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FatTreeSim Architecture

Introduction & Motivation
Fat-tree topologies have been widely adopted as the communication network in data centers in the past
decade. Nowadays, high-performance computing (HPC) system designers are considering using fat-tree as
the interconnection network for the next generation supercomputers [1]. For extreme-scale computing systems
like the data centers and supercomputers, the performance is highly dependent on the interconnection
networks. In this work, we present FatTreeSim, a PDES-based toolkit consisting of a highly scalable fat-tree
network model, with the goal of better understanding the design constraints of fat-tree networking architectures
in data centers and HPC systems, as well as evaluating the applications running on top of the network.
FatTreeSim is designed to model and simulate large-scale fat-tree networks up to millions of nodes with
protocol-level fidelity.

CODES
CODES-wkld

CODES-net

sequential
simulation engine
conservative parallel
simulation engine
optimistic parallel
simulation engine

edge

Number of Cores

(a) Packet arrival interval
equals 200 ns.

(e) Packet arrival interval
equals 200 ns.

Number of Cores

(b) Packet arrival interval
equals 400 ns.

(f) Packet arrival interval
equals 400 ns.

Efficiency
100%
80%
60%
40%
20%
0%

Number of Cores

(c) Packet arrival interval
equals 800 ns.

(g) Packet arrival interval
equals 800 ns.

Event Rate (M/sec)

300
250
200
150
100
50
0

Event Rate
Efficiency

100%
80%
60%
40%
20%
0%

Event Rate (M/sec)

300
250
200
150
100
50
0

Efficiency

Event Rate (M/sec)

100%
80%
60%
40%
20%
0%

Efficiency

Event Rate (M/sec)

300
250
200
150
100
50
0

Event Rate

Efficiency

protocols
routing

fat-tree
network
model

statistic
collector

Efficiency

300
250
200
150
100
50
0

100%
80%
60%
40%
20%
0%

Number of Cores

(d) Packet arrival interval
equals 1600 ns.

(a) CDF of Message Latency. The number of processing nodes
(b) CDF of Message Latency. The number of processing
is 8. The number of switches is 6. The traffic pattern is
nodes is 8. The number of switches is 6. The traffic pattern is
Nearest Neighbor.
Random Destination.

(h) Packet arrival interval
equals 1600 ns.

Figure
12:
FatTreeSim
Scalability
Experiment
on Blue
Gene/Q. The
fat-tree model
consists
of 524,288
processing
nodes
and
The
above
figures
present
the
FatTreeSim
Scalability
Experiment
on
Blue
Gene/Q.
The
fat-tree
model
20,480 switches. The total number of committed events is 567 billion. In each top subfigure, we vary the number of cores from
consists
of 524,288
processing
nodes and
total
number
committed
events is
567
1,024
to 16,384
through running
experiments
on c1,20,480
c2, c4, switches.
c8 and c16 The
modes.
From
top-leftofsubfigure
to top-right
subfigure,
webillion.
vary the
packettop
arrival
intervalwe
from
200the
ns number
to 1,600 of
ns.cores
Experiments
on the
top subfigures
conducted
using 1 Blue
In each
subfigure,
vary
from 1,024
to 16,384
througharerunning
experiments
Gene/Q rack. In each bottom subfigure, we vary the number of cores from 2,048 to 32,768 through running experiments on
c16 From
modes.
Fromsubfigure
top-left to
subfigure
top-rightwesubfigure,
we vary
the packet
c1,onc2,c1,
c4,c2,
c8 c4,
and c8
c16and
modes.
top-left
top-righttosubfigure,
vary the packet
arrival
interval arrival
from 200
nsinterval
to 1600 from
ns. Experiments
the top
are conducted
2 Blue Gene/Q
racks. The
traffic1 pattern
is random
200 ns to on
1,600
ns. subfigures
Experiments
on the topusing
subfigures
are conducted
using
Blue Gene/Q
destination.
rack. In each bottom subfigure, we vary the number of cores from 2,048 to 32,768 through running

experiments on c1, c2, c4, c8 and c16 modes. From top-left subfigure to top-right subfigure, we vary the
the
top 500
lists.interval
Mira consists
of ans
total
of 48 ns.
racks
and
inherent
thesubfigures
model and usually
increases with
packet
arrival
from 200
to 1600
Experiments
on thetotop
are conducted
usingthe2 increase
Blue
786,432 processors and is capable of 10 quadrillion calcuof the number of physical processes when performing the
Gene/Q
traffic
random
lations
per racks.
second.The
The
totalpattern
memoryisof
Mira isdestination.
768 terscaling experiment. Global synchronization can e↵ectively
abytes. Each rack consists of 1,024 nodes and each node
consists of 16 cores with a total of 16 gigabytes of shared
memory. Users can choose to run on di↵erent modes, thus

simulated
nodes

simulated
switch

algorithms

Accuracy Experiment on Emulab & Functionality Experiment on YARNsim

Scalability Experiments On ALCF Blue Gene/Q: Mira
Event Rate

dragonfly
network
model

The above figure illustrates FatTreeSim system architecture in CODES
and ROSS ecosystem. ROSS[2] is short for Rensselaer Optimistic
Simulation System, which features optimistic parallel discrete-event
simulation using reverse computation. CODES[3] is short for Enabling
Co-Design of Multilayer Exascale Storage Architectures. CODES project
is a collaboration between Rensselaer Polytechnic Institute and Argonne
National Laboratory. CODES is based on ROSS and leverage the
parallel simulation engine provided by ROSS. Currently, CODES is
comprised of multiple modules: CODES-base, CODES-workload and
CODES-net. CODES-net is comprised of multiple network models.
FatTreeSim is designed to be part of the CODES-net module and is the
fat-tree network model illustrated in this Figure. FatTreeSim is comprised
of multiple components: Initializer, Traffic Generator, Nodes, Switches,
Protocols & Routing Algorithms and Statistic Collectors.
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The design, evaluation and deployment of data center and HPC system is a systematic and time-consuming
process. As the key component, the communication network has a significant impact on system performance.
Large-scale data center and HPC system network architecture need to support a wide range of applications,
each with different communication and I/O requirements. In distributed computing community, it is projected
that a single data center can scale out to host millions of virtual machines or even physical servers and serve
multi-millions jobs/tasks. The requirements for building a data center network at such a scale also differ with
that of the traditional data centers. The communication network must guarantee the high availability and
reliability, desirable bisection bandwidth, and support for multi-tenancy. To quantify the design trade-offs of a
network at a scale, it is desirable to build a large scale simulation toolkit that is capable of evaluating different
design points in an efficient and cost-effective manner. A fat-tree or folded-Clos topology is the conventional
and yet still the most prevalent design choice for data center communication networks.
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reduce the number of rollbacks, however, this global communication is usually expensive, especially in large-scale systems like Mira. There is a tradeo↵ in determining how fre-

To further evaluate the accuracy of FatTreeSim, we
conducted experiments on Emulab. In these test, we
record the latency for each message from both the
Emulab cluster and FatTreeSim and report the
results in the CDF plots. We used two different
configurations: a 4-port 2-tree and a 4-port 3-tree.
The message size is 1,024 bytes and the number of
messages is 1,000 per node. In all experiments, we
observed that the curve for simulation is much
smoother than the curve for Emulab. This is
attributed to the fact that we model only one outgoing
buffer in each outgoing port. If multiple messages are
sent through this port, congestion will occur and this
single point queuing effect lead to a unique waiting
time for each packet.
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Figure 11: CDF of MPI Ping-Pong Test Message Latency. The message size is 1,024 bytes. The number of messages is 1,000.

message test. This demonstrates that the system noise has
minimal impact on the experiments. We conducted identical
experiments on FatTreeSim in which we manually introduce
random noise to match the real system. There are, however, around 10-13% error in FatTreeSim for all test cases.
In Figure 10, we report the experimental results for random

high latency zone in Figure 11a. We attribute this to the
congestion model overuse in FatTreeSim. This gap explains
the average latency error in Figure 9. In the 4-port 3-tree
test, we observed better CDF curve match. However, FatTreeSim cannot generate the steep increase or plateau observed in the Emulab real system tests. As discussed earlier,

Mira [6] , an IBM Blue Gene/Q supercomputer at the
Argonne Leadership Computing Facility, is equipped with
786,432 cores, 768 terabytes of memory and has a peak
performance of 10 petaflops. Mira’s 49,152 compute nodes
have a PowerPC A2 1600 MHz processor containing 16
cores, each with 4 hardware threads, running at 1.6 GHz,
and 16 gigabytes of DDR3 memory. A 17th core is available
for the communication library.
IBM’s 5D torus interconnect configuration, with 2GB/s chipto-chip links, connects the nodes, enabling highly efficient
computation by reducing the average number of hops and
latency between compute nodes. The Blue Gene/Q system
also features a quad floating point unit (FPU) that can be
used to execute scalar floating point instructions, four-wide
SIMD instructions, or two-wide complex arithmetic SIMD
instructions. This quad FPU provides higher single thread
performance for some applications.
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