, Petra breaks down SBOM
information into an SBOM tree, a tree-based data structure
that mirrors the documented relationships between software
components and their metadata (§4.1).

For instance, a software vendor Acme builds a software
package foo that depends on package bar. With Petra, Acme
will generate an SBOM tree for package foo that at a high
level will have foo at its root node, and a child node for bar.

Petra SBOM trees enable efficient searching and merging of
SBOM information while ensuring that software consumers
can trace a particular dependency back to its origin. This
allows Petra to support SBOMs that reflect the highly compo-
sitional nature of today’s software and retain transitive depen-
dency information about an artifact within a single SBOM,
obviating the need to distribute per-dependency SBOMs.
Confidentiality with selective redaction. SBOM trees al-
low Petra to balance the tension between transparency and
confidentiality in a customizable way. We retain the basic
model of SBOM generators creating SBOMs for software
products, but enable vendors to control access to their own
SBOM information through selective redaction, even if this
information is contained within another vendor’s SBOM.

Specifically, leveraging attribute-based encryption, Petra
is capable of redacting information at multiple levels of the
SBOM tree (§4.2). Petra then captures organization-level re-
quirements via namespace attributes (e.g., company domains).
Cryptographically establishing trust in SBOM data. While
placing an entire SBOM within a single Merkle tree node
(analogous to binary transparency [2], for example) would
enable detection of unexpectedly issued SBOMs, such a struc-
ture would still need ad-hoc mechanisms for data lookups
within SBOMs, SBOM composition, and auditable SBOM
re-distribution. Thus, to detect modifications [28, 88] of the
contents of an SBOM, even when redacted, Petra computes
an authenticated Merkle tree on top of an SBOM tree (§4.3).

c While verifying the integrity of a Merkle SBOM tree
requires reconstructing the entire structure to validate its root,
users may also delegate this operation to trusted verifiers, not
unlike monitors in Certificate Transparency [52]. On the other
hand, the Merkle SBOM tree also allows Petra to efficiently
prove sameness between redacted and plaintext SBOM data
while maintaining the confidentiality of the remainder of the
tree’s contents.

Checking stronger completeness and accuracy properties
of SBOM information is considerably harder to achieve in

an interoperable, data-agnostic manner as this requires cross-
referencing the contents of an SBOM with various application-
aware data sources [28]. Thus, Petra establishes cryptographic
integrity as the foundation for trustworthy SBOMs.
Petra implementation. We instantiate Petra in a proto-
type system, which includes an ecosystem-agnostic redacted
SBOM generator, as well as a client-side application for
SBOM consumers and verifiers. The generator implements
Petra’s SBOM tree, selective redaction based on CP-ABE [27]
and sameness proof generation, while the client-side tool sup-
ports queries on redacted SBOMs and proof verification. A
separate verifier component showcases Petra Merkle SBOM
tree integrity checking. A Fulcio-backed [65,80] key manage-
ment server handles signing and redaction keys for generators
and consumers. We study the storage overhead of our eval-
uation and find that it adds acceptable storage overhead —
13% compared to their non-encrypted counterparts. Similarly,
encryption, decryption, and membership routines add less
than one second overhead for average SBOM sizes, and two
seconds at a maximum.

2 Related Work

2.1 Software Supply Chain Security & SBOMs
The last half-decade has evidenced a widespread exploration
of supply chain security techniques from industry, academia
and government. Various efforts aim to provide security
enhancements through transparency, integrity, and separa-
tion [72]. Frameworks such as in-toto [86] provide end-to-
end integrity auditing across phases of the software develop-
ment lifecycle. Other frameworks like The Update Framework
(TUF) [51], CHAINIAC [66], and Sigstore [65] focus on en-
suring the integrity of distributed software.

Binary transparency [24] provides cryptographic commit-
ments to software binaries on a public, append-only log, mak-
ing it easier to detect misbehavior. In contrast, Petra aims to
balance transparency and confidentiality of software through
selective redaction and cryptographic integrity.

Software Bills of Materials (SBOMs) have been recognized
as a critical aspect of software supply chain security as they
provide visibility into the components of a software product.
SBOMs are meant to enable informed decision-making on
security risks, license compliance, and overall software qual-
ity. Government organizations have developed standards for
SBOMs, outlining minimum elements for dependency track-
ing [63] and defining various SBOM types [34] to address
varying needs at different stages of the software lifecycle.

Although SBOMs are now recognized as crucial for soft-
ware supply chain security, their wide-scale adoption in prac-
tice remains limited. A 2022 study by the Linux Foundation
revealed that only 18% of organizations use SBOMs exten-
sively across their operations [46]. A separate study focusing
on open source projects on GitHub, where only 186 projects



utilizing SBOM generation tools were found [67].
This limited adoption has been attributed to social factors

like unclear benefits and use cases [31,59] and a lack of aware-
ness about SBOMs [67], concerns about sensitive information
disclosure [35, 88, 95] and the lack of effective SBOM analy-
sis tooling [83, 88]. Our approach in Petra specifically seeks
to address unwanted information disclosure.
Interoperable SBOM exchange. Compatibility issues be-
tween SBOM generators and consumers arise because tooling
has inconsistent support for the two common SBOM data
exchange formats SPDX [18] and CycloneDX [7]. To ad-
dress these issues, open source initiatives such as the Open
Source Security Foundation’s ProtoBOM [14] and bomctl [3]
projects seek to provide mappings between fields on either
standard to allow for translation.

Although limited options for standardized SBOM exchange
platforms hinder interoperability across tools and vendors [28,
88], efficient SBOM and supply chain metadata exchange
remains a relatively understudied area. Frameworks like the
CycloneDX SBOM Exchange API [73], Federated PURL
(package URL) [76], DBOM [8] and GUAC [10] exist to
facilitate metadata exchange, but there is a lack of uniformity
and established sharing mechanisms [35, 89] and academic
literature exploring this problem remains limited. Approaches
such as Manufacturer Usage Descriptions (MUD) for IoT
devices [53] exist to share information with consumers, but
have limited broad deployments.

Petra builds upon existing efforts on interoperable tools
that handle SBOM data exchange [50,88,95]. However, exist-
ing SBOM exchange frameworks fundamentally differ from
Petra in the security guarantees they provide. Systems such
as the CycloneDX SBOM Exchange API, GUAC, DBOM,
and related metadata exchange platforms primarily address
interoperability and metadata exchange, but offer little sup-
port for confidentiality, auditable redaction, or composition
of SBOMs originating from different vendors. Relying on
repository access controls or API authentication, these alter-
natives to Petra cannot guarantee integrity once SBOMs are
redistributed. Petra addresses this gap by binding selective dis-
closure and integrity guarantees directly to the SBOM struc-
ture itself, enabling confidentiality- and integrity-preserving
SBOM composition and redistribution without relying on
trusted repositories or centralized enforcement.

Much like ProtoBOM, Petra is format-agnostic and uses a
graph-based SBOM representation and transformations, sup-
porting both SPDX and CycloneDX formats. The OWASP
Transparency Exchange API (TEA) [73] provides SBOM data
"on the fly," effectively acting as a generator for a particular
stream. In practice, Petra complements the current tools, and
we have engaged with the ProtoBOM developers to integrate
its redaction features in bomctl [4].
SBOM quality & accuracy. Studies have raised concerns
about the quality and accuracy of SBOMs due to incom-
plete data [50], inconsistent results from different tools [75],

and a lack of validation mechanisms [50]. These inconsis-
tencies were attributed to reliance on heuristic methods, in-
complete package manager metadata, and difficulties in han-
dling statically linked binaries during SBOM generation [95]
compounded with unclear definitions of SBOM quality [87].
While Petra does not aim to address these issues, we focus
on integrity and confidentiality as foundational preconditions
for quality, because SBOM quality and accuracy cannot be
meaningfully established without trust in the authenticity and
protection of SBOMs.

2.2 Privacy-preserving Data Exchange

Privacy-enhancing techniques have been a central topic in
cryptography for many decades. Various approaches to se-
cretly share private information have been widely explored
in fields such as Private Information Retrieval (PIR) [92],
as well as Homomorphic Encryption (HE) [32] and Secure
Multiparty Computation (SMC) [26]. There are applications
of these in the area of supply chain security [30, 93]. Simi-
larly, other supply chain security systems that further privacy
are Speranza [61] and Gringotts [91], which protect software
distribution security and privacy and version control system
security and privacy respectively.

As for non-cryptographic approaches, a promising alterna-
tive is Trusted Execution Environments (TEE [22,49]), which
can allow to encrypt SBOMs wholesale and provide access to
users using a messaging interface. Perhaps the most important
distinction is that attribute-based encryption (ABE) allows
Petra to not require a live service to re-distribute SBOM infor-
mation, and instead leans on key management to issue keys
to parties in the ecosystem.
Applications of CP-ABE Several works have applied
Ciphertext-Policy Attribute-Based Encryption (CP-ABE) in
other domains like cloud data sharing [48, 54, 55], electronic
health records [38], and IoT/edge computing [45, 90]. These
systems highlight the applicability of CP-ABE in practical
settings in real world environments. In the SSC domain, a
concurrent work [89] proposes a blockchain-based SBOM
exchange architecture that uses verifiable credentials to en-
able verification of SBOM generation, and ABE for selective
SBOM data disclosure. More specifically, [89] introduces
an oversight authority to determine generators’ adherence
to SBOM regulations, and rely on various on- and off-chain
components to coordinate SBOM generation and distribution.

While Petra shares the goal of selectively disclosing SBOM
data, our Merkle SBOM tree-based design is meant to inte-
grate and interoperate with existing tools and software supply
chain components, rather than requiring dedicated and costly
blockchain-based infrastructure to provide integrity check-
ing. As such, Petra can offer software producers additional
flexibility in defining SBOM access control policies.
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Figure 1: Abstract SBOM exchange system. A generator
creates redacted SBOMs according to producers policies’,
which are then redistributed along artifacts to other producers
or consumers through the redistribution chain. We omitted
distributors for simplicity.

3 System and Threat Model

Petra aims to provide a SBOM exchange system that facil-
itates trustworthy and interoperable SBOM generation and
distribution that meets the diverse confidentiality needs of
today’s software vendors.
SBOM Definition. Per the U.S. NTIA [62], we define a
Software Bill of Materials (SBOM) as a record that unam-
biguously describes a software artifact’s components, their
relationships, and relevant metadata, such as vulnerability
information, each dependency’s license, and version. Thus,
the baseline data fields used to describe a software artifact
in an SBOM include supplier name, component name, com-
ponent version, unique identifiers, dependency relationships
and SBOM author [62]. In Petra, we assume that SBOMs
follow a given schema which specifies the fields that contain
the different elements of an SBOM. The common schemas
used to generate and consume SBOMs are SPDX [18], Cy-
cloneDX [7], and SWID tags [17]. We include a snippet of
an SPDX SBOM in Appendix A.

3.1 SBOM Exchange Roles and Processes

As depicted in Fig. 1, we propose an abstract SBOM exchange
system involving the following roles and processes:
Software Producer. An important prerequisite for SBOM
exchange is the creation of software artifacts by software pro-
ducers. In practice, a software producer may be an individual
engineer on an open source project, or a larger organization
such as an enterprise or government entity.

Generally, the software producer aims to release the soft-
ware artifact publicly, to a select set of recipients, or internally
within an organization. Thus, depending on the publication
scenario, the software producer may seek to restrict access to
the software artifact as a whole, or to (portions of) the soft-
ware’s metadata, including its SBOM. In confidential SBOM
exchange, the producer is responsible for authoring the redac-
tion policy that governs which parts of the SBOM are visible
to whom. This policy encodes confidentiality requirements

based on vendor preferences or regulatory obligations.
Generator. Following the creation of a software artifact, the
SBOM generator creates an SBOM that lists the components
and related metadata of a given software artifact on behalf of
its software producer. In a confidential SBOM exchange sys-
tem, the generator also applies and preserves the producer’s
SBOM data access policy requirements, even if the SBOM is
composed with another and/or redistributed at a later time.

The separation of generator and producer is deliberate: Pe-
tra aims to accommodate two different SBOM generation use
cases. First, there are practitioners for whom a single SBOM
generator is not sufficient to produce a comprehensive and
composed SBOM for their software, as evidenced by the CISA
SBOM types [34], where multiple generators record different
elements of an SBOM document. Second, and more crucially,
is the plethora of third-party generator tools and services such
as FOSSA, GitHub, and others (e.g., [25,29,42,82,85]). Thus,
the explicit generator role of Petra offers a flexible architec-
ture, but this design choice does not preclude merging of the
two roles in specific implementations.
Distributor. Once an SBOM is generated, the software pro-
ducer or generator submits the SBOM to a distributor making
it available for discovery. To this end, the distributor provides
a system for SBOM storage and management, which com-
monly allows for retrieving an SBOM for a target artifact,
e.g., via a global identifier such as a pURL [76], a standard-
ized identifier format used across major SBOM standards
(e.g., pkg:npm/express@4.17.1). Such SBOM databases or
hubs (e.g., [36, 37, 56]) may also support analysis queries on
stored SBOM information without delivering a full SBOM
document.

Alternatively, SBOM distribution occurs when an SBOM
is delivered with the software artifact (i.e., in-band distri-
bution). For instance, the distributor is hosted on the same
platform that delivers software artifacts, such as social cod-
ing platforms [5] and package repositories [12]. Similarly, if
a software producer distributes an SBOM along with their
software artifact, they act as a distributor.
Consumers. Individual software developers and organiza-
tions consume software artifacts and their associated SBOMs,
either for direct deployment or to integrate an artifact as a
dependency and redistribute it in their own software product.
In both cases, consumers leverage SBOMs to gain security
insights about consumed software by interacting with distrib-
utors to obtain the needed SBOM documents.

When acting as a software producer, the consumer creates
a software artifact that is composed of various dependencies,
resulting in a composed SBOM from a generator. That is, say
the consumer’s software package foo includes dependency
package bar, the SBOM S f oo should contain SBOM Sbar.
Verifier. To ensure that SBOM information is trustworthy,
verifiers obtain SBOMs from distributors for the purpose of
validating their format and contents. Specifically, verifiers
check that a distributed SBOM was not tampered with and



matches the output of a generator, as well as checking whether
an SBOM reflects a software artifact’s composition.

While other roles may act as verifiers, we envision trusted
third-party verifiers will commonly perform this task on their
behalf. For example, a government agency or dedicated au-
ditor organization may act as a verifier checking individual
SBOMs or portions of the software supply chain.
Key Management Service (KMS). To reduce the burden of
key management for other participants, the KMS acts as a
trusted central authority for key generation, user onboarding,
key distribution, revocation, and expiration.

3.2 Threat Model
Confidential SBOM exchange is concerned with the following
threats, labeled as (T1–T7) for reference in § 7.

Software producers and generators are untrusted as they
may be driven by business incentives to circumvent security or
compliance audits for targeted consumers. That is, software
producers and generators may tamper with SBOM data
(T1) [74], either by omitting certain fields such as vulnerabili-
ties, or altering fields such as dependency versions. Similarly,
distributors are untrusted in confidential SBOM exchange as
they might tamper with stored SBOM data to undermine trust
in the software supply chain of a major software vendor, or to
give false sense of security regarding a software artifact.

Distributors and generators may also seek to mount a split
view attack (T2) [58] in an attempt to fool targeted consumers
into using a compromised artifact. Specifically, generators
may create inconsistent copies of redacted SBOMs for the
same software product, while distributors may provide modi-
fied or outdated copies of an SBOM to different consumers.
In the case of SBOM redistribution, malicious distributors
or consumers may cause a denial-of-service (DoS) by cor-
rupting SBOMs redistributed to downstream consumers
(T3) [66].

Consumers have also been shown to leverage SBOM infor-
mation, such as package versions and reported vulnerabilities,
for malicious purposes [35, 50, 88, 95]. Hence, software pro-
ducers are concerned with unauthorized SBOM data leaks
(T4) by untrusted consumers.

Consumers may further seek to circumvent any access re-
strictions or redaction on SBOM information put in place by
generators. That is, consumers with partial access to SBOMs
may attempt a dictionary attack (T5) [77] on encrypted fields
to infer their values. Additionally, consumers with different
access permissions to an SBOM may collude to decrypt inac-
cessible information (T6) [27] about a competitor’s products
in an SBOM, or collude to share SBOM data they can each
access to infer inaccessible SBOM data (T7) [64].
Trusted roles and components. Verifiers are trusted to
faithfully audit redacted SBOMs. Similarly, we assume Key
Management Services (KMS) faithfully authenticate princi-
pals, bind attributes, issue keys, and enforce revocation/ex-

piry. KMSes can leverage existing key transparency mecha-
nisms [57, 58, 65] for additional cryptographic integrity and
compromise detection. Further, we assume all parties employ
cryptographic schemes and compute systems (hardware and
OS) that are free of known vulnerabilities.
Out of Scope Threats. Detecting maliciously crafted SBOMs
that conceal malicious components is out of scope, as is de-
tecting malicious components. These threats are the subject
of extensive prior work [33, 40, 71, 79, 96]. Similarly, detect-
ing flaws with generator tools and processes (e.g., those who
may introduce mistakes) is out of scope [94].Confidential
SBOM exchange also does not attempt to evaluate whether
SBOM access policies are excessively restrictive. Detecting
or mitigating overly strict is a dedicated research area [89] and
requires separate governance or policy-auditing mechanisms.

3.3 Design Requirements
Derived from our architecture and threat model, a confidential
exchange system should meet the following functional,
confidentiality, and integrity requirements.

Functional Requirements.
(F1) Relational SBOM Representation: SBOMs must be
represented using a data structure that preserves the inherent
relationships between all software artifacts and associated
metadata recorded in an SBOM, regardless of the software
ecosystem or data exchange format. This supports composi-
tion and redaction operations on SBOM data without losing
the relational information needed for meaningful software
dependency analysis.
(F2) SBOM Composability: To reflect software composition,
SBOMs must be composable. That is, leveraging the relational
SBOM representation property, if software artifact B depends
on a third-party component A, SBOM SA can be inserted into
the contents of SBOM SB.
(F3) Indexability: To support interoperable distribution
of SBOMs, they must be associated with specific software
artifacts via immutable indexes.

Confidentiality Requirements.
(C1) Semantic confidentiality: To address a core barrier
to practical SBOM adoption in enterprise and government
settings, SBOMs must not leak SBOM contents to parties
without explicit permission to access specific pieces of depen-
dency or metadata information. This property must hold even
during SBOM composition or redistribution. In other words,
software producers must be able to compose and redistribute
SBOM contents without requiring access to any information
contained therein.
(C2) Collusion Resistance: As consumers may attempt to
circumvent semantic confidentiality by colluding to reveal
redacted SBOM data, the selective redaction mechanism
must be capable of resisting collusion between parties that



have access to only a subset of the needed permissions.

Integrity Requirements.
(I1) Sameness: Consumers of a software artifact must be able
to verify that redacted SBOM information faithfully repre-
sents and does not omit information from the plaintext SBOM,
even for redacted data that is only partially accessible.

Specifically, the original relational SBOM structure must
be maintained while ensuring that only the information ac-
cessible to a verifier is revealed. In practice, while access
restrictions would allow most consumers to only partially ver-
ify sameness, we expect that software producers and select
verifiers are permitted to access the full plaintext SBOM and
validate full-SBOM sameness.
(I2) Redistribution Congruence: To support composabil-
ity and interoperable distribution of SBOMs, a redistributed
SBOM must retain its sameness, and preserve semantic confi-
dentiality as well as collusion resistance. That is, an SBOM
SA distributed for software artifact A must remain identical to
the SBOM SA redistributed in SBOM SB for a larger software
artifact B that depends on A.
(I3) Non-equivocation: Consumers must be able to verify
they received the same SBOM as others for a given artifact.

4 Foundational Data Structures

We instantiate our confidential SBOM exchange architecture
in Petra. At its core, Petra uses a series of data structures to
achieve our design requirements §3.3. Through a three-stage
SBOM process, we use these data structures to transform a tex-
tual SBOM document into an auditable, selectively redacted
SBOM representation.

4.1 SBOM Tree
The first stage in Petra translates an SBOM document (e.g.,
in SPDX [18] or CycloneDX [7] format) into a tree data
structure that is suitable for efficient redaction and integrity
checking. We draw upon the insight that an SBOM is a collec-
tion of claims about a software artifact. Namely, each SBOM
describes an aspect of a software product, such as qualitative
(e.g., vulnerabilities), legal and compliance (e.g., licenses)
and functional (e.g., configurations).

Using this notion, we first decompose an SBOM into a
series of nodes that describe these claims, and construct an
SBOM tree that represents the relationships between the ele-
ments in the SBOM. We distinguish two types of tree nodes:
Complex nodes hold composite claims, e.g., the collection of
metadata about a dependency recorded in an SBOM. These
nodes allow Petra to decompose claims further into a set of
field nodes, and provide nesting.

Specifically, a field node represents exactly a single claim
in an SBOM, such as a license claim, and is inserted as leaf
nodes into an SBOM tree with the corresponding complex

node as its parent in the tree. For example, a dependency
within an SBOM can be decomposed on a series of field
nodes, one for each type of metadata about a dependency
such as its name and version number.

At the root of the SBOM tree, Petra constructs an SBOM
node containing a unique indexable identifier for the SBOM
to aid in its discovery. The leftmost tree in Figure 2 (a)
represents an SBOM tree containing another SBOM node.

This construction allows us to meet property (F1), since
the structural properties of the tree describe the inherent se-
mantics of the SBOM. Further, through this complex node
decomposition, Petra can provide property (F2) since a con-
sumer can insert an SBOM within another SBOM by adding
it as a complex node within their own SBOM tree.

4.2 Attribute-Based Redaction
To provide selective redaction of SBOM information, Petra
utilizes a variant of Attribute-Based Encryption (ABE) [44]
called Ciphertext-Policy Attribute-Based Encryption (CP-
ABE) [27], which enables fine-grained access control via
selectively encrypted data. Unlike traditional public-key en-
cryption, which uses a predefined key for decryption, ABE
determines decryption keys based on attributes associated
with principals and the data itself, effectively enforcing ac-
cess control on encrypted data. These attributes are opaque
strings/byte arrays, and encode information about consumers
(e.g., role, organization, location).

The CP-ABE scheme used in Petra builds on vanilla ABE
schemes by passing the access policy as an encryption pa-
rameter. The policy is then embedded within the ciphertext,
while consumer attributes are embedded in decryption keys.
This gives software producers the flexibility to define who can
access the data based on the attributes of different consumers.

Thus, Petra redaction relies on the following operations:

1. Setup(): Generates the public encryption parameter Pk
and a master decryption key Mk.

2. Encrypt(Pk,M,A): Given the public parameter Pk, a mes-
sage M, and an access policy A, produces a ciphertext.

3. Key Generation(Mk,S): Derives a secret decryption key
based on a set of consumer attributes S from the master
key Mk.

4. Decrypt(Pk,CT,Sk): Given the public parameters Pk, a
ciphertext CT , and a consumer’s secret key Sk, produces
a plaintext message only if the consumer’s attributes
satisfy the access policy embedded within the ciphertext.

CP-ABE on SBOM trees. To provide semantic confidential-
ity (C1), the second step in Petra performs a CP-ABE pass
to selectively encrypt individual SBOM tree nodes. Specifi-
cally, we attach an access policy to each node and perform
an SBOM tree walk to encrypt the SBOM data in each node,
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Figure 2: The Petra SBOM tree is an efficient representation of an (a) SBOM that preserves relational information between
dependencies and their metadata. This representation also allows Petra to (b) selectively redact and (c) integrity check SBOMs
within a single data structure.

namely field names and values, according to the node’s pol-
icy; multiple nodes may be redacted under the same policy.
We do not encrypt the references to the children of complex
nodes, as we still aim to expose the structural relationships
of the SBOM. This allows Petra to maintain the functional
properties above as well as support SBOM composition.

To reduce the cost of CP-ABE encryption and decryption,
we utilize CP-ABE for key encapsulation (CP-ABKEM) [43].
Instead of directly encrypting each node with a CP-ABE se-
cret key, we generate a random AES key for each distinct node
access policy, and use the AES key to encrypt all nodes the
policy applies to. Each AES key is then encrypted using CP-
ABE under the policy. This ensures that only consumers who
meet a given policy can decrypt the corresponding AES key
and, in turn, decrypt the data. Using CP-ABKEM, we lever-
age the fine-grained access of CP-ABE, and the efficiency of
AES. Figure 2b represents the SBOM tree after encryption.

The choice of CP-ABE is crucial to meet (C2), since the
scheme requires a decryption key to hold all the attributes
needed in order to decrypt a node. We elaborate further on
these security properties in the security analysis (§7).

4.3 Merkle SBOM Trees
The third stage in Petra computes cryptographic integrity
checks to detect tampering with pre- and post-redaction
SBOM trees. This is done by adapting Merkle tree primi-
tives [60] to our irregularly structured SBOM trees.

A Merkle tree is a tree data structure where each leaf node
is referenced by the cryptographic hash of their data block
(including children). Each non-leaf node, on the other hand,
combines the hashes of its child nodes. The tree root, known
as the Merkle root hash, represents the hash of all the data in
the tree.

Merkle trees can be used to represent authenticated graphs
or trees thanks to the fact that each element’s identifier is recur-
sively comprised of the hashes of content and children nodes.

This property enables Petra to provide indexability (F3) as the
Merkle root hash can serve as a content-addressable identifier
over an entire (redacted) SBOM [6].

Petra achieves sameness (I1) by applying Merkle tree prim-
itives twice. First, we compute Merkle hashes over crypto-
graphic commitments (in our design, a hash with a random
salt) to the SBOM tree prior to redaction. The commitments
are used to address the limited keyspace of some SBOM fields
and values. In a second Merkle pass over an attribute-based
redacted SBOM tree, Petra captures hashes used to detect
tampering with the redacted tree.
Membership Proofs. Petra uses Merkle trees to compute an
efficient proof that a particular node is contained within an
SBOM tree based on its Merkle root hash. A prover computes
an authentication path, which consists of the hashes of the
sibling nodes along the path from the node in question to the
root [58]. To verify whether a node is a member of the tree,
a verifier sequentially recomputes the hashes combined with
the sibling hashes, starting from the node in question up to
the root, effectively recreating the Merkle root hash. If the
computed root hash matches the expected Merkle root, the
node must be in the tree.

Thus, Petra uses membership proofs to validate redistri-
bution congruence (I2) without requiring full decryption or
reprocessing. That is, during SBOM composition, Petra in-
cludes the Merkle root of the inserted SBOM tree as a com-
plex node in the parent SBOM tree. A membership proof is
then generated and embedded into the complex node, linking
the inserted redacted SBOM Merkle root to the parent SBOM
Merkle structure. This allows downstream consumers to ver-
ify that the embedded SBOM remains intact and matches its
original redacted version (I1).

4.4 Building Merkle Redacted SBOM Trees
In summary, prior to selective redaction, Petra computes the
Merkle hashes over the commitments to the plaintext data



in an SBOM tree using a collision-resistant hash function
H(). Then, we construct a selectively redacted SBOM tree
by encrypting the SBOM tree nodes using a per-node access
policy AES key KA, which is then encapsulated using CP-
ABKEM via the CP-ABE Encrypt(Pk,KA,A) operation; for
brevity, we use the shorthand E() to represent AES-based
node encryption. In a third pass, Petra computes the Merkle
hash over the redacted tree node contents.

The construction is as follows:
Field nodes containing a field name and field value pair are
hashed as:

hFplain =Commit(name||value)

prior to redaction, and afterwards as:

hF = H(R||An||E(salt||name||value)||hFplain)

where R is a constant value used to indicate a redacted
node and An represents the node’s specific CP-ABE access
policy to cryptographically bind a node’s redaction policy
to its contents. salt is the hashed random number used to
compute the cryptographic commitment to the plaintext.

Even though including the access policy An results in some
information leakage, an observer may at most infer the field
name from the attributes allowed by the access policy, but
cannot learn the value of the field.
Complex nodes represent an artifact-level SBOM element of
type t that has one or more field nodes F0 to Fn as its children.
They are computed as:

hCplain = H(Commit(t)||hF0 plain ||...hFn plain)

representing the pre-redaction SBOM element relation-
ships, with post-redaction ones captured as:

hC = H(R||An||E(salt||t)||hCplain ||hF0 ||...||hFn)

Because Petra does not aim to hide the structure or rela-
tionships between elements in an SBOM to support sameness
verification, we can reveal the complex node’s access structure
and child nodes without leaking specific field values.
SBOM nodes identify an SBOM document and may have
field, complex or other SBOM nodes as its children C0 to Cn.
Redaction of SBOM node contents depends on whether the
software producer wishes to control access to SBOM-level
data such as its resolvable index or redaction policy.

Regardless, Petra hashes the contents of SBOM nodes,
redacted or not, to allow for integrity checking, authentication,
but also indexability of the SBOM. Their hash is:

hSplain = H(Commit(r)||hC0 plain ||...hCn plain)

where r is the plaintext of any redactable SBOM data. After
redaction, an SBOM node is structured as:

KMS
(PP + MK)

SW artifact + SBOM
redaction policy

SBOM
Generator

Software 
Producer

PP
 (PK,SK)gen

ConsumerDistributor

SKcons

Skprod
(PK,SK)prod

SW artifact +
Redacted SBOM

Redacted SBOM

Decrypted SBOM
+ membership verif.

results
Generation & Redaction Consumption & Verification

Figure 3: In Petra, a central KMS generates their redaction
and/or signing keys. A producer sends the artifact and its
redaction policy to a generator, which returns both the pre-
redaction plaintext SBOM and the redacted SBOM for cryp-
tographic sameness verification. Consumers fetch the artifact
and redacted SBOM from distributors, obtain their decryption
key from the KMS, and decrypt only authorized fields.

nodeS =
SigKs(H(Encryptall(Pk,KAn ,An)||hSplain ||hC0 ||...||hCn))

where Ks is the generator’s SBOM signing key, and
Encryptall(Pk,KA,A) is the CP-ABE encryption of the entire
set of per-policy AES encryption keys KA.
Unredacted nodes. In practice, we expect SBOM redaction
policies that allow for certain SBOM fields to be publicly
visible. In this case, Petra replaces the R redaction indicator
with a P constant indicating an unredacted node, computing
the Merkle hash over the plaintext field or complex node data
directly post-redaction.

5 Petra Processes

This section presents the following core Petra protocols rep-
resented in Figure 3.

5.1 Redaction Setup

Before redaction, the KMS generates a series of cryptographic
secrets needed for selective encryption/decryption of individ-
ual SBOM fields; these are directly derived from the CP-ABE
construction in §4.2.
Generators Secrets. At startup, the KMS runs CP-ABE setup
to generate the public parameters PP used in CP-ABE en-
cryption and decryption, and the master key (MKkms) used
to derive decryption keys. The KMS also generates the gen-
erator signing key pair (SKgen,PKgen) used to authenticate
generated SBOM trees.
Producers Secrets. The KMS generates the producer sign-
ing key pair (SKprod ,PKprod) used to countersign generated
SBOM information, in practice, this can be the same signing



key used to authenticate/sign SBOM information or attesta-
tions in existing ecosystems [1, 16]. The KMS makes the
public parameter PP, the generator’s public key PKgen, the
producer’s public key PKprod available to all Petra parties.
Consumer Secrets and Onboarding. To access redacted
SBOM data, software consumers in Petra must obtain de-
cryption keys associated with their access attributes. To do
so, the consumer authenticates herself and her attributes A to
the KMS (e.g., using OIDC [81]). The KMS issues a private
decryption key SKA associated with the presented set of at-
tributes A, if the consumer can be authenticated. The KMS
performs key update process for all non-revoked users, such
that decryption keys are updated after Tend .

SKA← CPABE.KeyGen
(
PP,MKkms,A∪{expiry : Tend}

)
Petra also makes it possible for the KMS to delegate de-

cryption key issuance to consumers with specific attributes D
(i.e., a dedicated secret key SKD) to issue a secret sub-key for
a subset of their attributes. This allows consumers to grant ac-
cess to a particular subset of attributes (or fields) for members
of their organization.

5.2 Redacted SBOM Generation
Petra extends non-confidential SBOM generation to sup-
port selective redaction and SBOM data integrity checking.
That is, Petra relies on legacy SBOM generation tools (e.g.,
Trivy [21]) that evaluate a particular software supply chain
step or artifact to generate an SBOM that follows a common
format such as SPDX or CycloneDX. In this case, a generator
receives a set of artifacts and dependency information from
the software producer to generate a corresponding SBOM.

After generating legacy SBOM data, the Petra generator
performs a series of passes over it. As depicted in Algorithm 1,
a software producer submits an Arti f act, a series of SBOMs
S for dependencies, and a redaction policy p for the artifact.
After computing the redacted SBOM, the generator provides
the redacted tree to the producer.
Defining the access policy. Recall that in CP-ABE, permis-
sions are described by an access tree, where nodes of the
access structure are composed of threshold gates and the
leaves describe access attributes where AND gates can be
constructed as n-of-n threshold gates and OR gates as 1-of-
n threshold gates. Access attributes are a set of descriptive
properties or credentials for a principal, which will be associ-
ated with the issued secret key, for example, the user’s role
in an organization or project, or an SBOM usage applica-
tion (vulnerability scanner, license scanner). Fig. 4 represents
an access tree for the version number field of dependencies,
such that version numbers across all dependencies can be
accessed by a FEDRAMP [9] approved vulnerability scanner,
an auditor or a federal agency.

In Petra, a policy is a combination of SBOM tree paths and
corresponding access trees. Specifically, a software producer

Algorithm 1: Redaction and Composition
Data: Arti f act

S← S1,S2, ...,Sn
p← Policy

Result: PlainSBOM,RedactedSBOM
1 /* Compose SBOM into tree */

PlainSBOM← new SbomTree();
2 for Si ∈ S do
3 st← new SbomTree(Si)
4 PlainSBOM.appendChild(st)
5 end
6 proo f ← computeSamenessProo f (PlainSBOM)
7 /* Apply Encryption using policy p */

EncSBOM← Encrypt(PlainSBOM, p)
8 /* Merkelize Tree & Sign */

RedactedSBOM←MHT (EncSBOM, proo f )
9 Sign(PlainSBOM,SKgen)

10 Sign(RedactedSBOM,SKgen)

AND (n:n) OR (1:n)

OR (1:n)

epoch:
Aug,25

epoch:
Jan,25

epoch:
June,24

...

AND(n:n)

Tool:vuln_scanner Cert:fedramp
_authorized

OR (1:n)

User Attributes Tree Time Window Tree

Org:federal.agencyRole:Auditor

...

  Threshold Gates
---- User Attributes

Access Tree

Time Window Tree

User Attribute Tree

Figure 4: Petra Access tree. Two subtrees are used, one for
properties tied to identities and roles, and a second one pro-
viding a time-bound vector.

can describe a policy for the tree by describing an access
tree policy for a set of fields. For example, a software pro-
ducer may allow a vulnerability scanner to access pack-
age version numbers in a redacted SBOM tree, only if the
scanner is FEDRAMP approved. However, a consumer with
licensing compliance attributes does not need to know
version numbers, but may need to know package names and
their corresponding licenses.

Verifying sameness and counter-signing. Once SBOM gen-
eration is complete, the software producer ensures that the
redacted SBOM adheres to the expected access policy over
the plaintext SBOM. This is done by comparing the decrypted
SBOM tree to the redacted tree using the embedded sameness
proof. If this sameness proof check passes, the producer coun-
tersigns the redacted SBOM prior to distribution, allowing
consumers to gain confidence that the SBOM is a faithful rep-
resentation of the expected SBOM information, as generated
by the generator, and endorsed by the producer.



5.3 SBOM Distribution

A producer distributes the redacted SBOM by providingthe
distributor a resolvable index value (e.g., a pURL) to allow
consumers to discover the SBOM for the artifacts of interest.
In addition to receiving an SBOM, a Petra distributor can also
verify the signature and counter-signature from the generator
and producer, respectively, to ensure that only authenticated
SBOMs are available to consumers.

5.4 SBOM Consumption & Verification

Consuming and verifying an in Petra SBOM requires a series
of verification passes as depicted in Alg. 2. First, a consumer
must check the authenticity of the RedactedSBOM by ver-
ifying both the signature and counter-signature using their
public keys PKgen and PKprod , respectively (lines 1-6). After,
the AES keys for which the consumer has access with her key
SKA are unpacked from the top-level SBOM node (line 7).
Then, the consumer performs a full traversal of the redacted
SBOM tree, evaluating each node’s ciphertext policy against
its attribute key. Each SBOM node embeds a CP-ABE access
tree in its policy field, and the check satis f ies(node.policy)
determines whether the attributes bound to the consumer’s se-
cret key SKA satisfy this structure. Each node whose policy is
satisfied is decrypted using the corresponding AES key, while
all others are retained in encrypted form, yielding an SBOM
tree containing only the consumer-authorized plaintext (lines
8–16). Lastly, a consumer can verify a membership proof for
a specified decrypted SBOM field f to ensure the generator
did not omit information.
Verifier pass. In practice, verifiers may represent trusted par-
ties that have permission to access a whole redacted SBOM.
By appending an OR Verifier with verifier being an ac-
cess subtree representing the access attributes of a, a trusted
third-party, such as an auditor or government agency, can be
allowed to decrypt the SBOM and verify its sameness and
redistribution congruence integrity properties.

5.5 Re-distribution & Composition

Lastly, a redacted SBOM can be also included inside of an-
other SBOM — a crucial use case for the confidential SBOM
exchange problem, as artifacts are composed and distributed
through the software supply chain. Perhaps the most notable
composition example is that of dependencies being included
inside of another artifact.

Diving deeper into the composition step outlined in
Algorithm 1, Petra must handle sameness proof genera-
tion specially for SBOMs not created by the generator,
but rather are provided by the producer wishing to com-
pose multiple SBOMs. Specifically, because Petra com-
putes sameness proofs upon initial SBOM ingestion, to en-
able sameness proof verification of a composed SBOM tree

Algorithm 2: Consumption & Verification
Data: RedactedSBOM,SKA,PKgen,PKprod , f
Result: DecryptSBOM

1 if !Veri f ySignature(RedactedSBOM.countersig,PKprod) then
2 return FAIL_UNTRUSTED_SBOM
3 end
4 if !Veri f ySignature(RedactedSBOM.sig,PKgen) then
5 return FAIL_UNTRUSTED_SBOM
6 end
7 /* Obtain decryption AES Keys */

AESSet← DecryptKeys(SBOMNode,SKA)
8 /* Traverse tree and decrypt accessible nodes */

DecryptSBOM← new SbomTree()
9 for node ∈ RedactedSBOM do

10 if satis f ies(node.Policy) then
11 PlainNode← Decrypt(node,AESSet)
12 else
13 PlainNode← node
14 end
15 DecryptSBOM.insert(PlainNode)
16 end
17 /* Compute membership using decrypted tree */

proo f ← computeMembershipProo f (DecryptSBOM, f )
18 if !veri f y(proo f ) then
19 return FAIL_GENERATOR_PRODUCER_LIED
20 end
21 /* Return decrypted SBOM tree */
22 return DecryptSBOM

CompSBOM without needing the full plaintext tree for an
inserted RedactedSBOMi, the generator first recomputes the
sameness proof of CompSBOM incorporating the value of
the sameness proof at the root of RedactedSBOMi.

Then, the updated sameness proof is embedded when com-
puting the Merkle hash over the remainder of the redacted
CompSBOM tree. This way, the sameness proof can be veri-
fied by the producer of the top-level CompSBOM, but under
the assumption that the inserted RedactedSBOMi is valid.

6 Implementation and Evaluation

6.1 Implementation
We implemented Petra’s SBOM parsing and tree construction
in Python, while using Rust for CP-ABE functionality and
other cryptographic routines. We used the Maturin frame-
work [11] as well as PyO3 [15] to provide bindings between
the two. Further, we use vendor-provided SBOM libraries for
SPDX and CycloneDX translation and support. In total, the
Petra implementation uses less than 1,600 Python LoC and
less than 190 Rust LoC.

For artifact indexing, we use Package URLs
(pURLs) [76], which defines a structured and ecosystem-
agnostic format for naming software components (e.g.,
pkg:npm/express@4.17.1). This usage is unrelated to
“persistent URLs”; our use of pURLs aligns with conventions
in both major SBOM standards [7, 13].

We implemented a KMS for Petra by extending the Sigstore



project [65]. Our modifications allow for sigstore identity
proofs (using OIDC) to also pass user attributes A for SKA
generation. The core set of attributes that are provided by
the KMS are usernames, and domains (e.g., foo@bar.com
is decomposed as user:foo and namespace:bar.com). To
further provide specific attributes, the KMS can be configured
to match particular claims within an OIDC token (e.g., to
show control of a particular workload identity, or account-
specific attributes). Lastly, the identity token provided to the
KMS is used to derive temporal attributes at a time-window
granularity (currently set at one month).

6.2 Performance Evaluation

First, we set off to characterize Petra’s practicality by studying
the overhead of running Petra.We posit that the overhead of
using Petra falls within three major categories: 1) The timing
to convert regular SBOMs into SBOM trees, 2) The storage
overhead of a redacted SBOM relative to a regular SBOM,
and 3) The timing for encrypting and verifying properties
within a Redacted SBOM.

Experimental Setup We carried out the evaluation on a 2.10
GHz Intel Xeon E5620 machine with 256 GB of RAM using
a standard Ubuntu 22.04.2 LTS Docker container, a stable
build of Rust (rustc 1.75.0), and Python 3.10.

Evaluation Policies In addition, we aim to understand the
effect of specific policies as they apply to a redacted SBOM.
We expect that more complex policies may result in a larger
ciphertext, and thus increase the overhead.

Identifying real-world examples of SBOM access policies
was a major challenge. To construct representative policies
for our evaluation, we analyzed literature and identified two
primary categories of sensitive data in SBOMs: proprietary in-
formation and weaknesses information [28, 68, 69, 83, 88, 95].
Then for each type of sensitive data, we map it to claim types
in an SBOM (e.g., dependency claims might threaten intel-
lectual property rights, and vulnerability claims might expose
security weaknesses). We included security weaknesses, and
intellectual property policies in Appendix B.

SBOM Dataset We use SBOM datasets from previous lit-
erature [87]. After normalization and de-duplication, these
datasets contain 3,380 SBOMs from both generated SBOMs
(e.g., by a third-party tool), as well as in-the-wild SBOM
collections (e.g., identified by indexing platforms such as
sourcegraph [19]).This dataset contains SBOMs that cover
between 1 and 5002 packages, with an average of 242 per
SBOM, a median of 122, and a standard deviation of 408
packages. Our evaluation against this highly variable range
of SBOMs reflects the structural complexity and real-world
diversity of software artifacts that Petra supports.

Figure 5: Encryption Overhead for Intellectual Property pol-
icy: Decryption overhead matches encryption overhead, with
an average deviation of 120.05 ms.

Figure 6: Encryption Overhead for the weaknesses policy:
Decryption overhead matches encryption overhead, with an
average deviation of 1.16 ms.

6.2.1 Storage Overhead

We measure the resulting size of Petra trees for the SBOMs in
our dataset based on each policy, as well as a non-encrypted
SBOM size. We find that redacted SBOM trees incur less
than 13% increased storage cost on average compared to
their unencrypted counterparts. This cost is dominated by the
complexity of the policy.In the complicated policy case, the
cost of encrypting a medium-sized SBOM (i.e., 12MB) is
rather stark with more than 13% increased in the space of
the tree, which may make Petra an undesirable system for
highly-complicated access scenarios.

However, for our two illustrative policies, a medium-sized
SBOM requires only 12% and 51% encryption and decryp-
tion storage overhead, respectively. This is acceptable for a
system that provides confidential SBOM Exchange according
to informal discussion with industry stakeholders.



6.2.2 Performance Overhead

We now study the Performance overhead of Petra. In this case,
we measure the cost incurred by each processing pass (tree,
encryption, Merkle-hashing) to provide a granular understand-
ing of each foundational technique.

Figs. 5 and 6 illustrate the timing overhead of encrypting
an SBOM under the intellectual property and weaknesses
policies, respectively. We observe a visible discontinuity in
the encryption timing results (Fig. 6) for a small subset of
SBOMs. This gap corresponds to a few large SBOMs contain-
ing more than 440K nodes. We theorize that these SBOMs
exceed CPU-cache capacity, triggering additional memory
accesses and a visible discontinuity in the graph. This is an ar-
tifact of the "in the wild" dataset we are operating with, where
large SBOMs (in terms of tree size) also carry substantial
additional data and thus are also larger in storage.

Unsurprisingly, the decryption cost in our experiments
closely mirrors the encryption time, with a mean deviation of
120 ms, indicating symmetry in processing times for encryp-
tion/decryption operations. Much like the storage overhead
costs, the processing cost is dominated by the CP-ABE pass.

6.2.3 Comparison with Protobom

To evaluate Petra against existing tooling, we compare it
to Protobom [14], which generates a format-agnostic graph
given an input SBOM document. Using the SPDX 2.3
SBOMs in our dataset (due to Protobom’s format support),
we measured the number of nodes of their internal graph
representations. We find that Protobom on average produces
93% fewer nodes than Petra. This reflects the design goals of
each system: Protobom prioritizes efficient format translation,
while Petra emphasizes preserving compositional relation-
ships. While resulting in a more “verbose” tree, our design
also facilitates fine-grained access control.

6.3 Practical Evaluation

We developed Petra through a research collaboration with
an enterprise team managing large-scale SBOMs during an
internship at Intel Labs, and its design reflects direct opera-
tional and practical security feedback. In enterprise settings,
SBOMs are frequently redistributed across organizational and
trust boundaries.

One of the Petra design features requested by the enterprise
team is a KMS and verifier as foundational components for
practicality: they provide a user-friendly and centrally man-
aged way to issue decryption keys, enforce organizational au-
thorization policies, which relieve producers and consumers
from handling cryptographic keys directly.

However, these services alone are not sufficient. A KMS
can issue keys and a verifier can check signatures, but neither
enables fine-grained access control, nor do they allow SBOMs

to remain verifiable while being redistributed. While an im-
plementation could, in principle, combine decryption with the
KMS if fully trusted, our design keeps decryption and verifi-
cation distributed so that SBOMs can be safely re-distributed
and independently verified by arbitrary parties.

While Petra has not yet been deployed in a production
environment, CP-ABE based systems for electronic health
records [38] show that such deployments are practical.

7 Security Analysis

Petra’s ability to achieve our desired security and confidential-
ity goals is central. Here, we study how Petra’s design goals
in § 3.3 address threats (T1–T7) in §3.2.

At a high-level, we consider two areas of attack in the
confidential SBOM exchange threat model. First, generators
or distributors may seek to compromise the integrity of an
SBOM to mislead consumers (§7.1). Second, consumers may
attempt to violate confidentiality by gleaning information
from an SBOM without having explicit access (§7.2).

7.1 SBOM Integrity Attacks
Tampering with SBOM data (T1): A generator, or a pro-
ducer that acts as or colludes with the generator, may mis-
behave by adversarially tampering with SBOM data. For in-
stance, the generator might make critical elements inaccessi-
ble to consumers by removing a node from the SBOM tree
or altering node data to bypass security or compliance audits.
Through this, consumers may make a wrong determination
about the security posture of a software artifact.

Petra’s sameness property (I1) addresses this threat by mak-
ing structural changes between plaintext and redacted SBOMs
detectable by consumers using Merkle trees and membership
proofs. That said, consumers cannot detect tampering if a
leaf (and any sibling) nodes are removed for SBOM fields
that a consumer cannot decrypt, because this scenario looks
indistinguishable from an SBOM with a stricter access policy.
Split view attacks (T2): A distributor may collude with a
generator to show different consumers two different SBOMs
for the same artifact. In this attack, the attacker tries to fool
a victim consumer V into using artifact A by sending her a
compromised SBOM SV (e.g., omitting a vulnerability). At
the same time, they send another consumer C the faithful
SBOM SA, allowing her to detect the vulnerability.

Petra provides non-equivocation (I3) by giving V and C a
means to observe each other’s SBOMs during SBOM redistri-
bution of the faithful SA via another uncompromised SBOM,
revealing this attack. That is, because the redistributed SA
and SV would have different Merkle root hashes, even though
they represent the same artifact A, the victim consumer V
would detect the attack. In addition, the signature/counter
signature scheme, provides non-repudiation for generators
and producers, which allows consumers to verify they are



both looking at an SBOM provided by the same party. Lastly,
signed Merkle tree roots can optionally be published to a pub-
lic transparency log to support global visibility and facilitate
split view detection.
Corrupting SBOMs redistributed to downstream con-
sumers (T3): A distributor, or compromised consumer during
redistribution, may tamper with an SBOM while in transit.
This causes a denial-of-service (DoS), rendering the SBOM
unusable to downstream consumers. However, the redistri-
bution congruence property (I2) of SBOM trees addresses
this threat because this tampering would be detectable by any
consumer with sufficient access to decrypt the SBOM and
validate its contents or structure.

7.2 SBOM Confidentiality Attacks
Unauthorized SBOM data leaks (T4): A consumer with
access to a plaintext SBOM may misuse or maliciously share
sensitive information contained therein to identify points of
access to a system or vulnerability information for compet-
itive analysis or more a harmful software producer compro-
mise [35, 50, 88, 95]. Thus, Petra provides semantic confiden-
tiality (C1) by enabling software producers to redact SBOMs
using selective encryption, limiting the risk of unauthorized
SBOM data leaks in transit and at rest.
Dictionary attacks (T5): An attacker could attempt to carry
out a dictionary attack on specific nodes. This can happen by
using the sameness proof hashes, and the fact that it is likely
some fields have a very limited “key space”. License elements,
for example, have a limited number of field values — 677 on
the latest SPDX list [20] — which could be enumerated by
an attacker.

However, Petra preserves semantic confidentiality (C1)
through sameness proofs that use a random salt that is hashed
and encrypted along with the node data, requiring an attacker
to not only enumerate possible values, but also the nonce key
space (256 bits of key space in the current Petra implementa-
tion), which makes such attacks computationally infeasible.
Collusion to decrypt inaccessible information (T6): A
group of consumers with non-overlapping attributes may try
to collude to access more information than what they can
individually access. However, Petra’s use of CP-ABE for
redaction offers collusion resistance (C2), which addresses
this threat because the scheme uses single decryption keys for
data accessible to holders of specific N : N combinations of at-
tributes (i.e., permissions) to resist collusion between parties
that have access to only a subset of the needed permissions.
Inferring inaccessible SBOM data (T7): A consumer may
attempt to infer redacted SBOM data using partial access
to the same SBOM or through other related SBOMs. Petra
addresses two classes of information inference attacks.

Intra-SBOM Inference Attacks: An attacker with access
to a portion of an SBOM using their attributes tries to infer
other aspects of the redacted SBOM.

Of these, we identify two variants:

• Structural Inference: An attacker seeks to infer the field
name in encrypted nodes.

• Semantic Inference: An attacker seeks to infer the field
name and value in encrypted nodes.

An attacker may, for example, study the padding properties
of field names and values. This risk can be reduced in practice
by using a reasonable padding value at a slight cost on storage.

Further, an attacker can attempt to infer information by
looking at the structure of the redacted SBOM tree. Certain
aspects of an SBOM will be biased to some tree structures; for
example, a dependency list is often represented by a complex
node with a large number of children. As such, it is possible
an attacker learns certain parts of the tree are likely particular
complex fields.

Petra preserves semantic confidentiality (C1) in this at-
tack scenario because SBOM tree leaf nodes, while carrying
the most crucial information, are unlikely to leak any infor-
mation from their structure because individual field nodes
are encrypted in a uniform way using a non-deterministic
encryption scheme.

Inter-SBOM Inference Attacks: An attacker with access
to an SBOM may use it to try to infer information about
another SBOM they do not have access to. In this scenario,
the attacker has the key to decrypt certain SBOM fields in
SBOMA and tries to use this information to infer the value of
those fields in an SBOMB. However, Petra preserves semantic
confidentiality (C1) by reducing the probability of an attacker
inferring a field value, even if they were equal in the two
SBOMs. That is, by employing encryption schemes that are
non-deterministic and dependent on the input access policy,
an attacker is highly unlikely to succeed in correlating nodes
between two SBOMs.

8 Discussion

The Petra construction outlined above helps further both
SBOM confidentiality and transparency. We discuss the fol-
lowing limitations and future extensions.
SBOM quality & accuracy. Petra’s cryptographic guarantees
and access control do not depend on the quality and complete-
ness of underlying SBOM data. Nevertheless, improvements
in SBOM quality and accuracy could enable Petra to enforce
richer SBOM redaction policies.
Expanding to other types of metadata. Currently, Petra
focuses mainly on SBOMs, and a promising future direction
is adding support for other supply chain metadata formats
such as VEX, OpenVEX, or SLSA. By expanding Petra to
handle these other formats, the system could offer a more
comprehensive solution to secure and audit software supply
chains. However, integrating these formats would introduce
challenges related to the diversity in their structure, semantics,



and encryption needs. Future work could explore efficient
ways to harmonize these differences, ensuring Petra remains
both flexible, semantically consistent, and scalable.
Software update history. A desirable property of SBOM
exchange is capturing the over-time evolution of software
in SBOMs [88]. Though at first sight the composition sys-
tem within Petra may allow to append new information in
redacted SBOMs (e.g., new vulnerability information), this is
not sufficient. Instead, a mechanism that allows for appending
new information, but also removing outdated information, is
necessary. For this, other backing data structures such as a
Merkle2 [47] tree may allow for both additions, erasures and
replacements on an SBOM tree.
Policy updates post-publication. Petra’s design enables par-
tial updates and avoids full SBOM regeneration in response
to policy update. Since each node in the SBOM tree is in-
dividually encrypted and tied to its specific access policy,
only nodes whose access policies have changed need to be re-
encrypted. Corresponding Merkle proofs are updated for those
nodes and any intermediate nodes affected by the change.
Importantly, redistribution does not need to be repeated if
policy changes are made to individual fields, updating a pol-
icy and re-encrypting a single field does not invalidate redis-
tributed copies. This design allows producers to modify or
refine access control over time(e.g., granting broader visibility
to a previously restricted field) without invalidating already-
redistributed SBOMs. However, redistribution becomes nec-
essary when structural changes occur.
Semantic-aware policies. Petra currently supports SBOM
redaction policies at the granularity of fields and complex
SBOM elements, and treats the SBOM as a non-semantic
tree (i.e., a collection of cryptographically protected claims
rather than a semantically interpreted document). As a result,
a redactor with a weak policy could encrypt data in a way
that undermines SBOM utility without violating any crypto-
graphic guarantees. For example, if a redactor encrypts all
related fields with a different policy, no consumer can make
any meaningful verification.

This limitation reflects a deliberate separation between
cryptographic verification and semantic interpretation. Petra
supports this separation by allowing producers and desig-
nated verifiers to access full-SBOM plain-text to validate
complete sameness, while consumers receive structurally
verifiable views limited to the information they are autho-
rized to access. A malicious producer cannot undetectably
alter or remove information within the verifiable portion of
an SBOM, as any modification would invalidate the corre-
sponding Merkle proofs or expose a redaction marker, assum-
ing Petra uses a collision-resistant hash function. However,
determining whether redaction conceals semantically rele-
vant information is inherently a policy-level concern.Thus, a
semantic-aware SBOM translation algorithm could further
limit the possibility of undermining SBOM utility and should
be trivial to implement on top of the Petra SBOM code.

Consumer policies. A potential future extension of the cur-
rent construction is allowing consumers to define security poli-
cies for consumed SBOMs. A separate role such as a policy is-
suer could obtain policy requests from consumers and enforce
their usage at redaction. For example, by using Homomorphic-
Policy Attribute-Based Encapsulation [32], a consumer may
further append attributes to the SBOM tree node policy be-
fore redistribution to limit access to sub-elements on SBOMs
under their discretion. However, this feature may further in-
troduce complexity and risk practical deployment.
Further confidentiality properties. There are a number of
additional confidentiality properties that may be of interest
in future extensions of Petra, such as node compression or
encrypting node references to hide the structure of an SBOM.
However, we argue that the current design allows for easier
membership proof, and a simpler composition flow.

9 Conclusion

In this paper, we presented the first formally-defined abstract
SBOM exchange model. From it, we extended this model
to consider confidentiality expectations within the involved
parties. Ultimately, these two notions present a way to develop
new systems and protocols to address confidentiality and
integrity expectations of software users.

Beyond the modelling effort, we presented Petra, the first
system to provide confidential SBOM Exchange capabili-
ties, while maintaining tool compatibility expectations. While
Petra is not the only design that can achieve these goals, it
satisfies the majority of design expectations for a system that
provides SBOM Exchange. Due to its design, Petra can be in-
tegrated with other SBOM distribution efforts within industry
and open source. We are currently engaging with open source
projects to integrate Petra structures and processes to achieve
stronger confidentiality properties.
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A Ethical Considerations

Petra is primarily concerned with confidentiality in the ex-
change of SBOM data. We do not expect any ethical harms
from providing software producers with better control over
their data. Instead, Petra supports a goal that aligns with
widely accepted values of security and transparency, namely
enabling organizations to protect confidential details (e.g.,
intellectual property and vulnerability information) while still
providing accountability through auditable SBOM exchange.



To help ensure that our design meets real-world needs and
expectations, we engaged with both open-source and enter-
prise stakeholders during system development. Their feed-
back helped shape the design of our redaction and verification
mechanisms, and practical adoption concerns. We believe Pe-
tra provides a balanced solution that protects confidentiality,
enables trustworthiness, and avoids ethical pitfalls that could
arise from restricting information access arbitrarily.

Affected stakeholders and implications: Petra impacts sev-
eral stakeholder groups.

Software producers (open source and enterprise vendors)
benefit from the ability to share SBOMs without disclosing
sensitive information, addressing a core barrier to practical
SBOM adoption. Petra’s cryptographic sameness proofs limit
a producer’s ability to misrepresent SBOM contents without
detection by authorized verifiers. However, Petra does not
prevent producers from choosing overly restrictive redaction
policies; determining whether a policy is appropriate remains
a governance and compliance responsibility.

Software consumers including those that subsequently act as
producers by redistributing composed artifacts, gain stronger
assurances that redacted SBOMs faithfully correspond to
the plaintext SBOM, improving confidence in analyses like
SBOM-based risk assessments. At the same time, consumers
may receive only partial visibility depending on access poli-
cies, which may constrain certain analyses. Petra makes these
limitations explicit and verifiable, rather than implicit.

Verifiers (auditors, regulators, and compliance authorities)
are privileged stakeholders that Petra enables to verify SBOM
integrity without requiring universal disclosure. This supports
regulatory oversight while minimizing unnecessary exposure
of sensitive data. Petra does not replace regulatory judgment
or audit policy; it provides cryptographic mechanisms that
they may choose to rely on.

Other SBOM exchange roles (generators, distributors,
KMS) are affected differently by Petra ’s design. Distrib-
utors benefit from reduced exposure to confidential SBOM
data, as they are expected to store only redacted SBOMs and
don’t get decryption keys for redacted fields. Generators, by
contrast, operate on software artifacts and plaintext SBOMs
in order to perform SBOM generation, redaction, and adding
integrity proofs, and therefore remain trusted with access to
sensitive information. Key management services (KMS) issue
and manage cryptographic keys and enforce access control
via attributes, but do not require access to SBOM contents.

Petra reduces the need for distributing plaintext SBOMs by
restricting plain-text SBOM access to authorized roles, but it
assumes correct cryptographic implementation and key man-
agement practices; operational failures in these components
remain outside the scope of Petra’s ethical guarantees.

B Open Science

Petra artifacts are open source including source code
and evaluation, under Apache License 2.0 and are
available at https://doi.org/10.5281/zenodo.17906622
. The bom-shelter dataset we used is available at
https://doi.org/10.5281/zenodo.17859760 .
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Appendix

A SBOM Example

Figure 7 represents SBOM in SPDX format for the hello
package that contains the source file hello.c, a Makefile
for building it, and the compiled binary hello. All files are
licensed under GPL-3.0-or-later. The SPDX document
provides checksums for verification and describes relation-
ships, showing that the binary is generated from the source
code using the Makefile.

B SBOM policies

Figure 8 represents Petra policy used to control access to in-
formation that can reveal weaknesses, and Figure 9 represents
Petra policy used to control access to proprietary information
of the software artifact that an SBOM describes .
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Figure 7: An example SPDX document describing the package hello. It includes metadata such as licensing information,
package verification codes, file checksums, and relationships between files.

Figure 8: Policy to restrict the access to information that might reveal weaknesses of the software artifact that the SBOM
describes.

Figure 9: Policy to restrict the access to proprietary information of the software artifact that the SBOM describes.
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