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Abstract

Modern transport and application innovations require eval-
uation over fast, heterogeneous, and dynamic Internet paths.
Existing emulators do not simultaneously provide the ex-
pressiveness to model complex paths, the efficiency for high-
throughput and concurrent experiments, and the scalability
for large evaluation campaigns. We present RATTAN, a mod-
ular Internet path emulator that separates path expression
from execution. Users compose cells, each implementing one
path effect, into channel graphs. A graph-aware runtime ex-
ecutes these graphs using metadata-oriented packet I/O and
graph-aware scheduling, while a manager and orchestrator
provision isolated channels across machines. Our evaluation
demonstrates significant throughput improvement, efficient
execution of complex path compositions, and dense concur-
rent emulation with stable results. A multipath case study
shows that RATTAN can reveal changes in performance rank-
ings missed by other emulators. Deployment at a large CDN
provider further demonstrates sustained pre-deployment
evaluation and production extensibility. After integration
into its workflow, the average congestion-control rollout
cycle decreased from 24 weeks to 18 days.

CCS Concepts: - Networks — Network performance
evaluation.

Keywords: Network emulation, Internet paths, modularity,
reproducibility, transport evaluation

“Equal contributions
TCorresponding author

This work is licensed under a Creative Commons Attribution 4.0 Interna-
tional License.
SIGOPS ATC 2026, Hong Kong, China
© 2026 Copyright held by the owner/author(s).
ACM ISBN 979-8-4007-2818-1/2026/11
https://doi.org/m.] 145/3828523.3857129

Minhu Wang"
Tsinghua University
Beijing, China
minhuw@acm.org
Chenghao Li
Tsinghua University
Beijing, China
ch-li21@mails.tsinghua.edu.cn
Mingwei Xu
Tsinghua University
Beijing, China
xumw@tsinghua.edu.cn

Bo WangT
Tsinghua University
Beijing, China
wangbo2019@tsinghua.edu.cn
Yutong Xie
Tsinghua University
Beijing, China
xieyt26@muails.tsinghua.edu.cn
Jianping Wu
Tsinghua University
Beijing, China
wjp@tsinghua.edu.cn
ACM Reference Format:
Yixin Shen, Minhu Wang, Bo Wang, Haixuan Tong, Chenghao
Li, Yutong Xie, Yixuan Gao, Mingwei Xu, and Jianping Wu. 2026.
Rattan: An Extensible and Scalable Modular Internet Path Emulator.
In The 2026 ACM SIGOPS Annual Technical Conference (SIGOPS ATC
2026), November 15-18, 2026, Hong Kong, China. ACM, New York,
NY, USA, 16 pages. https://doi.org/10.1145/3828523.3857129

1 Introduction

Large-scale online services increasingly rely on transport
optimizations across the stack to deliver high-quality ser-
vice over diverse Internet paths, including new transport
protocols [34], multipath scheduling [21, 22, 38, 63], con-
gestion control [1, 8, 16, 18, 49, 60], and adaptive bitrate
selection [40, 51, 53]. A change that improves one class of
paths, however, can regress another, and at large scale even
rare degradations affect many users and translate into signif-
icant revenue loss [25]. Online A/B testing validates changes
on real traffic, but safety confines it to a small fraction of
users, so its results are slow to reach significance, inherently
biased, and hard to reproduce for diagnosis [50]. Offline em-
ulation is therefore the necessary complement: it exercises
real, unmodified implementations under controlled and re-
producible path conditions before optimizations are deployed
in production or used to support research claims.

Serving this role is becoming progressively harder, be-
cause the Internet paths (§2.1) an emulator must reproduce
are becoming faster [43], more heterogeneous [37, 57, 62, 65]
and more dynamic, with properties drifting over days to
weeks [59, 61]. A realistic path is thus no longer a single
bandwidth-delay-loss pipe but a layered combination of ef-
fects, from asymmetric links and shared bottlenecks to traffic
policing and multipath behavior. For example, an emulator
may need to reproduce a time-varying mobile path with traf-
fic policing, or a multipath connection over 5G and home
broadband in which the two subflows may share a bottle-
neck. The population of such paths therefore forms a high-
dimensional and continually changing space.
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Figure 1. An illustration of the core idea of RATTAN.
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Forced trade-off
Expressiveness vs. efficiency

This evolution places two demands on emulation (§2.2):
fidelity to real paths from an end-to-end perspective, and
comprehensive coverage of the path space with reproducible
and stable results across runs. The first ensures that offline
conclusions remain predictive of real-world outcomes, while
the latter enables broad, comparable, and reliable evaluation
for deployment decisions. For example, a large-scale video
service evaluating a multipath scheduler for users combin-
ing 5G and home-broadband access must faithfully capture
interactions between the two paths, efficiently sweep real-
world diverse network and workload configurations, and
reproduce experiments consistently enough to distinguish
small performance differences.

At the emulator-design level, these two demands translate
into three requirements (§2.3). Fidelity requires expressive-
ness and extensibility of emulators to represent the diverse
conditions needed for faithful end-to-end modeling and ac-
commodate new effects as paths and models evolve. Com-
prehensive coverage requires execution efficiency, to ex-
plore a broad path space by both sustaining high-throughput
paths and running many experiments concurrently under a
fixed resource budget. Reproducibility further requires re-
producible scale, so that large campaigns can spread across
many machines while results remain stable across runs.

No existing emulator satisfies all three requirements simul-
taneously (§2.4). Hardware emulators [29, 32] can reach line
rate on specialized ASIC platforms, but their specialization
makes fine-grained time-varying conditions, new path mod-
els, and non-linear composition hard to support, while their
cost and physical rigidity limit large campaigns. Software
emulators [35, 42] provide greater flexibility by composing
queueing disciplines or manipulating packets in nested pro-
cesses, but at the cost of efficiency and stability. Moreover,
they leave per-packet timing to a general-purpose scheduler,
so identical settings drift between runs. These limitations
share a root cause: coupling the unit of expression with the
unit of execution, whether a queueing discipline, a process,
or a fixed hardware block. This coupling creates a structural
trade-off: making the unit more flexible tends to increase ex-
ecution overhead, while specializing it for efficient execution
restricts what can be expressed or extended.

We present RATTAN, a modular Internet path emulator
that separates these concerns (Figure 1): it decouples what
users emulate from how the emulator executes it, while keeping
the structure of the emulation explicit so that execution can ex-
ploit it. The unit of expression is a cell, a programmable unit
that encapsulates one path effect such as bandwidth control,
delay fluctuation, or path selection; users compose cells into
a channel, an acyclic graph describing one end-to-end path,
so a new effect enters as a new cell and a new path structure
as a new graph over existing cells. This fine-grained, uniform
cell abstraction lets users construct complex path structures
and add new effects without specifying how each cell should
execute. Rather than executing cells independently, RATTAN
executes the cell graph as a whole with a graph-aware run-
time that exploits its explicit, static structure and the uniform
interfaces between cells.

This separation also creates opportunities for efficient exe-
cution. Because common cells determine a packet’s fate from
metadata alone, RATTAN’s virtual NIC (RVNIC) holds each
payload once and circulates only descriptors through the
cell graph. Because the graph is fixed for a run, the runtime
can pass descriptors directly along it in user space instead
of returning to a general-purpose scheduler at every hop.
And as a campaign reruns the same configuration, the run-
time measures per-cell cost during a run and adjusts core
placement only between runs, avoiding changes that would
perturb the timing of an experiment. On top of the runtime,
a manager and an orchestrator provision isolated channels
on one machine and dispatch campaigns across many ma-
chines, recording each channel as a reproducible artifact.
Thus, the same cell graph that gives users a flexible model
of the network also gives the runtime explicit structure that
it can exploit for efficient and reproducible execution.

Our evaluation shows that RATTAN sustains 14 Gbps on a
single emulated path, 8.7X Mininet [35] and 10X Mahimahi [42];
it holds throughput stable as composed effects deepen, where
Mahimahi degrades and then fails outright; and it runs 320
concurrent channels near the configured target with low
variance, where Mahimahi collapses. A multipath case study
shows that channel graphs expose conclusions that linear
abstractions miss: whether two subflow paths share a bot-
tleneck can reverse the ranking of innovation variants. RaT-
TAN has also been deployed at a large CDN provider for 21
months, executing 20,000,000 experiments. After integrating
RATTAN into its evaluation workflow, the provider observed
a reduction in the average congestion-control rollout cycle
from 24 weeks to 18 days.

This paper makes the following contributions:

o A cell-based abstraction for path emulation. We in-
troduce the cell and channel abstraction for composing
built-in and user-defined path effects into end-to-end path
graphs, making complex Internet path scenarios easy to
express, reuse, and extend.

e An execution stack for efficient cell-graph emula-



tion. We design a cell-oriented execution and graph-aware
scheduling stack to support high-throughput paths, com-
plex compositions, and dense concurrent channels.

e A management layer for reproducible scale. We build
a manager and orchestrator that provision isolated re-
sources, reuse experiment setup, record reproducible chan-
nel artifacts, and dispatch campaigns across machines for
broad, reproducible evaluation.

e Implementation, evaluation, and deployment expe-
rience. We implement RATTAN in roughly 42,000 lines of
Rust, evaluate it through microbenchmarks and a multi-
path case study, and 21 months of CDN deployment.

2 Background and Motivation
2.1 Internet Path Trends

Modern network infrastructure continues to advance, and
the end-to-end Internet paths over which transport innova-
tions run are evolving along three axes.
Faster. Internet access speeds have risen as access networks
and last-mile deployments improve. Ookla’s open dataset [43]
reports that from 2019 to 2024 the global median mobile
download speed grew from 16.5 Mbps to 55.9 Mbps, while the
maximum grew from 804 Mbps to 4798 Mbps. Multi-gigabit
access links and tens-of-gigabit aggregation are increasingly
common, pushing the data rates that a path must sustain
well beyond what earlier evaluation setups assumed.
More heterogeneous. Internet paths are diversifying across
the whole stack. At the access layer, users reach services
through 5G [4], satellite [41], fiber, and WiFi, each with its
own physical characteristics and medium-access behavior.
At the network layer, operators apply diverse routing and
traffic-management policies [37, 57, 62]; the same nominal
service may behave differently across regions or providers,
as when one mobile ISP enforces an explicit rate limit that
another does not [37, 64, 65]. At the transport and application
layers, different rate-control algorithms and traffic patterns
shape how flows interact with the network [49, 53]. A single
end-to-end path therefore reflects a particular combination
of choices at every layer, drawn from a large and growing
set of possibilities.
More dynamic. Path properties are not fixed but drift over
time, independently of one another. The prevalence of SDN
makes it easy for operators to update traffic-engineering or
routing policies at a faster pace and finer granularity [30],
and measurements report properties shifting over days to
weeks [59, 61], with each region, provider, and layer evolv-
ing on its own schedule. Meanwhile, transport mechanisms
keep proliferating—new protocols [34], multipath schedul-
ing [21, 22, 38, 63], congestion control [1, 8, 16, 18, 49, 60],
application-layer adaptation [40, 51, 53]—so the set of behav-
iors a path may exhibit grows alongside the paths themselves.
Taken together, these trends compound: a path is no longer
a simple pipe but a layered combination of fast, heteroge-
neous effects, and the population of such paths forms a space

that is both high-dimensional and in constant motion.

2.2 Validation Demands at Scale

A hyperscale CDN or service provider must confront this
high-dimensional and shifting path space when deploying
any new innovation. Serving an enormous, globally dis-
tributed user base across many applications, it encounters
the full diversity of network conditions in practice. A trans-
port innovation that improves performance for one set of
users can degrade it for others, and at this scale even a minor
performance regression translates into substantial revenue
loss [25]. The provider must therefore validate the innova-
tion comprehensively before rolling out any change, to be
confident that it is effective and free of unanticipated harm.

Online A/B testing is the gold standard for such validation
because it runs real implementations on real paths, but its
reliance on real traffic is also its limitation. To stay safe, only
a small fraction of users can be exposed to a new change,
so results are inevitably biased and slow to reach statistical
significance [50]. It also reports only aggregate, statistical
outcomes: it reveals that performance changed but says little
about where or why, and it is difficult to reproduce a specific
case for diagnosis when a problem does surface.

These limits motivate complementary offline experiments,
where environments are controlled and repeatable: experi-
ments can be parallelized to traverse many conditions quickly,
cover the space far more comprehensively than live traffic
allows, and run with full observability so that pathologies
can be reproduced and diagnosed. To be useful for a deploy-
ment decision, however, an offline experiment must remain
faithful to what the same change would do in the real world;
otherwise its conclusions would lose credibility. Offline ex-
periments mainly take two forms. Simulation rebuilds proto-
cols and applications on top of a discrete-event model to gain
speed and parallelism, but faithfully reimplementing modern
stacks, including congestion control, queueing interactions,
Linux-based transports with pacing, application feedback,
and so on, is hard, and keeping the reimplementation syn-
chronized with fast-evolving production code is harder still.
Emulation instead runs the real implementations over emu-
lated network conditions, naturally inheriting much of the
fidelity of real-world testing while retaining the benefits of
offline experimentation. For a hyperscale provider evalu-
ating transport or application innovations, emulation
is therefore the necessary complement to A/B testing.

To iterate on and evaluate an innovation across this high-
dimensional, continually evolving path space, emulation
must meet two demands. First, the emulated network con-
ditions must maintain high fidelity to the real world from
an end-to-end perspective; otherwise, evaluations of end-to-
end transport or application innovations would diverge from
their real-world outcomes. Second, emulation must execute a
comprehensive range of scenarios to cover the conditions that
arise in practice, with reproducible and stable results across
runs for comparison and to support deployment decisions.



Category (Rep. Work) Expressiveness Efficiency Reprod. scale ‘ Modeling unit Composition Exec. unit Topology
Kernel-based (Mininet [35]) medium medium low qdisc kernel-fixed kernel linear
User-space (Mahimabhi [42]) medium low low shell/process  process nesting process linear

Hardware (Keysight [32]) low high low impairment block hardware-fixed ASIC/FPGA  point-to-point
RAaTTAN high high high cell graph cell+runtime any DAG

Table 1. Categories of existing emulators with representative works, evaluated against the three requirements (§2.3) and characterized by

their underlying design choices.
2.3 Requirements on the Emulator

The two validation demands translate into three require-
ments on the emulator.

The demand for fidelity requires expressiveness and
extensibility. Fidelity asks more of what the emulator can
express. The network conditions of an emulated path are de-
termined by the network emulation model, and the pursuit
of fidelity has continually pushed it forward. Early mod-
els [48] described a path with fixed analytic parameters—a
constant bandwidth, delay, and loss; later ones replayed mea-
sured link traces to reproduce the time-varying behavior of
a real link [42]; more recent studies infer richer, data-driven
settings based on their more complex network models, ap-
proximating what a real path would do [5, 9, 10, 59]. The
evolution of network emulation models captures more of a
real Internet path, and asks more of the emulator beneath.
A network emulation model, after all, is only as useful
as the emulator beneath it: a condition the emulator has
no capacity to produce cannot be emulated, however faith-
fully the model describes it. The emulator’s capabilities are
thus the ceiling on fidelity, and modern network models
want the ceiling to be raised along two axes. First, they de-
mand expressiveness: the emulator must be able to artic-
ulate the conditions arising in the modern Internet, from
high-throughput access links to complex, non-linear path
structures, and must realize those conditions in real time,
sustaining execution at the line rate of the path it represents.
Second, as these models evolve with the path space they
track, they demand extensibility: the emulator must readily
admit new effects and host new models without redesign.

The demand for coverage and reproducibility requires
execution efficiency and Reproducible scale: Coverage
and reproducibility concerns how the emulator executes. To
traverse a combinatorial and shifting space affordably, the
emulator must execute efficiently: under a fixed resource bud-
get, it must run experiments at high density so that broad
coverage remains practical. And for the conclusions to be
trustworthy rather than merely rapid, execution must be
reproducible at scale: results must remain stable between
runs, and stay so as campaigns are spread across many ma-
chines, so that outcomes are comparable and can support a
deployment decision.

Together, consolidating the capabilities that the two de-
mands require of the emulator yields the following three
requirements:

e Expressiveness and extensibility: it must be able to

represent the full range of conditions that faithful models
describe, and to easily accommodate new ones as paths
and models evolve.

o Execution efficiency: it must be performant enough to
sustain a single high-throughput path, and concurrently
run many experiments at high density under a fixed re-
source budget.

o Reproducible scale: it must scale readily across many
machines for large-scale parallel execution, and keep its
results reproducible regardless of that scale.

2.4 Limitations of Existing Emulators

Existing emulators are based on hardware or software, but
neither satisfies all three requirements simultaneously, and
each trades one set of requirements for another (Table 1).

Hardware emulators reach line rate but are rigid to
extend and difficult to scale. Hardware emulators such
as Keysight [32] and HoloWAN [29] emulate network condi-
tions on specialized platforms with ASICs, P4, or FPGAs [19,
52], and thereby attain excellent throughput. Their special-
ization, however, limits flexibility (i.e., expressiveness and
extensibility): they do not support fine-grained, flexible, time-
varying network conditions, and new path models and com-
position logic are hard to implement on fixed hardware.
Moreover, their cost and physical rigidity make them ill-
suited to large campaigns that demand many concurrent
scenarios and repeated runs, leaving scalability out of reach.

Software emulators improve expressiveness and exten-
sibility, but at the cost of efficiency and reproducibil-
ity. To attain the flexibility that hardware lacks, a second
category emulates network conditions in software, atop a
general-purpose operating system and its network stack.
Compared with fixed hardware, software offers more gen-
eral interfaces for flexibly configuring path properties and
more readily admits new effects. Kernel-based emulators,
such as Mininet [35] and DummyNet [47], compose queue-
ing disciplines to assemble a wide range of network paths
with flexible topologies. Yet every packet must traverse the
in-kernel network stack and its disciplines multiple times,
and this per-packet overhead bounds both the throughput a
single path can sustain and the number of paths a machine
can host simultaneously. Their predefined queueing disci-
plines also limit the path effects they can express and do not
natively support replaying the fine-grained, time-varying
conditions of real-world networks. To overcome this expres-
sive limitation, user-space emulators like Mahimahi [42]



manipulate packets freely and can therefore replay traces
that reproduce fine-grained, time-varying conditions. They
compose effects, however, by nesting one process within an-
other, which hands each packet across process boundaries;
the resulting context switches and copies cap throughput and
concurrency more severely still. This nesting is also struc-
turally linear, and thus cannot represent complex non-linear
topologies such as multipath. Both, finally, leave the tim-
ing of every effect to the general-purpose scheduler. Under
CPU contention and scheduling jitter, the same configura-
tion executes with subtly different timing on each run, and
these per-packet discrepancies accumulate into results that
drift between runs—an instability that worsens with scale,
which we quantify in §5.1. Software emulators thus gain
expressiveness but forfeit efficiency and reproducible scale.
Root cause: the coupling between expression and exe-
cution. Existing designs use one abstraction unit, whether
a kernel queueing discipline, an operating-system process,
or a fixed hardware block, to determine both what can be
expressed and how that expression is executed. As a result,
changing the unit to gain modeling flexibility also changes
its execution cost, while specializing it for efficient execution
restricts what can be expressed or extended. This creates a
structural trade-off between expressiveness and execution
efficiency in these designs. The trade-off is therefore not
inherent to emulation itself; it follows from coupling the two
concerns in the same abstraction unit.

2.5 Basicldea

RATTAN breaks this coupling by separating the unit of expres-
sion from the unit of execution, while keeping the structure
of the emulation explicit so that the runtime can exploit it.
The unit of expression is a cell, a fine-grained programmable
unit that encapsulates one path effect. Users compose cells
into a channel, an explicit acyclic graph describing an end-to-
end path. A new effect can therefore be introduced as a new
cell, while more complex path structures are constructed by
composing cells rather than changing the execution engine.

A natural concern is that this expressive power comes
at the cost of performance. A path that a coarser tool runs
as a single process becomes, in RATTAN, a graph of many
small cells, and a naive implementation—each cell as an iso-
lated actor with its own execution context—would make
every packet cross too many boundaries to sustain the multi-
gigabit rates and many concurrent paths that modern evalu-
ation demands.

RATTAN avoids this cost because a cell is an expression
unit, not an independent execution unit. The runtime exe-
cutes the channel graph as a whole. Moreover, this runtime
need not behave like a general-purpose packet processor: it
serves emulation specifically, where the path is defined and
controlled by the system, fixed before a run, and often re-
played across an evaluation campaign. It therefore need not
incur several obligations of a general-purpose system, such
as repeatedly moving packet payloads between processing

units, scheduling work without prior knowledge of the pro-
cessing structure, operating over paths it does not control,
or providing general-purpose fairness among independent
workloads.

These properties give the runtime several opportunities to
exploit the structure exposed by the cell graph. First, because
the path is defined in advance, the cell graph is explicit and
static for the duration of a run; with the whole path laid out
before it rather than discovered one cell at a time, the runtime
can plan how packets move and where work is placed far
more efficiently than any cell could decide on its own. Second,
since most cells decide a packet’s fate from metadata alone,
the runtime can apply effects to the packet’s metadata, with
only descriptors passed between cells, and defer the actual
forwarding until the packet leaves the emulator. Third, with
the whole cell graph in view and no fairness requirement, it
can impose a deterministic order on how cells run and how
packets pass between them, so that the same configuration
reproduces the same execution from one run to the next.

Fine granularity therefore does not merely provide
flexibility; it also exposes structure that the runtime
can exploit for efficiency and reproducibility. The same
fine-grained structure that lets cells express what coarser
units cannot is what lets the runtime execute them efficiently
and stably. Consequently, expressiveness, efficiency, and re-
producible scale arise from the same choice rather than trad-
ing against each other.

3 RaATTAN Design

To turn the opportunity that decoupling expression from ex-
ecution opens into a working emulator, RATTAN is organized
as a stack that follows the principle directly: users express
a path as a channel, a directed acyclic graph of cells; a
customized runtime executes that graph; and a manager
and orchestrator provision and dispatch channels on one
machine and across many. We first describe how cells and
channels deliver expressiveness (§3.1), then how RATTAN re-
claims efficiency in packet movement and scheduling (§3.2),
and finally how the same channel abstraction makes large,
reproducible campaigns inexpensive to run (§3.3).

3.1 Cells and Channels: Composing Path Effects

A cell encapsulates one emulation function. Built-in cells
cover common effects such as bandwidth limiting, propaga-
tion delay, random loss, queueing and AQM, trace replay,
traffic policing, and path selection. Users can also implement
new cells when an experiment requires a path model that is
not already provided, such as a wireless-specific delay model
or a proprietary traffic-management policy.

Each cell exposes four interfaces. enqueue receives pack-
ets from upstream cells. dequeue releases packets down-
stream according to the cell’s emulation logic. control up-
dates cell parameters at runtime, such as bandwidth, delay,
loss rate, or trace position, without changing the channel
topology. telemetry exposes state, packet traces, and logs
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Figure 2. Overview of RATTAN.

impl RattanCell for DelayCell {
async fn dequeue(&self) -> Option<P> {

let mut packet = self.internal_queue.pop_front()?;

self.stats.update(&packet);
Some (packet)

[T N I % B R R

=
=]

}

e
N o=

-
w
-

struct DelayCell { internal_queue: VecDeque<P>, timer: Timer, config: DelayCellConfig, stats: DelayCellStats }

fn enqueue(&self, mut packet: P) { self.internal_queue.push_back(packet) }

packet.set_timestamp(packet.get_timestamp() + self.delay); // advance logical time
self.timer.sleep_until(packet.get_timestamp()).await;

async fn control(&self, config: Self::Config) { self.config.update(config).await; }
async fn telemetry(&self) -> DelayCellStats { self.stats.collect().await }

// release at that instant

Figure 3. A RATTAN cell that adds a configurable propagation delay to passing packets.

to users and controllers. These interfaces divide the cell into
two planes: a data plane that carries packets between cells,
and a control plane that handles configuration and measure-
ment messages. Because the two planes are separate, the data
plane can be optimized on its own to carry the information
a cell needs for its decisions, independently of how control
messages are delivered (§3.2). Built-in and user-defined cells
use the same interfaces, so new effects compose and schedule
in the same way as existing ones. Figure 3 illustrates these
interfaces with a simplified delay cell.

A cell’s timing is carried by the packets themselves. Each
packet holds a logical timestamp that marks when it next
becomes eligible for downstream processing, and a cell ad-
vances this timestamp by the delay or service time it imposes.
A delay cell advances the timestamp by its configured prop-
agation delay; a bandwidth cell advances it by the transmis-
sion time of the packet at the configured rate. The cell then
releases the packet at the logical instant the timestamp now
designates, and the downstream cell inherits that timestamp
as its own starting point. As each effect is accumulated into
the timestamp rather than re-derived from the wall clock
at each hop, the end-to-end timing of a chain of cells is the
composition of the per-cell effects, not an accumulation of
per-hop scheduling error. The timestamp defines the tar-
get release time; if runtime overload causes actual release
times to drift from these targets, RATTAN detects the drift
and warns users that the emulation may be inaccurate. This

makes it safe to build a complex path from many small cells.
Beyond this timing contract, RATTAN places no restriction
on a cell’s internal model except that it not block its execution
thread. A cell can implement a simple queue, replay a mea-
sured trace, call into a learned model, or communicate with
an external service, as long as it follows this non-blocking
rule, so more specialized cells can model WiFi-layer retrans-
missions, dynamic capacity allocation, or LEO satellite link
dynamics. The same uniformity lets RATTAN build its own
machinery from cells: NIC cells connect a channel to virtual
or physical interfaces, router cells direct each packet to one
of several downstream branches and merge several upstream
branches into one, and logging cells record packet streams
for later inspection. These four stable public interfaces define
the contract for implementing every effect, built-in or user-
defined, so developers need only understand this contract
and the modeled effect, without knowing or modifying the
internals of the runtime, RVNIC, manager, or orchestrator.
Cells become an emulated path when they are composed
into a channel, whose data plane is a directed acyclic graph
(DAG) of cells with edges representing packet flow. A simple
path is a chain of bandwidth, delay, and loss cells. Richer sce-
narios are expressed by constructing the appropriate graph
before a run rather than by adding an ad-hoc mechanism:
asymmetric uplink and downlink paths, shared bottlenecks
between otherwise separate paths, mixtures of analytic link
models and trace replay, and multipath or path-selection
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(c) An emulated path combining link emulation and trace replay.
Figure 4. Examples of RATTAN channels demonstrating how
cells combine to emulate advanced network conditions. The
shared bottleneck in (b) is a single bandwidth cell with two
incoming edges, not a special multipath mechanism.

behavior. Figure 4 shows representative channel graphs, all
built from the same cell abstraction; time-varying condi-
tions are handled separately through control messages that
update parameters inside the existing graph. For example,
path switching can be represented by a router cell selecting
among predeclared branches, while time-varying bandwidth,
delay, and loss are represented by changes within individual
cells. These changes affect packet behavior without adding
or removing cells or edges.

From the application’s perspective, a channel appears as
a network path between virtual or physical NICs. Unmodi-
fied client and server applications run in their own network
namespaces and communicate through these NICs without
depending on RATTAN internals, which also permits hybrid
experiments in which one side of a channel is an emulated
path and the other forwards traffic to a physical NIC. Chan-
nels can be built programmatically through the RATTAN li-
brary or declaratively from a configuration file that lists cells
and links.

The channel graph is the central difference from prior
emulator abstractions. NetEm-style queueing disciplines and
Mahimahi-style process nesting can stack effects along one
path, but they do not directly represent a point where two
independent paths converge and contend for one queue. In
RATTAN, that shared bottleneck is simply a bandwidth cell
with two incoming edges: two upstream sub-paths, each
built from ordinary cells, feed one internal queue where
the flows contend (Figure 4b). Expressiveness in RATTAN
thus has two complementary sources: a new path effect is
introduced as a new cell, and a new path structure as a new
graph over existing cells. Both are realized through the same
interfaces, extending the emulator by composition rather
than by special-casing its execution engine.

3.2 The Cost of Modularity, and How We Pay It

Composing a path from many small cells is what gives RaT-
TAN its expressiveness, but a naive implementation would
pay for it in performance: every packet now crosses many
cell boundaries, and the runtime must decide when to run
each cell. At the throughputs and channel densities mod-
ern evaluation demands, these costs would dominate. RAT-
TAN drives both costs down by exploiting three properties
a general-purpose packet processor cannot assume: most
emulation effects require no payload bytes, the cell graph is
fixed for the duration of a run, and a campaign reruns the
same configuration repeatedly.

Packet movement: RVNIC. The first cost is data move-
ment. A general forwarding fast path must preserve every
packet’s payload, so handing a packet from one cell to the
next risks copying its bytes at each hop. Common path-
emulation effects do not need those bytes: common band-
width, delay, loss, and queueing cells decide when to release
a packet, whether to drop it, and how far to advance its times-
tamp using only the packet’s length, selected headers, and
timestamp. RATTAN exploits this by separating a packet’s
descriptor from its payload. When a packet arrives, the pay-
load is held once, and what flows along the edges of the
cell graph is a small descriptor carrying the fields needed by
ordinary cells plus a token that identifies the held payload.
Cells enqueue, delay, and dequeue descriptors; dropping a
packet is pushing its token to a drop list. If a specialized
cell needs payload data, it uses the token to fetch only the
byte range it inspects, instead of forcing every upstream
and downstream cell to move the full packet. The payload is
reattached only when the packet leaves the channel. A path
of N cells therefore moves N small descriptors and copies
payload bytes only on demand, making the common per-hop
cost independent of packet size. This is the concrete payoff
of the control-data separation in the cell interface (§3.1): be-
cause packet handoff is a dedicated path, it can be specialized
for descriptor movement while still allowing payload access
when a cell explicitly requires it.

RATTAN realizes this split in its own RATTAN virtual NIC
(RVNIC). RVNIC adopts the memory and ring model of
AF_XDP [54]: user space and the kernel share a pre-registered
packet buffer pool and communicate through lock-free pro-
ducer/consumer rings, so packets cross the kernel boundary
without per-packet system calls or full-packet copies. Unlike
AF_XDP, which attaches to an existing interface, RVNIC is
implemented as a dedicated kernel NIC driver, which lets it
expose exactly the rings an emulator needs: alongside the
usual receive, transmit, fill, and completion rings, it adds a
drop ring, so a cell that discards a packet returns the buffer
directly without copying its payload into the cell graph. The
kernel retains each packet and hands user space only its
descriptor and token; when a cell explicitly reads payload,
RVNIC copies only the requested bytes. The descriptor-first
data path therefore extends from the wire through the cell



graph, with payload movement limited to the cells that actu-
ally need it.

Cell scheduling. The second cost is scheduling. Running
many fine-grained cells is affordable only because a cell is
a coroutine rather than a thread or a process: thousands of
coroutines can be multiplexed onto a few cores, a switch
between them costs a function call rather than a kernel con-
text switch, and a cell waiting to release a packet suspends
without occupying a thread. This is already far cheaper than
running each path effect as a separate process, as a shell-
based emulator must, or as a queueing discipline confined
to the kernel. RATTAN builds on a coroutine runtime for this
reason, and then specializes it to reduce the overhead that a
general-purpose runtime retains.

This residual overhead comes from generality: a general
runtime assumes nothing about how its tasks relate, so after
a cell finishes a packet, control returns to a scheduler that
polls its ready set to find the next task to run, and a packet
crossing N cells incurs up to N such handoffs. RATTAN avoids
them because it knows what a general runtime does not: the
cell graph is fixed for the run, so the cell that runs after a
given cell releases a packet is known in advance. Its runtime
therefore follows the graph directly. When a cell releases a
packet, the runtime passes the descriptor to the downstream
cell and continues executing along the graph in user space,
reducing the per-cell handoffs to a single traversal; it returns
to the general scheduler, through a single epoll wait, only
when a channel has no runnable work and must wait for
the next packet or external timer. Within a channel, cells are
ordered by the logical timestamps of the packets they hold,
so the runtime always advances the packet that is due next.

Spinning along the graph in user space maximizes the
throughput of one channel but occupies cores, which is the
wrong trade-off for the hundreds of low-rate channels a
broad evaluation also needs. RATTAN therefore lets a channel
either hold a dedicated core and spin, for high-throughput
paths, or share a core with many others and yield through
epoll whenever it is idle, for low-rate paths that spend most
of their time waiting. The harder question is which cells and
channels to place on which cores. The runtime cannot read
per-cell CPU cost off the configuration: a trace-replay or
learned-model cell can cost far more than a constant-rate
link of the same nominal bandwidth, so a placement com-
puted from configured rates alone risks overloading some
cores while others idle. Reacting to the imbalance during
a run is worse: detecting an overloaded core and migrat-
ing a cell takes time, and during that time the runtime has
already added scheduling delay to the packet timings the
experiment is meant to measure, while the migration itself
perturbs them further. Online re-balancing thus distorts the
very measurement it is meant to improve.

RATTAN resolves this with a property no general scheduler
can assume: an emulation campaign often runs the same
channel configuration repeatedly, so a good placement is

worth computing once and reusing. A cell’s computational
cost is largely determined by its processing logic and, for
trace-driven cells, the replayed trace, so measurements from
one run provide a useful basis for placement in subsequent
runs of the same configuration. During a run, the runtime
only records the realized peak CPU cost of each cell and core
but never migrates, so the run itself is never perturbed. The
same measurements double as a fidelity check: the runtime
tracks each cell’s scheduling delay, the gap between when
it becomes runnable and when it actually runs, and flags
any run in which this delay exceeds a threshold or packet
timestamps drift beyond the configured tolerance. Such runs
are discarded rather than reported as valid results. Between
runs, if any core was overloaded, RATTAN uses these ob-
served peak costs as graph-partitioning weights and assigns
the newly partitioned subgraphs to CPU cores. The manager
records this placement keyed to the exact channel config-
uration (§3.3). Subsequent runs of the same configuration
start from the recorded placement; if the workload CPU cost
changes enough to overload a core again, the failed run is
discarded and RATTAN computes a new placement for the
next run. This converts an online scheduling problem, which
a general runtime would have to solve reactively and at the
cost of fidelity, into an offline one, giving RATTAN both the
stability of a fixed placement and the accuracy of one derived
from measured cost.

3.3 Managing and Scaling Channels

Because a channel is already an isolated, self-contained graph,
scaling emulation from one machine to many is a matter of
provisioning and dispatching channels. Two components
handle it: a manager that provisions channels on a single
machine, and an orchestrator that dispatches campaigns of
channels across many.

Provisioning and isolating channels: the manager. The
manager turns a channel configuration into a running chan-
nel on one machine. It first creates the network environment
the channel needs: network namespaces, virtual interfaces,
and the routing and firewall state that lets unmodified client
and server applications send traffic through the emulated
path. It then constructs the cells, starts the channel runtime,
and exposes each cell’s control and telemetry interfaces
as REST endpoints, through which users and higher-level
controllers reconfigure cells and read their state while the
channel runs. Because successive experiments often share
much of this environment, the manager reuses provisioned
resources when isolation allows, so channel setup is paid for
once rather than per run.

Provisioning makes each channel a reproducible artifact.
The manager records the channel graph, cell parameters,
workload commands, random seeds, core placement, names-
pace and NIC-queue allocation, runtime logs, and validity
flags. On a rerun, it reconstructs the same local environment
and synchronizes time-dependent cells before traffic begins.



This makes the emulated path reproducible across repeated
runs; it does not make the system under test deterministic, so
a congestion-control algorithm may still react differently to
identical path conditions. What RATTAN guarantees is that
such differences come from the system under evaluation
rather than uncontrolled variation in the emulator.
Dispatching campaigns: the orchestrator. A broad evalu-
ation is a sweep of many channels over path settings, work-
loads, optimization configurations, and random seeds, often
run across a cluster. The orchestrator separates the intent
of such a campaign from the logistics of running it. Users
submit tasks that record the experiment properties needed
to reproduce a run, such as the channel description, work-
load, required worker capabilities, and query labels. Workers
register with the orchestrator and advertise their capabili-
ties, and the orchestrator stores submitted tasks persistently,
places ready tasks onto matching workers, and lets workers
poll for work rather than maintaining long-lived execution
sessions. For a RATTAN task, the selected worker invokes
its local manager to provision and run the channel, then
uploads results and logs before committing the task’s final
state. Heartbeats let the orchestrator detect failed workers
and return unfinished tasks to the ready pool. Because task
specifications, worker identity, state transitions, and artifacts
are stored as structured records, a campaign can be mon-
itored while running, queried after completion, and rerun
from the same experiment description.

4 Implementation

RATTAN is implemented in roughly 42,000 lines of Rust and
1,500 lines of C (the RVNIC kernel driver), and supports Linux
kernels from 5.4 to 6.17. RATTAN is open source!, with all
configurations needed to reproduce the experiments in this
paper available?. Users interact with it through two entry
points: a campaign interface that submits evaluation cam-
paigns to a worker cluster through the orchestrator, and a
single-binary emulator for one-off local experiments and de-
bugging. The local emulator defaults to fully isolated names-
paces for the server, client, and emulator, and also provides
a Mahimahi-style shell mode [42] that eases the migration
of existing Mahimahi experiment scripts. The rest of this
section describes several notable implementation details.
Cell control and observability. Control and observability
are exposed through two mechanisms: an Axum REST server
realizing the control and telemetry interfaces, and an op-
tional per-packet log for post-run analysis. The REST server
can reconfigure any cell at runtime, supporting interactive
debugging where reconfiguration can be triggered externally
upon reaching a specific condition (e.g., slow-start exit). The
optional per-packet log records the action applied (e.g., for-
ward, delay, drop) and the cell’s state (e.g., queue length),
with compact events (e.g., 32 bytes) keeping overhead low.

10Open sourced at: https://github.com/stack-rs/rattan
2Artifact: https://doi.org/10.5281/zenodo.23267891

Realizing RVNIC across the kernel boundary. RVNIC
consists of two components: a Linux kernel module that
registers one virtual NIC per opened /dev/rvnic, and a Rust
user-space library 1ibrvnic that wraps this device interface
for cells. The shared buffer pool and five rings introduced
in §3.2 are mmap-allocated in user space and pinned by the
kernel on registration, while the full sk_buff stays kernel-
side in a token-indexed hash table and is freed only when
its token returns through the drop or TX ring. To amortize
wakeup cost, RVNIC batches RX notifications and wakes
user space once every 32 packets or 64 us.

Custom async runtime. RATTAN’s custom async runtime
passes each packet descriptor following the cell graph in user
space until blocked on a cell’s timer, without returning to a
scheduler. It then waits for either the next timer to fire or
RVNIC to receive a packet, using a hierarchical timing wheel
augmented by a min-heap of upcoming timers to read the
next deadline in constant time. The runtime yields through
a single epoll_wait when the next deadline falls beyond a
configurable threshold, or otherwise spins until the deadline
arrives. Raising the threshold favors spinning, sacrificing
channel density for reproducibility.

Manager and orchestrator. The manager is a per-host
daemon that provisions namespaces, RVNIC pairs, and per-
channel nftables chains. It reuses shared environments
across runs and records each run under a content-addressed
directory. The orchestrator dispatches tasks to capability-
matched workers via a lease-renewed state machine, resched-
ules runs flagged invalid by the runtime’s drift check, and
triggers repartitioning of cells across cores based on the
measured costs for subsequent runs of that configuration.

5 Evaluation

We organize our evaluation around three questions:

e Q1 Performance: Does RATTAN sustain high forwarding
throughput, handle complex path compositions efficiently,
and support dense concurrent emulation? (§5.1)

e Q2 Expressiveness: Can RATTAN express realistic path
scenarios and reveal conclusions that simpler emulator
abstractions may miss? (§5.2)

e Q3 Practicality: Is RATTAN practical for real deployment
and large-scale evaluation workflows? (§5.3)

5.1 Microbenchmarks

We run all microbenchmark experiments on one machine
with an Intel Core i7-10700F CPU, 64 GiB of memory, and
Debian 13 with Linux kernel 6.12.88.

Single-channel forwarding throughput. We first measure
the forwarding throughput that each emulator can sustain
on a simple bandwidth-delay path. We compare RATTAN with
Mahimabhi [42] and Mininet [35] by configuring an equiv-
alent bidirectional path in each system: a RATTAN channel
with bandwidth and delay cells, a Mahimabhi shell stack using
mm-1ink and mm-delay, and a Mininet topology using Linux
HTB and NetEm. Each direction is configured with the same


https://github.com/stack-rs/rattan
https://doi.org/10.5281/zenodo.23267891

N
o
o

\

- - - |deal (x=y)
Rattan

Mahimahi
Mininet

12.0 1

»
o
L

Achieved Tput (Gbps)
(o]
o

0.0 40 8.0 12.0 16.0
Bandwidth Setting (Gbps)

Figure 5. Single-channel forwarding throughput on a 50 ms
RTT path with one TCP CUBIC flow (shaded bands show the
standard deviation across trials). The highest reliably achievable
throughput is marked as the stars on the figure.

25 ms delay, and we sweep the bottleneck bandwidth from
0.1 Gbps to 16 Gbps in 0.1 Gbps increments. RATTAN and
Mahimabhi use infinite queues, while Mininet uses a Linux
qdisc queue limit of 107 packets, large enough to approximate
an infinite queue. Each emulator is pinned to six CPU cores.
For each bandwidth setting, we run five 10-second iperf3
trials with a single long-lived TCP CUBIC [26] flow, discard
the slow-start period as warm-up, and report the mean and
standard deviation. The sender and receiver can exceed the
tested rates without emulation, so throughput is bounded
by the emulator rather than the workload endpoints.

Figure 5 reports the achieved throughput. RATTAN tracks
the configured bandwidth through 14.0 Gbps and then plateaus
around 14.5 Gbps. In contrast, Mininet follows the target
only up to about 1.6 Gbps and then saturates around 1.6
Gbps, while Mahimahi reaches 1.4 Gbps at low settings but
drops below 1 Gbps once the configured bandwidth reaches
1.7 Gbps. At its peak, RATTAN achieves 14.0 Gbps reliably,
which is 8.7x Mininet’s 1.6 Gbps and 10x Mahimahi’s 1.4
Gbps. These results show that RATTAN sustains multi-gigabit
forwarding throughput for a single emulated path, while
the baselines are limited by kernel processing overheads or
process-based packet handoff cost.

Path complexity. We next measure how each emulator
scales as an emulated path includes more composed effects.
We increase path complexity by repeatedly appending a loss,
bandwidth, and delay sequence, configured with 0% loss, 1
Gbps bandwidth, and 1 ms delay. Thus, a path with complex-
ity N contains N such sequences, placing more emulator
components on the path while keeping the target through-
put fixed. Each emulator is pinned to four CPU cores. The
workload and measurement procedure are the same as in the
forwarding-throughput experiment.

Figure 6 shows that RATTAN remains stable as the number
of composed effects grows. RATTAN sustains the 1 Gbps tar-
get through complexity 22 and then degrades, still achieving
0.970 Gbps at the deepest chain we test. Mahimahi degrades
much faster: it starts at 0.74 Gbps with complexity 2 and
drops to 0.20 Gbps by complexity 15. Beyond complexity 15,
Mahimabhi fails to complete the experiment. Mininet follows
the target at low complexity, but its performance begins to

drop earlier than RATTAN’s as the qdisc chain grows, and
remains lower than RATTAN’s once the complexity exceeds
8. These results show that RATTAN keeps the cost of mod-
ular path composition controlled, while process nesting in
Mahimahi and long qdisc chains in Mininet become bottle-
necks as path complexity grows.

Density and reproducibility. We next measure how many
emulated paths each system can run concurrently under
a fixed hardware budget, and whether the resulting paths
remain reproducible under load. Each instance is an indepen-
dent bidirectional bandwidth-delay path configured with 16
Mbps bandwidth and 40 ms RTT, carrying one iperf3 TCP
CUBIC flow. We pin each emulator to eight CPU cores. We
vary the number of concurrent instances from 8 to 512. For
each concurrency level, we run that many emulator instances
in parallel and repeat the experiment 512 times, reporting the
mean achieved throughput and standard deviation across
trials. The mean captures how much concurrent load the
emulator can sustain, while the standard deviation captures
reproducibility: an emulator that faithfully provides the con-
figured path should keep achieved throughput close to the
target with low variance across repeated trials. We evaluate
both static-bandwidth paths and trace-driven paths whose
mean bandwidth is also normalized to 16 Mbps. Mininet is
omitted from the trace-driven experiment because it does
not support the trace-replay model.

As Figure 7 shows, RATTAN sustains dense concurrent
emulation with low variance up to 320 instances. In the
static-bandwidth experiment, RATTAN stays close to the 16
Mbps target from 8 to 320 concurrent instances, achiev-
ing 15.98 Mbps with a standard deviation of 0.017 Mbps
at 320. Mahimahi collapses at the same load, dropping to
5.15 Mbps with a standard deviation of 7.43 Mbps, while
Mininet remains near the target in this static setting. At
512 instances, RATTAN also becomes resource-limited, but
still delivers 14.00 Mbps on average, 3.2 X Mahimahi’s 4.37
Mbps. The trace-driven experiment shows the same trend
without Mininet. These results show that RATTAN supports
substantially denser concurrent emulation than Mahimahi
while keeping repeated trials close to the configured path
behavior until the machine becomes oversubscribed.

5.2 Benchmark

We use RATTAN to evaluate a multipath transport benchmark
that exercises path scheduling, congestion control, and their
interactions with realistic path structures. Each run transfers
a 50 MiB file over a single MPTCP [22] connection with
two subflows, one assigned to each emulated path, using a
custom MPTCP application on Linux MPTCP v0.96 kernel.
All experiments run on a machine with an Intel Xeon E5-
2690 v2 CPU, 128 GiB of memory, and Ubuntu 24.04, with
RATTAN and the application pinned to two CPU cores.

We construct four multipath scenarios, denoted A-D, drawn
from production conditions and covering shared bottlenecks,
trace-driven bandwidth variation, and delay dynamics. Sce-
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Figure 6. Emulator achieved throughput versus path
complexity at a fixed 1 Gbps target. Complexity N cor-
responds to a path of N chained loss-bandwidth-delay
sequences (0% loss, 1 Gbps, 1 ms each). The shaded bands
show the standard deviation across trials. Mahimahi fails
to complete the experiment beyond complexity 15.

Figure 7. Emulator achieved throughput versus concurrent instances at

a fixed 16 Mbps target under a eight-core CPU budget. Lines report the
mean over 512 trials (sustained load) and bands the standard deviation
(reproducibility). Each instance is an independent 16 Mbps, 40 ms RTT path
carrying one TCP CUBIC flow. Mininet is omitted from (b) as it does not
support trace replay.

Scenario A Scenario B Scenario C Scenario D

(Shared, Fixed BW, Low Jitter)  (Indep., Fixed BW, Low Jitter) (Indep., Trace BW, Low Jitter) (Indep., Trace BW, High Jitter)

minRTT  BLEST ECF minRTT  BLEST ECF \ minRTT  BLEST ECF minRTT BLEST ECF
CUBIC 6.07+0.0 6.18+0.0 6.10+0.0 4.07+0.0 4.23+00 4.14+0.1 | 532+0.1 548+0.1 5.70+02 6.60+0.1 6.81+0.1 7.47+0.3
BBR  6.19+0.1 6.29+0.0 6.15+0.0 3.56+0.1 3.54+00 3.52+0.1 | 4.76+01 4.78+0.1 4.52+03 4.49+00 4.61+01 4.45+0.1
Vegas 6.12+0.1 6.32+0.2 7.57+04 4.58+0.1 4.73+0.2 6.32+0.7 | 5.78+0.1 6.27+0.0 6.74+0.7 9.51+0.7 10.12+0.1 10.64+0.8
LIA 6.16+0.0 6.21+00 6.83+06 4.56+0.0 4.76+00 5.27+0.6 | 6.68+00 6.68+00 6.79+04 7.74+0.1 7.71+02 7.99+04
OLIA 6.15+0.1 6.19+0.0 6.70+0.4 4.57+00 4.76+0.0 7.88+0.8 | 6.88+0.3 7.12+0.1 6.75+01 7.71+£0.0 7.76+0.1 8.38+0.5
BALIA 6.22+00 6.20+0.0 9.22+2.0 4.73+0.0 4.80+0.0 9.97+30 6.83+0.4 6.67+01 6.96+06 7.63+0.2 8.03+0.0 7.78+0.2

Table 2. Flow completion time (s, mean+std over 10 runs; lower is better) of 18 scheduler-CCA combinations under four multipath

scenarios. Highlighted cells mark the comparisons discussed in §5.2.

nario A models two heterogeneous paths that merge at a
shared bottleneck: path 1 provides 60 Mbps bandwidth, time-
varying delay with a 35 ms mean, and 0.1% loss, while path
2 provides 90 Mbps bandwidth, time-varying delay with a
45 ms mean, and no loss; the two paths then feed a 75 Mbps
shared bottleneck, and all three bandwidth stages use BDP-
sized drop-tail queues. Scenario B removes the shared bottle-
neck and keeps the two paths fully independent, reducing to
the conventional two-path setup. Scenarios C and D instead
drive both paths with bandwidth traces and introduce no
packet loss. In C, path 1 has a 60 Mbps mean bandwidth with
high variance, a shallow buffer, and a fixed 40 ms delay, while
path 2 has a 60 Mbps mean bandwidth with lower variance,
a deep buffer, and a delay that switches between 22.5ms
and 50 ms every 2 s. Scenario D keeps path 2 unchanged but
turns path 1 into a high-jitter path whose delay switches be-
tween 22 ms and 56.5 ms every 10 ms. For each scenario, we
sweep three MPTCP schedulers (minRTT [45], BLEST [21],
and ECF [38]) and six congestion-control algorithms (CU-
BIC [26], BBR [16], Vegas [15], LIA [44], OLIA [33], and
BALIA [56]), repeat each of the resulting 18 configurations
10 times, and report the mean and standard deviation of flow
completion time (FCT).

Results. Table 2 reports the results. No scheduler or congestion-

control algorithm dominates: combinations that perform
comparably in one scenario diverge sharply in another, and
their relative order can reverse outright once the path struc-

ture changes. We highlight three representative findings.

First, coupled congestion control pays off only with a
shared bottleneck. Under the ECF scheduler, OLIA outper-
forms Vegas in Scenario A but falls behind it in Scenario B,
where the shared bottleneck is removed. We infer the rea-
son is that OLIA couples the congestion window growth of
the two subflows and shifts the increase toward the path it
deems in better condition, so when both subflows traverse
a shared bottleneck, they compete less against each other.
Vegas instead grows each subflow’s window independently;
its two subflows contend at the shared bottleneck, build up
the queue, and induce additional losses, degrading its per-
formance in Scenario A. Once with independent paths, the
trade-off reverses: independent window growth lets Vegas
saturate both paths, whereas OLIA’s coupling caps the ag-
gregate growth rate and leaves capacity unused.

Second, minRTT ranks among the best schedulers across
many scenarios and congestion-control algorithms. This
could be due to BLEST and ECF refining minRTT to mit-
igate head-of-line (HoL) blocking: when the faster subflow
has no available congestion window, they may defer trans-
mission rather than send immediately on the slower subflow.
For long bulk transfers, however, HoL blocking is largely
irrelevant, while every deferral directly idles available capac-
ity. minRTT keeps transmitting on whichever subflow has
congestion window, sustaining higher aggregate utilization.



Third, delay jitter reorders the schedulers. Under BALIA,
the three schedulers perform within run-to-run variance of
one another in Scenario C, but separate clearly in Scenario
D, where BLEST falls behind ECF and minRTT. This may
reflect their different responses to delay variations. In C,
path 1 exhibits a stable delay, so all three schedulers keep
both subflows active and behave similarly. In D, path 1’s
delay oscillates violently; BLEST treats it as a persistent HoL-
blocking risk and largely stops scheduling traffic onto it,
leaving the path underutilized. ECF instead incorporates the
delay variance of both paths: when either path fluctuates, the
fast-slow distinction becomes ambiguous, and ECF falls back
to using the slower subflow much as minRTT does, so both
outperform BLEST. ECF nevertheless trails minRTT slightly,
possibly because its defer-then-release behavior emits bursts
on the fast path, which disturb the underlying congestion
controller and lower the throughput.

Takeaway. These ranking reversals show that shared bot-
tlenecks and time-varying conditions can change conclu-
sions drawn from independent, statically configured paths.
Mininet can construct shared-bottleneck topologies and ap-
proximate constant link conditions, but it does not natively
support fine-grained trace replay. Mahimahi supports trace-
driven conditions, but its linear process nesting does not
directly express branching and merging paths that contend
for a shared queue. By composing these path structures and
time-varying effects within a channel graph, RATTAN enables
offline evaluation to reveal how the relative performance of
transport variants depends on path interactions that simpler
configurations omit.

5.3 Real-World Deployment Experience

We have deployed RATTAN at a large CDN provider for of-
fline evaluation of transport and application-layer optimiza-
tions. The deployment has been in continuous use for 21
months and has executed 20,000,000 experiments, totaling
1.4 million channel-hours of emulation. Here, an experiment
evaluates one combination of workload, system variant, and
emulated path configuration; repeated runs of the same com-
bination to obtain stable results count as one experiment.
RATTAN is integrated into the provider’s pre-deployment
evaluation pipeline covering both TCP and QUIC products:
engineers use it to replay representative path conditions,
evaluate congestion-control variants (new mechanisms or
parameter settings), sweep application parameters (e.g., tun-
ing adaptive bitrate algorithms), and reproduce regressions
before exposing changes to production traffic. Campaigns
typically use 10-50 worker machines, with the allocation
adjusted according to campaign size and completion dead-
lines. The orchestrator distributes experiments across these
workers as described in §3.3.
This deployment changed the provider’s congestion-control

rollout workflow. Before RATTAN, evaluating a new congestion-
control change required relying heavily on staged A/B tests

and ad hoc diagnosis, taking an average of 24 weeks from
candidate implementation to deployment decision. With RaT-
TAN, the same cycle takes only 18 days. In this workflow,
engineers can run large offline campaigns to screen out clear
regressions and enable their reproduction for diagnosis, re-
ducing the number of candidates requiring online A/B evalu-
ation for final validation before live rollout. Candidates that
regress offline are occasionally included in online tests to
check agreement. In one representative campaign, RATTAN
evaluated 15 congestion-control variants over 83,732 path
configurations and identified reproducible performance re-
gressions in 11 variants. We also evaluated all 15 variants in
online A/B tests: the same 11 variants exhibited performance
regressions, while the remaining four achieved comparable
or better performance.

The deployment also validates RATTAN’s extensibility. En-
gineers at the provider added 12 custom cells for production-
specific path effects, including traffic policing, packet re-
ordering, and wireless packet aggregation. On average, an
engineer with no prior experience with RATTAN internals
implemented a new cell in 2.2 days, suggesting that the cell
interface is simple enough for fast extension. In a concrete
development example, a developer who had used RaTTan
through its command-line interface but had not previously
read its source code implemented a packet-reordering cell
in less than one day (349 lines of code) and a token-bucket
cell in 3.5 days (1,453 lines of code). For the token-bucket
cell, approximately two days were spent studying the Linux
kernel’s token-bucket implementation and parameter defini-
tions, and the remaining 1.5 days implementing the cell in
RatTAN. This breakdown distinguishes the effort of under-
standing the emulated mechanism from that of implementing
it through the cell interface. Through our production deploy-
ment, no cell has required inspection of packet payloads:
packet lengths, timestamps, and selected headers have been
sufficient for their emulation decisions. Cells that require
payload data can access the needed byte ranges on demand
through RVNIC (§3.2). Overall, the deployment shows that
RATTAN can support long-running, large-scale evaluation
workflows while remaining flexible enough for engineers to
adapt it to new production demands quickly.

6 Discussion

Why not use formal analysis for performance eval-
uation? Formal analysis offers strong guarantees for spe-
cific properties, and recent work has used it to prove im-
possibility results and worst-case bounds for congestion
control [2, 3, 6, 7]. Applying it to production transport in-
novations on the modern Internet, however, is blocked on
both sides of the formulation. On the network side, real
path conditions are a joint, time-varying mixture of effects
compounded across heterogeneous elements, admitting no
stable distribution or compact model. On the innovation side,
what is deployed is not a compact algorithm but a full stack,



whose behavior hinges on implementation details, param-
eter choices, and interactions across layers and competing
flows—far beyond the small set of variables and constraints
a solver can discharge. And even where analysis succeeds, it
yields worst-case bounds, whereas a deployment decision
rests on the performance distribution across realistic con-
ditions. Emulation therefore remains necessary: it runs un-
modified implementations as production testing does, under
the control and coverage that systematic evaluation requires,
exposing behaviors that abstracted formulations omit.

Limitations of RATTAN. RATTAN has three main limitations.
First, it emulates the transport- and application-visible prop-
erties of a path rather than the lower-layer mechanisms that
produce them: routing dynamics, wireless medium access,
handovers, and satellite motion are not modeled directly,
though their transport-level consequences—RTT shifts, ca-

pacity variation, loss bursts, reordering, and shared bottlenecks—

can be captured by cells or traces. Second, a channel’s data
plane is a static DAG of cells. Although cell state, param-
eters, and branch selection can change dynamically (§3.1),
the abstraction does not support cyclic packet flow or arbi-
trary addition or removal of cells and edges during a run.
Across 21 months of production use, we have not encoun-
tered a transport- or application-level condition that could
not be represented within this abstraction. Third, RATTAN
improves the emulation substrate but does not by itself guar-
antee model fidelity. It executes the specified cell graph with
controlled packet timing and overload detection, while run-
ning unmodified transport and application implementations.
Whether the resulting experiment predicts real-world behav-
ior depends on how well the cells, traces, and parameters
represent the target paths. If a model omits a relevant real-
world effect, executing it accurately and reproducibly cannot
compensate for that omission.

7 Related Work

Network models. A line of work pursues emulation fidelity
by deriving path models from real traffic rather than hand-
set parameters, and the models have grown progressively
richer: from recording and replaying the packet traces of a
measured link [42], to calibrating path parameters against
measurements of live Internet paths [59], to learning data-
driven models of middlebox-laden paths [9, 10] and reactive
models that assign each packet an individual delay [5]. These
efforts sharpen what an emulator should reproduce, but all
of them run on top of an emulation substrate and thus in-
herit its expressiveness and efficiency. RATTAN addresses
precisely this substrate, offering such models an expressive
and efficient base to execute on.

Network emulators. Existing emulators realize network
conditions on three kinds of substrates. Hardware emula-
tors such as Keysight [32] and HoloWAN [29] implement
fixed and simple condition models on specialized ASICs or
FPGAs and reach line rate. Kernel-based software emulators,

including DummyNet [47], NetEm [27], ModelNet [55], Emu-
lab [28], and Mininet [35], compose rigid in-kernel queueing
disciplines over virtual NICs into emulated topologies. User-
space software emulators such as Mahimahi [42] manipulate
packets freely in nested processes, supporting trace replay
and richer per-packet effects. As analyzed in §2.4, each sub-
strate binds expression and execution to a single unit and
thereby trades expressiveness against efficiency and repro-
ducible scale; RATTAN instead decouples the two with the
cell abstraction and satisfies all three requirements at once.
Experiment platforms. A long line of infrastructure sup-
ports network experiments at scale, at two layers. At the
resource layer, shared testbeds such as PlanetLab [17], Emu-

lab [58], DETER [13], GENI [14], CloudLab [20], Chameleon [31],

and FABRIC [11] provision controlled nodes, topologies, and
programmable wide-area links. On top of these resources,
orchestration frameworks manage the experiment lifecycle:
OMF-F [46], SPLAY [36], and Klonet [39] describe and de-
ploy experiments across federated testbeds, while MACI [23],
pos [24], and NPF [12] drive large campaigns through param-
eter sweeps, remote execution, and metric collection. These
systems target experiments on real or testbed networks and
thus inherit their cost, limited control, and weak observabil-
ity; offline experiments on RATTAN complement them with
controllability, reproducibility, and high parallelism. Their
orchestrators, moreover, treat experiments as generic tasks,
whereas RATTAN exploits the distinctive characteristics of
emulation itself to better provision and dispatch campaigns.

8 Conclusion

Modern transport evaluation requires emulators that can
express realistic Internet paths, execute them efficiently,
and support reproducible experiments at scale. This paper
presents RATTAN, a modular Internet path emulator built
around the cell abstraction. By composing cells into chan-
nel graphs, RATTAN makes complex path structures such
as asymmetric links, trace-driven dynamics, multipath, and
shared bottlenecks natural to express and extend. By exe-
cuting the same graph with metadata-oriented packet I/O,
graph-aware scheduling, and managed resource isolation,
RaTTAN keeps the cost of modularity low enough for high-
throughput paths and dense concurrent experiments. Our
evaluation and deployment experience show that RaTTaNn
can sustain demanding emulation workloads, reveal conclu-
sions that other emulators may miss, and serve as a practical
substrate for large-scale pre-deployment evaluation.
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