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ABSTRACT

Existing tamper-evident logging systems suffer from high over-
head and severe data loss in high-load settings, yet only provide
coarse-grained tamper detection. Moreover, installing such systems
requires recompiling kernel code. To address these challenges, we
present Nitro, a high-performance, tamper-evident audit logging
system that supports fine-grained detection of log tampering. Even
better, our system avoids kernel recompilation by using the eBPF
technology. To formally justify the security of Nitro, we provide a
new definitional framework for logging systems, and give a prac-
tical cryptographic construction meeting this new goal. Unlike
prior work that focus only on the cryptographic processing, we co-
design the cryptographic part with the pre- and post-processing of
the logs to exploit all system-level optimizations. Our evaluations
demonstrate Nitro’s superior performance, achieving 10×-25×
improvements in high-stress conditions and 2×-10× in real-world
scenarios while maintaining near-zero data loss. We also provide an
advanced variant, Nitro-R that introduces in-kernel log reduction
techniques to reduce runtime overhead even further.
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1 INTRODUCTION

Audit logs are essential for tracking system activity and support-
ing security operations [52, 55, 62]. They capture detailed event
sequences that help reconstruct attacks, identify stealthy behavior,
and support root cause analysis, compliance auditing, and incident
response [36, 42, 49, 55, 57]. Their reliability makes them vital for
both real-time detection and forensic investigation.
Insecure Logging Systems

Current audit logging systems [3, 4, 10, 36, 48, 65, 67] predomi-
nantly trace and intercept system calls to capture log data. For
example, Linux Auditd [10], the native Linux auditing tool, mon-
itors system calls to record security-relevant events, but suffers
from performance degradation under high workloads. To address
these issues, Sekar et al. [67] introduced eAudit, which uses eBPF
technology [24] within the Linux kernel to significantly improve
audit logging performance. However, eAudit [67] and similar sys-
tems remain vulnerable to race condition attacks as demonstrated
by Paccagnella et al. [63]. These systems operate asynchronously,
queuing system calls for later disk logging using a FIFO mechanism.
This creates a tamper window, defined as the delay between when
a system call occurs and when it is logged, which attackers can
exploit to manipulate the log queue. Although eAudit reduces this
window, it does not completely eliminate it.

Tamper-Proof Logging Systems

To eliminate the tamper window, tamper-proof logging systems [33,
41, 51] employ specialized hardware to make log modification infea-
sible. NoDrop [51] uses Intel Memory Protection Keys (MPK) [27]
to isolate memory regions containing logs, while HardLog and
OmniLog rely on external hardware devices and synchronous log-
ging that pushes events to non-rewritable storage as they occur.
These methods ensure strong integrity guarantees by preventing
any post-generation log manipulation. However, this comes at a
steep cost. Hardware-based isolation introduces substantial run-
time overhead, especially under high throughput, as each log must
be synchronously flushed before the system can proceed. More-
over, these systems require specialized hardware, making them
impractical to deploy in general-purpose or cloud environments.

Tamper-Evident Logging Systems

As an alternative to costly hardware-based approaches, tamper-
evident logging systems [45, 63] offer software-based integrity
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guarantees and tackle race conditions attacks. These systems gen-
erate cryptographic tags for log entries, allowing auditors to detect
tampering after the fact. For example, KennyLoggings [63] gener-
ates an integrity tag per log using forward-secure MACs, while
QuickLog2 [45] improves verification efficiency by aggregating all
per-log tags into a single value.
Challenges in Tamper-Evident Logging Systems

Despite their advancements, tamper-evident logging systems face
several challenges, which are described below.
C1: Coarse-Grained Tamper Detection. Systems like QuickLog2 [45]
generate a single aggregate tag for an entire batch of logs, meaning
that any tampering triggers a global verification failure without
revealing which log was altered. While KennyLoggings [63] im-
proves detection granularity by tagging each log individually, it
increases the storage overhead by 5% and the running time by 40%.
Moreover, its security definition doesn’t provide any theoretical
guarantees for the extraction of unmodified logs.
C2: Insecure Tag Storage. Prior systems fail to ensure secure tag stor-
age. In KennyLoggings [63], tags are stored in plaintext alongside
logs, enabling truncation attacks where an adversary can delete
recent logs and restore a previously stored tag to hide tampering.
While QuickLog2 [45] avoids storing tags altogether, this reduces
auditability.
C3: Large Secret. The cryptographic methods employed by tamper-
evident systems [45, 63] rely on secret keys and state information to
ensure the integrity of the logs. However, keeping the size of those
secrets small is crucial, as a larger secret state presents a greater
risk of side-channel attacks. For instance, KennyLoggings [63] pre-
computes about 3.2MB of secret keys, storing them in kernel space
before system startup. While this approach accelerates the signing
process, it is more vulnerable to side-channel attacks [45].
C4: Difficult Maintenance. Both KennyLoggings [63] and Quick-
Log2 [45] extend Auditd [10] and require modifying and recompil-
ing kernel modules to insert cryptographic hooks. These modifi-
cations introduce fragility into the kernel audit pipeline, risking
crashes and making the systems error-prone to maintain across
kernel updates.
C5: Excessive Overhead. Existing loggers often introduce significant
overhead, which can become intolerable under high system loads.
In our experiments, we measured runtime overhead as the ratio of
CPU time used by the logging systems to that of the benchmark
itself. QuickLog2 [45] incurred a runtime overhead of 15.9%–895.1%.
QuickLog2 outperforms KennyLoggings in their experiments, sug-
gesting that KennyLoggings may impose even greater overhead.
C6: Severe Data Loss. Under high load, tamper-evident logging
systems often drop large volumes of logs, compromising forensic
analysis. This differs from race condition attacks, as it stems from
overload rather than tampering.While acknowledged in non-secure
loggers like eAudit [67], this issue is largely ignored in tamper-
evident systems. Our experiments show that existing systems such
as KennyLoggings [45, 63] experience data loss rates of up to 98%.
Our Approach: Nitro

To address the above-mentioned challenges, we present Nitro, a
high-performance, tamper-evident audit logging system. To the
best of our knowledge, Nitro is the first tamper-evident logging

system to operate fully in eBPF. Figure 1 illustrates the overall
architecture, and the main contributions are summarized below.

1. Provable security. To address C1 and C2, we extend the def-
initional frameworks in prior work [45, 63] to allow tags to be
encrypted before being sent to storage. Our notion provides a uni-
fied syntax for KennyLoggings [63] (where all tags are stored but
not encrypted), QuickLog2 [45] (where no tag is stored), and Nitro
(where tags are occasionally encrypted and stored). We formally
show that our notion ensures that the extracted logs are unmodified.

Instead of building a logging system directly from a MAC like-
QuickLog2 [45], we define a new primitive that we call a MAC
combiner. This provides an abstraction on the tag aggregation pro-
cess, and also a useful tool that may find applications beyond the
context of logging systems. The idea of MAC combiner is inspired
from the notion of aggregate MAC [54], but the latter unfortunately
does not work for the setting of logging systems.

2. eBPF-Compliant Implementation. To address C4, Nitro im-
plements cryptographic logging entirely within the constraints of
the eBPF runtime. These constraints include bounded stack sizes,
static control flow, the absence of AES-NI [23] support, and the
prohibition of dynamic loops. To navigate these limitations, we
use Chaskey, an ISO-standard lightweight MAC, as our underlying
MAC, selected for its compatibility with eBPF’s verifier. Our contri-
bution is not the use of Chaskey itself, but the careful pre-processing
of the logs before running Chaskey on them. The rationale for this
design choice is further discussed in Section 4.

3. Parallel MAC Signing. Amajor cause of C5 is the bottleneck of
centralized cryptographic state. To tackle this issue, Nitro assigns
a separate signing context (tag, key, state) to each logical CPU
core using eBPF’s Per-CPU Arrays. Each core signs its own logs
independently, enabling decentralized MAC computation without
synchronization overhead. While the parallel signing approach
brings a big improvement on speed, it worsens C3, because the state
size is amplified by a factor of 𝑁 , where 𝑁 is the number of logical
cores. In our machine, 𝑁 = 36, but we still manage to keep the state
size at 1.2KB, which is much smaller than KennyLoggings [63].

4. Two-level Cache with Time-Aware Flow Control. To over-
come C6, Nitro introduces a novel caching strategy that reduces
log loss during high load. It uses a two-level architecture with Per-
CPU Arrays and ring buffer, managed by time-aware controllers
that schedules log transfers based on system parameters such as
core count, buffer saturation, and event rate. This adaptive mecha-
nism minimizes I/O pressure and maintains reliable logging.1

5. Co-Designed Logging and Cryptographic Stack. To resolve
C5 and C6, Nitro avoids retrofitting cryptographic layers onto
existing loggers like Auditd [10] and instead builds a unified log-
ging and MAC framework from scratch. This integration enables
optimizations that reduce both computational and memory over-
head. For example, Nitro introduces eBPF-aware padding that
avoids runtime padding of all log messages by statically defining

1eAudit [67] uses a two-level caching mechanism to reduce data loss, but its simple
weight-based scheduling strategy leads to frequent data copying, resulting in higher
I/O overhead as shown in our experiments.
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Figure 1: High-level workflow of Nitro.

log structures. It also applies semantic field encoding, such as map-
ping syscall names to 32-bit integers, to shrink MAC input size.
These design choices lower CPU cycles and simplify deployment by
removing the need for kernel patches or hardware dependencies.

Even Better: Nitro-R

Building on Nitro, Nitro-R is the first in-kernel, eBPF-based im-
plementation of an audit log reduction technique inspired by Au-
ditrim [68], significantly lowering I/O overhead by filtering redun-
dant logs before they reach user space. Unlike prior user space
approaches [47, 49, 56, 68, 69], Nitro-R operates entirely within
the eBPF environment, avoiding added latency and complexity.
Porting Auditrim to eBPF introduces key challenges: adapting time
windows to system load, operating within eBPF’s restrictive execu-
tion model, and efficiently managing in-kernel data structures for
log reduction. Nitro-R addresses these with an eBPF-based LRU
hash map and verifier-safe logic for real-time, low-overhead log
reduction. Applied before Nitro’s XLog, Nitro-R preserves log
integrity while improving throughput and storage efficiency. Our
goal is not to propose a new log reduction method but to demon-
strate the feasibility of efficiently implementing existing techniques
within the kernel using eBPF for improved performance.

Evaluation Results

We evaluated Nitro against state-of-the-art logging systems using
stress-test benchmarks (from eAudit [67]) and real-world bench-
marks (aligned with HardLog [33]). Nitro demonstrated a sub-
stantial performance advantage, with improvements of 10×–25×
on stress-test benchmarks and 2×–10× on real-world benchmarks,
while preserving tamper-evident properties. In terms of data loss,
Nitro achieved near-zero loss, compared to other logging systems,
which experienced 31%–98% data loss under identical conditions.
Additionally, Nitro-R reduced runtime overhead by an average of
34% beyond Nitro’s performance. To understand how each opti-
mization in Nitro contributes to its performance, we also conduct
a factorial design analysis. To assess integration feasibility, we built
eAudit-SEC by embedding XLog into eAudit. eAudit-SEC suffered
from poor performance and significant data loss, confirming the
need for architectural rethinking.
Availability Our source code and benchmarks are available at
https://github.com/DART-Laboratory/Nitro.

Game Gmu-prf
𝐹

(A)
𝑏←$ {0, 1}; 𝑣 ← 0
𝑏′←$ ANew,Fn; Return (𝑏′ = 𝑏 )

procedure New( )
𝑣 ← 𝑣 + 1; 𝐾𝑣 ←$ K
𝑓𝑣 ←$ Func(Dom, {0, 1}𝜏 )

procedure Fn(𝑖,𝑀 )
If (𝑏 = 1) then

Return 𝐹 (𝐾𝑖 , 𝑀 )
Else return 𝑓𝑖 (𝑀 )

Figure 2: Game defining the (multi-user) PRF security of a function

𝐹 : K × Dom→ {0, 1}𝜏 .

2 PRELIMINARIES

Notations. By Func(Dom, Rng) we denote the set of all functions
𝑓 : Dom→ Rng. We use ⊥ as a special symbol to denote rejection,
and it is assumed to be outside {0, 1}∗. We write 𝑋 ∥𝑌 to denote the
concatenation of two bit strings 𝑋 and 𝑌 .

If X is a finite set, we let 𝑥 ←$ X denote picking an element of X
uniformly at random and assigning it to 𝑥 . If 𝐴 is an algorithm,
we let 𝑦 ← 𝐴(𝑥1, . . . ; 𝑟 ) denote running 𝐴 on inputs 𝑥1, . . . and
coins 𝑟 , and assigning the output to 𝑦. By 𝑦←$𝐴(𝑥1, . . .) we denote
picking 𝑟 at random and letting 𝑦 ← 𝐴(𝑥1, . . . ; 𝑟 ). We write A 𝑓 to
indicate that adversary A has oracle access to a function 𝑓 .

Games. We use the game-playing framework of Bellare and Ro-
gaway [37]. (See Figure 2 for an example.) We write G(A) ⇒ 𝑏

to denote the event of running game G with an adversary A that
results in 𝑏. We also write G(A) to abbreviate G(A) ⇒ true.

MAC. A Message Authentication Code (MAC) scheme is a function
𝐹 : K×Dom→ {0, 1}𝜏 . It takes as input a key𝐾 ∈ K and a message
𝑀 ∈ Dom, and then deterministically produces a tag𝑇 ← 𝐹 (𝐾,𝑀).

A standard security goal for a MAC scheme is to be a pseudo-
random function (PRF). Informally, this means that an efficient
adversary can’t tell the tags of its chosen messages from truly
random strings. Traditionally, PRF security is defined for the single-
user setting, but in our application, it is more convenient to use the
multi-security PRF notion. Specifically, we define the advantage of
an adversary A in breaking the (multi-user) PRF security of 𝐹 as

Advmu-prf
𝐹

(A) = 2 · Pr[Gmu-prf
𝐹

(A)] − 1 ,

where game Gmu-prf
𝐹

(A) is defined in Figure 2. If the adversary
only attacks user 1 then the game is in the single-user setting. It
is well-known that one can generically reduce the multi-user PRF
security to the single-user one via a hybrid argument.

3 TAMPER-EVIDENT LOGGING SYSTEMS

In this section, we provide a foundational treatment for tamper-
evident logging systems. In particular, we give a more general
syntax and a stronger security definition (that are needed by our
system) than prior work. Moreover, instead of building a logging
system by aggregating tags from a MAC like [45], we abstract this
via a new tool that we call MAC combiner, making the construction
conceptually simpler. Finally, we show how to build a practical
logging system XLog meeting our notion.

3.1 Defining Security For Logging Systems

Threat model and assumptions. Our threat model is similar to
that of prior work [45, 63]. In particular, we consider an adversary

https://github.com/DART-Laboratory/Nitro
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that mounts an attack to escalate privilege; the system calls of
this attack are recorded in the logs. Once the adversary gains root
access, it can modify the logs in both memory and storage to hide
the traces of the attack. Between the time that the logs of the attack
are generated and the moment that the adversary has root privilege,
there is a short window. This time gap is too short for the logs to be
sent asynchronously to the user space for cryptographic processing,
as demonstrated empirically via the race attack in [63]. Still, we
assume that it is long enough for a quick, synchronous cryptographic
processing.

We assume that logs are periodically sent to a different, trusted
machine for forensic analysis. For the auditor to detect the tamper-
ing of the logs, the logging system will include some short tags as
a proof of integrity. KennyLoggings [63], for example, uses a tag
for every single log. QuickLog2 [45] instead uses a single aggregate
tag for the entire collection of logs to save storage cost and reduce
running time. Instead of going to either extreme, our system Nitro
still maintains an aggregate tag in the memory, but occasionally
saves the current tag to the log storage. By doing so, we provide
finer-grained information about the tampering to the auditor than
QuickLog2, with only a small increase of storage cost and running
time. Still, if we store the tags in the clear like KennyLoggings then
this is vulnerable to a truncation attack: an adversary can replace
the current tag by an old tag from the storage and delete recent
logs. As a result, the tags in the storage needs to be encrypted, and
thus the syntax of our system deviates from prior work.

For the auditor to verify the integrity tags, we assume that ini-
tially the auditor and the logging system share a short secret state;
the logging system will then update the state immediately each
time it signs a log message. We assume that if a variable is over-
written, one cannot recover the old value. We also assume that
before gaining root access, the adversary can’t retrieve information
of secrets in kernel memory.

We say that the logs are unaltered if the attacker onlymodifies the
logs created after it gains root access, meaning the logs containing
the information of the attack still remains intact. Our goal is to
ensure that if logs are altered then the auditor should be able to
detect it.

Syntax. We now give a general syntax that allows a logging system
to store encrypted tags. A logging protocol Π consists of a pair of
deterministic algorithms (Update, Sign) and is associated with a
state space S, key space K , and a tag length 𝜏 . Algorithm Update
takes as input a state 𝑆∗ and a boolean 𝑏. If 𝑏 = false then it outputs
an updated state 𝑆 and a key 𝐾 . If 𝑏 = true, in addition to (𝐾, 𝑆),
it outputs another string 𝑋 ∈ {0, 1}𝜏 . We require that the output
(𝐾, 𝑆) of Update is independent of the boolean 𝑏. Algorithm Sign
takes as input a key 𝐾 , a message 𝑀 , a prior tag 𝑇 ∈ {0, 1}𝜏 , and
produces an updated tag 𝑇 ∗ ∈ {0, 1}𝜏 .

• Initially, the auditor samples a root state 𝑆←$ S and a key𝐾 ←$K .
He then stores (𝐾, 𝑆,𝑇 ) in the server’s memory, with 𝑇 ← 0𝜏 .
• Once the 𝑖-th log message 𝑀𝑖 is available, the logging system
first updates the tag 𝑇 ← Sign(𝐾,𝑀𝑖 ,𝑇 ). If it doesn’t want to
store an encryption of the tag, it will update the key and state
via (𝐾, 𝑆) ← Update(𝑆, false). Otherwise, it will run (𝐾, 𝑆, 𝑋 ) ←
Update(𝑆, true) and encrypts the tag via 𝑋 ← 𝑇 ⊕𝑋 . The choice
of encrypting the tag or not does not affect the output (𝐾, 𝑆)

Game Gfa
Π (A)

(𝑀1, . . . , 𝑀𝑞, 𝜎 ) ←$ A; 𝑆0←$ S; 𝐾0←$ K
(𝑋1, . . . , 𝑋𝑞,𝑇 ) ← Tag(𝑀1, . . . , 𝑀𝑞 )
(𝑀 ′1, . . . , 𝑀 ′𝑟 ,𝑇 ′ ) ←$ A(𝑆, 𝐾,𝑋1, . . . , 𝑋𝑞,𝑇 , 𝜎 )
//Attacker must alter messages to win
If (𝑟 ≥ 𝑞) ∧ ( (𝑀1, . . . , 𝑀𝑞 ) = (𝑀 ′1, . . . , 𝑀 ′𝑞 ) ) then return false

(𝑋 ∗1 , . . . , 𝑋 ∗𝑟 ,𝑇 ∗ ) ← Tag(𝑀 ′1, . . . , 𝑀 ′𝑟 )
Return (𝑇 ∗ =𝑇 ′ )
//Generate final aggregate tag and encrypt intermediate tags
procedure Tag(𝑀1, . . . , 𝑀𝑣 )
𝑇0 ← 0𝜏 ; 𝑆 ← 𝑆0; 𝐾 ← 𝐾0
For 𝑖 ← 1 to 𝑣 do
𝑇 ← Sign(𝐾,𝑀𝑖 ,𝑇 )
(𝐾, 𝑆,𝑋𝑖 ) ← Update(𝑆, true ) ; 𝑋𝑖 ← 𝑇 ⊕ 𝑋𝑖

Return (𝑋1, . . . , 𝑋𝑣,𝑇 )

Figure 3: Game defining the FA security of a logging protocol Π.

and the subsequent tags. Note that the key and state are updated
immediately after signing a new message. This ensures that in a
race attack [63], by the time the adversary gains root access, the
keys signing the logs of its attack are already overwritten with
subsequent keys.

The auditor is later given messages (𝑀 ′1, . . . , 𝑀 ′𝑟 ) and an aggregate
tag 𝑇 ′. Using procedure Tag in Figure 3, the auditor can derive the
final tag 𝑇 ∗ for (𝑀 ′1, . . . , 𝑀 ′𝑟 ).2 If the logs are altered then 𝑇 ∗ ≠ 𝑇 ′.

The syntax above captures all existing logging systems. For ex-
ample, in KennyLoggings [63], the string 𝑋 that Sign generates is
simply 0𝜏 , meaning that tags are stored in the clear instead of being
encrypted. Moreover, KennyLoggings always calls Sign(·, true),
meaning that all tags are stored. In QuickLog2 [45], one always
calls Sign(·, false), meaning that there is no tag storage.

Defining security. For an adversaryA attacking a logging proto-
col Π, we define its advantage in breaking the forward authenticity
(FA) of Π as

AdvfaΠ (A) = Pr[Gfa
Π (A)] ,

where game Gfa
Π (A) is defined in Figure 3. Initially the adversary

generates log messages (𝑀1, . . . , 𝑀𝑞) and an internal state 𝜎 .3 The
game then samples a state 𝑆0←$ S and a key 𝐾0←$K , and derive
the tag of (𝑀1, . . . , 𝑀𝑖 ) for ever 𝑖 ≤ 𝑞, and encrypts it. The adversary
is then given back its internal state 𝜎 , the final tag𝑇 , the encrypted
tag 𝑋𝑖 of (𝑀1, . . . , 𝑀𝑖 ), and the current key and state. Its job is to
produce a forgery (𝑀 ′1, . . . , 𝑀 ′𝑟 ,𝑇 ′).

Recall that the auditor will later derive the aggregate tag 𝑇 ∗ of
messages (𝑀 ′1, . . . , 𝑀 ′𝑟 ). The adversary wins the game if (1) 𝑟 < 𝑞

or (𝑀 ′1, . . . , 𝑀 ′𝑞) ≠ (𝑀1, . . . , 𝑀𝑞), meaning the logs are altered, and
(2) 𝑇 ′ = 𝑇 ∗, meaning that the auditor fails to detect that the logs
are altered.

In the definition above, the adversary is given all encrypted tags
(𝑋1, . . . , 𝑋𝑞). In our system, the adversary only has access to some
of those, because we only encrypt and store tags occasionally. In
2The Tag procedure always calls Sign( ·, true ) , whereas the logging system may call
Sign( ·, 𝑏 ) for any 𝑏 ∈ {true, false}. Still, since Sign and Update are deterministic,
and since the key and state that Sign outputs are independent of 𝑏, if the logs are not
modified then the output of Tag is consistent with what the logging system produces.
3In practice, those log messages are honestly generated by the logging system to record
the syscalls. It can only help the adversary by letting it choose those log messages.
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QuickLog2, the adversary is given no encrypted tag at all. Giving
this additional information can only help the adversary.

Discussion. It is instructive to see why KennyLoggings [63] fails
the definition above. Recall that KennyLoggings, all tags are stored
in the clear, meaning that 𝑋𝑖 is the aggregate tag of (𝑀1, . . . , 𝑀𝑖 ).
Given (𝑆, 𝐾,𝑋1, . . . , 𝑋𝑞,𝑇 ), the adversary can win the game by pick-
ing an arbitrary number 𝑟 < 𝑞, and then outputting (𝑀 ′1, . . . , 𝑀 ′𝑟 ) =
(𝑀1, . . . , 𝑀𝑟 ) and 𝑇 ′ = 𝑋𝑟 . In this case the messages are altered,
and yet𝑇 ′ will match the tag𝑇 ∗ derived by running procedure Tag
in Figure 3 on (𝑀 ′1, . . . , 𝑀 ′𝑟 ). As a result, the adversary wins with
advantage 1.

Extracting unmodified logs. All prior work stops when the au-
ditor realizes that the logs have been altered. But in practice, one
wants to extract unmodified logs for forensic analysis. We now
show how to do this.

Suppose the auditor is given a list 𝐿 = {(𝑋 ′𝑗 , 𝑗)} of index 𝑗 and
encrypted tag 𝑋 ′𝑗 for messages (𝑀 ′1, . . . , 𝑀 ′𝑗 ). Recall that the auditor
can compute a list of (𝑋 ∗1 , . . . , 𝑋 ∗𝑟 ) of encrypted tags by running Tag
on (𝑀 ′1, . . . , 𝑀 ′𝑟 ). Let 𝑠 be the largest index that 𝑋 ′𝑠 = 𝑋 ∗𝑠 ; if there
is no such index then we let 𝑠 = 0. Suppose that the original logs
are (𝑀1, . . . , 𝑀𝑞). If the logs have been altered then we claim that
the forward authenticity notion ensures that 𝑀 ′𝑖 = 𝑀𝑖 , for every
𝑖 ≤ min{𝑠, 𝑞}. To see why, fix an index 𝑑 .
• First consider the case 𝑑 ≤ 𝑞. Recall that the adversary A is
given the state 𝑆𝑞 , the key 𝐾𝑞 , the tag 𝑇𝑞 , and the encrypted
tags (𝑋1, . . . , 𝑋𝑞). If we instead give (𝑆𝑑 , 𝐾𝑑 ,𝑇𝑑 , 𝑋1, . . . , 𝑋𝑑 ) to A,
this can only help becauseA can derive (𝐾𝑞, 𝑆𝑞,𝑇𝑞, 𝑋𝑑+1, . . . , 𝑋𝑞).
Forward authenticity then ensures that the adversary cannot
produce the correct aggregate tag 𝑇 ′ of another (𝑀 ′1, . . . , 𝑀 ′𝑑 ) ≠
(𝑀1, . . . , 𝑀𝑑 ). As a result, it also cannot produce the encrypted
tag 𝑋 ′ =𝑇 ′ ⊕ (𝑇𝑑 ⊕ 𝑋𝑑 ) of 𝑇 ′.
• Suppose that 𝑑 > 𝑞. Since the logs are altered, we must have
(𝑀 ′1, . . . , 𝑀 ′𝑞) ≠ (𝑀1, . . . , 𝑀𝑞). Since the adversary knows (𝑆𝑞, 𝐾𝑞),
it can compute the mask𝑊 for the 𝑑-th tag. Forward authenticity
ensures that given the aggregate tag 𝑇 of (𝑀1, . . . , 𝑀𝑞) and the
list of encrypted tags (𝑋1, . . . , 𝑋𝑞), the adversary cannot produce
(𝑀 ′1, . . . , 𝑀 ′𝑑 ) with a correct tag 𝑇 ′. As a result, it also cannot
produce the encrypted tag 𝑋 ′ =𝑇 ′ ⊕𝑊 of 𝑇 ′.

Still, aiming for log extraction would amplify the advantage by a
factor 𝑞.

Discussion. Given that the adversary can modify all logs in the
storage that haven’t been sent to the auditor, one may question
the significance of log extraction. We argue that log extraction is
meaningful if one couples a tamper-evident logging system with
some non-rewritable hardware like HardLog [33]. That is, each log
will be immediately signed but there will be some bounded delay
before it is written to the non-rewritable storage. In that case, most
logs created before the adversary gets root privilege would remain
intact, and thus it is critical to extract them.

3.2 MAC Combiner

In this section, we formalize a new primitive that we call MAC
combiner. It allows one to sign 𝑞 messages (each with a fresh key)
and then combine the 𝑞 tags into a single, short tag. This tool gives
an abstraction of the XOR construction that QuickLog2 [45] uses.

Game Gforge
MC (A)

(𝑀1, . . . , 𝑀𝑞, 𝜎 ) ←$ A;𝑇0 ← 0𝜏
For 𝑖 ← 1 to 𝑞 do 𝐾𝑖 ←$ K ;𝑇𝑖 ← 𝑇𝑖−1 ⊞𝐺 (𝐾𝑖 , 𝑀𝑖 )
(𝑀 ′1, . . . , 𝑀 ′𝑟 ,𝑇 ) ← A(𝜎,𝑇𝑞 ) ;𝑇 ′0 ← 0𝜏
For 𝑖 = 1 to 𝑟 do𝑇 ′𝑖 ← 𝑇 ′𝑖−1 ⊞𝐺 (𝐾𝑖 , 𝑀 ′𝑖 )
Return ( (𝑀 ′1, . . . , 𝑀 ′𝑟 ) ≠ (𝑀1, . . . , 𝑀𝑞 ) ) ∧ (𝑇 ′𝑟 =𝑇 )

Figure 4: Game defining unforgeability security of a MAC combiner

MC = (𝐺,⊞) .

Definition. An MAC combiner MC is a pair (𝐺,⊞), where𝐺 : K×
{0, 1}∗ → {0, 1}𝜏 is a MAC, and ⊞ : {0, 1}𝜏 × {0, 1}𝜏 → {0, 1}𝜏 is an
operator. To compute the aggregate tag𝑇𝑞 of messages (𝑀1, . . . , 𝑀𝑞)
for keys (𝐾1, . . . , 𝐾𝑞), one would compute 𝑇𝑖 ← 𝑇𝑖−1 ⊞ 𝐺 (𝐾𝑖 , 𝑀𝑖 )
for every 𝑖 ≤ 𝑞, where 𝑇0 = 0𝜏 .

We define the advantage of an adversary A breaking the un-
forgeability security of MC as

AdvforgeMC (A) = Pr[Gforge
MC (A)] ,

where game Gforge
MC (A) is defined in Figure 4. Here the (stateful)

adversary first requests to sees the aggregate tag 𝑇𝑞 of messages
(𝑀1, . . . , 𝑀𝑞). The parameter 𝑞 is called the message count of A.
The adversary then produces forgery messages (𝑀 ′1, . . . , 𝑀 ′𝑟 ) and
a forgery tag 𝑇 , with 𝑟 ≤ 𝑞. It wins if the aggregate tag 𝑇 ′𝑟 of
(𝑀 ′1, . . . , 𝑀 ′𝑟 ) under keys (𝐾1, . . . , 𝐾𝑟 ) is also 𝑇 .

Discussion. Our notion is inspired by the definition of aggregate
MAC of Katz and Lindell [54] but the latter doesn’t work in the
setting of logging systems. Under the notion of aggregate MAC, the
adversaryB is given individual tags of somemessages𝑀𝑖 and has to
predict the aggregate tag of (𝑀 ′1, . . . , 𝑀 ′𝑟 ). In the forward security for
logging systems, the attacker A is instead given the aggregate tag
of (𝑀1, . . . , 𝑀𝑞) and has to find the aggregate tag of (𝑀 ′1, . . . , 𝑀 ′𝑟 ).
The reduction from forward security to aggregate MAC simply
fails. Specifically, given A that picks 𝑟 < 𝑞 and𝑀 ′𝑖 =𝑀𝑖 for every
𝑖 ≤ 𝑟 , the only plausible way B can provide A with the aggregate
tag of (𝑀1, . . . , 𝑀𝑞) is to obtain the individual tags 𝑇1, . . . ,𝑇𝑞 of all
𝑀1, . . . , 𝑀𝑞 . But then what B later obtains fromA is the aggregate
tag of (𝑀1, . . . , 𝑀𝑟 ) that is useless because B can generate this via
𝑇1 ⊞ · · · ⊞𝑇𝑟 .

Security analysis. We say that ⊞ is commutative if 𝑋 ⊞𝑌 = 𝑌 ⊞𝑋 .
Moreover, ⊞ is invertible if there is an associated inverse operator
⊟ : {0, 1}𝜏 ×{0, 1}𝜏 → {0, 1}𝜏 such that if 𝑍 = 𝑋 ⊞𝑌 then 𝑍 ⊟𝑌 = 𝑋 .
Note that if ⊞ is both commutative and invertible then for any
fixed 𝑋 ∈ {0, 1}𝜏 , if we pick 𝑌 ←$ {0, 1}𝜏 then 𝑋 ⊞ 𝑌 is uniformly
distributed over {0, 1}𝜏 .

The following result shows that if 𝐺 is a good PRF and ⊞ is
commutative and invertible then MC = (𝐺,⊞) is a good MAC
combiner. To have an intuition of why this is true, let’s pretend
that 𝐺 is a truly random function (instead of merely a PRF). Then
given the aggregate tag 𝑇 of (𝑀1, . . . , 𝑀𝑞), the aggregate tag 𝑇 ′ of
(𝑀 ′1, . . . , 𝑀 ′𝑟 ) is still uniformly distributed over {0, 1}𝜏 , thanks to
the commutativity and invertibility of ⊞. Hence the chance that the
adversary can guess 𝑇 ′ is about 2−𝜏 . The proof is in Appendix A.
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procedure XLog[MC, 𝐹 ] .Update(𝑆,𝑏 )
𝑆 ′ ← 𝐹𝑆 (0) ; 𝐾 ′ ← 𝐹𝑆 (1) ; 𝑋 ← 𝐹𝑆 (2)
If 𝑏 then return (𝐾 ′, 𝑆 ′ ) else return (𝐾 ′, 𝑆 ′, 𝑋 )

procedure XLog[MC, 𝐹 ] .Sign(𝐾,𝑀,𝑇 )
𝑇 ′ ← 𝑇 ⊞𝐺𝐾 (𝑀 ) ; Return𝑇 ′

Figure 5: The XLog[MC, 𝐹 ] logging system, withMC = (𝐺,⊞) .

Proposition 1. Let MC = (𝐺,⊞) be a MAC combiner of tag
length 𝜏 , where ⊞ is commutative and invertible. Then for any ad-
versary A whose message count is at most 𝑞, we can construct an
adversary B of about the same running time such that

AdvforgeMC (A) ≤ Advmu-prf
𝐺

(B) + 1
2𝜏 .

Adversary B makes at most 2𝑞 queries, with two queries per user.

Instantiation. A simple choice for ⊞ is the xor operator, which is
used in the aggregate MAC construction of Katz and Lindell [54].
This is the choice in the QuickLog2 logging system [45], and also
our system. But this is not the only possible choice. One can use,
for example, modular addition, but this is less efficient.

3.3 The XLog Construction

The XLog construction. We now show how to build a logging
system XLog[MC, 𝐹 ] from a MAC combiner MC = (𝐺,⊞) where
the key length and tag length are both 𝑛 bits, and a PRF 𝐹 : {0, 1}𝑛 ×
{0, 1, 2} → {0, 1}𝑛 . In practice 𝑛 should be 128. The specification of
XLog is given in Figure 5.

Security analysis. The following result shows that if ⊞ is invert-
ible then XLog provides forward authenticity; the proof is in Ap-
pendix B.

Theorem 2. Let 𝐹 : {0, 1}𝑛 × {0, 1}∗ → {0, 1}𝑛 be a PRF, and let
MC = (𝐺,⊞) be a MAC combiner of 𝑛-bit key and 𝑛-bit tag where
⊞ is invertible. For an adversary A making 𝑞 signing messages, we
can construct adversaries B and D of about the same running time
such that

AdvfaXLog[MC,𝐹 ] (A) ≤ Advmu-prf
𝐹

(B) + AdvforgeMC (D) .

Adversary B makes 3𝑞 oracle queries, with exactly 3 queries per user.
The message count of D is also 𝑞.

Proof ideas. Let 𝑟 be the number of forgery messages that A
outputs, and 𝑞 be the number of signing messages. To reduce the
forward authenticity of XLog to the unforgeability of MC, we need
to model the keys as independent, uniformly random strings. Un-
fortunately, if 𝑟 > 𝑞 then one can’t treat the keys 𝐾𝑞+1, 𝐾𝑞+2, . . . as
independent, because they can be derived from the state 𝑆𝑞 , and
this state is given to the adversary. Our proof gets around this issue
by exploiting the fact that ⊞ is invertible, which allows us to reduce
the case 𝑟 > 𝑞 to the case 𝑟 = 𝑞.

Assume that 𝑟 ≤ 𝑞. Since we derive the keys, states, and task
masks via a PRF, one can view those as independent, uniformly ran-
dom strings. As a result, the key, state, and encrypted tags that the
adversaryA receives are independent of the prior keys, states, and
tags, and thus can be ignored. In this simplified view, the forward

authenticity game becomes the unforgeability game, meaning that
the security of MC implies the security of XLog.

4 NITRO

Building on the theoretical foundation of XLog and the MAC com-
biner, we now present Nitro, a practical logging system designed
for real-world deployment without kernel modification. In this sec-
tion, we discuss how the cryptographic guarantees of XLog are
integrated into the constrained execution environment of eBPF,
addressing various performance bottlenecks through strategic ar-
chitectural optimizations.

4.1 Overview of eBPF & Its Limitations

The Extended Berkeley Packet Filter (eBPF) [8, 18, 19] is a revolu-
tionary technology that enables user-defined programs to be safely
executed within the operating system kernel. Developed from the
Berkeley Packet Filter (BPF) [32], eBPF significantly broadens the
scope of BPF beyond networking. It now supports general-purpose
system tracing, security monitoring, and performance analysis by
allowing programs to attach to various kernel hooks such as tra-
cepoints, kprobes, and network events without requiring kernel
modifications or additional modules [66].

To ensure safety and stability, eBPF introduces a static verifica-
tion engine that analyzes each program before loading, disallowing
unsafe operations such as unbounded loops, invalid memory access,
or kernel crashes. Once verified, eBPF programs are compiled using
a Just-In-Time (JIT) compiler to run with near-native efficiency,
while maintaining strict isolation from core kernel components.
Figure 6 shows how an eBPF program is prepared and executed. It is
first compiled in user space into bytecode, then passed to the kernel
where it goes through a verifier for safety checks. If accepted, the
bytecode is JIT-compiled into native machine code and attached to
a system call. The hook is triggered when the corresponding system
call is invoked. It can inspect both the call and its return value, and
even block the system call if necessary. For efficient communication
between kernel and user space, eBPF provides high-performance
data transfer mechanisms including perf buffers and ring buffer.
Ring buffer is now widely recommended due to its lower latency
and better multi-core scalability [15]. Consequently, Nitro adopts
ring buffer as the foundation of its logging pipeline.

Integrating existing logging systems, such as QuickLog2 [45],
into eBPF initially appears straightforward, but practical obstacles
render this approach infeasible. eBPF imposes several stringent
limitations: it prohibits dynamic loops (L1), severely restricts mem-
ory usage (L2), rejects programs with high computational com-
plexity (L3), and lacks support for hardware acceleration such as
AES-NI [23] (L4). These constraints render standard cryptographic
constructions impractical. For example, implementing AES with-
out AES-NI leads to severe performance penalties, and memory
limits prevent the inclusion of essential components like permuta-
tion tables. Exceeding these storage constraints results in memory
allocation failures, making direct integration impractical.

4.2 Selecting a Suitable PRF for eBPF

Given eBPF’s strict limitations, selecting an appropriate pseudo-
random function (PRF) was essential. We required a PRF lightweight
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Figure 6: Workflow of eBPF program compilation, verification, and

attachment to system call hooks in the Linux kernel.

enough to fit eBPF’s constraints, avoiding AES-based constructions
and adhering to verifier limitations. The chosen PRF should have
128-bit output because XLog needs to use it to derive 128-bit keys.
These constraints ruled out candidates like SipHash [35] due to their
64-bit output limitation. After evaluating alternatives, we selected
Chaskey [61], an ISO-standard PRF that provides provable security,
significant performance advantages (approximately 8 faster than
AES without AES-NI), and a compact, modifiable codebase suitable
for broad industrial and governmental adoption. While Chaskey
operates sequentially, which might suggest potential advantages
in parallel designs, our compact encoding drastically reduces log
message sizes (e.g., down to 24 bytes on average), diminishing any
parallelization benefits in this context and emphasizing simplicity
and efficiency.

4.3 Integrating XLog with eBPF: Challenges &

Optimizations

We start with a naive implementation of the blueprint above, by
adding XLog on top of eAudit [67], with Chaskey as the underlying
PRF. We keep the architecture of eAudit, but remove its weighting
mechanism. This mechanism aims to classify logs based on their
priority, so that eAudit can send critical logs to the storage (that
is assumed to be non-rewritable in [67]) as quickly as possible. In
our case, the security model is different; the adversary may be able
to write to the log storage after it gets root privilege. Hence the
weighting mechanism is useless in our threat model and can be
dropped. We refer to this extended version of eAudit as eAudit-SEC.

However, evaluation (detailed further in Section 6) revealed sig-
nificant performance drawbacks with this naive approach. Specif-
ically, integrating XLog increased runtime overhead by approxi-
mately 5.8× and data loss by about 35×. These outcomes under-
scored that eAudit was fundamentally unsuitable for pairing with
tamper-evident logging systems.

To address these challenges, we systematically optimized the ar-
chitecture by exploiting XLog ’s design properties and adapting key
aspects of the logging pipeline. We identified two core inefficiencies
in eAudit-SEC and redesigned the system accordingly:

• Streamlined MAC Computation with Parallel Signing: In the naive
approach, logs are retrieved entirely from memory before be-
ing processed by the MAC, introducing unnecessary latency. To
mitigate this, we directly integrate eBPF calls into Chaskey’s
processing pipeline, building log message blocks incrementally
and immediately performing MAC operations on each block. Ad-
ditionally, the original approach utilizes a centralized signing key
updated sequentially after each signing operation, severely limit-
ing parallelism during system peaks. To alleviate this bottleneck,
we implement a distributed signing mechanism by maintaining

individual signing keys per CPU logical core using Per-CPU Ar-
ray structures, dramatically reducing contention and increasing
throughput.
• Fewer I/O requests: In eAudit [67], the storage is assumed to be
non-rewritable, so one needs to push log messages to the user
space frequently to minimize the tampering window. In contrast,
in our setting, the adversary can write to the storage after it
gets root privilege, and thus having the logs in the storage or
in memory make no difference in terms of security. Hence in
our case, once a log is signed and the aggregate tag is updated,
the log can continue to reside in the memory as long as space
permits. We therefore can push the logs to the user space with
much less frequency.

These optimizations must work within the limitations imposed
by eBPF. Specifically, we adopt a set of verifier-compatible imple-
mentation techniques to handle its limitations. For L1, we combine
a fixed-loop structure with a padding strategy (see Section 4.4) to
safely process variable-length inputs. For L2, we minimize memory
usage through compact log structures and avoid large buffers or
dynamic allocation. For L3, we restructure the MAC computation
using pointer-based staged processing to stay within the verifier’s
instruction limits. Lastly, for L4, our lightweight PRF Chaskey well-
suited for software-only execution. These design and implemen-
tation choices together enable efficient and secure integration of
XLog into the constrained eBPF environment.

4.4 Parallel MAC Signing

How to implement signing. Under Chaskey, a message needs to
be parsed into a sequence 𝑀1 · · ·𝑀𝑚 , where each |𝑀𝑖 | = 128. (If
the message is fragmentary, padding is needed for the last block.)
Initially, the tag 𝑋 is initialized to 0128. One then iteratively goes
over each message block 𝑀𝑖 and updates 𝑋 . Instead of running
Chaskey on top of eAudit, we directly make eBPF calls to derive a
message and run Chaskey processing on each 128-bit block of the
message on the fly. Compared to the naive approach in Section 4.3,
our approach hides the memory cost of retrieving the log message
from memory, and also saves some cost due to type casting. Still,
implementing this in the eBPF framework is tricky since only static
loops are allowed (L1).

To get around the limitation above, we view a message as a pair
(𝑃1, 𝑃2), where the first part 𝑃1 consists of fixed-length arguments,
such as the syscall name or PID, and the second part 𝑃2 consists
of dynamic-length arguments. Let pad(𝑃1) be the string obtained
by appending 0’s to 𝑃1 until the next multiple of 128 bits. We run a
static loop to build the message blocks of pad(𝑃1) and implement
Chaskey’s processing to derive an intermediate tag 𝑋 . We then
run another static loop; the number of iteration is a constant big
enough to exceed the number of blocks in 𝑃2. In this loop, we resume
Chaskey’s processing with the tag 𝑋 above. This novel strategy,
which we refer to as eBPF-aware padding, enables MAC signing in
eBPF by carefully structuring the message layout to comply with
verifier constraints while minimizing runtime costs. Conceptually,
the process above is to run Chaskey on the string pad(𝑃1)∥𝑃2. Since
the length of 𝑃1 is uniquely determined by the syscall name, the
string pad(𝑃1)∥𝑃2 is a unique encoding of (𝑃1, 𝑃2).
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At the first glance, one may wonder why we sign a longer mes-
sage pad(𝑃1)∥𝑃2 instead of 𝑃1∥𝑃2. While the latter option may save
some cryptographic cost, it also adds overheads because (1) 𝑃1
and 𝑃2 are built from different data types, and some type casting is
needed, and (2) this may cause memory misalignment if the length
of 𝑃1 is not a multiple of 4 bytes.

Semantic Field Encoding. We designed a compact encoding of
the logs that significantly reduces the log size similar to [46, 67].
For example, in the Postmark benchmark, the average size of logs
generated by the Linux daemon auditd is 850B, whereas ours is only
24B. The benefit of this log compression is even more important
to our setting than that of eAudit [67], because smaller logs means
less cryptographic cost.

Multiple signing lines. If we have a single aggregate tag for all
the logs, this creates a bottleneck during peak time because we
can only use a single CPU core to sign the logs one by one. A
natural solution is to maintain multiple tags to enable parallel
processing. This approach however has never been considered in
the past, because it is unclear how to use multiple cores to sign
logs concurrently without resorting to expensive multi-threading
mechanisms. To deal with this issue, we leverage the Per-CPUArray
data structure to have one tuple of (tag, key, state) per CPU logical
core. Each CPU core only signs logs generated by that core and
updates its own tag.

Our approach parallelizes the cryptographic cost for both the
server and the auditor. This performance gain however comes with
a cost for security. First, the security definition in Figure 3 only
considers a single user, but here we have 𝑁 users, where 𝑁 is
the number of logical CPU cores. Single-user security still implies
multi-user security via a standard hybrid argument, but concretely,
the advantage is amplified by a factor of 𝑁 . Moreover, instead of
keeping just 32-byte secret in the memory (16B for the key and
16B for the state), we now have to keep 32𝑁 bytes of secret, which
increases the risk of a side-channel attack. Still, in practice 𝑁 is
small. For example, in our machine, 𝑁 = 36, and thus we keep
about 1.2KB secret in memory. In contrast, KennyLoggings [63] has
3.2MB secret.

4.5 Two-level Cache Design

In eAudit [67], the Per-CPU Array pushes data to the ring buffer
at a maximum interval of 224 ns, and the ring buffer moves data
to the user space after every 8 operations. That is, there are at
least 8 transfers from the ring buffer to the user space per second.
This frequency is unnecessary in our setting, because once a log
is signed and the key is updated, the log can safely reside in the
memory as long as space permits. We instead use a two-level time
controller to reduce the I/O cost.
• Per-CPU Array→ ring buffer: The Per-CPU Array would push
data to the ring buffer periodically, for every 𝑇𝑝 seconds.
• Ring buffer→ user space: The ring buffer moves data to the user
space after every 𝑇𝑟 seconds.

How to Choose Optimal Parameters We provide a flexible pa-
rameter setting mechanism in Nitro. Here, we discuss how to
choose the optimal parameters as a reference. The runtime per-
formance and reliability of our system are mainly controlled by
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four key parameters: the Per-CPU Array size 𝑆𝑝 , the ring buffer
size 𝑆𝑟 , the first-level flush interval 𝑇𝑝 , and the second-level flush
interval 𝑇𝑟 . To understand the trade-off between runtime overhead
and data loss, we simulate all parameter combinations across a
large design space. The evaluation is conducted on all seven stress-
test benchmarks, each running with 16 threads, and we report the
average results. Specifically, we sweep 𝑆𝑝 from 0.5KB to 32KB, 𝑆𝑟
from 1MB to 64MB in exponential steps, 𝑇𝑝 from 5ms to 300ms in
linear steps of 50ms, and𝑇𝑟 from 500ms to 3000ms in steps of 500ms.
This results in a total of 1,764 configurations, each representing a
candidate deployment strategy.

Our results, presented in Figure 7, include only the configura-
tions that keep data loss below 10% and overhead below 32% to
avoid visual clutter and highlight practical deployment choices. We
observe that overly aggressive flushing (i.e., small 𝑇𝑝 and 𝑇𝑟 ) can
significantly reduce data loss but at the cost of high I/O overhead.
Conversely, extremely lazy flushing schedules (e.g., large𝑇𝑟 or small
𝑆𝑟 ) may keep overhead low but risk frequent buffer overflows. In
particular, we identify that settings with 𝑆𝑝 ≥ 8KB, 𝑆𝑟 ≥ 16MB,
𝑇𝑝 ∈ [55ms, 255ms], and 𝑇𝑟 ∈ [1000ms, 2000ms] offer a favorable
balance between runtime overhead and data loss.

We pick the Per-CPU Array size 𝑆𝑝 to be 32KB, which is empir-
ically enough to avoid queue overflow in the Per-CPU Array. To
avoid queue overflow in the ring buffer, if we have 𝑁 CPU logical
cores and the ring buffer size is 𝑆𝑟 , we need 𝑆𝑟 ≥ 𝑇𝑟 · (𝑁 · 𝑆𝑝 )/𝑇𝑝 .
In our system, 𝑁 = 36, and we pick 𝑇𝑝 = 200ms, 𝑇𝑟 = 1 s, and
𝑆𝑟 = 64MB, which also fall within the optimal range identified in
our experiments. Compared to eAudit-SEC, our system reduces the
number of transfers from the ring buffer to user space by at least
8×, and reduces the frequency of transfers from the Per-CPU Array
to the ring buffer by approximately 12×.

4.6 Log Integrity Checking

Once the log entries (𝑀 ′1, . . . , 𝑀 ′𝑟 ) and tags are transferred to user
space, they are stored in their respective storages, as illustrated
in Figure 1. Later, during audit, the auditor can recompute a final
tag 𝑇 ∗ over (𝑀 ′1, . . . , 𝑀 ′𝑟 ) using the procedure Tag shown in Fig-
ure 3. If the logs have been tampered with, the recomputed tag
will not match the original. Unlike prior work [63], we consider a
stronger adversary who may arbitrarily modify the logs stored on
a compromised machine. This setting reflects more realistic threat
scenarios but also introduces new challenges for verifying log in-
tegrity. In particular, the attacker may attempt to truncate logs
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or insert forged entries without detection. To address this, XLog
provides formal guarantees that such tampering will be detected
during audit. Moreover, the auditor can still identify all unaltered
logs before the point of modification. These properties are formally
proven in Section 3 under the security model of XLog.

4.7 Putting It All Together

Creating andmanaging logs consists of three steps: (i) pre-processing
(e.g., monitoring events to create logs and encoding them), (ii) cryp-
tographic processing (e.g., signing logs with a MAC), and (iii) post-
processing (e.g., caching the logs). Prior works either study step
(ii) and use Auditd for the other steps or focus on steps (i) and
(iii) without incorporating (ii) into their design. This results in a
disconnection: one cannot combine existing state-of-the-art solu-
tions such as QuickLog2 and eAudit. Our work adopts a holistic
yet modular approach, addressing all three components. We first
establish the theory for step (ii) in Section 3, independent of steps
(i) and (iii). Then, in this section (Section 4), we co-design steps (i)
and (iii) and select an instantiation for step (ii).

4.8 Security Analysis

Section 3 provides the formal proof. Here, we follow the analysis
style of prior work [63]. We examine key attack scenarios and
explain how Nitro offers full or partial protection.
• A1: Log Truncation Attack. An adversary attempts to remove
or truncate part of the system logs to hide malicious activities or
erase forensic evidence.
• A2: Side-Channel Attack. An adversary performs side-channel
attacks targeting kernel memory to extract the tag generation
keys, which could enable the forgery of logs and subsequent tags.
• A3: Replay Attack. An adversary reuses previously captured
valid logmessages to deceive the system or forge historical events,
potentially leading to incorrect analysis or audit results.
A1 poses a threat to all tamper-evident systems that do not en-

crypt tags, in cases where the system outputs tags together with
plaintext logs. In such systems, the adversary can truncate the
log by removing the later part that contains malicious activities.
The remaining earlier logs and their corresponding tags remain
consistent, allowing the adversary to bypass detection. Nitro ad-
dresses this threat by introducing tag encryption. In Nitro, the
output tag is encrypted. Without the correct round key and state,
the adversary cannot recover the original tag value from the en-
crypted tag. Additionally, Nitro’s key update and tag aggregation
mechanisms ensure each tag reflects the latest log content, prevent-
ing mismatches. As defined in Section 3, Nitro fully prevents log
truncation attacks.

A2 is partially mitigated in Nitro through key rotation and
per-core logging, which significantly reduce side-channel attack
surfaces. Unlike prior work [63] that stores megabytes of precom-
puted secrets in memory, Nitro requires only 48 bytes of secret
material per core, including the key, state, and tag. This design
supports parallel signing and removes synchronization overhead.
The use of per-core registers in modern CPUs and frequent access
to secrets during MAC computation lower the risk of cache-based
leakage. Per-core isolation also ensures that compromising one core
does not affect the security of others.

A3 is fully prevented in Nitro through its forward-secure de-
sign. Even if an adversary gains access to the log storage device
along with plaintext logs and encrypted tags, tampering with ex-
isting logs or forging new entries is infeasible. This is because
each log and its tag are derived from prior logs, per-round secret
keys, and an evolving state, rather than generated independently.
Without access to the initial state and keys, an adversary cannot
perform a successful replay attack, even with full knowledge of the
cryptographic algorithms.

5 NITRO-R

Prior work [38, 43, 47, 49, 56, 57, 68] shows that system logs often
contain redundant entries that inflate storage and processing over-
head without improving detection or forensic value. Auditrim [68]
demonstrated that suppressing such duplicates is both feasible and
effective. Inspired by these findings, we present Nitro-R, an in-
kernel mechanism that eliminates duplicate log entries in real time
before any cryptographic processing.

Nitro-R is the first log reduction system implemented entirely
within the kernel using eBPF. Unlike previous systems [47, 49, 56,
59, 69] that require kernel modifications or rely on post-processing
in user space, Nitro-R performs safe, real-time log reduction di-
rectly inside the kernel within the strict constraints of the eBPF
verifier. This design required addressing several non-trivial techni-
cal challenges:
• First, eBPF imposes strict restrictions such as prohibiting un-
bounded loops, dynamic memory allocation, and complex control
flow. To comply with these limitations, we designed a verifier-
safe log reduction logic using only static memory access patterns,
bounded loops, and minimal branching, ensuring real-time per-
formance without verifier rejections.
• Duplicate detection requires efficient identification of repeated
log entries based on their semantic content. Nitro-R addresses
this by constructing a compact, structured key composed of the
syscall name, process ID, and arguments, and mapping it to times-
tamps using an in-kernel LRU hash table. This enables precise and
efficient duplicate detection under tight memory and instruction
constraints.
• The effectiveness of log reduction depends on an appropriate
time window for determining whether two events are duplicates.
Nitro-R supports dynamic adjustment of this time window, com-
puted as min(1, 2 × (𝑡1 − 𝑡0) + 0.001). Here, 𝑡0 and 𝑡1 represent
the previous and current timestamps of the same event. While
our evaluation uses a fixed value of 𝑇𝑊 = 1 second as suggested
by Auditrim [68], the system is capable of adapting to changing
system conditions.
• Continuous log generation poses risks of unbounded memory
growth. Nitro-Rmitigates this by leveraging the built-in eviction
capabilities of eBPF’s LRU hash map, ensuring bounded memory
usage and maintaining long-term scalability without requiring
kernel modification.
Crucially, Nitro-R performs log reduction before any crypto-

graphic signing by XLog, ensuring that only unique log entries are
authenticated. This ordering guarantees the integrity and authentic-
ity of final logs while significantly reducing both MAC computation
and I/O overhead. Moreover, Nitro-R is designed to be modular.
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Although we implement a time-window-based log reduction in-
spired by Auditrim, the system can easily be extended to support
alternative log reduction techniques such as semantic filtering,
priority-aware sampling, or event coalescing [49, 56, 69], as long as
they can be implemented under eBPF’s programming model. The
detailed algorithm is provided in Algorithm 1 (Appendix), which
processes each log entry in real time, identifies near-duplicates us-
ing structured keys and timestamps, and emits only unique entries
to the reduced log buffer.

6 EVALUATION

In this section, we evaluate the performance and reliability of Nitro.
In particular, we investigate the following research questions (RQs):
RQ1 What is the runtime overhead of Nitro compared to state-

of-the-art logging systems? (Sections 6.1)
RQ2 How much does Nitro reduce data loss during high system

loads compared to state-of-the-art systems? (Section 6.2)
RQ3 How much parallel signing and two-level cache improve

Nitro ’s performance and reduce data loss? (Section 6.3)
RQ4 How does Nitro-R perform in terms of runtime overhead

and data loss? (Section 6.4)
RQ5 What is the runtime memory usage of Nitro? (Appendix F)
RQ6 How do Nitro and NoDrop compare in terms of runtime

overhead?4 (Appendix G)
RQ7 How well does Nitro detect log tampering and how quickly

does it respond under real-world attacks? (Appendix H)
RQ8 Do the logs generated by Nitro and Nitro-R maintain cor-

rectness under causality analysis principles? (Appendix I)

Implementation We implement Nitro via the BPF Compiler Col-
lection (BCC) version 0.29.1 [24]. We select 68 critical syscalls as our
monitoring targets; see Appendix D for the list of those. To mon-
itor system calls, we use APIs from BCC like TRACEPOINT_PROBE
to listen for syscall invocations, and use args to get parameters
of each syscall [25]. We implement the XLog construction in C.
The signing of a message involves two static for-loops; they are
manually unrolled for performance improvement. Informed by The-
orem 2, we pick the tag length to be 64 bits, and represent each
tag as an unsigned 64-bit integer. Each log would contain an ad-
ditional 32-bit identifier for the CPU core. This identifier is just a
bookkeeping and is not processed by the MAC. The log handler
is written in Python 3. It receives data from kernel mode through
bpf.ring_buffer_poll [25], then parses and stores them on disk.

Evaluation Setup Our experiments used VMs on an AMD EPYC
9654 server. Each VM was configured with 300 GB RAM, 200 GB
SSD, and 36 logical CPU cores, running Ubuntu 22.04 (kernel 6.5.0).
Only essential software was installed to minimize interference, and
each experiment was repeated 30 times. In all experiments, the
relative standard deviation ranged from 3.91% to 14.05%, ensuring
result reliability.

Benchmarks Selection Criteria. To comprehensively evaluate
Nitro ’s runtime overhead, we used a diverse set of benchmarks to
4Since NoDrop [51] requires Intel-specific hardware, we conducted its experiments
separately on a machine equipped with the necessary Intel chips. To avoid skewing
the comparisons in RQ1 and RQ2, we isolate this evaluation in RQ6, where we directly
compare Nitro and NoDrop on various benchmarks.

compare it against state-of-the-art logging systems [45, 51, 67]. For
high-load conditions, we adopted all seven benchmarks from eAu-
dit [67], referred to as Stress-test Benchmarks, including Postmark
(mail server simulation) and Linux kernel compilation to represent
resource-intensive workloads. To evaluate performance in practical
settings, we incorporated benchmarks from HardLog [33], labeled
as Real-world Benchmarks, which include Firefox (web browsing)
tested with Speedometer [20], OpenSSL for cryptographic opera-
tions [12], and lmbench [60]. Further details on both sets of bench-
marks are provided in Tables 4 and 5 in Appendix C. Although
QuickLog2 [45] shares similar evaluation goals with eAudit [67],
we excluded its benchmarks for two reasons: (1) its syscall-level
tests (e.g., open, write) generate significantly lower workloads than
our stress-test benchmarks, and (2) its application-level benchmarks
overlap with those already included in our real-world evaluation.
Consistent with prior work in secure audit logging [33, 41, 45, 63],
we did not include DARPA and ATLAS datasets [6, 7, 34], as they are
not designed to assess the performance of audit logging systems.

Baseline Selection. We selected state-of-the-art systems for the
evaluation of Nitro. QuickLog2, the best-performing tamper-evident
system, was chosen over QuickLog and KennyLoggings due to
its superior performance. For tamper-proof systems, we selected
NoDrop [51], which offers strong performance and accessible hard-
ware requirements, excluding OmniLog [41] and HardLog [33]
due to their stricter hardware demands. Prior evaluations confirm
that NoDrop outperforms both alternatives [51], making it an opti-
mal baseline. For non-secure systems, we included eAudit, which
provides the best balance of runtime overhead and data loss, ex-
cluding other non-secure tools [3, 4, 10, 16, 64] as eAudit already
outperforms them [67]. To assess the feasibility of integrating cryp-
tographic protections into eAudit, we implemented eAudit-SEC,
which incorporates Nitro ’s cryptographic method (XLog) within
eAudit ’s architecture.5 We also excluded existing log reduction
systems [38, 39, 47, 49, 69, 70], as our goal is not to propose a new
log reduction scheme but to demonstrate that existing techniques
can be adapted for in-kernel processing via eBPF.

Evaluation Metrics.We define runtime overhead𝑂runtime = (𝑇total−
𝑇benchmark)/𝑇benchmark, where𝑇benchmark is the CPU time used by the
benchmark without logging and 𝑇total is the time with logging en-
abled. This metric follows the methodology in eAudit and quanti-
fies the additional overhead introduced by the logging system. We
define data loss as 𝑃loss = 𝐷discarded/𝐷total, where 𝐷discarded is the
amount of log data dropped during operation and 𝐷total is the total
generated log data. This measures the system’s ability to capture
logs reliably.

6.1 RQ1: Runtime Overhead

Stress-test Benchmarks. Figure 8 shows that Nitro consistently
outperforms QuickLog2 across all seven stress-test benchmarks.
During repeated high-load tests, particularly with PostMark [53],
systems running QuickLog2 frequently crashed. This instability

5We did not attempt to combine eAudit with QuickLog2, as QuickLog2 depends on
AES-NI hardware acceleration, which is incompatible with eBPF due to its restrictive
verifier and lack of hardware instruction support.
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Figure 8: Runtime overhead comparison under the stress-test benchmark.
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Figure 9: Runtime overheads for the real-world benchmark.

stems from modifications to the core logging system (Linux Au-
ditd [10]), which drops logs under load, leading to conflicts with
the MAC logic. In contrast, Nitro avoids these issues entirely and
offers superior stability. For I/O-intensive tasks such as find and
rdwr, Nitro avoids overhead spikes and outperforms QuickLog2 by
up to 30× while maintaining consistent performance. Nitro also
achieves runtime overhead comparable to or lower than eAudit,
owing to its optimized XLog and reduced kernel I/O. This confirms
that strong security and low overhead can be achieved together.
Results further show that simply adding cryptographic protections
to eAudit (eAudit-SEC) is insufficient. We applied MACs to eAudit
using Chaskey [61], as in Nitro. Although eAudit-SEC benefits
from eBPF efficiency and occasionally outperforms QuickLog2, it
fails to achieve both speed and security.

Real-world Benchmarks. Figure 9 shows that Nitro consistently
achieves lower runtime overhead than all other systems across a
diverse set of real-world benchmarks, demonstrating its superior
runtime efficiency. This result highlights Nitro ’s ability to sus-
tain high performance under practical conditions where system
demands vary.While performance differences are generally less pro-
nounced in lower-load scenarios, Nitro still maintains an average
performance advantage exceeding 4× over QuickLog2, reflecting
the benefits of its architecture and MAC optimizations. These find-
ings confirm Nitro’s ability to deliver minimal overhead under a

wide range of workloads and establish it as a high-performance,
secure logging solution that addresses key limitations of legacy
logging system-based architectures.

These results underscore a central insight: retrofitting crypto-
graphic protections onto legacy loggers like Auditd, as in Quick-
Log2, leads to instability and inefficiency due to design mismatches.
In contrast, Nitro co-designs logging and cryptographic compo-
nents from the ground up. Compact encoding, eBPF-aware padding,
verifier-safe key management, and per-CPU MACs ensure com-
patibility with eBPF while reducing log size, CPU usage, and I/O
pressure. These choices enable Nitro to achieve fast logging.

6.2 RQ2: Data Loss

In each experiment, data loss is calculated as the ratio of the av-
erage number of lost logs (across 𝑛 = 30 independent runs) to the
average total number of logs. The ratio of two normal variables
is not normally distributed, and thus one cannot use the standard
way to compute confidence intervals. Instead, we employ Fieller’s
method [40] to compute confidence intervals for the ratio of two
normal variables.

In particular, consider two normal variables 𝑋 and 𝑌 in 𝑛 obser-
vations with sample mean 𝜇𝑋 and 𝜇𝑌 respectively; in our case 𝑋 is
the number of lost logs and 𝑌 is the total number of logs. Let 𝑠𝑋 , 𝑠𝑌 ,
and 𝜎𝑋,𝑌 be the standard deviation of𝑋 , the standard deviation of𝑌 ,
and the covariance of 𝑋 and 𝑌 respectively. Then the confidence
interval of 𝑋/𝑌 can be (approximately) computed via

𝜌 ± 𝜌𝑧 ·
√︄( 𝑠𝑋

𝜇𝑋

)2
+
( 𝑠𝑌
𝜇𝑌

)2
− 2𝜎𝑋,𝑌
𝜇𝑋 · 𝜇𝑌

,

where 𝜌 = 𝜇𝑋 /𝜇𝑌 is the ratio of the two means, and 𝑧 is the Student
𝑡-value threshold with degree of freedom 𝑛 − 1 for the desired con-
fidence level. As reported in Table 1, the 90% confidence intervals
in our case are consistently small across benchmarks, indicating
reliable measurements and supporting the following key observa-
tions:
• Nitro vs. QuickLog2: Nitro consistently outperforms Quick-
Log2 [45] in data loss, with QuickLog2 exceeding 90% loss in
most benchmarks due to reliance on Auditd [10], which discards
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Table 1: Data loss comparison using stress-test benchmarks.

System

Benchmarks (%)

Postmark shbm tar find httperf rdwr kernel

QuickLog2 93.92 ± 3.44 90.04 ± 2.18 96.41 ± 1.79 97.96 ± 1.54 95.20 ± 3.61 98.03 ± 1.05 30.92 ± 2.35
eAudit-SEC 35.67 ± 2.77 29.58 ± 2.51 40.17 ± 3.23 48.90 ± 4.10 34.64 ± 2.45 52.11 ± 3.85 9.75 ± 0.94
eAudit 1.94 ± 0.18 0.16 ± 0.03 2.41 ± 0.18 2.65 ± 0.26 0.87 ± 0.07 4.94 ± 0.46 0.00 ± 0
Nitro 0.37 ± 0.03 0.14 ± 0.01 1.52 ± 0.12 1.91 ± 0.17 0.52 ± 0.06 2.17 ± 0.12 0.00 ± 0

logs under load [51, 67]. When XMAC blocks logs in the kernel,
Auditd cannot flush them to user space, leading to near-complete
data loss in repeated high-load tests.
• Nitro vs. eAudit-SEC: Simply integrating cryptographic pro-
tections into eAudit, as done in eAudit-SEC, results in high data
loss and overhead. This shows that cryptographic features must
be co-designed with system architecture. Nitro achieves this
through tight integration with kernel memory management and
efficient log handling.
• Nitro vs. eAudit: While eAudit uses weighted scheduling and
a two-level cache to limit data loss, Nitro goes further by adding
a two-level time controller, eBPF-aware padding, and compact
encoding. This design maintains data integrity and low loss even
under extreme load.

To evaluate resilience under peak load, we use only stress-test
benchmarks for this RQ, as they offer controlled conditions to
measure data loss during extreme system pressure. Real-world
application benchmarks, though valuable for general performance,
impose lighter workloads and are less effective at exposing data
retention limits. At the same time, all results are reported with the
thread count set to 16, as this represents the heaviest load. The
trend is similar for all other settings.

6.3 RQ3: Optimization Breakdown

There are two major architecture optimizations in our design: (i)
using per-core tags instead of a single tag, and (ii) using a two-level
time controller in the log buffering. To quantify their contributions
in improving performance, we use a full factorial design analysis.
Below, we briefly describe the procedure of the analysis; one can
see, for example, [50, Chapter 18] for further details.

Full factorial design. Here we have two factors in the design,
each of two levels: signing (single tag or per-core tags) and buffering
(frequent versus occasional pushes). The eAudit-SEC system, for
example, uses the single-tag signing and frequent pushes, whereas
Nitro uses per-core tags and occasional pushes. To understand the
effect of these two factors and their interaction, one would need
to compare performance of all possible 2 × 2 = 4 systems. We will
use the Postmark benchmark where each experiment has 𝑟 = 30
replications. This is known as a full 22 × 𝑟 factorial design. The
benchmark has 5 setting for 1, 2, 4, 8, 16 threads. Below, we describe
how to analyze data for each setting.

Let 𝑥𝑠 = −1 if one signs with per-core tags, and 𝑥𝑠 = 1 other-
wise. Let 𝑥𝑏 = −1 if one uses occasional-push caching, and 𝑥𝑏 = 1
otherwise. The running time of each system is modeled via a linear
regression 𝑦 =𝑄0 +𝑄𝑠𝑥𝑠 +𝑄𝑏𝑥𝑏 +𝑄𝑖𝑥𝑠𝑥𝑏 , where 𝑄0 is the mean
running time of the four systems, 𝑄𝑠 is the effect of signing, 𝑄𝑏 is

Table 2: Allocation of variation on running time. Each reported

number is a percentage. The unexplained fraction 𝐹𝑒 is negligible in

all settings.

1 thread 2 threads 4 threads 8 threads 16 threads

𝐹𝑠 52.49 56.84 61.75 72.17 80.15
𝐹𝑏 43.92 41.13 36.62 26.92 19.24
𝐹𝑖 3.59 2.03 1.63 0.91 0.61

the effect of buffering, and 𝑄𝑖 is the effect of the interaction of the
two factors.

The benchmarks will provide the average running time of each
of the four systems, meaning that we have a system of four linear
equations, which is enough to determine the variables𝑄0, 𝑄𝑠 , 𝑄𝑏 , 𝑄𝑖 .
To determine the allocation of variation, we compare each actual
running time 𝑌𝑘 and the predicted time 𝑦𝑘 of the linear regression.
Let 𝑆𝑒 =

∑4𝑟
𝑘=1 (𝑌𝑘 − 𝑦𝑘 )2 be the total square error. The signing,

buffering, and their interaction help explain a fraction 𝐹𝑠 , 𝐹𝑏 , 𝐹𝑖
respectively in the variation, where for each 𝑘 ∈ {𝑠, 𝑏, 𝑖},

𝐹𝑘 =
𝑄2
𝑘

𝑆𝑒/4𝑟 +𝑄2
𝑠 +𝑄2

𝑏
+𝑄2

𝑖

.

The remaining (unexplained) fraction 𝐹𝑒 = 1 − (𝐹𝑠 + 𝐹𝑏 + 𝐹𝑖 ) of
variation is due to errors in the experiments.

6.3.1 Runtime Overhead. The results are reported in Table 2. The
unexplained fraction 𝐹𝑒 is negligible, suggesting a strong model
fitness. The two factors have essentially no interaction because
signing improves CPU operations, whereas buffering improves I/O
ones. Signing is the dominant factor; for example it explains nearly
80% of the variation for the setting of 16 threads. As expected,
the relative contribution of signing increases when the level of
concurrency increases. Notably, the value of 𝐹𝑖 remains averagely
1.75%, suggesting that the combination of the two factors has a
positive effect, but not a significantly large one. Even if there is
only one thread, 𝐹𝑠 still plays a dominant role, because having a
single thread does not necessarily mean that only one CPU core
is used. Although only one core is responsible for running the
process at any given moment, it may switch between cores based
on system scheduling. In per-core tag versus single-tag systems,
the data structures for storing system secrets differ fundamentally:
one utilizes a Per-CPU Array, while the other relies on a global
structure in kernel space (e.g., BPF_MAP). Even with thread=1, this
structural difference leads to performance variation, making 𝐹𝑠 still
dominant under this setting.

6.3.2 Data Loss. Here we give a breakdown of the contributions
of the two optimization factors (signing and buffering) on data loss
via a full factorial design with the Postmark benchmark. However,



Rethinking Tamper-Evident Logging: A High-Performance, Co-Designed Auditing System CCS ’25, October 13–17, 2025, Taipei, Taiwan

Table 3: Allocation of variation on the number of lost logs. Each

reported number is a percentage. The unexplained fraction 𝐹𝑒 is

negligible in all settings.

1 thread 2 threads 4 threads 8 threads 16 threads

𝐹𝑠 26.94 29.85 31.24 34.95 42.92
𝐹𝑏 72.53 69.10 66.31 62.28 53.45
𝐹𝑖 0.53 1.05 2.45 2.77 3.63
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Figure 10: Comparison of Nitro-R, Nitro, and eAudit on two bench-

marks. The remaining results are provided in Appendix J.

one can’t directly do a linear regression on the data loss ratio, be-
cause this involves adding ratios of different denominators, which
is meaningless. Instead, we do a linear regression on the number
of lost logs. At the same time, although fast push clearly increases
overhead, it is beneficial for reducing data loss, making it unnec-
essary to analyze the impact of fast push versus occasional push
on data loss in this context. The key factor we designed to address
data loss under high loads, the two-level time controller, essentially
serves as an accelerator for cache pushes. Thus, we further refine
the definition of 𝑥𝑏 : Let 𝑥𝑏 = −1 if using occasional-push caching
with a two-level time controller, and 𝑥𝑏 = 1 if using standard
occasional-push caching.

The results are given in Table 3. Again, the interaction is small.
It is evident that the two-level time controller plays a major role
in reducing data loss, with its contribution showing a consistent
pattern as the thread count changes. When the number of threads
increases, the influence of per-core tags also grows; however, the
two-level time controller remains dominant, accounting for nearly
71% when the thread count is only 1. Notably, as the load continues
to increase, the combined effect of per-core tags and the two-level
time controller also becomesmore pronounced, indicating that their
combined impact is more effective under high-load conditions.

6.4 RQ4: Overhead & Data Loss using Nitro-R

To thoroughly evaluate Nitro-R, we conducted comparative tests
on all stress-test and real-world benchmarks, using Nitro and eAu-
dit [67] as baselines. Due to space constraints, we present results
for shbm and PostMark, with the remaining results included in Ap-
pendix J. The additional results exhibit trends consistent with those
shown here. Figure 10 shows that Nitro-R achieves an average
runtime overhead reduction of 24% on stress-test benchmarks and
11% on real-world benchmarks, relative to Nitro, which already
maintains low overhead. It also reduces redundant logs by 87.91%
on stress-test workloads and 49.76% on real-world ones. With these
improvements, Nitro-R surpasses the performance of eAudit [67].
Its use of an in-kernel LRU hash table enables efficient log reduction

with minimal overhead, maintaining high performance under load.
By removing duplicate logs before they reach user space, Nitro-R
reduces cache contention and pressure on downstream components.
This results in lower runtime overhead and improved resilience
to data loss, without affecting data integrity. Under an expanded
definition of data loss that considers the proportion of effective log
data lost, Nitro-R is the only system to achieve zero loss across all
benchmarks. These results were consistent across repeated trials
and are summarized in Table 1.

7 DISCUSSION AND FUTURE DIRECTIONS

CombiningQuickLog2 and eAudit. A natural question that arises
is whether the security benefits of QuickLog2 can be combined with
the performance advantages of eAudit. However, our experiments
(Section 6) show that such integration is practically prohibitive due
to conflicting design principles: 1) eAudit uses small buffers and
frequent log pushes to reduce the tamper window, leading to high
I/O overhead, while QuickLog2 relies on large buffers and batch
processing for cryptographic efficiency; combining them forces
frequent signing, negating batching benefits. 2) QuickLog2’s AES-
based MAC depends on AES-NI hardware acceleration, which is
incompatible with eBPF. 3) eAudit supports multi-core logging, but
QuickLog2 performs sequential cryptographic processing, creating
bottlenecks when combined.

Cross-Platform Portability. Although designed for Linux, Nitro
could be adapted for Windows, as the Windows platform now sup-
ports eBPF [26]. At the same time, Nitro’s core design, including
Per-CPU Array and ring buffer, is also supported by eBPF for Win-
dows [29, 30]. Therefore, porting Nitro to other systems does not
require major design changes. However, due to fundamental differ-
ences between Windows and Linux, the migrated Nitro requires
modifications to its event capture hooks, such as the names of
entry events [31]. The closed-source nature of Windows limits low-
level kernel event monitoring, with most monitoring capabilities
focusing on network traffic. Users can integrate Event Tracing for
Windows (ETW) to assist in analyzing the runtime behavior of eBPF
programs onWindows [28]. Secondly, the log encoding scheme also
requires adaptation. Since Nitro’s padding strategy relies on analyz-
ing parameters of the monitored targets, the encoding rules must
be redefined for the new platform. Specifically, known-length pa-
rameters need to be combined to meet the input length requirement
of XLog’s MAC, which represents an engineering effort. Lastly, the
memory usage constraints differ across platforms. With the recent
update to eBPF forWindows, which relaxes the size limitations [26],
the optimal configuration proposed in this paper is now supported.
While outside the focus of this paper, adapting Nitro for Windows
environments is a practical future direction that could broaden its
applicability in diverse security contexts.

Choosing between Nitro and Nitro-R. End users can choose
Nitro or Nitro-R based on application needs. Nitro-R performs
log reduction in the kernel. Compared to Nitro, it has lower run-
time overhead and less data loss. It also removes redundant logs,
such as repeated file reads, reducing storage use. Nitro-R fits sce-
narios with lower log sensitivity and stronger performance or stor-
age demands, such as large-scale cloud services, CDNs, or internal
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testing. For use cases needing higher log integrity, such as enter-
prise systems, financial platforms, government facilities, or critical
infrastructure, Nitro is preferred.

Limitations. While Nitro and Nitro-R offer efficient, tamper-
evident logging, some limitations remain. First, both systems sup-
port auditing and post-incident investigation, not runtime attack
prevention, which aligns with other forensic tools [10, 45, 63, 67].
Second, Nitro-R boosts performance and cuts storage by filter-
ing high-frequency, low-value events. This may reduce temporal
precision, but prior work [68] shows limited impact on forensic use-
fulness. Third, Nitro depends on stable BPF tracepoints and CO-RE
for cross-version compatibility. This lowers maintenance in most
cases, but major kernel changes may still require BPF updates [72].

8 RELATEDWORK

Hardware-Assisted secure logging. While software-only solu-
tions like Nitro can detect attacks, they cannot prevent an adver-
sary from wiping log data from disk to erase evidence. A comple-
mentary approach involves using special-purpose hardware for
secure log storage. For instance, HardLog [33] uses a RockPro64
development board to synchronously record predefined critical sys-
tem calls. OmniLog [41] employs an NXP IMX8MQ-EVK board for
more comprehensive system call logging and ensures synchronous
log availability. SGX-Log [52] leverages Intel SGX to protect code
and data in memory and on disk from tampering, even by privileged
software. Custos [62] also uses Intel SGX, integrating cryptographic
mechanisms to further enhance logging security. More recently,
HitchHiker [71] leverages EL3-based memory permission switch-
ing on ARM platforms to improve log protection assurance. While
it significantly reduces the TCB and protection delay, its reliance on
periodic permission switching introduces non-negligible runtime
overhead under log-intensive workloads.

eBPF-based logging system. The ease of deployment offered by
eBPF has made it increasingly popular for building modern logging
systems. Notable examples include tracee [16], Tetragon [4], Sys-
dig [3], eAudit [67], and Falco [2], all of which are either built from
scratch or significantly enhanced using eBPF. However, none of
these systems is tamper-evident or fully eliminates the window for
log tampering. With Nitro, we introduce the first tamper-evident
logging system based on eBPF, enhancing the security guarantees
of prior systems without sacrificing performance.

Log Reduction Schemes. Numerous log reduction schemes, such
as those in [38, 43, 47, 49, 68–70], focus on minimizing audit log
volume by offloading processing to user space, which introduces
transfer overhead. In contrast, Nitro leverages in-kernel log reduc-
tion to eliminate the overhead of log transfers. This paper specifi-
cally implements Auditrim’s [68] log reduction strategy within the
kernel to minimize performance costs, achieving a log reduction ra-
tio similar to AudiTrim’s. Future adaptations of other log reduction
schemes into the kernel could further enhance Nitro’s efficiency
in managing log data with reduced overhead.

9 CONCLUSION

This paper presents Nitro, the first tamper-evident logging sys-
tem fully implemented in eBPF. By co-designing the cryptographic
and systems architecture, Nitro addresses longstanding challenges
in logging performance, granularity, and maintainability. Our en-
hanced variant, Nitro-R, further reduces overhead by incorpo-
rating in-kernel log reduction, demonstrating that practical, high-
integrity logging is achievable even under high system loads.
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A PROOF OF PROPOSITION 1

Consider the following games 𝑃1 and 𝑃2. Game 𝑃1 corresponds to
game Gforge

MC (A). Game 𝑃2 is similar to game 𝑃1, but each call to
𝐺 (𝐾𝑖 , ·) is replaced by the corresponding call to a truly random
function 𝑓𝑖 : {0, 1}∗ → {0, 1}𝜏 . Note that in game 𝑃2, the correct
aggregate tag𝑇 ∗𝑟 of the forgery messages is uniformly random over
{0, 1}𝜏 , independent of whatever the adversary A receives. Thus
the chance that it can guess 𝑇 ∗𝑟 correctly is 2−𝜏 . In other words,
Pr[𝑃2 (A)] = 2−𝜏 .

To bound the gap between the two games above, consider the
following adversary B attacking the (multi-user) PRF security of𝐺 .
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Adversary D()
(𝑀1, . . . , 𝑀𝑞, 𝜎 ) ←$ A
Return (𝑀1, . . . , 𝑀𝑞, 𝜎 )

Adversary D(𝜎,𝑇 )
𝑋1, . . . , 𝑋𝑞 ←$ {0, 1}𝑛 ; 𝑆,𝐾 ←$ {0, 1}𝑛
(𝑀 ′1, . . . , 𝑀 ′𝑟 ,𝑇 ′ ) ←$ A(𝑆, 𝐾,𝑋1, . . . , 𝑋𝑞,𝑇 , 𝜎 )
Return (𝑀 ′1, . . . , 𝑀 ′𝑟 ,𝑇 ′ )

Figure 11: Constructed adversary D in the proof of Theorem 2.

It runsA and simulates game 𝑃1. However, for each call to𝐺 (𝐾𝑖 , ·),
adversary B instead makes the corresponding oracle query Fn(𝑖, ·).
Hence game 𝑃1 (A) corresponds to gameGmu-prf

𝐺
(B) with challenge

bit 1, whereas game 𝑃2 (A) corresponds to game Gmu-prf
𝐺

(B) with
challenge bit 0. Hence

Pr[𝑃1 (A)] − Pr[𝑃2 (A)] = Pr[Gmu-prf
𝐺

(B)] = Advmu-prf
𝐺

(B) .
Hence,

AdvforgeMC (A) = Pr[𝑃1 (A)]
= Pr[𝑃1 (A)] − Pr[𝑃2 (A)] + Pr[𝑃2 (A)]
= Advmu-prf

𝐺
(B) + Pr[𝑃2 (A)]

≤ Advmu-prf
𝐺

(B) + 2−𝜏 .

B PROOF OF THEOREM 2

Without loss of generality, assume that A alters the logs. Since the
adversary A receives the state 𝑆𝑞 and key 𝐾𝑞 , it can compute any
key 𝐾𝑖 (with 𝑖 > 𝑞). Thus without loss of generality, we assume
thatA only generates at most 𝑞 forgery messages. Indeed, suppose
that A outputs (𝑀 ′1, . . . , 𝑀 ′𝑟 ,𝑇 ′) with 𝑟 > 𝑞. Then it could instead
produce (𝑀 ′1, . . . , 𝑀 ′𝑞,𝑇 ′𝑞 ) to win with the same advantage, where𝑇 ′𝑞
is computed as follows. Let 𝑇 ′𝑟 =𝑇 ′, and for each 𝑖 from 𝑟 down to
𝑞 + 1, let 𝑇 ′𝑖−1 =𝑇 ′𝑖 ⊟𝐺 (𝐾𝑖−1, 𝑀 ′𝑖 ). Hence from now on, we assume
that 𝑟 ≤ 𝑞.

Consider the following games 𝐺1 and 𝐺2. Game𝐺1 corresponds
to game Gfa

XLog[MC,𝐹 ] (A). Game𝐺2 is similar to game𝐺1, but all the
keys and states and tag masks are sampled uniformly at random.
To bound the gap between the two games, consider the follow-
ing adversary B attacking the (multi-user) PRF security of 𝐹 . It
runsA and simulates game𝐺1. However, for each call to 𝐹 (𝑆𝑖−1, ·),
adversary B instead makes the corresponding oracle query Fn(𝑖, ·).
Hence game 𝐺1 (A) corresponds to game Gmu-prf

𝐹
(B) with chal-

lenge bit 1, whereas game 𝐺2 (A) corresponds to game Gmu-prf
𝐹

(B)
with challenge bit 0. Hence

Pr[𝐺1 (A)] − Pr[𝐺2 (A)] = Pr[Gmu-prf
𝐹

(B)] = Advmu-prf
𝐹

(B) .
To bound Pr[𝐺2 (A)], consider the adversary D attacking MC as
described in Figure 11. It perfectly simulates game𝐺2 (A), and thus

AdvforgeMC (D) = Pr[𝐺2 (A)] .
Summing up,
AdvfaXLog[MC,𝐹 ] (A) = Pr[𝐺1 (A)]

= Pr[𝐺1 (A)] − Pr[𝐺2 (A)] + Pr[𝐺2 (A)]
= Advmu-prf

𝐹
(B) + Pr[𝐺2 (A)]

= Advmu-prf
𝐹

(B) + AdvforgeMC (D) .

C DESCRIPTION OF BENCHMARKS

We evaluate our system using two categories of workloads: Stress-
test Benchmarks and Real-world Benchmarks. The Stress-test Bench-
marks in Table 4 are adapted from prior work [67] and are de-
signed to evaluate system behavior under high-load conditions.
These benchmarks target specific subsystems such as file system
metadata operations (e.g., postmark, find), process management
(shbm), system call throughput (rdwr), network stack performance
(httperf), and large-scale build workloads (kernel). Together, they
provide a controlled environment to stress the system and measure
overhead, data loss, and scalability under pressure. The Real-world
Benchmarks. in Table 5 capture common workloads in modern sys-
tems, including web browsing, web serving, caching, cryptographic
operations, file compression, and file system activity. They reflect
practical deployment scenarios for logging and auditing systems,
and help evaluate the system’s effectiveness and overhead under
realistic conditions.

Table 4: Stress-test benchmarks in this paper.

Name Description

Postmark [53] Simulation of a mail server.
tar [67] Using tar to archive /usr/lib.
shbm [67] A shell script executing echo repeatedly.
find [67] Using find to print file names in /usr .
httperf [67] A benchmark for web servers.
rdwr [67] A C-program calling read and write.
kernel [67] Compiling the Linux kernel.

Table 5: Real-world benchmarks in this paper.

Application Benchmarks

Firefox [9] Speedometer benchmark for web browser [20].
Nginx [11] Benchmark for a Nginx web server [5] (with

10,000 requests for a 1KB file under 12 concurent
threads in a local environment).

Redis [21] Benchmark for a Redis server [14].
OpenSSL [12] Benchmark for cryptographic operations [13].
7zip [1] Benchmark for file compression [13].
lmbench Benchmark for file creation and deletion (0K and

10K) in the lmbench benchmark suite [60].

D LIST OF SYSCALLS TO MONITOR

Below is the list of syscalls that we monitor:
• Privilege escalation and tampering: execve, execveat, setre-
suid, setuid, setfsuid, setfsgid, setgid, setregid, setresgid, kill,
tgkill, tkill, ptrace.
• Process provenance: clone, clone3, exit, exit_group, mmap,
mprotect, vfork.
• File name and attribute change: unlink, unlinkat, chmod, fch-
mod, fchmodat, chdir, fchdir.
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Algorithm 1: In-Kernel Log Reduction
Input :Raw Log: 𝑅𝐿 , Time Window:𝑇𝑊
Output :Reduced Log: 𝑅𝐷

1 𝐻 ← LRU Hash Table // Initialize or reload LRU Hash Table 𝐻

2 foreach 𝑒 in 𝑅𝐿 do

/* Map log entry to a structured format */

3 𝛼 ← (PID,Name,Args) ← 𝑒

/* Check if entry is a duplicate within the specified time window */

4 if 𝛼 ∈ 𝐻 then

5 if (Timecurrent − 𝐻 [𝛼 ] ) ≤ 𝑇𝐺 then

6 Drop 𝑒 // Duplicate entry found, drop it

7 Continue
8 else

9 𝑇𝑐 ← getCurrentTime()
10 Update (𝛼 : 𝑇𝑐 ) in 𝐻
11 else

12 𝑇𝑐 ← getCurrentTime()
13 Insert (𝛼 : 𝑇𝑐 ) into 𝐻

14 𝑅𝐷 ← 𝑅𝐷 ∪ process(𝑒 ) // Add unique entry to reduced log

15 return 𝑅𝐷

• Data endpoint creation: connect, accept, accept4, open, ope-
nat, creat, socket.
• Sends and receives: sendto, recvfrom, sendmmsg, sendmsg,
recvmsg, recvmmsg.
• File descriptor operations: dup, dup2, dup3, pipe, pipe2, tee,
rmdir, truncate, ftruncate, mkdir, mkdirat, mknod, mknodat,
socketpair.
• Reads and writes: read, readv, pread64, preadv, preadv2, write,
writev, pwrite64, pwritev, pwritev2, splice, vmsplice.
• Others: getpeername.

E DETAILED ALGORITHM OF NITRO-R

Nitro-R implements a verifier-safe, in-kernel log reduction algo-
rithm using eBPF to eliminate redundant system log entries in real
time. Algorithm 1 presents the detailed workflow. For each incom-
ing log entry 𝑒 from the raw log stream 𝑅𝐿 , Nitro-R extracts a
structured semantic key 𝛼 , which consists of the process ID, system
call name, and its arguments. This key represents the semantic
identity of the event.

To detect duplicates efficiently, Nitro-R maintains an in-kernel
Least-Recently-Used (LRU) hash table𝐻 , which maps each key 𝛼 to
the timestamp of its most recent occurrence. If the same key appears
again within a defined time window 𝑇𝑊 , the event is considered
redundant and dropped. Otherwise, the current timestamp is stored
or updated in 𝐻 , and the entry is added to the reduced log 𝑅𝐷 .

The algorithm ensures real-time performance and verifier com-
patibility by avoiding dynamic memory allocation and unbounded
loops. Instead, it uses fixed-size structures, bounded iteration, and
simple branching logic. Additionally, the LRU eviction policy of 𝐻
prevents memory overflow, enabling scalable, long-term operation
without kernel modification. The log reduction window 𝑇𝑊 is con-
figurable and can be dynamically adapted to system conditions if
needed, although a static value (e.g., 1 second) is used in the default
configuration. This design ensures that only unique entries are

retained and passed forward for cryptographic processing, mini-
mizing both computational and I/O overhead without sacrificing
log integrity or completeness.

F RQ5: MEMORY USAGE

We analyze the memory consumption of Nitro from two perspec-
tives: kernel space and user space, as shown in Figure 12. In the
kernel, memory allocation and actual memory usage are distinct
concepts. Nitro relies on eBPF-compliant data structures, and their
sizes must be specified at compile time. As a result, regardless of
how much memory is actually used at runtime, these structures are
preallocated and persist in memory throughout execution. Specifi-
cally, Nitro allocates a Per-CPU Array of size 𝑆𝑝 for each logical
core and a shared ring buffer of size 𝑆𝑟 . Given our configuration
with 𝑁 = 36, 𝑆𝑝 = 32 KB, and 𝑆𝑟 = 64 MB, the total allocated
kernel memory can be computed as 𝑁 × 𝑆𝑝 + 𝑆𝑟 , which amounts to
approximately 65 MB. This value represents the upper bound on
memory that can be consumed, but not the actual memory usage
at runtime. In Figure 12, the actual kernel memory usage of Nitro
increases sharply after the stress-test benchmarks begin. It then
fluctuates for a period before gradually decreasing to a lower level
and stabilizing. In user space, we track the Resident Set Size (RSS)
to reflect the memory usage of Nitro. Nitro relies on the Python
runtime and BCC bindings to receive and process logs [24]. This
component is initialized once and maintains stable memory usage
throughout execution. Our evaluation on stress-test benchmarks
shows that the user space memory consumption for Nitro consis-
tently remains around 345MB, regardless of workload intensity or
logging frequency.
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Figure 12: Kernel and user space memory usage of Nitro across

all stress-test benchmarks. Kernel memory tracks in-kernel data

structures; user memory is Nitro’s Resident Set Size (RSS).

G RQ6: COMPARISONWITH NODROP

To evaluate the efficiency of Nitro against NoDrop [51], a state-of-
the-art tamper-proof logging system, we ran all seven stress-test
benchmarks on an Intel-based machine, as NoDrop requires Intel
MPK support. Other system configurations were kept identical to
our main evaluation setup.

Figure 13 presents the complete comparison results across all
benchmarks. On average, Nitro incurs over 10× lower runtime
overhead than NoDrop across all benchmarks. In I/O-heavy sce-
narios like rdwr and find, the overhead reduction reaches up to
25×. This performance gap stems from key architectural differ-
ences. NoDrop uses Intel MPK for kernel-user isolation and relies
on synchronized logging, resulting in frequent control transfers
and coordination overhead. In contrast, Nitro employs a fully
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Figure 13: Runtime overhead of NoDrop and Nitro.

asynchronous, eBPF-based design, leveraging per-core logging and
decoupled flushing to minimize syscall blocking and user space
transitions.

While NoDrop guarantees zero data loss, we do not conduct a
data loss comparison here, as that is its primary design goal. How-
ever, Nitro achieves near-zero loss (see Section 6) while offering
significantly better performance. This tradeoff makes Nitro a more
practical choice for high-throughput production environments.

H RQ7: LOG TAMPERING DETECTION

AGAINST REAL-WORLD ATTACKS

Theoretically, Section 3 shows that it’s impossible to alter logs in
Nitro without being detected, unless one can break the PRF se-
curity of Chaskey. Still, it would be interesting to evaluate this on
prior attacks. (This evaluation was in fact requested by reviewers of
a prior submission to IEEE Security & Privacy 2025.) To showcase
Nitro’s ability on detecting log tampering, we consider attack sce-
narios from [62, 63]. All experiments are conducted in a controlled
virtualized environment running Ubuntu 22.04 (with kernel version
6.5.0) and repeated 20 times. We generate encrypted tags for every
log to test Nitro’s ability to extract unmodified logs.

The attacks. The first attack is based on the race attack in [63]
that led to CVE-2017-16995 [17]. The original attacks generates
25 forensic-relevant syscalls but contains hardcoded memory off-
sets that cause errors on modern Ubuntu kernels. We modify it
to fix this issue, ensuring that all syscalls execute in order. To
simulate the truncation attack, in each run, we sample a number
𝑉 ←$ {1, . . . , 25} and only use the logs of the first 𝑉 syscalls.

For the second attack, we adopt the forensic tampering scenario
from Custos [62], using the dataset from its attack evaluation sec-
tion. This dataset originates from the DARPA TC dataset [22] and is
labeled as “Firefox Backdoor w/ Drakon In-Memory”. It consists of
sequential log events mapping to specific kernel syscalls, including
file writes, process execution, and network communications.

Evaluation results. In every case, Nitro points out that the logs
are altered, and correctly extracts the list of unmodified logs.

I RQ8: LOG CORRECTNESS ANALYSIS

Following prior work [44, 49, 58], we validate the correctness of
logs produced by Nitro by checking whether they preserve accu-
rate causal relationships. Our goal is to confirm that asynchronous
per-CPU logging does not compromise provenance integrity, and
that the combination of timestamps and CPU core indexes suf-
fices to reconstruct the original partial order of events. We adopt a
methodology that combines online log collection with offline causal-
ity reconstruction, introduce formally defined reference baselines
for comparison, and provide theoretical justification, as described
below.

Baselines. We define one baseline: 𝐵1, corresponding to a central-
ized logging configuration for Nitro. The baseline replaces the
per-core asynchronous buffer with a centralized perf_buffer that
synchronously records all events in a globally ordered stream. All
other aspects of the system remain unchanged. Let L𝐵1 denote the
logs generated under this baseline, and let LNitro denote the logs
produced by the default Nitro configuration with asynchronous
per-CPU logging. This centralized baseline preserves a total or-
der of system events and serves as ground truth for verifying the
correctness of event relationships reconstructed from LNitro.

Online: Log Collection. The baseline configuration (𝐵1) logs all
events into a single, centrally ordered stream, ensuring global tem-
poral alignment. In contrast, Nitro buffers events independently
on each CPU core and flushes them asynchronously to user space.

Offline: Causal Relationship Reconstruction.We collect logs
from both configurations while running the full suite of stress-test
benchmarks (Section 6), which naturally exercise a wide range of
causal relationships, including process creation, inter-thread com-
munication, I/O callbacks, and signal delivery. From these logs, we
analyze whether the expected causal relationships are preserved.
In L𝐵1 , relationships are derived directly from the globally ordered
stream. For LNitro, we merge per-core logs using timestamps and
CPU core indexes to reconstruct the same set of causal dependen-
cies. Specifically, we evaluate:
• Whether the same causal dependencies appear in LNitro as in
L𝐵1 ;
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Figure 15: Remaining results for runtime overhead of eAudit [67],

Nitro, and Nitro-R.
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Figure 14: Runtime overhead comparison of eAudit, Nitro, and

Nitro-R under real-world benchmarks.

• Whether any spurious, missing, or misordered relationships are
introduced;
• Whether asynchronous logging leads to inconsistencies under
concurrency.

Theoretical Justification. Let 𝑒1 and 𝑒2 denote two system events
such that 𝑒1 ≺ 𝑒2 in the baseline log L𝐵1 . Each event corresponds to
a syscall record captured by the logger, and includes metadata such
as the syscall name, related parameters, timestamp 𝑡𝑖 , and CPU core
index 𝑐𝑖 .

Assuming (1) clocks are synchronized across cores (or clock skew
is bounded and known), and (2) intra-core event order is preserved,
we claim that the ordering of events in the reconstructed logs from
Nitro, denoted as LNitro, can be recovered by lexicographic sort
over (𝑡, 𝑐):

𝑒1 ≺ 𝑒2 ⇒ (𝑡1 < 𝑡2) ∨ (𝑡1 = 𝑡2 ∧ 𝑐1 < 𝑐2)

That is, if 𝑒1 occurred before 𝑒2 in the baseline, then the lexico-
graphically ordered logs from Nitro will reflect the same prece-
dence. Note that the secondary comparison on CPU core index
does not imply a causal dependency, but rather serves as a deter-
ministic tie-breaker to resolve simultaneous events with identical
timestamps. In practice, such ties typically arise from concurrent,
independent activities on different cores.

Across all stress-test benchmarks, the reconstructed event re-
lationships from LNitro are consistent with those from L𝐵1 . All
tested interaction patterns preserve their expected ordering. No
violations were observed, such as reordered, missing, or spurious de-
pendencies. Additionally, we performed similar experiments with
Nitro-R and we observed consistent results. These results con-
firm that timestamps and CPU core indexes provide sufficient in-
formation to reconstruct correct event relationships, even under
asynchronous per-core logging. By validating against well-defined
baselines, we demonstrate that Nitro and Nitro-R maintain log
correctness and provenance fidelity across diverse workloads.

J REMANING EXPERIMENT RESULTS OF

NITRO-R

Figure 15 shows the remainder of the seven stress-test benchmarks
for comparing for comparing Nitro-R with Nitro and eAudit [67].
Figure 14 presents the results of real-world benchmarks. The trend
here is the same as reported in Section 6. Across both stress-test
and real-world workloads, the overhead of Nitro-R remains within
1.2× of Nitro on average, and is significantly lower than that of
eAudit. For example, in the tar and find benchmarks, Nitro-R
incurs only marginal overhead beyond Nitro despite additional
signature generation, while still outperforming eAudit by a wide
margin.

This efficiency stems from Nitro-R’s use of a kernel-level redun-
dant log reduction mechanism implemented using eBPF’s built-in
LRU map. Although the log reduction process introduces modest
overhead during logging, it eliminates substantial downstream cost
by suppressing unnecessary log entries before they reach the MAC
and storage stages. In effect, this tradeoff results in net perfor-
mance gains. In particular, log reduction reduces the volume of
logs transmitted to both the Per-CPU Array and the ring buffer,
thereby lowering I/O pressure and minimizing memory copy over-
head. It also decreases the size of the MAC input, leading to reduced
cryptographic computation during signature generation. As a re-
sult, Nitro-R achieves strong runtime integrity protection while
maintaining overhead even lower than Nitro.
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