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Instituto Superior Técnico, Universidade de Lisboa

Abstract—Current trends predict many-core processors with thousands of cores by the end of the decade. Yet currently
used interconnection networks and cache coherence protocols fall short in harvesting all their promised performance.
Furthermore, programming on these systems poses a new set of challenges, but also opportunities.
These problems motivate research on the topic of many-core processors, trying to provide a set of insights about the
best options on interconnection networks, on cache coherency, on the memory architecture, and on the parallelization
strategy. All this with the goal of providing the maximum throughput of the processor.
To perform this research an accurate testing platform is necessary. The available information depicts gem5 as one of
the most accurate simulators, while Sniper provides a good compromise between performance and accuracy. These
claims are not entirely supported by the tests performed, existing significant discrepancies between what was expected
and the actual results, and between the simulators’ results themselves.

Index Terms—Many-core processors, gem5, Sniper, Graphite, PARSEC
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1 INTRODUCTION

TODAYS multicore processors are the re-
sult of the pursue of more computational

power. These are part of the tendency to in-
crease the number of cores per processor, that
has already lead to some sixty-four core high-
end processors. Also, it is predicted that by the
end of the decade, there will be thousand core
processors [1].

This new paradigm brings a set opportu-
nities and challenges, namely on the internal
processor network and on the programming
model, existing multiple solutions that try to
extract the highest possible performance. The
internal processor network must be prepared
to handle the high number of cores, by pro-
viding the adequate inter-core communication
and cache coherence. On the other hand it
is necessary to prepare todays programs for
this new paradigm, by taking advantage of
program parallelisation and optimisation. Both
topics are on-going research topics.

The research of both this topics is desir-
able, but a problem emerges: How to perform
tests on non-existing processors? The answer is
many-core simulators. The use of simulators
allows the test of possible future architectures

through the execution of programs on them,
thus enabling the adaptation of programs to
this new paradigm. Furthermore, this type of
simulations allows the identification of the
most promising architectures without actually
having to build them, decreasing the time and
cost needed to research them.

2 MANY-CORE PROCESSORS

2.1 Interconnection Networks
Today’s common off-the-shelf processors have
a global bus that connects all the available
cores. This is a good solution for low core
counts but, as there can not be concurrent
accesses to the bus, it does not scale gracefully.

The alternative is using an interconnection
network, or Network-on-Chip(NoC) [2], as
shown on Figure 1. Here the tiles are connected
by a 2D mesh interconnection network.

Each tile, as shown on the right side of Fig-
ure 1, is usually constituted by the core itself
with L1 instruction and data caches, both of
them private, a L2 cache that can be shared or
private, and a router able to send, and forward
messages.

To connect the cores on a many-core Chip
Multiprocessor there are multiple available
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Fig. 1: 16-core tiled CMP, using a 2D mesh interconnection network with a distributed
directory [3].

technologies: electrical networks; on-chip op-
tical nanophotonic networks [4]; 3D intercon-
nects [5]; and on-chip wireless communica-
tion [6]. The electrical networks are the only
type of networks discussed here due to them
having the smallest set of design and manufac-
turing challenges.

The electrical networks [7], [8], [9] consist
in having each tile connect by one or more
buses to other tiles. These are simple and
only require available manufacturing methods.
However these networks usually have have a
big hop count from one end to another [10].

Each electrical network makes a different set
of trade-offs. To evaluate and compare them
the following set of key aspects should be
considered:

• diameter: the greatest number of hops
from one end to the other of the network;

• average inter-node distance: the average
number of hops between any two tiles;

• bisection width: the minimum number of
wires need to cut to split the network into
two;

• cost: the number of links needed to build
the network;

• router degree: the number of ports on the
routers.

The electrical networks can be divided in
Direct and Indirect. The former is characterised
by having every router attached to a tile, while
the latter may have routers that are not con-
nected to tiles. Notwithstanding, the tiles main-
tain their structure.

Amongst the most discussed Direct in-

terconnection networks are: 2D Mesh, 2D
Torus (Fig. 2), Spidergon, and Spidergon-Donut
(Fig. 3). As for the most common Indirect
interconnection networks, they are: Fat Tree,
Butterfly, Flattened Butterfly, and Star.

Table 1 contains information about the key
aspects mentioned for each one of the inter-
connection networks presented before.

From the analysis of Table 1 the Spidergon-
Donut(SD) [10] stands out. This network has
an acceptable router degree of five, and has a
low diameter.

2.2 Cache Coherence
When dealing with multiple cores, contain-
ing individual caches, the problem of cache
coherence emerges. In order to produce the
correct results it must be guaranteed that every
core is able to read the last value written to
any memory position. This problem is already
addressed in current single and multiple core
processors, with strategies also valid for many-
core processors. There are multiple variations
of cache protocols that assure this, with differ-
ent performances on many-core processors.

This section gives an overview of the existing
cache coherence protocols, and what is their
viability on many-core processors, divided in:
Snooping, and Directory.

2.2.1 Snooping
The snooping protocol [11] consists in having
each core monitoring a bus shared by all the
cores. It carries the information about each read
and write of all the cores. So, using a Write
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Invalidate protocol or a Write Update protocol
it is possible to assure cache coherence.

Both of these protocols are part of the pos-
sible solutions, for today’s common two and
four cores multicore processors. These have the
advantage of being straightforward solutions
that provide a good performance. Neverthe-
less, they have the major disadvantage that
they do not scale properly. To implement them
a shared bus must be guaranteed between all
the cores, so that the operations made by each
one can be snooped by the other ones. This is
manageable between a few cores but it does
not work for hundreds or thousands of cores.

As a many-core processor should have an
interconnection network, see 2.1, this option
must be discarded.

The only option available that respects these
restrictions is the Directory based cache coher-
ence protocols.

2.2.2 Directory
The directory based cache coherence proto-
cols [11] consist in having a shared memory
that explicitly controls the coherence between
the caches. The directory receives information
about each cache copy, updating or invalidat-
ing cache lines accordingly.

This bypasses the problem of the snooping
protocol that requires all the cores to share a
bus. So, despite it having severe performance
penalties [11], it constitutes the best solution for
many-core processors.

To implement a directory, it can be either
one single memory block, or a distributed

memory block. The former has the advantage
of constituting a simple solution, however it
creates a bottleneck. Also, it may be built based
either in a fast on-chip SRAM, or on an off-
chip DRAM which imposes a slowdown to the
caches. There is also the in-cache directory [11],
Figure 1, that takes advantage of the L2 shared
caches by using them as a distributed directory.

There are multiple directory based cache co-
herence protocols that provide different trade-
offs, some of the most discussed are: Full-
map directories [11], Duplicate-tag-based di-
rectories [11], Sparse directory [11], In-cache
directory [11], and ACKwise [14].

3 SIMULATORS

Simulators provide a simple mean of test and
allow the execution of as many simulations of
different configurations as needed. However,
their performance is a bottleneck, limiting both
the depth and breadth of the experiments that
can be performed.

Also, most of them do not execute in parallel
parallel [15], [16], [17], [18], [19].

Ideally, a simulator should: be accurate, fast,
execute a wide range of workloads, and be easy
to use and modify [20].

The following simulators are analysed: gem5,
Graphite and Sniper.

3.1 gem5
The gem5 [21] is an emulation-based, user-
level and full-system, PDES. This simulator

TABLE 1: Network comparison for 1024 cores.

Network Diameter
(inter-
router
hops)

Average
Distance

(hops)

Bisection
Width
(links)

Link
Cost

(links)

Router
Degree
(ports)

2D Mesh (25x25) 62 21.33 32 1984 4
2D Torus (25x25) 32 16 64 2048 4
32-ary 2-flat Flattened Butterfly 1 1 512 1.5K 63
8-ary 16-fly Butterfly 15 15 512 17K 16
Fat Tree (32 nodes/leaf router) 11 9.07 1024 6144 33
Hypercube HC(210) 10 5 512 5120 10
Star HC(210) 0 0 N/A 1024 1024
HR3(N2=23, N1=23, N0=24) 28 14 4 1154 4
Spidergon SG(210x) 256 128.62 514 1536 3
SD(N1=24,N0=26) 24 12.89 128 2056 5
4xconcentrated SD(16,16) 12 6.87 32 640 9
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Fig. 2: 2D Torus layout [12].

Fig. 3: Spidergon-Donut layout [13].

was originated by two previous simulators the
M5 [22] and GEMS [23]. The former provided
an “extremely configurable framework, multi-
ple ISA and multiples CPU models” [21], and
the latter complements “this capacities with a
detailed and flexible memory model, including
support for multiple cache coherence protocols
and interconnection models” [21]. However, it
has a very poor performance.

3.2 Graphite
Graphite [24] is an instrumentation based, user-
level, PDES simulator. The purpose of this sim-
ulator is to simulate multicores with hundreds
or thousands of cores using one or more hosts,
one of its strong points. The instrumentation
is carried out with Intel’s Pin accordingly to
a Dynamic Binary Translation (DBT) scheme,
translating the instructions as they are exe-
cuted.

3.3 Sniper
Sniper [25] is also an instrumentation based,
user-level, PDES simulator. This simulator was
built upon Graphite but it implements inter-
val simulation. This type of simulation brings
advantages to the precision of the simulation
reducing the error on a single thread simula-
tion, from 114% to 19.8%, and on a multi-thread
simulation from 59.3% to 23.8%.

3.4 Simulator Comparison Conclusion
Having the information about the most well-
known multicore simulators, it is possible to

compare them with the goal to chose the one
that provides the best performance, and results
achievable.

Table 2 provides a comparison of multiple
simulators, the described specifications are ex-
plained next:

• Engine: identifies in what way the binary
code is executed by the simulator;

• Parallelisation: specifies the name of the
technology used to manage the simulation;

• Detailed Core: identifies the simulators
that support out-of-order execution
(OOO), a characteristic necessary to
simulate more complex modern processors
that can execute instructions ahead, while
waiting for the end of a memory access;

• Detailed Uncore: identifies the simulators
that can include in their simulation process
other elements exterior to the core, that
can be essential to the core performance,
as for example a L3 cache or a memory
controller;

• Full-System: indicates which simulators
support this type of simulation;

• Multiprocess apps: identifies the simula-
tors that support applications that can
start, not only more than one simulated
thread but more than one simulated pro-
cess, which can be useful in some tests;

• Managed Apps: identifies the simulators
that support applications that are based
upon virtual machines, as Java, Scala, or
Python;

• Multi-host: identifies the simulators in
which it is possible to distribute the sim-
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ulation effort through a network of ma-
chines (grid, cluster, etc).

Concluding, the simulator that presents itself
as the best option is the ZSim. However, it
is not made publicly available by the authors.
So, to perform the tests gem5 and Sniper will
be used. The former provides more detailed
results while the latter can perform simulations
with a higher number of cores, but with less
accurate results. This provides a more accu-
rate study of the architecture, allowing dou-
ble check of the results. Furthermore, Graphite
makes part of the choice due to its exclusive
ability to use multiple hosts to execute a sim-
ulation, and also to provide another way to
double check some results.

4 SIMULATORS’ RESULTS COMPARI-
SON

Using three different simulators brings forward
the issue of their validity. Although each one
of them has been proved to have some degree
of correction, it is still an open question the
similarity of the results obtained with either
one.

So, to gain more confidence in the results
of the previously chosen simulators they are
analysed, tested and cross examined.

The effective use of gem5, Sniper, and
Graphite presents some limitations in the
broadness and scope of the performed tests,
fact that enforced a series of constraints. Next
are described the trade-offs made to achieve a
similar test execution procedure.

4.1 Compatible Simulator Settings
Sniper, Graphite, and gem5 present signifi-
cant different characteristics and capabilities,
as shown on Table 2. This is also visible by
not being possible to achieve the exact same
configuration in every simulated aspect, due
to multiple constraints that the simulators im-
pose.

The key factors specified for each configura-
tion simulator are depicted in Table 3.

Due to Sniper constituting a Graphite’s
derivative project they have a very similar
configuration, only differing in the type of the

CPU. Despite their similarity the in-order core
out-of-order memory (IOCOOM) CPU type
shipped with Sniper, present in Graphite, does
not function. So, an OOO CPU must be used.
This difference makes it likely to observe faster
executions on the simulated time in Sniper.

On the other hand, gem5 presented more
challenges. To achieve the obtained configura-
tion, first the closest type of cache coherence
was chosen and here the issues began, no
MSI scheme was available. The closest cache
coherence mechanism available was MOESI,
due to it including a directory, which was not
available in no other configuration. But even
this directory was different from the other. This
one was localised in the last level of cache
instead of in DRAM. Also, to have a 2D mesh
it is enforced the use of an in-order CPU. So,
gem5’s results are expected to be significantly
slower.

4.2 PARSEC
To provide a standardised mean of comparison
between the three simulators two workloads
of the PARSEC [26] benchmark suite were
executed and analysed. These results can be
easily reproduced due to PARSEC’s availability
online.

The two chosen workloads are blackscholes,
swaptions, and fluidanimate. These were picked
because they were possible to execute on all
three simulators and they presented consistent
results. Furthermore, due to Sniper and gem5
only supporting the older 2.1 version of PAR-
SEC, Graphite was adapted to support this
version. Nevertheless, the results for both 2.1
and 3.0 versions of PARSEC on Graphite are
included in the results displayed.

4.2.1 blackscholes
The first workload tested across all three sim-
ulators was blackscholes. The following figures
ease the effort to analyse its behaviour in the
multiple simulators.

In Figure 4 it can be observed that, notwith-
standing the different versions of PARSEC, the
simulated execution time of Graphite with its
two different versions is very similar, while be-
ing much higher than Sniper’s. So, it seems to
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Fig. 4: blackscholes simulated execution time.

indicate that the version of blackscholes included
in PARSEC 3.0, and in PARSEC 2.1 has the
same performance on Graphite, proving some
similarity.

Sniper is the simulator with smallest simu-
lated execution times. This is due to its faster
OOO CPU that is able to improve the speed
of this workload because it relies more on
computation than in communication.

gem5’s results are the highest by a large
margin due to its simpler, and slower CPU

type. However an interesting effect is present.
As the number of cores increases its different
cache coherence mechanism allows it to reduce
the gap to the other simulators.

To bypass the problem of analysing results
from different configurations, these can be put
in proportion.

Figure 5 allows two different conclusions to
be drawn. First, in Sniper and in Graphite if
the same version of blackscholes is executed then
the same proportion of simulated execution

TABLE 2: Simulator comparison.

Simulator Gem5 CMPSim Graphite Sniper HORNET SlackSim ZSim
Engine Emulation DBT DBT DBT Emulation Emulation DBT
Parallelization Sequential Limited

Skew
Limited

Skew
Limited

Skew
PDES PDES Bound-

Weave
Detailed Core OOO No No Aprox.

OOO
No OOO DBT-

based
OOO

Detailed
Uncore

Yes MPKI
only

Approx.
contention

Approx.
contention

Yes Yes Yes

Full-System Yes No No No No No No
Multiprocess
apps

Yes Yes No Trace-
driven
only

Trace-
driven
only

No Yes

Managed apps Yes No No No No No Yes
Multi-host No No Yes No No No No

TABLE 3: Architectures simulated by the simulators.

Characteristic gem5 Sniper Graphite
Interconnect Network 2D mesh 2D mesh 2D mesh

Cache Coherence MOESI MSI MSI
Cache Levels 2 2 2

Directory Location LLC DRAM DRAM
Directory Type fullmap fullmap fullmap

CPU Type in-order out-of-order in-order complex
out-of-order memory
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Fig. 5: blackscholes simulated execution time proportion relative to two cores.

time is observed. This indicates that, despite
the differences in the simulator and in the
configuration of the architecture, it is possible
to assure that the differences in the simulated
time are only due to this differences and not
to erratic behaviour of the simulator. Meaning
that the results are consistent.

Second, although gem5 is executing the
same 2.1 version of PARSEC’s blackscholes that
Graphite and Sniper are executing, its results
are extremely close to the 3.0 version. So, either
this similarity is due to the inherent differences
in the architecture and in the simulation mode
of gem5 or this indicates that version 3.0 of
PARSEC has indeed some differences.

Here it is possible to observe that the execu-
tion time proportions of Sniper and Graphite
with PARSEC 2.1 are extremely similar. On
the other hand, Graphite with PARSEC 3.0 has
a completely different behaviour. It shows a
significantly higher proportion in all the tests
performed.

Therefore, it can be concluded that in fact
the blackscholes workload in PARSEC 2.1 and
PARSEC 3.0 must have indeed some differ-
ences. This contradicts the information made
available on the changes of the benchmark [27].

4.2.2 swaptions
Another workload that was possible to execute
in all the simulators was swaptions. Next are
Figures 6 and 7 that depict the behaviour of
the simulators when executing this workload.

Unlike the afore observed workload, in this
the simulated execution time of Sniper and of

Graphite with PARSEC 2.1 do not line up. The
results of Graphite are very close with excep-
tion of the simulation with 64 cores. On the
other hand, gem5 has a much higher execution
time. Nevertheless, it decreases over time. This
set of result seems to indicate that the swaptions
workload included in both 2.1 and 3.0 versions
of PARSEC are the same or very similar.

The simulated time proportion matches per-
fectly between all three simulators, a signal of
consistency of the workload across them.

The only result that steps aside from this, is
the result for Graphite with PARSEC 2.1 with
64 cores, which can be attributed to experimen-
tal error of this particular instance.

4.2.3 fluidanimate
Figure 8 depicts the simulated execution time.

In line with the results obtained in the previ-
ous workloads, Sniper was the simulator with
the smallest values and gem5 with the highest
results. Nevertheless, it was observed across
all simulators that as the number cores was
increased up to 64 cores the simulated execu-
tion time decreases. As for when the number
of cores reaches 132 it is observed a slight
increase on the execution time on Sniper and
on Graphite with both versions of PARSEC.

Unlike in the previous workloads, Graphite
was not able to perform this workload of
PARSEC 2.1 with two, four and eight cores,
although it was possible to execute the same
workload but of the 3.0 version of PARSEC. So,
to analyse the obtained data two figures were
created. Figure 9 depicts the behaviour up to
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Fig. 6: swaptions simulated execution time.
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Fig. 7: swaptions simulated execution time proportion relative to two cores.

eight cores, as for Figure 10 it allows to observe
the behaviour from 16 cores up to 132.

The former figure only allows to observe that
Sniper and Graphite with different versions of
fluidanimate have the same proportion. In the
latter figure Sniper and Graphite with PARSEC
2.1 have very similar results, but with 132 cores
they diverge more. On the other hand Graphite
with PARSEC 3.0 has a much higher proportion
than either Sniper or Graphite with the 2.1
version.

5 CONCLUSION

The chosen simulators simulate different types
of CPU, interconnection networks, cache co-
herence mechanisms and other elements. Even
when the same component is simulated its
simulation is never carried out in the same way.
All these aspects made it unlikely to obtain the
same results when simulating the same system.

The key issue in the use of simulators is
the consistency and reproducibility of results,
for the same system and workload. The lack
of capacity to specify the exact same configu-
ration in all the simulators made the process
of comparison difficult and less trustworthy.
Nevertheless, the results complied with the
expectations for each individual architecture.
So, it is possible to assure some consistency,
thus increasing the confidence of the results.

Another question is if this results obtained
with the simulators would actually map to the
results of an actual system with the simulated
architecture. This is difficult to confirm. For
instance, gem5, a simulator built to be very
accurate, as been found to have discrepan-
cies ranging between 5% [28] and 50% [29].
Also, Sniper has been validated against the
Intel Core 2 microarchitecture [30], but differs
greatly from the results obtained with gem5.

Concluding, the available simulators present
many issues, and still face many issues. How-
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ever, they can already provide some insights
for the thousand-core era.
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