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Abstract—Measuring the performance of one-sided and col-
lective operations on a set of distributed resources is not trivial
because of the complexity of distributed time measurement on
non-synchronized hardware. Simulation is attractive because
distributed applications can be executed on a controlled set of
resources and in a reproducible manner. Writing a fully cali-
brated simulator for a new software library represents however
a time- and labor-intensive effort that is usually only undertaken
for well established software solutions such as the MPI standard.

This paper introduces an approach leveraging the SimGrid
simulation framework for the study of an existing standard
for high-performance computing parallel applications, featuring
one-sided communications and atomic and collective operations.
We present the several mechanisms that are mandatory to
integrate the behavior of the real distributed applications into
the simulated platform. Leveraging this simulation framework
greatly simplifies this endeavor, opening the way to the study
of more distributed middleware and libraries through realistic
simulations.

I. INTRODUCTION

Measuring the performance of one-sided and collective
operations on a set of distributed resources is not trivial
because of the complexity of distributed time measurement
on non-synchronized hardware [1], [2]. Simulation is attrac-
tive because distributed applications can be executed on a
controlled set of resources and in a reproducible manner,
including a fully controllable clock on the simulated resources
with reproducible skew and drift. Many simulation frameworks
were proposed in the literature [3], many of them enabling the
study of abstract algorithms. Some solutions were proposed for
the study of concrete systems, but only for well-established
communication frameworks such as the MPI standard [4], [5].
The scarity of solutions to study other concrete communication
libraries can be explained by the fact that developping a
complete and accurately calibrated simulator is tedious and
very labor-intensive [6]. One classical solution is to simulate
offline execution traces [7], but this approach forbids the study
of adaptative applications that modify their behavior according
to the network conditions.

This paper presents an approach leveraging the SimGrid
simulation framework [8] for the study of an existing standard
for high-performance computing parallel applications called
OpenSHMem [9]. This library features one-sided communica-
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tions and atomic and collective operations, which performance
is notoriously difficult to study on real platforms [1].

This paper is organized as follows. Section II gives an
overview of simulation techniques for parallel and distributed
systems, and how one-sided communications are implemented
in high-performance computing libraries. Section III presents
the design and implementation of a one-sided communication
interface in a simulator. Some applications that can be exe-
cuted are presented in Section IV. Finally, VI concludes the
paper and discusses some open perspectives.

II. REVIEW OF THE LITERATURE
A. Simulating distributed applications

The simulation of distributed systems usually faces a trade-
off between speed and accuracy. Some simulators reproduce
every operation made by the system: cycle-accurate CPU
simulator play each CPU cycle [10], packet-accurate network
simulators play every packet [11]. These simulators are useful
to study such components in particular, since they are highly
accurate. However, distributed systems combine a potentially
large number of such components, and this approach is not
scalable enough.

One solution consists in using coarser-grain simulation,
with fewer details taken into account by the simulation. The
challenge is then to find models that capture enough details
of the simulated systems to reach an acceptable accuracy,
and scalable enough. It is followed by simulators such as
SimGrid [8] and GridSim [12].

SimGrid provides high-level definitions of the hardware
components, such as CPUs, network links, and disks. Each
component has characteristics, such as a number of cores
that have a given compute speed for CPUs. It provides
several network-level simulation approaches, such as fluid-
based models that capture some effects from the TCP protocol
or using the ns-3 simulator [13].

SimGrid provides an internal interface called S4U, but also
an MPI implementation [14]. SimGrid can therefore be used
as a drop-in replacement of the MPI library to execute parallel
applications on the simulated platforms and allow precise
performance analysis [15], or to implement communication
protocols [16], large-scale task-based platforms [17] or other
parallel computation models [18].



SimGrid can be extended by overriding methods to specify
the model’s behavior, and by defining plugins, for instance
using the Functional Mock-up Interface (FMI) standard [19]
and for energy consumption estimation [20].

While other frameworks can be used as drop-in replace-
ments of the MPI library to enable the live simulation of the
applications [21], we do not know any such solution exists
for distributed applications that are not based on the MPI
standard. Some solutions such as Netrix [22] exist to control
the behavior of arbitrary distributed applications to allow their
testing, but they do not given the experimental control of the
network conditions as we do in this work.

B. Implementing one-sided communications

One-sided communications are critical for Parallel Global
Address Space (PGAS) languages such as Unified Parallel C
(UPC) [23] and UPC++ [24]. [25] noticed that MPI 1.1 and
MPI 2.0’s one-sided communications were not a satisfying
target to implement UPC’s one-sided communication needs.
Later, a new RMA interface in MPI 3.0 and aggressive
optimization efforts made it possible to implement a one-sided
communication interface with good performance [26].

The OpenSHMEM interface [9], implemented in the afore-
mentioned paper, is a standard for one-sided, atomic and
collective communications. It finds its roots in the original
SHMEM library from Cray Research in 1993 [27] and later
variants such as SGI SHMEM in 1996 when Cray Re-
search was merged with Silicon Graphics (SGI) and Quadrics
SHMEM (Q-SHMEM), which later was the basics for HP
SHMEM. IBM made IBM SHMEM for internal use, and
TurboSHMEM using its low-level API (LAPI). Since the
release of the OpenSHMEM standard [9], multiple approaches
have been explored to get the best possible performance for
its one-sided communications.

In [28] and [29], the authors propose the UCCS framework
to close the increasing gap between the capabilities provided
by the hardware and the communication models implemented
by the communication libraries such as MPI and OpenSH-
MEM. In [30], the authors show that the cost of traversing
the software stack can have a significant cost. The UCX
framework aims at providing portability across network layers
while maintaining a short API-to-network path [31].

Implementations have been made using low-level network
drivers directly, such as Sandia OpenSHMEM [32] or MVA-
PICH [33], and using UCX, such as OpenMPI [34].

III. SIMULATING THE EVOLUTION OF DISTRIBUTED
APPLICATIONS
A. Simulating time: the SimGrid approach

SimGrid relies on three abstractions:

o A resource is an element of the simulated platform (CPU,
network link, disk)

o An activity is something happening on the platform and
that we want to measure in some way. For instance, it
can be a computation on a CPU or a communication on
a network link.

e An actor can be seen as a process which is executing an
activity on a resource. Actors execute their own activities
sequentially, but they execute them independently of each
other.

SimGrid measures the simulated time during the execution,
but it can also be extended to use different metrics such
as energy consumption. To measure time, it needs to keep
track of the (simulated) moment when each activity starts, its
progress, and when it completes. Each activity is defined by an
amount of work to be done, and the chosen model computes
how a given activity uses a given resource. When concurrent
activities compete for the same resource (for instance, when
two computations run on the same CPU core, or when two
communications use the same network link), a linear min-max
solver computes the speed of each activity.

An operation involving SimGrid is called a simcall and can
be seen like what a system call is to the operating system.
SimGrid considers each process of a distributed application
as a sequence of activities that do not involve SimGrid and
simcalls. SimGrid uses dedicated models to compute the
simulated time of an activity on a given resource using its
hardware specification.

B. Process folding

The processes of a distributed application simulated by
SimGrid are folded into a single process, which is then used
to simulate the execution and measure time. This mechanism
ensures, among other properties, reproducible executions, and
a global view of the simulated time.

a) Execution: SimGrid folds the processes of the dis-
tributed application into a single process. A maestro schedules
the execution between these (simulated) processes. A process
is chosen and executed until the next simcall. At this point,
the maestro stops the execution of the process and switches
to another process, which is executed until the next simcall.
Once all the processes are waiting on a simcall, the maestro
executes them.

The maestro schedules the execution between the processes
in a reproducible way, and since their executions are made
sequential, there is no concurrency between the executions of
the simulated processes. However, the simulated operations
can be concurrent.

b) Implementation: To achieve this sequential execution,
SimGrid folds all the processes into a single process. For sake
of clarity, we call rank a process of the distributed application
that is to be folded as a thread in the simulation process,
while the word process is used for the system process hosting
the whole simulation (that is, all ranks plus the platform
simulation).

To ensure that the global variables are privatized for each
rank despite the folding, SimGrid loads the binary object
corresponding to each rank and the libraries it depends upon
using dlopen. This requires the binaries to be compiled as
Position-Independent Executable with the —fPIE compiler
flag, but this is a common practice in Linux anyway as
it enables security counter-measures such as Address-Space
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Fig. 1. OpenSHMEM memory model.

Layout Randomization (ASLR) [35]. Usually, the dynamic
linker ensures that each object is loaded only once in memory
even if it is used by several other objects. We circumvent this
protection by first copying the object in another file on disk
to force the dynamic linker to load a new copy of the same
object for each rank. This approach has the disadvantage of
duplicating not only the global variables but also the code
of each object in memory, but from our experience, this is
much more robust and portable than the dlmopen call that
is supposedly intended for this usage.

Once the binary object is loaded in memory, we intercept
the main function with d1sym. Hooks can be added at this
point to execute specific operations on the library, such as the
mechanism we added to share global and static variables with
OpenSHMEM as discussed in the next Section.

C. Shared distributed memory model

a) OpenSHMEM’s memory model: Figure 1 depicts
OpenSHMEM’s distributed memory model: each process has
its own (private memory), and shares a heap that can be
accessed remotely by other processes. This heap is sym-
metric, i.e.,allocations made on this heap are made by all
the processes of the application. The corresponding function,
shemm_malloc, is a collective operation. As a consequence,
objects located in this heap are located at the same offset
in each process’s heap. Moreover, static global variables are
located in this shared heap.

void shmem_put(TYPE =xdest,
const TYPE =xsource ,
size_t nelems, int pe);

Listing 1. Prototype of an OpenSHMEM RMA operation.

Listing 1 presents the prototype of a remote memory
access function in OpenSHMEM: shemm_put puts the
nelems*sizeof (TYPE) bytes from address source into
pe’s shared heap, at the same place as dest. Since every
process has a dest in its shared heap, the offset between
the beginning of the shared heap and dest is the same (with
architectural variations) on every process.

b) The symmetric heap: Since the simulated distributed
processes are folded into a single process, the simulated
processes have access to each other’s memory. However, to ob-
tain semantically realistic executions, we cannot let processes

access all the memory of the other processes. For instance, in
our simulation, process x might be able to access any address
of process’s y memory space, but in real life, it is not possible.
Therefore, we put the remotely-accessible memory space into
a Buffer object that contains enough information to verify
that a remote access is actually happening in public space,
and computes offset arithmetic operations to translate the local
address used in the OpenSHMEM operations into offset-based
addressing and into actual addresses.

c) Shared objects: In OpenSHMEM, global and static
variables are accessible remotely by other processes. In the
Elf format, such variables are located in the data segment
of the executable (if they are initialized) and in the BSS
segment (if they are not). In executable binaries, we can find
these segments between symbols such as __data_start,
__bss_start and _end. However, we have seen in Sec-
tion III-B that the simulated processes are executed from
libraries and not from executables. When the library corre-
sponding to each process is opened by dlopen (see sec-
tion III-B), we find the addresses of the bounds of these
segments using the d1_phdr_info structure obtained from
dl_iterate_phdr after the dlopen. We create a buffer
for these memory areas and make them accessible similarly
to the shared heap.

D. Implementing one-sided communications in SimGrid

We implemented the OpenSHMEM interface in SimGrid,
making it possible to run OpenSHMEM applications on a
simulated platform. All the OpenSMEM communications are
implemented to achieve two goals: 1) perform the inter-process
communication according to the OpenSHMEM specification
and 2) take the communication into account in the simulation.

Specifically, OpenSHMEM'’s peer-to-peer communications
are one-sided, asynchronous and non-blocking. However, a
distinction must be made between outgoing operations such as
shemm_put and incoming operations such as shmem_get:
when the former returns, there is no guarantee that the data
has been delivered to the target processes, whereas when the
latter returns, the data is available.

a) The SimGrid communication model: SimGrid uses a
mailbox-based communication model. A process that initiates
a communication puts it in a mailbox, the destination process
reads it from the mailbox. This model needs some adaptation
to be used to implement one-sided communications, since the
mailbox cannot be directly the remote process’s memory.

We used a communication daemon that polls for messages
in this mailbox. An outgoing communication is an Activity,
in terms of SimGrid abstractions. When a process puts a
communication in this mailbox, the daemon reads it and
delivers it into the target process’s memory.

We used SimGrid’s internal primitives to take the com-
munication into account into the simulation, and memcpy to
perform the actual data movement.

b) Synchronization operations: OpenSHMEM provides
several synchronizations to ensure completion and ordering of
events.



shemm_quiet ensures completion of all the shmem_put
operations issued before the call to shmem_quiet. We
implemented it by waiting until all the outgoing local activities
have completed.

shmem_fence is an ordering routing: all the shmem_put
communications issued before shemm_fence are completed
before any of the communications issued after shemm_fence
can start. We implemented it using an epoch: the number of
messages issued during an epoch is counted and they must
be completed before the epoch number is incremented and
subsequent communications can happen.

c) Atomic operations: OpenSHMEM defines atomic
fetch-and-operate operations and atomic memory operations.
We used a lock to ensure atomicity of the operations. In the
SimGrid execution model (see Section III-B), these operations
cannot be interrupted.

E. Measuring time

SimGrid provides mechanisms to insert probes triggered
upon events happening on the simulated platform and in the
application. The data collected during the execution can be
used to visualize simulated resource usage, such as CPU load
or how much of the links’ capacity is used [36]. The probe
mechanisms can be used by simulation platforms built on top
of SimGrid, such as a BOINC simulator [17] or the StarPU
task-based parallel environment [18], [37].

In addition to generic probes, SimGrid provides instru-
mentation functions to trace the execution of communica-
tions. We extended this interface to implement OpenSHMEM-
specific functions, with functions corresponding to when a
shmem_put is initiated on the source process and when the
data arrives on the target process, and to when a shmem_get
is initiated on the source process, when the target process starts
transferring the data, and when the data has arrived on the
source process.

Figure 2 represents the instrumentation points inserted in
OpenSHMEM communications. The mechanisms provided by
SimGrid to have a unified view of the simulated time make
it possible to have a unique clock for these operations, which
would require very accurate distributed clock synchronization
in a distributed environment.

F. Miscellaneous implementation issues

A particularity of OpenSHMEM is that it provides
type-specific routines: for instance, shmem_ TYPE_put
exists for TYPE  being char, signed char,
unsigned char, short, unsigned short, int,
unsigned int, int8_t, intlé_t, int32_t,
int64_t,uint8_t,uintl6_t,uint32_t,uint64_t,
size_t, ptrdiff_t, double, long double,
float, long, unsigned long, long long, and
unsigned long long. There is also shmem_putSIZE
with SIZE being one of 8, 16, 32, 64 and 128,
shmem_putmem, and if Cl1 is supported, a generic
shmem_put.
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Fig. 2. Measuring OpenSHMEM communication operations.

Since SimGrid is implemented in C++, we used templates
to implement these functions. However, we are providing a C
interface that provides each of these functions.

IV. SIMULATION OF SOME APPLICATIONS

We executed a set of open-source OpenSHMEM applica-
tions:

e The NAS Parallel Benchmarks [38] are a set of bench-
marks performing well-characterized operations. The IS
kernel (Integer Sort) performs random memory accesses
and was implemented in OpenSHMEM!

e Shmem-Mandel computes a Mandelbrot fractal using
OpenSHMEM?

o We used a sample program that solves the heat equation
problem in parallel using OpenSHMEM?

The output obtained by the Shmem-Mandel program is
shown Figure 3.

V. CURRENT LIMITATIONS AND OPEN PERSPECTIVES

a) Contexts: OpenSHMEM 1.4 introduced contexts,
which are operation streams in which operations are ordered,
but independently from the other events of the application.
They can be seen as Cuda streams: operations made in
the same context are ordered, whereas operations made in
different contexts might or might not be ordered. They can
be used for thread safety and to obtain better overlap between
communications [39].

SimGrid has some support for programs using POSIX
threads through the sthread interface [40]. Combining one-
sided communications and threads is not trivial and left for
future works.

Thttps://github.com/openshmem-org/openshmem-npbs
Zhttps://github.com/intijk/shmem-mandel
3https://github.com/blastmaster/heat_eaquation_openshmem



Fig. 3. Output of the simulated Shemm-Mandel program.

b) Hardware-specific performance considerations: The
OpenSHMEM standard was designed to take advantage of fast
RDMA interconnects [41], [42]. SimGrid provides different
models for its network links, such as a TCP-fluid approxi-
mation, the NS-3 simulator, or use a plugin such as the WiFi
network load and energy modelling plugin. An implementation
of the Portals 4 protocol was made as a standalone SimGrid
module [16]. It would be interesting to get a more fine-grain
model of the performance of RDMA interconnects and how
the OpenSHMEM library takes advantage of its semantics.

¢) Memory accesses: SimGrid intercepts network oper-
ations through the calls to the library it implements (in our
case, OpenSHMEM). It makes it possible to perform some
safety checks, for instance by detecting concurrent communi-
cations or deadlocks. However, this does not include memory
accesses. For instance, if a process performs a remote put on
another process and this process performs a local read or write
operation with no causal ordering of these two operations,
there will be a race condition. The remote put is performed
by SimGrid, but the local memory access is performed directly
and SimGrid has no control over it.

VI. CONCLUSION AND PERSPECTIVES

This paper details an approach to simulate a concrete
communication library featuring one-sided communications as
well as atomic and collective operations, which performance
is notoriously difficult to study on real platforms [1]. Such
simulation is usually a time- and labor-intensive endeavor to
capture both the behavior of the application running on top
of the communication library and the semantic of the library
itself, and integrate these elements into the simulated platform.
Trace replay simplify the capture of the applicative behavior,
but cannot be applied to reactive applications that adapt to the
network conditions.

Instead, we present several mechanisms to fold the many
nodes of the distributed application into a single process for

sake of simulation performance and simplicity, and to trick
the unmodified application into using the simulated platform
instead of the real one. Our approach relies only on standard
and portable mechanisms of the dynamic library linker. Com-
munications are captured with a thin reimplementation of the
library semantic on top of the SimGrid framework, enabling
the study of advanced communication patterns such as one-
sided or group communications.

We exemplify our approach on the OpenSHMEM library,
that implements a growing standard for advanced communica-
tions in HPC context, but we believe that this approach could
be used to ease the realistic simulation of other advanced com-
munication libraries such as Remote Direct Memory Access
(RDMA) standards, ZeroMQ, disaggregated architectures, and
Parallel Global Address Spaces (PGAS).

In the future, this would enable the clairvoyant study of
these applicative stacks, making it possible to extract informa-
tion such as (simulated) time at any moment of the execution.
This would permit advanced tracing solutions, and could even
enable the study of these applications through fuzzing by
modifying the behavior of the simulated platform accordingly.
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