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Abstract—Distributed computing systems require accurate net-
work simulation tools to optimize data transfer and resource
allocation across geographically distributed facilities. We extend
DISTRI, a discrete-event simulator for multi-facility distributed
computing, with a comprehensive Transmission Control Protocol
(TCP) stack supporting multiple congestion control algorithms
(CCAs) and network topologies. This unified TCP implementa-
tion enables realistic simulation of both inter-facility wide-area
and intra-facility local network communications. We validate
DISTRI’s TCP stack accuracy by comparing inter-facility sce-
narios against real-world experiments on the FABRIC testbed.
Using a dumbbell topology with competing data transfers,
we analyze TCP Reno’s behavior through congestion window
(CWND) evolution, round-trip time (RTT), throughput, and
packet loss patterns. Results demonstrate that DISTRI accurately
captures essential TCP dynamics, with behavioral trends closely
matching real-world observations. This validation establishes
DISTRI as a reliable, cost-effective tool for developing and testing
network optimization algorithms in distributed computing envi-
ronments. Beyond qualitative validation, we outline directions for
incorporating more detailed quantitative error analysis between
simulated and measured TCP traces as part of future work.

Index Terms—DISTRI, Distributed Computing, Network Sim-
ulation, TCP Congestion Control, Network Validation, FABRIC
Testbed

I. INTRODUCTION

Computational facilities supporting scientific research and
advanced applications have grown increasingly complex, of-
ten spanning multiple geographically distributed sites with
diverse internal structures [1]. These distributed computing
environments enable unprecedented computational capabilities
by aggregating resources across institutions, improving fault
tolerance, and providing resilient infrastructure for large-scale
scientific workflows [2]. As computational demands continue
to surge—particularly driven by data-intensive applications in
artificial intelligence [3], climate modeling, and large-scale
data analytics—the ability to efficiently coordinate both inter-
facility and intra-facility data transfers has become critical [4].
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A fundamental challenge in these distributed environments
is understanding and optimizing network performance for data
communication [5]. Whether data moves between facilities
across wide-area networks or within a facility’s internal infras-
tructure, the underlying transmission control protocol (TCP)
behavior critically impacts job completion times and overall
system efficiency [6]. Accurately modeling these network
dynamics is essential for developing effective job schedul-
ing algorithms, optimizing resource allocation, and ensuring
reliable data transfers. However, conducting extensive real-
world experiments on production networks is expensive, time-
consuming, and often impractical, motivating the need for
accurate network simulation tools [7], [8].

DISTRI (Development and Integration of Simulation Tools
for Resilient Infrastructure) [9] was developed as a discrete-
event simulator for multi-facility distributed computing with
agent-based job scheduling. However, the initial version lacked
detailed transport-layer network simulation capabilities nec-
essary for modeling TCP behavior in both inter-facility and
intra-facility communications. In this work, we extend DISTRI
[10] with a comprehensive TCP stack supporting multiple
congestion control algorithms (CCAs) (Reno [11], CUBIC
[12], H-TCP [13]), router functionality with active queue man-
agement (AQM) algorithms (First-In-First-Out (FIFO), Fair
Queue), and multiple network topologies (mesh, dumbbell).
This unified TCP implementation enables DISTRI to simulate
realistic network behavior for both inter-facility wide-area data
transfers and intra-facility local communications.

To validate the accuracy of our TCP implementation, we
focus on inter-facility communication scenarios where network
dynamics are more pronounced and challenging. We compare
DISTRTI’s simulation behavior against real-world experiments
conducted on the FABRIC testbed [14], a programmable
national-scale research infrastructure. Since the same TCP
stack governs both inter- and intra-facility communications
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Fig. 1. DISTRI architecture showing distributed job management across multiple sites. Jobs flow from a Dynamic Job Pool to Local Job Pools at each site,
where autonomous resource agents select and execute jobs based on pheromone-based load balancing.

Fig. 2. DISTRI dumbbell topology with four sites. Site 0 and Site 1 host
computational resources (SO-R0O and S1-R0) that simultaneously request data
from Site 2 and Site 3 DTN, respectively, creating competing flows through
the shared inter-site network.

in DISTRI, validating it in the more demanding inter-facility
scenario establishes confidence in its accuracy across all
communication patterns.

Using a dumbbell topology with competing TCP flows, we
demonstrate that DISTRI accurately captures essential TCP
dynamics. Congestion window (CWND) evolution, round-trip
time (RTT) variations, throughput patterns, and packet loss
behaviors in DISTRI closely match FABRIC observations.
While absolute values differ, the behavioral trends critical for
algorithm development are remarkably similar.

The key contributions of this paper are:

e We extend DISTRI with a comprehensive TCP stack
supporting multiple CCAs (Reno, CUBIC, H-TCP) and
router implementations with FIFO and Fair Queue AQM
algorithms, enabling realistic simulation of both inter-
facility and intra-facility network communications.

o We add mesh and dumbbell network topologies to enable
diverse experimental scenarios for distributed computing
research.

o We validate DISTRI’s TCP stack accuracy through com-
prehensive comparison with real-world FABRIC testbed
experiments in inter-facility scenarios, analyzing CWND,
RTT, throughput, and packet loss patterns.

o« We demonstrate that DISTRI captures essential TCP
behavioral trends across different communication pat-
terns, establishing it as a reliable tool for developing and
testing network optimization algorithms for distributed
computing environments.

This validation is significant because it enables researchers
to use DISTRI as a cost-effective platform for developing
and testing network optimization strategies, job scheduling
algorithms, and fault-tolerance mechanisms without requiring
continuous access to expensive physical testbeds.

II. RELATED WORK

Simulation tools for distributed computing and network
performance analysis have been developed, but few effec-
tively combine detailed TCP simulation with multi-facility
distributed computing environments. SimGrid [7] is widely
used for simulating distributed systems, and WRENCH [15]
extends it for workflow management, but both lack detailed
transport-layer simulation necessary for capturing TCP dy-
namics in inter-facility data transfers. Network simulators like
NS-3 [8] provide packet-level protocol simulation but are not
designed for multi-facility distributed computing environments
with agent-based scheduling. Previous validation studies have
compared TCP implementations [6] and analyzed congestion
control behavior, with the FABRIC testbed [14] providing pro-
grammable infrastructure for controlled experiments. Network
research [5] has shown that network bottlenecks significantly
impact workflow completion times in distributed systems.

DISTRI [9] addresses this gap by integrating agent-based
multi-facility job scheduling with comprehensive TCP stack
implementation. In this paper, we validate DISTRI against
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Fig. 3. FABRIC testbed topology mirroring the DISTRI setup. Two senders (Sender #1 and #2) transmit data to two receivers (Receiver #1 and #2) through
a network of routers creating a bottleneck, enabling real-world validation of TCP behavior.
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Fig. 4. Comparison of TCP behavior between DISTRI simulation (a-c) and FA
and throughput (c). Bottom row shows corresponding FABRIC measurements
despite differences in absolute values.

FABRIC to establish its accuracy in capturing TCP dynamics
for distributed computing optimization.

III. DISTRI OVERVIEW

DISTRI is a discrete-event simulator built on SimPy [16] for
modeling distributed multi-facility computing environments
with agent-based resource management. The architecture,
shown in Fig. 1, consists of multiple interconnected sites,
each containing autonomous computational agents (resources),
Data Transfer Nodes (DTNs), and a local Resource Pool that
manages job assignments.

Unlike centralized schedulers, DISTRI employs a decen-
tralized approach where resource agents independently select
jobs from resource pools using swarm intelligence algorithms.
This agent-based design eliminates single points of failure and
improves system resilience. The extensions we present in this
paper enhance DISTRI with full transport-layer networking

BRIC testbed (d-f). Top row shows DISTRI results for CWND (a), RTT (b),
(d-f). Both environments exhibit similar behavioral trends in TCP dynamics

capabilities, including TCP connection management, multiple
CCAs, and router-level AQM, enabling detailed study of
network performance in distributed computing scenarios.

IV. EXPERIMENTAL SETUP

To validate DISTRI’s network simulation accuracy, we de-
signed controlled experiments comparing simulated behavior
with real-world measurements from the FABRIC testbed. Both
environments use a dumbbell topology configured to create
competing TCP flows that share a common bottleneck link.

A. DISTRI Simulation Configuration

The DISTRI simulation, illustrated in Fig. 2, employs a
four-site dumbbell topology where the inter-site data network
forms a shared bottleneck. Two jobs are assigned to Site
0’s resource (SO-R0O) and Site 1’s resource (S1-R0), which
simultaneously initiate execution and request data at ¢ = 0
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Fig. 5. Retransmission events in DISTRI (a) and FABRIC (b). Job 1 (red)
experiences significantly more retransmissions than Job 0 (blue) in both
environments. DISTRI shows 22 and 20 retransmission events at 6s and 9s
respectively for Job 1, while FABRIC shows 204 early retransmissions for
Job 1. This asymmetry directly explains the CWND suppression observed in
Fig. 4.

from Site 2 and Site 3 DTN, respectively. This creates two
competing TCP flows traversing the shared bottleneck.

B. FABRIC Testbed Configuration

The FABRIC testbed experiment, shown in Fig. 3, repli-
cates the DISTRI topology using physical infrastructure. Two
senders simultaneously transfer data to two receivers through
SmartNIC-equipped routers creating a controlled bottleneck
matching DISTRI’s configuration.

C. Network Parameters

Both environments use identical parameters: TCP Reno
[11] for congestion control, FIFO queue management, 1
Bandwidth-Delay Product (BDP) queue size, 12 Mbps bot-
tleneck bandwidth, and simultaneous flow starts. Reno was
selected for its well-understood behavior, making it ideal for
validation.

To facilitate reproducibility, the DISTRI simulator and the
TCP validation scenarios used in this study are publicly avail-
able in the DISTRI repository [10]. The dumbbell topology
experiments with TCP Reno correspond to the documented
configuration that uses the —topology dumbell and —cca reno

options described in the project README at [10]. TCP
metrics such as congestion window, RTT, throughput, and
retransmissions are exported under the directory structure in
the runs/ folder, enabling readers to regenerate the plots in this
paper using the same configuration.

V. RESULTS AND ANALYSIS

Fig. 4 presents a comprehensive comparison of TCP per-
formance metrics between DISTRI simulation and FABRIC
testbed experiments. The six subplots show CWND evolution,
RTT variations, and throughput patterns for both competing
flows in each environment. Our analysis focuses on qualitative
behavioral trends rather than absolute values, as these trends
are critical for validating the simulator’s ability to capture TCP
dynamics.

A. Congestion Window Dynamics

The CWND evolution in Fig. 4(a,d) reveals remarkably
similar patterns in both environments. Job 0 gains significant
advantage with steady growth (90 packets in DISTRI, 3500
bytes in FABRIC), while Job 1 experiences severe suppression.
This asymmetry is characteristic of TCP Reno’s multiplicative
decrease responding to packet loss—Job 1’s consecutive early
losses halve its CWND repeatedly, while Job 0’s fewer losses
enable aggressive growth. Both environments capture this
fundamental Reno behavior.

B. Packet Loss Patterns

The packet loss patterns underlying the CWND behavior
show similar trends in both environments. Fig. 5 quantifies
these losses through retransmission events. In DISTRI, Job
1 experiences 22 retransmissions around 6 seconds and 20
around 9 seconds, causing repeated CWND reductions, while
Job 0 shows no retransmissions. The FABRIC testbed exhibits
even more pronounced asymmetry, with Job 1 experiencing
204 retransmissions early in the transfer while Job 0 maintains
minimal losses. Despite differences in absolute retransmission
counts, both environments demonstrate the same qualitative
pattern: severe asymmetric packet loss that directly causes
the CWND suppression and performance differences observed
in Fig. 4. This correlation between packet loss and CWND
evolution validates DISTRI’s packet-level network simulation
and queue management implementation.

C. RTT, Throughput, and Completion Patterns

RTT measurements in Fig. 4(b,e) show similar patterns
reflecting queue buildup. DISTRI shows Job O maintaining
stable RTT (0.8-1.0s) with Job 1 more variable (0.2-0.8s),
while FABRIC shows comparable patterns (0.035-0.062s).
Periodic spikes correspond to queue buildup followed by
draining when flows back off.

Throughput in Fig. 4(c,f) reveals that despite initial asym-
metry, both flows eventually achieve fair bandwidth sharing
(1000-1100 Mbits/s in DISTRI, 400-600 Mbits/s in FABRIC),
demonstrating Reno’s additive increase mechanism balances
flows despite early disparities.
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In both environments, Job 0 completes earlier (25s vs 30s+
in DISTRI) due to fewer losses, validating DISTRI’s ability
to predict performance outcomes critical for job scheduling
decisions.

D. Validation Summary

While absolute values differ between DISTRI and FABRIC
due to implementation details, scaling factors, and measure-
ment precision, the behavioral trends are remarkably consistent
across all metrics. Both environments demonstrate:

o Asymmetric CWND growth driven by differential packet
loss (Fig. 4)

o Quantifiable retransmission patterns showing same asym-
metry (Fig. 5)

« Strong correlation between packet loss patterns and TCP

performance

o RTT variations reflecting queue dynamics and congestion

o Long-term convergence to fair bandwidth sharing

o Performance-based completion time ordering

Although the absolute values of throughput, RTT, and
retransmission counts differ between DISTRI and FABRIC,
these discrepancies can arise from implementation details in
the Linux TCP stack, measurement granularity on the testbed,
modeling assumptions in the discrete-event simulator, and
background system variability. Our goal in this study is there-
fore to validate that DISTRI reproduces the key qualitative
cause-and-effect relationships in TCP behavior rather than
to achieve exact packet-by-packet numerical agreement. A
more systematic quantitative comparison using error metrics
or correlation between simulated and measured traces is an
important direction for future work that will help further
calibrate the simulator. We also note that the current validation
focuses on a single dumbbell topology and TCP Reno, and we
plan to extend it to additional topologies and CCAs supported
by DISTRI.

These consistent behavioral trends validate DISTRI’s ability
to capture essential TCP dynamics, making it a reliable tool
for developing and testing network optimization algorithms,
job scheduling strategies, and fault-tolerance mechanisms for
distributed computing systems. The simulator successfully
reproduces the cause-and-effect relationships between network
events and TCP responses that are critical for understanding
system behavior.

VI. CONCLUSION

We validate DISTRI’s network simulation accuracy through
comprehensive comparison with FABRIC testbed experiments.
By extending DISTRI with a full TCP stack and router imple-
mentations, we have created a tool for distributed computing
research that combines agent-based job scheduling with accu-
rate network modeling. Our validation demonstrates that DIS-
TRI successfully captures essential TCP dynamics—CWND
evolution, RTT variations, throughput fairness, and packet loss
patterns closely match real-world observations. While absolute
values differ, the behavioral trends critical for algorithm de-
velopment are accurately reproduced.

This establishes DISTRI as a cost-effective platform for
developing network optimization strategies and testing al-
gorithms without requiring continuous access to expensive
physical testbeds. Future work will include integration of
job scheduling and consensus mechanisms for multi-agent
coordination in distributed computing environments. Beyond
this initial validation, we plan to broaden our evaluation to
additional network topologies and CCAs and to study the
scalability and runtime efficiency of DISTRI for large-scale
distributed workflows. We also intend to use DISTRI as a
platform for investigating intelligent multi-agent coordination
and workflow-aware network optimization strategies in future
work.
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