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Abstract

The new design paradigms of HPC systems utilizing newly developed CPUs (i.e.,
ARM and RISC-V) trigger an urgent need for simulators that can handle in an
integrated manner both the processing and the network components of a system-
under-design (SuD). The presented simulation framework is the first known open-
source approach that efficiently integrates well-established simulation subsystems
in a single framework with a single notion of time. The framework operates in a
fully distributed manner, transparent to the user enabling accurate simulations of
both ARM- and RISC-V-based HPC systems interconnected with different networks
(e.g., InfiniBand and BXI). Our framework can work in two different modes; in the
main one the processing systems and the interconnection networks are simulated at
a cycle-accurate manner. The second option can be used if the designer wants to
focus on the design space exploration of the architectures/topologies/technologies
of the interconnection network, in which case the data collected when running the
simulator on the main node, are utilized so as to model and simulate extremely fast
different intercommunication infrastructures. The presented framework has been
evaluated when simulating widely used benchmarks (HPCG & LAMMPS) on both
ARM & RISC-V CPUs; the results demonstrate that our approach has up to 6% per-
formance error in the reported SuD aspects, while the simulation times increase at a
very slow pace, when the size of the HPC SuD gets bigger, due to the fully distrib-
uted nature of the proposed toolset.
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1 Introduction

Nowadays, there is a rapid advancement in the capabilities of Highly Parallel and
Distributed computing systems, commonly referred to as HPC systems. These sys-
tems encompass a wide range of processing units from well-known X86/ARM to
modern RISC-V architectures interconnected through multiple networks. A signif-
icant challenge encountered by designers of heterogeneous systems is the lack of
simulation tools capable of providing comprehensive insights beyond basic func-
tional testing, especially for advanced low-power (ARM- & RISC-V-based) HPC
systems. Such insights include the actual performance of the nodes, accurate overall
system timing, power/energy estimations, and network deployment issues. However,
in an era of very complex HPC systems, simulating independently only parts, com-
ponents, or attributes of a system-under-design is a cumbersome, inaccurate, and
inefficient approach.

In this paper, we present a simulation framework called COSSIM-HPC which
extends the COSSIM open-source framework [1-3] and aims to address all the
aforementioned constraints. The COSSIM framework effectively incorporates a
collection of subtools that simulate the computing devices of the processing nodes,
as well as the intercommunication network(s). It provides cycle-accurate results
by simulating the actual application and system software executed on each node
together with the actual networks employed. Specifically, we first extend COSSIM
to support modern RISC-V architectures and create an HPC runtime environment
enabling the designer to execute the whole Message Passing Interface (MPI) appli-
cation simulating both the heterogeneous processing part (ARM & RISC-V) and the
network part, in a fully distributed manner.

At the same time, the very detailed simulated models always come at a cost of
large computing and memory requirements and high simulation times. Thus, in cer-
tain cases (e.g., in the first design phases), quick and maybe not very accurate simu-
lations are needed. As a result, simulation frameworks sometimes integrate different
tools that allow the fast simulation of a large system or a specific network technol-
ogy (e.g., BXI or InfiniBand) at the cost of reduced accuracy of some parts of the
system-under-design (SuD). For instance, network simulators abstract the modeling
of the computing nodes. This is the case of the OMNeT++-based SAURON simula-
tor [4], which can simulate high-performance interconnection networks with thou-
sands of server nodes, which are modeled just as injectors of traffic to the network.
SAURON also permits the simulation of different link speeds, network topologies,
routing algorithms, switch architectures, flow-control policies, and strategies for
congestion management, quality of service (QoS), and power management. Hence,
it can assess network designers who are developing new solutions that improve net-
work performance. The proposed integration allows flexibility to use network sim-
ulators other than SAURON, which will need to link the VEF traces framework.!
A critical factor in these scale-out simulators is their ability to reproduce realistic

! Note that it is possible to link the VEF traces framework with other network simulator tools whenever
that simulator includes the VEF-Tracelib library.
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workloads in the interconnection network; very often, the simulation frameworks
only model ad hoc or synthetic traffic patterns, which do not reproduce the behavior
of communication operations observed in real systems.

For this reason, COSSIM-HPC efficiently integrates the VEF traces framework
[5], a set of tools that model the communication traffic of HPC applications. In this
manner, MPI-based applications can be run in COSSIM-HPC, and the communica-
tion operations can be recorded into VEF traces and then used as inputs for the net-
work models of any network simulator compatible with the VEF traces framework.
In our case, the data recorded by the VEF toolkit is used as input to the SAURON
network simulation, which can simulate seamlessly and very fast HPC systems con-
sisting of hundreds of HPC nodes.

The contribution of this paper can be summarized in the following points:

e The first known open-source’ integrated simulation framework, which can simu-
late complete heterogeneous HPC systems supporting ARM and RISC-V archi-
tectures.

e Full support of PCI devices and Multi-Gigabit Network Interface Cards (NICs)
in simulated multi-node RISC-V systems (the developed code is merged into the
development code of the official gem5 repository).

e An innovative flow to enable the designers to accurately simulate several impor-
tant aspects of HPC systems (i.e., CPU and Network Environment) when execut-
ing real MPI applications within a single simulation framework.

e An integrated Framework [5] that allows the analysis of communication traffic of
MPI-based applications and generate traffic traces that can be used to feed other
network simulator tools.

e A complete toolset allowing extremely fast simulations of HPC systems consist-
ing of hundreds of nodes and interconnected with InfiniBand and/or BXI net-
work technologies.

e A thorough evaluation of the end system based on widely used HPC benchmarks
(HPCG & LAMMPS) executed on both ARM & RISC-V architectures.

2 Related work

In this section, we provide a brief overview of the most widely used simulators and
frameworks that have been proposed in the HPC domain.

SIM-MPI [6] and LogGOPSim [7] are trace-driven HPC simulators modeling the
traces and predicting the overall performance of the target system. The SIM-MPI
input consists of a sequence of traces of MPI operations (including their computa-
tion times) simulated through the LogGOP model. LogGOPSim predicts the com-
munication time by simulating the send and receive traces using the LogGOP model.
PS-SIM [8], SimHPC [9] are HPC simulators that utilize execution-driven method-
ologies. These simulators execute the MPI program at the specified scale on a real

2 https://github.com/ntampouratzis/COSSIM-HPC.
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cluster with fewer processors compared to the target system. They use local hosts
and the mathematical interconnection network model LogP to simulate the target
system. To enhance the accuracy of their microarchitecture modeling and acquire
precise computation time traces, those four simulators usually collect the computa-
tion traces on local nodes of the same architecture as the target system.

A parallel simulation framework, the Structural Simulation Toolkit (SST) [10],
was developed to explore innovations in highly concurrent systems. The components
operate as independent processes on separate physical processor cores, allowing for
parallel simulation and communication with other components via MPI communica-
tion. Hsieh et al. [11] introduced a scalable execution-driven simulation framework
for the HPC system by integrating gem5 into the SST, allowing for cycle-accurate
simulations of the processing units. In addition, dist-gem5 [12] provides a distrib-
uted GEMS5 version that supports only ARM-based processors and a simplistic
network model. On the other hand, other simulators (e.g., [13, 14]) focus on the
simulation of real networks using the OMNeT++/OMNEST simulation frameworks
making assumptions about the applications by using models of computation. Our
approach goes beyond those approaches by modeling successfully both the process-
ing and network aspects of HPC applications while fully supporting RISC-V archi-
tectures and peripherals.

There are also several simulators [15-17] which can simulate multi-core X86,
ARM, and RISC-V machines with different NoC configurations supporting different
tradeoffs between accuracy and simulation speed. However, the notion of relaxed
synchronization, in those simulators, is different from the one used in this work;
in our approach, relaxed synchronization is applied in the intercommunication
between the processing nodes (through external networks), while the above simula-
tors employ relaxed synchronization within the multi-core CPUs only and cannot
simulate interconnected parallel and/or distributed systems of systems.

Furthermore, authors in [18] propose an approach to simulate HPC systems by
simulating only one node using a traditional execution-driven full-system simulator
and a message emulation environment. However, their approach has the following
drawbacks: (1) they generate huge traces that cannot easily be handled, (2) they lack
synchronization and data exchange mechanisms, and (3) they require pre-execution
of the target HPC application in an existing HPC system, while they target only
ARM-based systems.

There is also a wide variety of alternative simulators focusing on simulating the
interconnection networks of data centers and HPC systems. Specifically, there are
simulators supporting high levels of detail, which cannot, though, simulate large-
scale simulations, such as SST (already mentioned) or NS-3 [19], while other simu-
lators, such as INRFlow [20] or GridSim [21] simulate the network at the flow level
instead of at the packet level. As a result, they provide high simulation speeds at
the cost of lower accuracy (e.g., since they are not modeling concrete congestion
situations). Another fundamental aspect of these simulators is that they can generate
traffic loads similar to real systems. In this vein, FOGsim [22] can simulate sce-
narios using both synthetic traffic and real traffic based on traces generated by paral-
lel applications. The main limitation of this simulator is that it is only designed for
DragonFly-type networks; thus, it cannot simulate different network topologies.
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Table 1 Comparative analysis of the most widely used HPC simulation tools

Simulation tool Simulator type Processing support Network support
SIM-MPI Trace-driven X v

LogGOPSim Trace-driven X v

SimHPC Execution-driven X86 v

dist-gem5 Cycle-accurate X86, ARM V/(only simple switches)
SST + gem5 Cycle-accurate X86, ARM x

Sniper Event-driven ARM X

Coyote Cycle-accurate X86 X

NS-3 Event-driven x v

INRFlow Event-driven X v

GridSim Event-driven X v

FOGsim Event-driven X v

SAURON Trace-driven X v
COSSIM-HPC Cycle-accurate ARM, RISC-V v

The SAURON simulator [4] is orthogonal to those simulators, maintaining a high
level of detail, running simulations at the packet level, keeping track of statistics
at the flow level, and modeling different switch architectures accurately. SAURON
can simulate networks with more than 100,000 nodes, supporting several switch
architectures (input- and output-buffered), flow-control techniques (credit-based
and stop&go), a wide range of topologies (direct, indirect, hierarchical, etc.), rout-
ing algorithms (oblivious, deterministic and adaptive), congestion control, QoS, and
power management techniques. Indeed, thanks to the multiple functionalities offered
by SAURON, it is possible to model different network technologies, such as Infini-
Band [23] or BXI [24]. Moreover, as previously stated, SAURON is compatible with
the VEF Traces framework. This framework allows us to characterize the MPI calls
executed by the applications run in HPC systems and record this information into
traffic traces. The VEF traces store only the information necessary to replicate the
traffic that will later be injected into the network. Alternative options to VEF traces,
such as [25-28] profile additional aspects related to parallel applications execution,
such as the communication among CPU, caches, main memory, or 1/0, or the data
to be included into the packet payloads. Consequently, the generated trace files are
difficult to handle, which makes these tools not suitable for generating traces only
based on the communication operations that MPI-based applications perform in
large-scale interconnection networks.

To summarize, to the best of the authors’ knowledge, no open-source integrated
solution exists that can handle the simulation of actual HPC systems, including their
complete software stack and network dynamics. Specifically, our approach effi-
ciently integrates well-established simulation subsystems, in a single framework,
that works in a transparent to the user way, in a fully distributed manner, allowing
accurate modeling and simulation of both ARM- and RISC-V-based HPC systems
interconnected with different network technologies.
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To further emphasize our novelty, Table 1 provides a comparative analysis of
widely used HPC simulation tools. As summarized in Table 1, prior tools are typi-
cally either (i) trace-driven or network-only simulators that lack full-system CPU/
OS fidelity, or (ii) execution/cycle-accurate simulators that are ISA-limited and/
or monolithic, thus constraining multi-node studies. In contrast, COSSIM-HPC
uniquely couples cycle-accurate full-system simulation of both ARM and RISC-V
nodes (running unmodified OS/MPI stacks) with real network models, while execut-
ing each node in parallel across hosts via HLA/CERTI. This integration positions
our framework to address research topics that were previously difficult to study in
a single environment, including: cross-ISA analysis of MPI/collective behavior and
CPU-network co-design. Finally, by allowing distributed execution of many cycle-
accurate nodes, COSSIM-HPC enables early-stage evaluation of not-yet-available
CPUs and interconnects under realistic software stacks.

3 Simulation framework overview

Figure 1 shows a general overview of the simulation subtools that we have effi-
ciently integrated under a single framework. First of all, the COSSIM simula-
tor [1] efficiently utilizes well-established simulation subsystems allowing accurate
development of both ARM- and RISC-V-based HPC systems. GemS5 [29] is used
for the simulation of the processing components of each node in the system, while
OMNeT++ [30] is employed to simulate the networking infrastructure between
those nodes. To unify the entire framework and establish a common notion of time,
COSSIM employs the IEEE1516 HLA architecture [31] through the open-source
CERTI package [32] as described in detail in Sect. 4.

COSSIM + VEF traces + SAURON

HPC Applications

MPI-based Applications Static Analysis
LAMMPS, NEST, PATMOS, GROMACS, DIAPASOM, ECMWF forecasting, etc.

S ympirun—np... Off-line scripts
(TTTTTTTTTT TS e ' Composes = i
: ! VEF o VEFTrace :
0 :A/' Prospector e file
‘ MPIJ"unction() L S o

[ . p» ) PMPI_function() Traffic model
i | VEF TraceLib

PMPI
Message
Captures MPI Generation/delivery
COSSIM Simulator bt

(P2P & collectives)

R' :? SAURON
Simulator

Fig.1 Top-level view of the COSSIM-HPC framework
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The VEF traces framework [5, 33] comprises several tools that allow developers
to model network workloads of MPI applications. One of these tools is the VEF-
Prospector, which captures the application MPI calls and stores them in trace files
using a special format (i.e., VEF trace format). These traces can be used to repro-
duce the application’s behavior in network simulators whenever they support VEF
traces through the TraceLib library. This library can be integrated with virtually
all network simulators, and it is in charge of reading the VEF trace and generat-
ing the corresponding messages, which are inserted in the simulated NICs so that
the simulator injects them into the network. This library is also responsible for col-
lecting the packets received by the end-node NICs and finishing the communication
operations. Moreover, TraceLib permits running several applications (i.e., traces)
simultaneously in the same simulation. It also allows configuring the task mapping
of jobs to nodes and choosing a different implementation of a given MPI collective
communication algorithm. Most importantly, the VEF traces framework allows net-
work simulators to reproduce the application behavior in a completely agnostic man-
ner. That is, neither the end-node architecture nor the timestamps of the system in
which the VEF traces are collected are stored in the traces. Instead, the files contain
only data describing the communication operations (e.g., source, destination, prior
message dependency, etc.).

Finally, the SAURON simulator is based on the OMNeT++ framework (currently
it utilizes OMNeT++ v6.0). During its development, several interconnection archi-
tectures have been implemented. Initially, it was designed to support only Input-
Queued (IQ) switches [34], such as those used in InfiniBand, and fixed-size packets.
Later, to support more intercommunication architectures, variable packet sizes, Pri-
ority Flow Control (PFC) [35], and Combined Input—Output-queued (CIOQ) switch
architecture [36] were also implemented. So now, a number of network technolo-
gies, such as InfiniBand and BXI, can be seamlessly simulated. Finally, Static Queu-
ing Schemes (SQS) and Congestion Control (CC) mechanisms have also been fully
supported. Regarding the latter, FECN/BECN [37] (as defined in InfiniBand specifi-
cations) and DCQCN [38], both CC mechanisms based on injection throttling, have
been modeled, as well as AccuRATE [39]. The supported topology options have
also been increased, from the standard Fat-Trees, tori, or mesh, to state-of-the-art
proposals such as the Megafly/DragonFly+. Traffic generation is performed through
synthetic traffic or VEF traces using the VEF-TraceLib library.

As described in detail in the next sections, the extended COSSIM and the VEF/
SAURON subsystems have all been tightly connected, allowing for efficient simula-
tion of different network configurations using SAURON, under traffic patterns col-
lected by the VEF traces toolset, which has been tightly integrated with the COS-
SIM-HPC simulator. The end result is a complete toolset allowing the seamless yet
very accurate simulation of HPC systems with CPUs and networks that have not
been implemented yet (only modeled).
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4 COSSIM-HPC

In this section, we introduce the extended version of COSSIM, focusing on the
enhancements/modifications developed to efficiently support RISC-V architectures,
HPC runtime environments, and the VEF framework.

Figure 2 illustrates the COSSIM-HPC simulator with all its components, inter-
faces, and modifications. Multiple instances of a node simulator module (i.e., a
gem5-based module) are required for the efficient simulation of the numerous pro-
cessing nodes of an HPC system. The network that binds together the different nodes
is simulated by the network simulation module (i.e., an OMNeT++-based module).
The older version of COSSIM was supporting only ARM multi-core processors,
while in this work we extend the COSSIM functionality to support multi-core RISC-
V processors running a full OS (Ubuntu 22.04) and PCI peripherals. There is also
an augmented version of COSSIM which can also simulate custom co-processors
implemented with a High Level Synthesis Flow (HLS) such as the one described in
[40, 41].

In addition, VEF-Prospector is successfully integrated into our simulator which
captures the application MPI calls and stores them in trace files using a special for-
mat (i.e., VEF). Hence, the MPI traffic generated in COSSIM-HPC can be used
to feed other network simulators and to extend the network protocol modeling
capabilities.

Figure 2 illustrates the primary inputs that a user has to provide to the overall sys-
tem and the primary outputs of the simulation process. Specifically, the System Con-
figuration (number of CPUs, memory subsystem, peripherals, etc.) has to be defined
either using a configuration file or the supplied graphical interface. Furthermore,
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Fig.2 COSSIM-HPC framework; newly developed modules are denoted by the red color
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image files of the OSes that will be executed on the nodes of the simulated plat-
form have to be provided by the user. An image file includes the application execut-
able and all the libraries that are required. In addition, the first-stage bootloader and
Linux Kernel must be specified. Finally, through a network and topology descrip-
tion, the user can define a network topology (e.g., distance between nodes, topology,
mobility between nodes) and describe the interconnection channels and the selected
network protocols.

The Simulation framework output comprises the following: (a) Processing & Net-
work statistics containing all the measured metrics of the simulation process (e.g.,
clock ticks, real-time execution, cache misses, number of packets sent, number of
packets dropped, delay of received packets), (b) the output of the actual application
that is executed, and (c) VEF Traces from each processing node as well as for the
network(s) utilized.

4.1 Extending RISC-V model of gem5

The main goal of our work was to first extend the baseline gem5 RISC-V system
to support PCI interconnections so as to be able to simulate any PCI-compatible
device. The hardware configuration developed, as an extension of the RISC-V gem5
platform, is depicted in Fig. 3. We utilize the bus subsystem, CPU, HiFive Platform,

Fig.3 PClI integration in RISC-

V model RISC-V System

RiscvBoard | Device Tree ;
Generation w

COSSIM
EtherLink

» PCl Host

A

A

HiFive Platform

(vnionmao | user |

) L) 5
10B
e
Bridge Jv. g
. RISC-V CPU
MemBus [ L1 DCache ] [ L1 ICache ]
A
\ 4 A 4
4i L2 Cache j
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and RISCVBoard modules from the conventional gem5 and we added the modules
which are denoted by the orange boxes.

In more detail, in gem5, system configurations are organized into container
classes called platforms. A Platform class is a hierarchical extension of a parent
class that provides a standardized set of utility functions and peripherals that can be
used to tailor the configuration to a particular board or system. PC is the common
Platform class in X86, whereas RealView is the common Platform class in ARM.
For RISC-V, the HiFive platform has recently been introduced, within gem5, which
aligns with SiFive’s HiFive series of boards. In our work, and to be able to evaluate
the accuracy of our approach as demonstrated in the results section, the memory
map conventions, and peripheral addresses are fully in line with the specifications
outlined in the gem5 RISCVMatchedBoard which is based on SiFive’s Freedom
U740 multi-core processor. However, our work can easily be extended and used by
other SoCs as long as the memory map and peripheral address tables are altered
accordingly.

HiFive platform contains a Core Local Interrupt Controller (CLINT), Platform-
Level Interrupt Controller (PLIC), UART, and VirtlOMMIO. All models are con-
nected to either a memory bus (MemBus) or IO bus (IOBus), and these buses are
interfaced through both a system bridge and IO bridge. The CLINT module manages
software and timer interrupts by utilizing a memory-mapped input/output (MMIO)
interface. UART and VirtIOMMIO are fundamental components for a fully func-
tional simulated system. The UART interface offers an interactive command line
terminal, whereas the VirtlOMMIO provides a copy-on-write root filesystem where
operating system binaries and workload scripts are stored. The PLIC controller
effectively manages the reception of concurrent interrupt signals originating from
peripheral devices. The goal of the PLIC is to receive all external interrupt signals,
order them by priority, and then delegate them to an available hart for handling.

To support multiple interconnected RISC-V nodes, we added a PCI host model
which is attached to the generic RISC-V system. Specifically, we implemented a
GenericRiscvPciHost object that inherits the methods of the base gem5 GenericPci-
Host object. The main purpose of the custom PCI host is to map the correct source
interrupt number from the PCI host to the RISC-V Platform-Level Interrupt Con-
troller (PLIC). In our implementation, the base interrupt source number is added to
the PCI interrupt number; thus, the base source number for the PCI host is 0x10, and
the source numbers for the PCI interrupts are 0x11, 0x12, Ox13 and 0x14 (additional
interrupts can be easily added for other PCI devices).

The Host-PCI bridge is responsible for the conversion of CPU requests into PCI
bus transactions. Additionally, it facilitates the conversion of requests originating
from the PCI bus hierarchy into memory requests. Both PCI endpoints and bridges
expose three address spaces to device drivers and enumeration software. The Con-
figuration space is used by PCI devices to map their configuration registers, while
PCI devices expose two additional address spaces namely the memory space and the
I/0 space. Device drivers utilize both memory and I/O spaces as means of establish-
ing communication with a specific device. Memory space refers to address locations
that can be accessed through memory-mapped I/O (MMIO) using regular memory
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load and store instructions. On the other hand, I/0 space refers to the address loca-
tions that can be accessed through port-mapped I/O using special instructions.

Due to the absence of distinction, within gem5, between requests pertaining to
configuration, I/O, and memory space, it becomes necessary to allocate distinct
configuration, I/O, and memory ranges for the simulated PCI devices. In our imple-
mentation, we used the address ranges from the widely used ARM Vexpress gem5
V1 platform; 16MB (address range 0x2f000000-0x2ffftfff), 256MB (address range
0x30000000-0x3ffffffff), and 1024MB (address range 0x40000000-0x7{tffftf) are
assigned for the I/O space (pci pio), PCI configuration space (pci conf), and Memory
space (pci mem), respectively. DRAM is mapped from 2GB to 512GB while all PCI
memory regions are uncacheable. Another challenge that needed to be addressed
was the right generation of the Device Tree so that the operating system’s kernel can
use and manage the newly added PCI component.

To provide a more easily used RISC-V simulation environment we ported
(OpenSBI) [42] bootloader and a Linux kernel binary making the bootloader and
the kernel binaries completely independent. OpenSBI is a reference implementation
of RISC-V SBI (Supervisor Binary Interface), and it can act as a first-stage boot-
loader setting up the environment before jumping to the start of the main runtime/
OS. In our configuration, after the first-stage booting is done by OpenSBI (which is
located at 0x80000000), it jumps to the instruction at the address 0x80200000 which
is located in the Linux kernel. Finally, the device tree is located at 0x87e00000 as
presented in Table 2 which summarizes the full-system memory map. It should be
noted that all PCI memory regions are assigned as uncacheable; this is necessary for
the proper functioning of all PCI peripherals as it ensures that memory requests to
these devices will not be cached from RISC-V Physical Memory Attribute (PMA)
Checker.

The only network interface card that has been implemented, and verified in the
publicly accessible repositories of gem5 is an Ethernet adapter based on the Intel
8254x which is a PCI gem5 network device using the e1000 Linux driver. To extend
our base simulation framework, we modified gem5 to support the Intel 8254x

Table2 Memory map of gem5

RISC-V full system Device Address range
PLIC 0x0c000000 : OxOffffff£
UART 0x10000000:0x1000000f
CLINT 0x02000000:0x0200b1ff
PCI 0x2£000000 : Ox 7fffffff
pci pio 0x2£000000 : Ox2fffffff
pci conf 0x30000000 : Ox 3fffffff
pci mem 0x40000000 : Ox 7£ffffff
RAM 0x80000000 : OxEfffffff
OpenSBI Bootloader 0x80000000:0x801ffff
Linux Kernel 0x80200000 : 0x 8 6ffffff
Device Tree 0x87e00000 : Ox8fffffff
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network card, with arbitrary link speeds, thus allowing RISC-V CPUs’ PIO ports for
PCI devices to be connected to the master ports of the IOBus, while the DMA ports
can be connected to the slave ports of the [OBus master.

4.2 HPC runtime environment

Our extended system can simulate HPC parallel applications/programs in com-
bination with any OS including the required libraries (e.g., MPI). To facilitate the
use of our simulator by any interested HPC stakeholder, Ubuntu 22.04 LTS gem5
compatible images, utilizing Linux Kernels v6.5.5 and bootloaders, have been cre-
ated and configured for both ARM and RISC-V architectures and are available in
open-source.

To fully simulate a parallel program/application on a network of computers via
MPI, an MPI Cluster is set up. In this respect, the rsh server has also been success-
fully imported into all gem5 nodes to allow the launching of commands on remote
nodes. In addition, MPICH v4.0 has been imported and successfully evaluated
using both simple and collective communication MPI routines, while a hosts file (/
etc/hosts) is configured by each gem5 node OS to map hostnames to IP addresses.
Finally, a host_file is created to declare the number of MPI ranks that will be exe-
cuted in each COSSIM node. All those configurations are also available in open
source together with the corresponding instructions.

Our framework is also capable of efficiently communicating with other network
simulators (i.e., SAURON) through VEF traces so as to allow for the exploitation of
more complex and extreme scale network topologies. Specifically, the VEF-prospec-
tor tool was successfully ported in both ARM & RISC-V simulated systems produc-
ing accurate VEF traces.

Code Segment 1 presents the MPI runtime environment for HPCG execution on
3 gem5 nodes using 16 MPI ranks per node, which is identical to a real system as
described in detail in the next section. It should be noted that this script has to be
executed only in the first gem5 node of the MPI cluster distributing the MPI tasks to
the other nodes automatically through the rsh server.

The user can seamlessly modify the COSSIM-HPC configuration file using the
developed Graphical User Interface (GUI), so as to accurately model the computing
node of the target HPC system, including the processor ISA and microarchitecture,
memory system, OS, kernel, parallel environment (MPI library), and the targeted
network. The powerful, yet simple, new GUI provides easy simulation setup, execu-
tion, and visualization of the reported measurements.

Code Segment 1 MPI runtime environment for 3 gem5 nodes

: hostname node0 #Define the hostname for node0 (localhost)

: rsh 192.168.0.3 hostname nodel #Define the hostname for nodel
: rsh 192.168.0.4 hostname node2 #Define the hostname for node2
: #Define the VEF-prospector path

: export PATH=$PATH:/opt/vef_prospector/bin/

[ I N O B S

@ Springer



Distributed fast and accurate simulation platform for advanced... Page 130f27 1484

Code Segment 1 MPI runtime environment for 3 gem5 nodes

6: export LD_LIBRARY_PATH=/opt/vef_prospector/lib/

7: echo "node0:16 nodel:16 node2:16" > host_file

8: mS resetstats #reset the gem5 statistics before mpi execution

9: #Run the HPCG benchmark on 3 nodes (16 MPI ranks/node) using VEF Traces tool
10: vmpirun -launcher rsh -n 48 -f host_file ./hpcg

11: m5 dumpstats #dump the gem5 statistics

5 Validation and performance analysis

This section presents the experimental results that validate the accuracy and scal-
ability of COSSIM-HPC using the widely used HPCG and LAMMPS HPC bench-
marks. In all experiments, we execute our simulations on one or more servers with
AMD Ryzen 9 7950X running at 4.50 GHz with 128 GB of RAM.

5.1 COSSIM-HPC accuracy

To verify the correct behavior and accuracy of the COSSIM-HPC runtime environ-
ment the widely used HPCG v3.1 benchmark is ported successfully in simulated
ARM- and RISC-V-based parallel systems and the reported metrics are compared
with the actual metrics measures on real systems; ARM-based Dibona-TX2 clus-
ter [43] and RISC-V-based HiFive Unmatched board [44] with SiFive Freedom
U740 SoC. Note that the full-system mode of gem5 has been used with the exact
same MPI libraries and OS for both sets of experiments.

First of all, we configure COSSIM-HPC to simulate from 2 up to 64 ARMvVS
cores @2GHz & DDR4 memory (identical to the Dibona Cluster). In Fig. 4, we can
see the HPCG performance comparison (in GFLOPS) as reported by the COSSIM-
HPC simulator and measured on the Dibona Cluster using from 2 to 64 ARMv8

HPCG COSSIM-HPC vs Dibona Comparison using 2-64 ARMv8 cores @2GHz
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Fig. 4 HPCG COSSIM versus Dibona comparison using 2—-64 ARMV8 cores
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HPCG Simulated & Simulation Time using 2-64 ARMv8 cores @2GHz
(COSSIM-HPC simulator)

2 1.87 70
1.54 157 60
50
40
30
20
10

Simulated Seconds
=
Simulation Hours (Wall clock Time)

MPI ranks

M Simulation Hours (Wall clock Time) B Simulated Seconds

Fig.5 HPCG simulated and simulation time using 2-64 ARMv8 cores

HPCG COSSIM-HPC vs U740 real board Comparison using 2-4 RISC-V cores
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Fig.6 HPCG COSSIM versus HiFive board comparison using 2—4 SiFive U740 cores

cores. On the left y axis, we show the GFLOPS, while on the right y axis, we show
that the performance error between the simulated and the real system is always
below 5%; the performance error is calculated as the ratio of the real system’s per-
formance (in GFLOPS) to that of the COSSIM-HPC simulator. It should be noted
that the functional error is zero in all experiments (i.e., there are no differences in
the final results between the simulated and the real system).

In Fig. 5, we can see the HPCG Simulated Time and Simulation Time (Wall
Clock Time) using 2-64 ARMvS cores @2 GHz (in the COSSIM-HPC simulator).
As demonstrated, while the simulated seconds remain approximately constant, the
simulation hours increase proportionally with the doubling of MPI ranks due to the
corresponding increase in total simulated instructions. In more detail, to maintain an
HPCG execution of 1 s, more MPI messages and CPU instructions are generated as
the MPI ranks are doubled.
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In addition, we configure COSSIM-HPC to simulate from 2 up to 4 RISC-V
cores per gem5 instance with the same architectural characteristics as SiFive’s U740
boards. Specifically, we configure the CPU to run at 1.4 GHz with 16 GB DDR4
memory, 32 kB L1 instruction and data caches, and 2MB L2 cache size. In Fig. 6,
we can see the performance comparison (in GFLOPS) as reported by the COSSIM-
HPC simulator and measured on the SiFive U740 system. In the left y-axis, we
can see the GFLOPS, while in the right y-axis, we can see the performance error
between the simulated and the real system; the performance error remains below
7%, while the functional error is zero (i.e., there are no differences in the final results
between the simulated and the real system). In both cases, HPCG is used with com-
piler optimizations applied.

5.2 COSSIM-HPC scalability

Apart from the widely used HPCG benchmark, we port the LAMMPS molecu-
lar dynamics HPC benchmark on the COSSIM-HPC simulator on both ARM &
RISC-V architectures to measure and verify COSSIM-HPC’s scalability. We con-
figure each gem5 node to simulate from 2 up to 8 ARM & RISC-V cores with the
same architectural characteristics, so as to compare the performance reported and
the VEF traces generated. Specifically, we configure each gem5 node processor on
both architectures @1.4 GHz with 16 GB DDR4 memory, 32 kB L1 instruction and
data caches, and 2MB L2 cache size (similar to SiFive U740 SoC). In our study,
we create a star network topology in OMNeT++, characterized by a central gemS5
node (Node0) that is connected to all other gem5 nodes through an Ethernet switch,
thereby ensuring efficient and centralized management of the whole simulation envi-
ronment from NodeO. Finally, in all LAMMPS experiments, 10 steps with 32,000
atoms have been used.

Figures 7 and 8 present the performance reported when simulating the LAMMPS
benchmark on RISC-V and ARM CPUs from 1 up to 16 nodes. In the single-
node setup (Fig. 7), the ARM processor outperforms the RISC-V processor by

RISCV vs ARM Comparison on LAMMPS using 2-8 MPI ranks @ 1.4 GHz
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Fig.7 RISC-V versus ARM performance on LAMMPS using 2-8 MPI ranks for 32K atoms-10 steps
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RISCV vs ARM Comparison on LAMMPS using 16-128 MPI ranks @ 1.4 GHz

50 47.009 240
45 -
2208
40 P
35 200 £
. 31 06 g
~
2 30 180 £
o a
g® 19.306 g
o
£ 20 160 £
s 14.973 £
15 12.332 S
10 9.851 140 E
4179 G367 120 %
5
0 100
128
(2 nodes) (4 nodes) (8 nodes) (16 nodes)
MPI ranks
I Timesteps/s (RISCV) mm Timesteps/s (ARM) = Performance Difference (%)

Fig.8 RISC-V versus ARM performance on LAMMPS using 16-128 MPI ranks for 32K atoms-10 steps

approximately 140% across all ranks, while no functional errors are observed. Mov-
ing to multiple distributed COSSIM-HPC nodes (Fig. 8), the absolute performance
gap for the ARM architecture increases to around 215%. As can be observed, this
performance difference arises primarily in the transition from single-node to multi-
node execution. Once multiple nodes are employed, the relative performance dif-
ference between ARM and RISC-V remains almost constant as the number of MPI
ranks increases (from 16 up to 128 ranks), which is clearly reflected in the nearly
horizontal performance-difference line. To further illustrate this effect, Fig. 9 pre-
sents the isolated speedup lines for ARM and RISC-V, showing that both archi-
tectures scale in a very similar manner. Therefore, the main bottleneck arises
from the CPU side, specifically during the initialization and processing of remote
connections.

ARM vs RISC-V Isolated Speedup Comparison on LAMMPS
using 2-128 MPI ranks @ 1.4GHz
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Fig.9 ARM versus RISC-V isolated speedup comparison on LAMMPS using 16-128 MPI ranks @
1.4 GHz
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LAMMPS Simulated & Simulation Time using 2-8 ARM & RISCV cores
for 32000 atoms @1.4GHz (COSSIM-HPC simulator)
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Fig. 10 LAMMPS simulated instructions versus simulation time using 2—-8 MPI ranks for 32K atoms—
10 steps (1 gem5 node)

LAMMPS Simulated & Simulation Time using 16-128 ARM & RISCV cores
for 32000 atoms @1.4GHz (COSSIM-HPC simulator)
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Fig. 11 LAMMPS simulated instructions versus simulation time using 16-128 MPI ranks for 32K
atoms—10 steps (2 up to 16 gemS5 nodes)

Figure 10 presents the LAMMPS Simulated Instructions versus Simulation Time
(Wall Clock Time) using 2-8 ARM & RISC-V cores @1.4GHz in COSSIM-HPC
simulator for 1 gem5 node. We can observe that the number of simulated instruc-
tions increases when doubling the MPI ranks as all MPI ranks are executed in the
one gem3 instantiation; for the same reason the simulation time (wall-clock time)
increases with the MPI ranks (since all MPI ranks are executed in one single-
threaded gemS5).

Moving to multiple gem5 nodes (Fig. 11), the simulated instructions on the cen-
tral gem5 node (Node0) are almost constant when doubling the MPI ranks because
the amount of total work is distributed among the MPI ranks on other gem5 nodes
as the problem size is constant (32,000 atoms).3 Finally, as Fig. 11 demonstrates,

3 The simulated instructions on other gem5 nodes have the same behavior.

@ Springer



1484  Page 18 of 27 N. Tampouratzis et al.

Broadcast ——+—— Reduce ———>—— AllReduce AP —— Gather
Scatter AllGather ——&—— Barrier —@—— AlAI ——A—
2 100.0 k 100.0 M -
o o 100M 1 g g g
E 10.0 k ;; 10M ! IR
L} 1.0k « 100.0 k i ¥ 4
Z A S 400k Himm ]
2 1000 | é 1.0k [ERE |
3 E 1000 ’ 1
E 100y Z 100 :
z 1.0 1.0
Q Qo‘b N '\{g v ’lf') > bfb Q 0(:) N '\O‘D v rl/(p ] 'bv‘a S bf':’
Time (secs) Time (secs)

(a) Messages exchanged using RISC-V cores. (b) Bytes exchanged using RISC-V cores.

2 100.0 k 100.0 M

S @ 100M i

g 100k S 1o0Mm ]

2 10k & 1000k ]

5 C 10.0 k 1

o 1000 \ 3 1 (1)(.)00k 1

Q g 1

g 100y I 2 100 \ | ]

= 10 W I} @Y. »,0 ., Vv 10 v >0 2 v, >, 0, v
IEENENE NN AN W NEENE N NN SN NN

Time (secs) Time (secs)
(c) Messages exchanged using ARM cores. (d) Bytes exchanged using ARM cores.

Fig. 12 LAMMPS simulation over time (seconds) in a 128-node network using end nodes with RISC-V
or ARM cores

due to the fully distributed nature of COSSIM-HPC, the simulation time (wall-clock
time) overhead is negligible when moving from 2 to 8 gem5 nodes since all of them
are executed in parallel in different physical cores, while, in the 16 node experiment,
there is a slight increase in simulation time (under 20%). Those numbers clearly
demonstrate the scalability of our approach.

The observed differences of ARM over RISC-V architectures in Figs. 10 and 11
reflect inherent differences in ISA characteristics as faithfully modeled by the gem5
simulator rather than any influence from the COSSIM-HPC framework itself. It is
important to emphasize that COSSIM-HPC does not modify, increase or affect the
performance characteristics of gem5. The performance differences can be attrib-
uted to several key factors such as: (1) ARM’s instruction set efficiency, where more
complex instructions can perform multiple operations per cycle, reducing overall
instruction count; (2) superior microarchitectural of ARM, including memory hier-
archy interactions, cache behavior, and prefetching mechanisms. However, the per-
formance difference (Figs. 4, 6) is consistent with gem5’s accurate representation
of real-world ISA behavior, as validated by our experiments showing less than 7%
error when compared against actual ARM and RISC-V hardware platforms.

It should be noted that each experiment was executed three times, yielding identi-
cal performance and accuracy results across all runs. This perfect reproducibility
is inherent to gem5’s deterministic, cycle-accurate simulation engine, ensuring zero
variance between repeated experiments under the same configuration. Consequently,
statistical measures such as standard deviation or confidence intervals are not appli-
cable, as no variation in the recorded metrics was observed.
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To analyze the communication patterns and overheads further, we collected some
traces using the VEF traces framework. First, the VEF-prospector tool was success-
fully ported to the COSSIM-HPC simulator in both ARM & RISC-V systems. Next,
we used the offfine-vef-analysis tool to produce the following plots.* Specifi-
cally, we obtained VEF traces for LAMMPS runs in COSSIM-HPC using 128 MPI
ranks. We configured COSSIM-HPC with 16 gem5 nodes using RISC-V or ARM
architectures. Figure 12 shows the number of messages and bytes that MPI opera-
tions generate over time (in seconds), according to the information recorded in the
obtained VEF traces. We can see that ARM cores run the applications twice as fast
as the RISC-V cores.

It can be observed in this figure that, when running an application on RISC-
V-based systems, the messages are more spaced out in time, while the number
of bytes exchanged is identical since the application and the OS executed are the
same in all cases. The time discrepancy is, obviously, because the ARM processor
has better performance than the RISC-V (see Fig. 8), or in other words, it executes
more instructions per simulated second. As a result, more MPI messages and CPU
Instructions are produced per second in the case of ARM architecture, even though
we use the exact hardware specifications (frequency, DRAM, cache sizes).

Moreover, the communication operations of this application are dominated by
Broadcast and peer-to-peer (P2P) messages, in terms of the number of messages and
bytes exchanged. In addition, “AlI2AIl” and “AllReduce” operations are executed by
the end of the execution. It is worth mentioning that there is a peak in the number of
exchanged messages and bytes around the 3.2 s of execution for the RISC-V cores
and 1.6 s for the ARM cores. This contention situation will increase the message
latency in the network (or flow completion time), as it will be observed when we use
these VEF traces to feed the network simulator in the next section.

5.3 Network simulations

This section analyzes the results of the experiments performed using the VEF traces
generated by COSSIM-HPC, which have been used as inputs to SAURON. First, we
describe the experiments’ configuration and then we analyze the simulation results.

5.3.1 Experiments configuration

We have run our large-scale simulations with large and small MPI traces. For large
traces (128-Task LAMMPS), we use a 128-node Real Life Fat-Tree (RLFT) topol-
ogy, while for the smaller traces (64-Task HPCG), we use a 64-node Fat-Tree topol-
ogy. We have run each trace with two different interconnection network architec-
tures, which we will refer to as ‘Conf #1° and ‘Conf #2’. In more detail, ‘Conf #2’
is based on common features found in the latest generations of Ethernet-based net-
work technologies, such as the next-generation of the BXI technology, which has

4 Further information on the VEF Traces framework and offline analysis can be obtained from this tuto-
rial: https://redsea-project.eu/the-vef-traces-framework/.
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Table 3 Configuration for the

. Network parameters Conf #1 Conf#2
large-scale experiments
Link BW (Gbps) 100 400
Link length 3m 3m
Link latency 5 ns/m 5 ns/m
MTU (bytes) 4096 9600
Variable packet Size No Yes
Flow Ctrl Credits PFC
Sw. Arch IQ CIOQ
Buff. size (KiB) 128 48
Num. VLs 1 1
80T ARM - Conf #1
ARM - Conf #2
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Fig. 13 Mean FCT over time for two 128 MPI rank LAMMPS VEF traces (ARM- and RISC-V-based)
when using network configurations #1 and #2

been investigated in the RED-SEA project [45, 46]. These features include the use
of combined input and output queuing (CIOQ) [36] switch architectures, PFC flow
control [35], or the use of 400Gbps links. Moreover, variable-sized packets are
another important feature of next-generation BXI technologies, which permit gen-
erating packets at network interfaces smaller in size than the network MTU (i.e.,
JUMBO frames of 9600 Bytes for ‘Conf #2’) whenever applications generate mes-
sages that fit in that size. By contrast, ‘Conf #1’ presents inferior characteristics rela-
tive to ‘Conf #2’, e.g., 100Gbps data rate, and a fixed MTU packet size, which will
negatively impact certain types of traffic, as discussed later. Furthermore, ‘Conf #1’
employs an input-queued (IQ) [34] switch architecture and credit-based flow control
[47]. Table 3 summarizes the details of these architectures. There are several exam-
ples of network technologies that mimic these features, such as the current genera-
tion of BXI networks [48] or the InfiniBand EDR generation.

Although SAURON calculates a large set of metrics regarding the interconnec-
tion network performance, in this study we focus mainly on the Flow Completion
Time (FCT), which covers the time from message generation to complete arrival at
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the destination, since this is, probably, the most critical factor in interconnection net-
works for HPC systems. Based on the FCT values, we have built a histogram dem-
onstrating their cumulative distribution function (CDF). Moreover, as we want to
observe the evolution of the network performance metrics over the simulated time,
we have measured their maximum, minimum, and mean values periodically. Note
that SAURON collects metrics specific to switches and NICs, such as the number
of discarded packets, the number of bytes sent, usage of the port, etc., which are all
very important for accurately simulating the generated traffic routed over the simu-
lated network.

5.3.2 Simulation results

First, we examine the reported results for the LAMMPS traces. Figure 13 shows
the average FCT over time for network configurations #1 and #2 when using the
LAMMPS VEEF traces collected through HPC-COSSIM. Figure 14 shows the CDF
for the same scenario.

As shown in those figures, network configuration #2 (i.e., Conf #2) reduces the
FCT for high percentiles (tail latency) on both ARM and RISC-V compared to net-
work configuration #1 (i.e., Conf #1). Although the execution time is shorter for the
ARM architecture, the FCT values are higher at some points in the simulated time,
since when using the more efficient ARM processors, the interval time between gen-
erated messages is lower.

Specifically, the higher packet generation rate in the ARM case compared to the
RISC-V case increases network contention and, consequently, FCT values. This is
illustrated in Figs. 13 and 14, in which the mean FCT reaches 60us and the 99th-
percentile FCT (tail latency) approaches 140us, respectively. Note that the conten-
tion observed at 1.6 s for ARM cores and 3.2 s for RISC-V cores (see Fig. 13) is due
to the “AllI2All” communication, as described in the comments of Fig. 12. Note also
that this contention does not appear when we use network configuration #2, as the
provided link speed is enough to prevent contention.
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Fig. 14 CDF for the FCT values using the LAMMPS traces (ARM and RISC- V)
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Fig. 16 HPCG trace—normalized output port efficiency

Figure 15 shows the Maximum FCT values for a 64-MPI-rank HPCG-based VEF
trace, collected through COSSIM-HPC. These results reveal that, once more, the
FCT obtained for Conf #1 is worse than that of Conf #2. Furthermore, note that
there are larger oscillations for this metric (between 8 and 12 ps) when using Conf
#1 than when using Conf #2, where the latency remains stable at 2 pus during the
whole trace execution.

Figure 16 shows the Normalized output port utilization efficiency for both net-
work configurations over time in the HPCG case. To calculate this metric, we have
measured the amount of bytes sent during each interval and normalized them against
the port’s theoretical maximum. As shown in that figure, the normalized output port
efficiency is significantly higher for Conf #1 than for Conf #2, with maximum uti-
lization below 0.1% on average for Conf #2, while Conf #1 obtains values between
1% and 4%, with a high variability. Note that the HPCG trace generates minimal
load on the network and utilizes small messages, typically smaller than the network
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MTU employed in each configuration (4096 Bytes for Conf #1 and 9600 Bytes for
Conf #2). Also, note that Conf #1 employs fixed-size packets and thus full MTUs
(4096B) are transmitted even when the MPI-generated messages are smaller. This
results in switch output ports being utilized for a longer duration for Conf #1, which
increases network power consumption and execution time.

Finally, although port utilization, on average, is low in both network configura-
tions (i.e., below 5%), there is a high variability (between 1% and 4%, see Fig. 16)
for Conf #1, which correlates with the observed variability for Maximum FCT val-
ues in Fig. 15.

All those results clearly demonstrate that the integration of COSSIM-HPC, VEF
Traces and SAURON allows the HPC designer to perform a design space explo-
ration of the different processing units and the numerous network topologies/tech-
nologies/ configurations of large-scale HPC systems (SAURON can easily simulate
thousands of HPC nodes) seamlessly and accurately.

6 Conclusion

This paper presents an open-source integrated simulation framework that can simu-
late complete heterogeneous HPC systems consisting of ARM and RISC-V archi-
tectures and different network technologies (e.g., InfiniBand, BXI). Specifically,
we extend the COSSIM simulator to support PCI peripherals for RISC-V cores and
arbitrary link speeds in the network cards while we have also created a full reference
HPC runtime environment (including OS, libraries, etc) for simulating multi-node
ARM and RISC-V systems. We also extended the SAURON simulator to model sev-
eral interconnection network architectures commonly used in HPC systems, as well
as network technologies leveraging these architectures, such as InfiniBand or BXI.
Moreover we have integrated the VEF traces framework, into COSSIM which allows
us to analyze communication patterns and generate traffic traces of complete MPI
applications executed on yet-to-be implemented CPUs. These traces have been used
as inputs to the SAURON interconnection network simulator thus allowing accu-
rate and seamless modeling and simulation of different HPC network topologies/
architectures/technologies.

Our novel approach enables, probably for the first time, the HPC designers to
simulate the complete aspects of HPC systems (i.e., Processing and Network Envi-
ronment) when executing real HPC applications within a single simulation frame-
work. As demonstrated in a number of different experiments with widely used HPC
benchmarks, the presented framework produces very accurate results while the
simulation times grow insignificantly when the size of the simulated HPC system
increases.
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