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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.  
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(a) Packet arrival interval

equals 200 ns.
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(b) Packet arrival interval

equals 400 ns.
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(c) Packet arrival interval

equals 800 ns.
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(d) Packet arrival interval

equals 1600 ns.

(e) Packet arrival interval

equals 200 ns.

(f) Packet arrival interval

equals 400 ns.

(g) Packet arrival interval

equals 800 ns.

(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
20,480 switches. The total number of committed events is 567 billion. In each top subfigure, we vary the number of cores from
1,024 to 16,384 through running experiments on c1, c2, c4, c8 and c16 modes. From top-left subfigure to top-right subfigure,
we vary the packet arrival interval from 200 ns to 1,600 ns. Experiments on the top subfigures are conducted using 1 Blue
Gene/Q 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 packet arrival interval from 200
ns to 1600 ns. Experiments on the top subfigures are conducted using 2 Blue Gene/Q racks. The tra�c pattern is random
destination.

the top 500 lists. Mira consists of a total of 48 racks and
786,432 processors and is capable of 10 quadrillion calcu-
lations per second. The total memory of Mira is 768 ter-
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
allocating di↵erent size of memory for each MPI process.
The interconnection network is a 5-D torus which provides a
fast collective communication for global reduce operations.
This is ideal for ROSS to perform the optimistic synchro-
nization algorithm. FatTreeSim leverages the fast 5-D torus
interconnection network and achieves a performance of 305
million events per second using 32,768 cores.

We use two metrics: the committed event rate and the
event e�ciency to evaluate the simulation performance of
FatTreeSim. In ROSS, the event e�ciency determines the
amount of useful work performed by the simulation. It is
defined in Equation 2 [15]:

efficiency = 1� rolled back event

total committed events
(2)

The simulation e�ciency is inversely proportional to the
number of rollbacks and is a rigorous indicator of the perfor-
mance of a simulation system. The higher the e�ciency, the
faster the simulation performs. Another factor that a↵ects
the e�ciency is the percentage of remote events, which is de-
fined as the event transmitted between physical processes.
The delay of remote event is unpredictable and can cause the
logically erroneous events. The percentage of remote event is

inherent to the model and usually increases with the increase
of the number of physical processes when performing the
scaling experiment. Global synchronization can e↵ectively
reduce the number of rollbacks, however, this global commu-
nication is usually expensive, especially in large-scale sys-
tems like Mira. There is a tradeo↵ in determining how fre-
quently the simulation system performs the synchronization.
ROSS uses gvt-interval and batch to control the frequency of
global virtual time computation. FatTreeSim leverages the
functionalities provided by ROSS and can achieve its peak
performance in large-scale through parameters tuning and
system configuration. The strategy for obtaining the opti-
mal gvt-interval and batch size for the Dragonfly network
module is discussed in [29].

Specifically, we configured a 128-port 3-tree fat-tree network
in FatTreeSim. The total number of processing-node LP and
App LP is 524,288 respectively, and total number of switch
LP is 20,480. We select random destination tra�c as it can
generate the worst case scenario for parallel simulation for
its large percentage of remote event. Each node continu-
ously generates a packet stream and each packet randomly
selects a destination. The time interval between two packets
applies to the exponential distribution, thus the packet is a
Poison stream. The author in [25] has pointed out that the
interval also has an impact on the simulation performance.
To perform the strong scaling experiment,we fixed the sim-
ulation size through setting the number of packets to 5,000
on each node. The total committed event is 567 billion.

We perform the experiments on Mira using 1 rack and 2
rack of nodes respectively. Each Blue Gene/Q node has 16
processors and 16 gigabytes of shared memory, the job can

The above figures present the FatTreeSim Scalability Experiment on Blue Gene/Q. The fat-tree model 
consists of 524,288 processing nodes and 20,480 switches. The total number of committed events is 567 
billion. In each top subfigure, we vary the number of cores from 1,024 to 16,384 through running experiments 
on c1, c2, c4, c8 and c16 modes. From top-left subfigure to top-right subfigure, we vary the packet arrival 
interval from 200 ns to 1,600 ns. Experiments on the top subfigures are conducted using 1 Blue Gene/Q 
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 
packet arrival interval from 200 ns to 1600 ns. Experiments on the top subfigures are conducted using 2 Blue 
Gene/Q racks. The traffic pattern is random destination.  
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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.  
 

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.  
 
 

 Accuracy Experiment on Emulab & Functionality Experiment on YARNsim  

(a) CDF of Message Latency. The number of processing nodes

is 8. The number of switches is 6. The tra�c pattern is

Nearest Neighbor.

(b) CDF of Message Latency. The number of processing

nodes is 8. The number of switches is 6. The tra�c pattern is

Random Destination.

(c) CDF of Message Latency. The number of processing nodes

is 16. The number of switches is 20. The tra�c pattern is

Nearest Neighbor.

(d) CDF of Message Latency. The number of processing

nodes is 16. The number of switches is 20. The tra�c pattern

is Random Destination.

Figure 11: CDF of MPI Ping-Pong Test Message Latency. The message size is 1,024 bytes. The number of messages is 1,000.

vary the number of outgoing messages from 500 to 8,000,
and we repeat the test 10 times and calculated the stan-
dard deviation. In FatTreeSim, we set up an exact 4-port
3-tree fat-tree network with identical configurations. We re-
peat the experiments 10 times and calculate the average for
each configuration. The experimental results for the nearest
neighbor test is reported in Figure 9. As we can see, the
standard deviation decreases with the increase of the num-
ber of messages and its maximum value is 2.86% in a 500-
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, how-
ever, around 10-13% error in FatTreeSim for all test cases.
In Figure 10, we report the experimental results for random
destination tra�c. Here, simulation can achieve a better
accuracy and the error range is within 3% for all test cases.

To further evaluate the accuracy of FatTreeSim, 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 di↵erent 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 bu↵er in each outgoing
port. If multiple messages are sent through this port, con-
gestion will occur and this single point queuing e↵ect lead to
a unique waiting time for each packet. Another observation
is that there is a gap between the two CDF curves in the
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, Fat-
TreeSim cannot generate the steep increase or plateau ob-
served in the Emulab real system tests. As discussed earlier,
one way to model this e↵ect is to introduce the multi-thread
and multi-channel model.

4.2 Validation on BG/Q
We conduct the strong-scaling experiment of FatTreeSim on
Mira, a Blue Gene/Q supercomputing system in Argonne
National Laboratory. As of Nov. 2014, Mira ranks 4th in

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.  

We also conducted experiments on YARNsim[4]. YARNsim is a simulation 
system for Hadoop YARN. One can simulate basic Hadoop and HDFS  
services in YARNsim. In this experiment, we use a bio-application [5] 
developed in University of Delaware. The purpose of this experiment is  
to Demonstrate the FatTreeSim can be used by existing simulation  
system like YARNsim.  

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 chip-
to-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. 
 


