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Motivation 

• At the forefront of extreme-scale scientific computing 
•  Titan at ORNL: Currently 2nd fastest supercomputer in the world 
•  560,640 cores (AMD Opteron + NVIDIA Kepler GPUs, 17.6 PFlops) 

• We are on road to exascale computing: 1,000 Pflop/s by 2023 
•  Potentially billions of densely-packed compute cores 

•  There are several major challenges: 
•  Power consumption: Envelope of ~20-40 MW (drives everything else) 
•  Programmability: Accelerators and PIM-like architectures 
•  Performance: Extreme-scale parallelism (up to 1B hardware threads) 
•  Data movement: Complex memory hierarchy and locality 
•  Data management: Too much data to track and store 
•  Resilience: Faults will occur continuously 
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HPC Hardware/Software Co-Design 

• Helps closing the system-peak vs. application performance gap 
• Execution of real applications, algorithms, or their models atop a 

simulated HPC environment at scale for: 
–  Performance evaluation, including identification of resource contention 

and underutilization issues 
–  Investigation at extreme scale, beyond the capabilities of existing 

simulation efforts 

•  xSim: A highly scalable solution that trades off accuracy 

Scalability 
Accuracy 

Most Simulators xSim Nonsense Nonsense 
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xSim – The Extreme-Scale Simulator 
•  A simulation-based performance/resilience 

investigation toolkit for MPI applications 
•  Combining oversubscribed execution, a 

virtualized MPI & POSIX API, and a time-
accurate parallel discrete event simulation 
•  Support for C, C++ and Fortran applications 
•  Easy to use: 
–  Compile the application with xSim header 
–  Link the application with the xSim library 
–  Run: mpirun -np <np> <application>\ 

  -xsim-np <virtual process count>\ 
  <simulation parameters>\ 
  <application parameters> 
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Architecture 

Design 



xSim Performance Simulation Features 
•  Simulated timing with scaling 

processor model 
–  Application executed on native processor 
–  Simulated timing is relative to native 
–  Operating system noise injection 
–  Does not support accelerators yet 

•  Simulated timing with network model 
–  Completely simulated network at the MPI 

messaging level 
–  Latency, bandwidth, contention, routing, 

and rendezvous protocol 
–  Star, ring, mesh, torus, twisted torus, and 

tree topologies 
–  Hierarchical combinations of topologies, 

e.g. on-chip, on-node, & off-node 
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Monte Carlo solver w/ different core speeds/counts 

NAS MG in a dual-core 3D mesh or twisted torus 



Resilience Simulation Features 
•  Simulating MPI process failures 
•  Injection, propagation, and detection in 

simulated architecture during application 
execution 

•  Simulating MPI application checkpoint, 
abort, and restart cycle 
•  Simulating fault tolerant MPI 
•  Implementation of the User-level failure 

mitigation proposal of the MPI fault 
Tolerance Working Group 

•  Simulating memory bit flip faults (new) 
•  Injection in during application 
•  High degree of injected fault types (e.g., 

SECDED ECC faults in main 
memory vs. parity faults in registers) 
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New Resilience Simulation Features 

• Radiation-induced bit flip faults are of particular concern in 
extreme-scale HPC systems 
• A newly added bit flip fault injection feature: 
•  Permits the specification of injection location(s), 
•  Allows the specification of fault activation time(s), and 
•  Supports a significant degree of configurability to study different fault 

scenarios in detail. 

•  xSim is the very first simulation-based MPI performance tool that 
supports the injection of MPI process failures and bit flip faults 
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Results: Simulator Performance 
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(a) Comparison of execution times in seconds

(b) Simulator execution overheads in percent

Figure 1. Performance evaluation of the matrix-matrix
multiply application vs. running it atop the old xSim vs.
running it atop the new xSim, all without file I/O

for the 8 on-node processor cores and a Gigabit Ethernet
model for the network interconnect. It was also config-
ured with contention modeling for on- and off-node traffic.
The file system model of xSim is a new and untested fea-
ture and was switched off, i.e., file I/O calls do not incur
any simulated time. Every POSIX file I/O call, however, is
intercepted by xSim. To permit POSIX-compliant file sys-
tem simulation, the current implementation globally syn-
chronizes the PDES engine on every POSIX file I/O call to
serialize all POSIX file I/O calls in simulated time. This
can lead to excessive runtime overheads. Since the matrix-
matrix multiply application reads in and writes out each
matrix element with a fscanf() or fprintf() call,
fault injection can be performed when xSim relinquishes
control back to the application after each call.

4.2 Simulator Performance Evaluation

To assess the overhead of the newly added bit flip fault in-
jection feature, the basic parallel matrix-matrix multiply
application was executed using 512 ⇥ 512 matrices con-
taining double-precision values, (1) natively, (2) atop the
previous version of xSim and (3) atop the new version of
xSim. The conducted experiments scale from 1 to 128 MPI
processes on the 128-core Linux cluster, where each sim-
ulated MPI process resides in a physical MPI process. No
oversubscription was employed, where multiple simulated
MPI processes reside in a physical MPI process, to offer a

(a) Comparison of execution times in seconds

(b) Simulator execution overheads in percent

Figure 2. Performance evaluation of the matrix-matrix
multiply application vs. running it atop the old xSim vs.
running it atop the new xSim, all with file I/O

fair comparison. Each data point in the experiments is an
average that was obtained from 10 different runs.

Figure 1 shows the wall-clock execution time in sec-
onds and corresponding simulator overheads in percent of
the native application (MxM), the previous version of xSim
(Old xSim), the new version of xSim without calling the
check() function before every matrix element multipli-
cation (New xSim), and the new version of xSim with call-
ing the check() function (New xSim w/ Check), all with-
out reading in the input files and writing out the output file.
The native application execution (MxM) drops to only 53%
of its serial execution time with 128 MPI processes, as the
amount of parallelized computation time is mostly offset
by the amount of communication. The previous version
of xSim (Old xSim) and the new version of xSim with-
out calling the check() function exhibit the same simu-
lator overheads (⇠60% for serial execution and ⇠300% at
128 MPI processes). The new version of xSim with call-
ing the check() function (New xSim w/ Check) shows
a significant simulator overhead increase that scales with
the amount of computation time (⇠1,900% for serial ex-
ecution and ⇠515% at 128 MPI processes). The perfor-
mance impact of the 512 ⇥ 512 ⇥ 512 = 134, 217, 728
(O(n3)) check() calls evenly distributed over the MPI
processes is clearly visible. As the check() calls are get-
ting distributed over more MPI processes, the overhead cor-
respondingly decreases.



Results: Simulation Accuracy 
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(a) Comparison of native vs. simulated execution times in seconds

(b) Simulation accuracy in percent

Figure 3. Simulation accuracy evaluation of the the old
xSim vs. the new xSim with the matrix-matrix multiply
application without file I/O

Figure 2 illustrates the wall-clock execution time and
corresponding simulator overheads with reading in the in-
put files and writing out the output file. The native appli-
cation execution (MxM) drops to only 64% of its serial
execution time with 128 MPI processes, as the additional
amount of time needed for file I/O is not parallelized. The
previous version of xSim (Old xSim) and the new version
of xSim without calling the check() function exhibit the
same simulator overheads (⇠910% for serial execution and
⇠1,600% at 128 MPI processes). The increase in over-
head in comparison to Figure 1 is entirely due to the file
system model. Each of the 2 ⇥ 512 ⇥ 512 = 524, 288
(O(n2)) fscanf() and 512 ⇥ 512 = 262, 144 (O(n2))
fprintf() calls stops and synchronizes the simulation.
Each call also checks for a fault injection upon returing to
the application. The new version of xSim with calling the
check() function (New xSim w/ Check) shows again a
significant simulator overhead increase that scales with the
amount of computation time (⇠2,325% for serial execution
and ⇠1,730% at 128 MPI processes). This execution has a
total of 135,004,160 potential injection points just from the
file I/O and check() function calls.

4.3 Simulation Accuracy Evaluation

The simulator performance evaluation experiments were
also used to evaluate the simulation accuracy. A simula-
tion is considered accurate if the simulated execution time

(a) Comparison of native vs. simulated execution times in seconds

(b) Simulation accuracy in percent

Figure 4. Simulation accuracy evaluation of the the old
xSim vs. the new xSim with the matrix-matrix multiply
application with file I/O

matches 100% of the native execution time.
Figure 3 shows the simulation accuracy of the previ-

ous version of xSim and the new version of xSim in com-
parison to the native execution of the application, all with-
out reading in the input files and writing out the output
file. The previous version of xSim and the new version of
xSim without calling the check() function exhibit simi-
lar simulation accuracy (100% for serial execution for both,
⇠94% at 128 MPI processes for the previous version of
xSim, and ⇠102% for the new version). The new version
of xSim with calling the check() function shows a sig-
nificant simulation accuracy decrease that scales with the
amount of computation time (⇠261% for serial execution
and ⇠106% at 128 MPI processes). This is expected as
the check() function is called before every multiplica-
tion, reducing processor cache efficiency. This increases
the runtime of the application in simulated time. Such fine-
grain instrumentation for fault injection always interferes
with the system under test.

Figure 4 illustrates the simulation accuracy of the pre-
vious and the new version of xSim in comparison to the ap-
plication with reading in the input files and writing out the
output file. The impact of the disabled file system model is
clearly visible. The previous and the new version of xSim
without calling the check() function exhibit similar sim-
ulation accuracy (83% for serial execution for both, ⇠86%
at 128 MPI processes for the previous version of xSim, and



Results: Fault Injection Campaign 
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(a) Matrix A injections

(b) Matrix C injections

Figure 5. The number of output matrices C corrupted by
fault injection with calling the check() function

⇠74% for the new version). Due to the disabled file system
model, the application executes faster in simulated time as
the time needed for file I/O is not simulated. The new ver-
sion of xSim with calling the check() function shows
again a significant simulation accuracy decrease that scales
with the amount of computation time (⇠224% for serial
execution and ⇠77% at 128 MPI processes). The faster ex-
ecution in simulated time due to the disabled file system
model is partially offset by the slower execution in simu-
lated time due to the check() function.

4.4 Fault Injection Campaign

To demonstrate the usefulness of the new feature, bit flip
fault injection experiments were performed using the new
version of xSim with POSIX file I/O, with and without call-
ing the check() function for 512⇥512 matrices contain-
ing double-precision values. A random single SECDED
ECC protection failure is injected in the form of a triple-bit
flip in an 8-byte word. The injection is performed in the
input matrix A or the output matrix C at a random loca-
tion, a random point in time and at a random MPI process
during the execution. The experiment is conducted from 1
to 128 MPI processes with 100 runs at each scale. As the
injection is random, its impact depends on the time frame
of vulnerability of the particular injection location. With a
large enough number of runs with different injection times
and locations within the same data structure on different
MPI processes, the overall vulnerability of that particular

(a) Matrix A injections

(b) Matrix C injections

Figure 6. The number of output matrices C corrupted by
fault injection without calling the check() function

data structure is revealed. As the impact also depends on
the data itself, input matrices containing 1%, 50% and 99%
zero values are used to demonstrate algorithmic masking.
A total of 9,600 runs were executed.

Figure 5 shows the number of output matrices C cor-
rupted by a single triple-bit 8-byte flip fault injection in the
input matrix A or C with calling the check() function.
For all cases (1%, 50% and 99% zero values), the number
of output matrices C corrupted by matrix A fault injections
initially decreases and then increases with the number of
MPI processes (Figure 5(a)). The minimum is at 2 MPI
processes for inputs containing 1% zero values, at 4 MPI
processes with 50% zeros, and at 2 with 99% zeros. At 1
and 2 MPI processes, inputs containing 99% zero values
produce the least amount of corrupt outputs, while inputs
containing 50% zeros produce the least amount of corrupt
outputs at higher scales. At 1 and 2 MPI processes, inputs
containing 50% zeros produce the most number of corrupt
outputs, while inputs containing 1% zeros produce the most
number at higher scales. For input matrices containing 1%
and 50% zeros, the number of output matrices C corrupted
by matrix C fault injections initially decreases, then in-
creases, and then decreases again with the number of MPI
processes (Figure 5(b)). The amount of corrupt outputs is
close between both cases at each scale. For inputs contain-
ing 99% zeros, at most 1 corrupt output was produced.

Figure 6 illustrates the number of output matrices C
corrupted by a single triple-bit 8-byte flip fault injection in



Conclusion 

•  The Extreme-scale Simulator (xSim) is a performance/resilience 
investigation toolkit that utilizes a PDES and oversubscription 
•  It can simulate future-generation extreme-scale HPC systems 
•  The new features enable the injection of bit flip faults at specific 

of injection location(s) and fault activation time(s), while 
supporting a significant degree of configurability of the fault type. 
• Experiments show that the simulation overhead with the new 

feature is ~2,325% for serial execution and ~1,730% at 128 MPI 
processes, both with very fine-grain fault injection 
•  It is the very first simulation-based MPI performance tool that 

supports the injection of MPI process failures and bit flip faults 
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Questions 
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