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Abstract- In Multi-core systems the applications co-execute in
Multi-programmed mode, have interfere with each other during
execution, which creates resource bottleneck affecting the
performance. To reduce the interference in a given set of
resources some conventional approaches don't give guarantee of
performance in a conflicting application environment. In this
paper, we make an in-depth analysis of benchmark applications
interference for shared resources and find out application set
which could be executed adopting a designated policy to mitigate
the interference effects. I n thiswork, we have performed profiling
and analysis of applications on the state-of-the-art simulator
gemb5. Finally, we conclude the possibility of performance
improvement through the designated policy. The simulation
results show the scope to have a new scheduler for performance
improvement in such systems.

Keywords: Interference, Multi-core, analysis, performance,
policy, co-schedule.

I. INTRODUCTION

Multi-core systems execute a diverse set of applications. The
diversity is due to the distinct characteristics of the
applications which exit in its virtue. The diversity causes
conflicts among the applications, which further create the
issue of interference effects in the Multi-programmed
environment [1]. The interference, in turn, affects the system
behavior, due to the activities ordered by the applications
running on various cores. In other words, interference is an
undesired phenomenon that alters the system performance.

To reduce the interference effects, it is essential to find the
behavior of the applications, which would cause this [2]. To
find the behavior of the application, some profiling based
approaches are available, where the applicationsarerun in a
reference environment [3]. Knowing the essentia
characteristics of applications in terms of system parameters
like latency could help in finding a suitable approach to
execute the application in the said conflicting environment.

To find the behavior of different applications running in
isolation, a lot of research has been carried out in literature
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[4] [5]. However, to find the application's behavior (in
totality some intended combination), few attempts are made
to some extent [6] [7]. The behavior of the applications
becomes more unpredictable when executed in some
intended "combinations,” which is termed here as
co-schedule [8]. Co-schedule is a group of independent
applications/benchmarks which get executed in the cores
simultaneously. The behavior of application also depends on
the application would be mapped to a processor core.
However, the decision of the core mapping solely depends on
the scheduler of the host machine. The performance of the
system also depends on the number of threads in a
benchmark. In general, increasing the number of threadsin a
benchmark may increase the system throughput, but it also
affects the performance adversely after a saturation stage.
The concurrent execution of benchmarks is also a possibility
to improve the performance.

The benchmarks of co-schedules might be single-threaded or
multi-threaded. Single-threaded benchmarks, in general, do
not require specific scheduling policy, and they are bound to
acore as per the order specified in the ssmulation script, and
they could not switch to other cores in run time. However,
multi-threaded benchmarks threads could switch from one
core to another core as per the scheduling policy.

It is known that, in general, increasing the number of cores,
can increase the possibility of performance improvement in
terms of throughput. However, it is not aways valid as
Multi-core systems shares some common elements like last
level cache, bus, DRAM controller, etc. which create the
resource conflicting issues at run time.

To increase the performance of Multi-core systems, it is
essential to quantify the behavior of the applications and
interference effects. The analysisis a useful tool to find out
the causes, factors in terms of parameters responsible for
performance degradation [9]. There are various performance
factors which stand latent and show their effect when
multiple co-scheduled applications interact with each other.
Itisvita to find such factors which require in-depth intended
simulations and their analysis.

One such concealed factor is memory access latency.
Memory access latency isacritical factor for the performance
of Multi-core systems. Memory Access latency becomes
vital when applications/benchmarks conflictsinterfere with
the shared resources like bus and Last level cache. The
conflicts mainly influence memory access latency in Last
level cache and contention in the bandwidth [10]. Hence, it is
required to have an in-depth understanding of the behavior of
benchmarks/applications in combination; to diminish the
effect of memory latency effects.
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Analysis of system parameters like miss rate, bandwidth
utilization, the total numbers of branches committed, etc
Are proved to be beneficia to find out the hidden causes of
the performance degradation in Multi-core systems, [11].
However, the system parameters behavior is observed to be
different from different application combinations, which
callsfor an in-depth approach precisely interpret the outcome
of the execution of the application in terms of performance
[12].
For example, on an application execution scenario, a higher
value of bandwidth utilization indicates the performance
improvement, mainly when an application executes in
isolation. In another scenario, the same parameter indicates
the performance degradation when co-schedul ed applications
cause conflicts for shared resources, and miss rate increases,
which means we need to pay attention to the phenomenon,
which causes performance degradation.
Further, in asituation, the performance improvement in terms
of IPC; the higher value of bandwidth parameter could be
beneficial for the performance in a scenario when bandwidth
has a higher requirement, and it is provided to the needy
applications. In another situation, it might be that the
bandwidth is available to the application, but due to
co-schedule characteristics/conflicts, it is remaining
underutilized.
In conclusion, the Parameter behavior and its interpretation
change as per the characteristics of the application and their
coexistence with other applications. There seems to be a
serious need to have a precise classification of applications
combination and correct interpretation of the parameters in
distinct scenarios. This proposition is important, which
would address the said observation in a holistic manner for
which a new scheduling policy would be required.
Therefore the accurate interpretation of the system
parameters would help in mitigating the effect of
application/co-schedule [13] interference, which affects the
Multi-core system performance severely. The interference
effects are low-level effects whose identification would
require a detailed simulation of application co-schedules and
analysis of the system parameters.
It means appropriate parameters like bandwidth
consumption, data bus utilization, and the number of
branches is required to extract from the co-schedules. And a
detailed analysis would be required on the parameter
behavior. Thus Parameters and their correlation would be
useful to have aholistic view of the interference.
The simulation and analysis of the designated co-schedules
would require a specialized policy through which the
interference scenario could be created by executing the
applications, first in isolation and then in combinations. Here
we consider an execution environment in terms of the
processor cores, L1 and L2 cache size, bandwidth size, type
of core used for the simulation, and a process to execute the
benchmarks in avaried situation, at length, to see effects on
the parameters of the co-schedules.

In this research work, our contribution is mentioned below-

e We have smulated the Mi-bench applications in In-order
and Out-of-order-core in isolation and measured system
parameters.

e We simulated the applications in the form of co-schedules
with varied sizes (2, 4 and 8) under In-order and
Out-of-order cores. And measured the system performance
in terms of performance metrics, Weighted IPC and
Average normalized turnaround time (ANTT)
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e We have done a critical analysis of application behavior
when executed in isolation and an intended combination.

e We have explored the possibility of mapping the
conflicting co-scheduleswith the appropriate policy, which
might diminish the interference effects.

e Findly, we have prepared a roadmap to automate the
interference removal process through a holistic policy
scheduler.

The rest of the paper is organized as, in section-I1, we have

done the critical review of the work done in the profiling of

benchmarks and related performance measurement process,
section-11 has covered the simulation setup and performance
metrics used for the evaluation of results. In section-1V, we
have presented the simulation results in terms of graphs.

Section-V describes the critical analysis of results found in

the profiling. Finally, we have concluded the research work

in section-V1.

In the next section, we have surveyed profiling approaches.

[I. REVIEW OF PREVIOUSWORK

To find the application's behavior their characterization is
essential. Various research efforts have made in this
direction. One of the most popular approaches for
characterizing the benchmarks is through the simulation
tools. The popular application characterization tool, which is
used for many yearsin computer architecture research, which
has an active user community, is the gem5 [14]. The gem5
simulation tool could characterize the applications in SE
(System emulation) and Full mode. In SE mode, executable
binary is profiled using the ISA of the host machine through
system calls. Whereas, in Full mode, the applications are
executed using the actual 1SA and disk image of the target
architecture. Gem5 supports two types of processor core
known as-In-order and Out-of-order [15]. In-order core
executes the applications in the program order, whereas the
Out-of-order core does not consider the program flow and
executes an instruction whose data is available.

Using the gem5 simulation tool, various researchers have
done the characterization of applications in isolation as well
as in the intended combination (multi-programmed mode).
Mi-bench, SPLASH-2, and PARSEC [16][17][18] are
well-known Open source benchmarks used for many yearsin
Multi-core architecture research.

A. Characterization in I solation

There are some conventional policies like increasing the L1
and L2 cache size mentioned in the literature to perform the
simulation and analysis of interference effects in the system
and analyzing the effect on the performance. The analysis
revealed that increasing the cache size reduces the conflicts
for memory bandwidth and shared L2 cache, which in turn
mitigates the interference effect to some extent and increases
the performance [19]. In the same ling, to find the
characteristics of applications in isolation, Mi-bench
applications are simulated on X86 and ARM processors
considering the in-order and Out-of-order processor cores
[20]. The performance metricslike energy consumption, CPI,
L2 miss rate, bandwidth utilization, etc, are measured after
the simulation. These metrics have used to find the
application behavior.

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication

Exploring Innovation


http://www.ijeat.org/

OPENaﬁCCESS

The simulation results detail important system parameters
responsiblefor application behavior. However, the analysisis
limited to the single benchmarks and does not consider the
interference effect when multiple benchmarks execute
simultaneously.

In another context, some studies revealed that the L1-cache
parameter does not have a significant impact on the
performance. However, the Last level cache partitioning is
identified as a vital source for performance degradation,
which is further proved by the experiments done on
micro-benchmarks.

Finally, it is verified that partitioning the last level cache in
applications interference environment could not aways
beneficial for performance improvement. [21]. To find the
correlation of interference effect with memory access latency
characterization of cache behavior is carried out through the
reuse distance histogram model [22]. L2 cache miss rate is
measured by considering L1 cache configuration asinput and
applying random and LRU cache replacement policiesin the
gem5 simulator. The profiling results are compared with the
histogram model, and the accuracy is calculated through the
absolute error.

To explore the behavior of media applications on
heterogeneous systems, some experiments are carried out on
the Gem5-gpu simulator [23]. The approach used for finding
the application characteristic is conventional; some attributes
of the system like cache and processor clock frequency are
changed and the performance of the system is measured.

In other work, for addressing the interference issue, analysis
through cache coloring approaches is also carried out [24].
Cache coloring is an effective approach to model the
interference situation. Also, the said policy ensures that the
data and instructions of different processor cores should be
placed in the different cache sets. However, it requires special
allocatorsfor the distribution of instructions and datato make
it independent. Also, accessing the data distributed through
this policy in parallel isvery difficult.

In the same ling, to find the alternate of SRAM, comparative
analysis of SRAM and STT-MRAM cache memories using
the SPLASH-2 benchmarks is performed in the gem5
simulator [25]. The architecture considered for the ssmulation
isX-86 and ARM. The purpose of the benchmark to quantify
how SPLASH-2 benchmarks behavior changes considering
the said memory types.

For finding the interference effects in real -time systems, the
worst-case execution time is considered an effective
approach [26]. The worst-case execution time helps on
finding the ‘severe interference situation’ in real-time
Multi-core systems, which determines the peak value of slow
down an application would feel on the conflicting
environments. This helps in estimating the minimum
resource requirement of an application that executes in the
mixed time-critical application execution environment.

In another context [27], for finding the behavior of gadgets
like mobile phones it is found that we don't have sufficient
and suitable programs to test the power and performance.
Some research work prepared the benchmarks for maobile
phones and integrated them with the gem5 simulator. The
benchmarks include the typical user inputs like a scroll,
typing, etc. The benchmarks are very effective when
applications are used in isolation; however, how applications
would behave in a concurrent way is the topic to be explored.
In the same line, the characterization of Smartphone
applications in terms of CPI parameters is carried out using
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the simpoint and gem5 tools [28]. The simpoint is beneficia
for verifying the performance of the applicationswhich arein
the testing phase and needs to be tested through a list of
distinct design parameters. The simpoint and full simulation
results are compared in terms of absolute error and it isfound
that the simpoint approach is having approximately the same
accuracy asthe full simulation.

B. Characterization in Multi-programmed environment

In the above section, it is found that most of the work of
benchmark characterization considers the applications in
isolation which covers the interference among the
applications itself for the shared resources. However, in
real-time systems, there are various applications run in a
concurrent way.

To find the behavior of applicationsin terms of interference,
running concurrently on Multi-core systems, some research
efforts have made in the literature.

To find the behavior of the application on conflicting
multi-programmed environment EEMBC MultiBench are
executed concurrently in 64-many core architecture [29]. The
simulation considered the single thread and multiple threads
on each workload. The simulation explores the bandwidth
saturation scenario and its effect on L1 cache miss penalties.
In the mentioned experiment it is found that in many-core
architecture increasing the number of concurrent workloads
and threads are beneficia for the performance in terms of
IPC.

In the same line, bandwidth utilization analysisis carried out
to ensure the quality of service for the Multi-programmed
applications, co-scheduled in the Multi-core environment
using gem5 simulator [30]. The analysis done through the
various bandwidth partitioning approaches like square root,
proportional and the performance is measured through the
multi-programmed performance metrics like harmonic
weighted speedup, minimum fairness, weighted speedup, and
sum-of-1PCs.

Various simulations carried out in gem5 simulator covers
state-of-the-art applications like No-SQL, big data, etc. [31].
In these simulations, a comparative analysis of No-SQL
benchmarks is done in terms of system parameters related to
the memory hierarchy. The analysis explores the behavior of
data-intensive applications using the gem5 simulator in full
system mode. The main objective of the analysisis to know
whether the characteristics of No-SQL applications are
similar to the well known parallel benchmark applications
like SPEC, PARSEC, and NAS. The said benchmarks
similarity in terms of system parameters might be used to
utilize the existing optimization approaches of well-known
benchmarks to the contemporary database applications. The
results show that despite having the distinct specification of
No-SQL databases they al show uniform behavior for the
cache hierarchy. Analysis of memory interferences in terms
of memory access delay for the parallel memory operations
performed in the Multi-core systems [32]. The anaysis
considers that each processor core could generate a paralel
memory request for the DRAM controller. The parallel
request for memory is possible due to approaches like
non-blocking, speculative execution and Out-of-order
instruction execution.
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These approaches are advantageous in terms of throughput,
however, generates very high pressure for the main memory.
The simulation and analysis are carried out through the gem5
simulator using SPEC2006 benchmarks to find the
worst-case performance in terms of delay.

Some researchers have emphasized on Interference analysis
of shared L2 cache, by finding the nature of schedulesin the
real-time environment [33]. The analysis provides a
maximum value of cache parametersfor each applicationina
schedule, which indicates the interference effects on an
application to explore the possible performance degradation.
The upper bound interference parameter is further used for
making scheduling decisions. For finding the upper bound
interference value of an application, the integer linear
programming is used which further helps in making the
iterative algorithm.

In the next section, we have discussed various performance
metrics that are used in the literature for the application’s
characterization and analysis.

C. Metricsfor Performance analysis

To perform the analysis of application interference, various
metrics are proposed in the literature. Metrics are based on
two perspectives-the users and the system [34]. User
perspective metrics consider the response of individual
applicationsin terms of the dowdown. System-level progress
is measured through the system throughput; measured in
terms of weighted speedup [35].

Which performance metrics are suitable for a workload has
been an issue of debate for a long time in a multi-core
rescarch  community [36]? Performance  metrics
accuracy/clarity depends on the type of environment we are
executing. For example; time-critical application deadline is
the prime concern and thus deadline is an appropriate metric
whereas for normal application system throughput is
considered for performance measurement.

For single-threaded workload, IPC and CPI are the important
metrics. However, for multi-threaded workload 1PC and CPI
are not suitable performance metrics as if some benchmark
threads were busy on time-consuming program constructs a
fasy interpretation may have resulted. For example, an
application may get stuck in aloop.

In the same line, system-oriented metrics that were used
earlier measures the total timethe processor was busy and did
not consider the fairness among co-executing applications,
load balancing, etc. Another interesting metrics for the
performance measurement is Fairness used to find the
slowdown of applications in the Multi-programmed
scenarios. The system could be termed as “Fair” if the rate of
performance degradation (slow-down) of all the applications
in Multi-programmed environment is similarly considered
for their execution inisolation [37].

D. Profiling Approaches

In the review, it is found that profiling is proved to be an
approach, which uses a hardware or software instrument to
quantify and measure the performance of an application and
obtain the behavior of the application in isolation as well as
comprehensively. There are two popular approaches for
profiling the benchmarks; full simulation and simpoint
analysis [38]. The full simulation profiling approach
performs the profiling process for the whole benchmark
which requires weeks or months of time for some
benchmarks, especially to SPEC benchmarks [39]. Another
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approach of profiling is to find the smulation points in a
benchmark and profiling themin full mode. Other parts of the
benchmark are not considered and they are just
fast-forwarded. In this work, we simulated the Mi-bench
benchmarks completely as they take a reasonable time. For
the execution of each benchmark, it takes a maximum of five
hrs. As compared to SPEC2006 benchmarks which take two
to three days for the completion. Since the situation is always
complex in real life, & would not fit into a logical scenario,
we propose a proactive approach to know about the behavior
of the application in a given environment in the next section.

1. METHODOLOGY

For finding the applications conflicting behavior, we have
performed the profiling of applicationsin two ways- First in
isolation and second in an intended combination which we
termed as the co-schedule. For profiling, state-of-the-art
gem5 simulator has been used. The input for the simulation
we used is well known Mi-bench benchmarks that are
suitable for embedded devices. The simulation process
produced the stat.txt files which contain various system
parameters like L2 cache miss rate, bandwidth utilization,
energy consumption (and others which are not considered
here). The schematic view of simulation steps is shown in
Figure-1.

Input: Execution: Outcome:
Mi-bench Stat.txt
Benchmarks Files

—» | gem5 Simulator —™

Fig.1. Schematic view of profiling Steps
In the next section, we have explored how to form a
group/co-schedule which would further help in creating the
interference scenario.

A. Group/Co-schedule Forming Process

In order to create and quantify interference situations in
multi-programmed environment, five benchmarks of
Mi-bench benchmark suite are selected. These benchmarks
are Dijkstra, Basic math, gsort, Bitcount, and Patricia. Each
benchmark has distinct characteristics in terms type of
instructions they contain. Each benchmark has the intuitive
function which they perform during the execution. For
example, most of the instructions in Dijkstra benchmark are
CPU bound and it performs the task of finding the shortest
path among the given set of nodes. The above-mentioned
benchmarks executed under X86 ISA (Instruction set
architecture). Also, the simulation has been carried out in
gem5 simulator. Experiments performed using in-order
(Minor-CPU) and Out-of-order cores [40]. Gem5 does not
support the MinorCPU processor core option in the default
setting for X-86 ISA (in the list of CPU-Type supported for
X86 1SA). To get that option for the simulation we have done
the modification on gem5 source code particular to somefiles
under the build folder.
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Each benchmark binary is executed completely for the input
specified in the benchmark suite. For the experiments, we
prepared the python script and executed it in the command
linein gem5 SE mode.
Benchmarks are executed in isolation mode under the
reference architecture (System configuration isdetailed in the
next section). The benchmark groups which we also refer to
as co-schedule is a possible distinct application combination.
We formed three types of groups each has 2, 4, 8
applications. If in a group we have n applications then that
group is termed as co-schedule size-n. In this way, a group
that has 2 applications termed as co-schedule size-2. The
reason for having the size of the group in the power of two is
that the actual processor core where these groups would
execute has the same convention for the number of cores.
Moreover, having five applications, five simulations have
carried out in isolation mode. In the same line, considering
the group size-two, and have five benchmarks, there could be
atotal of ten distinct combinations, where each combination
has a single instance of a benchmark. In the same way,
considering the group of four, have the same number of total
benchmarks mentioned in the previous case, there would be a
total of five combinations with respect to an instance of each
benchmark.
After the simulations for group-size 2 and 4, we explored the
group size of 8 hoping more intense interference effects.
Since in a rea system there could be any combination of
applications (single/multiple instances) as a candidate in a
co-schedule for the execution. We moved to a new
application combination where we have considered the
multiple copies of the benchmarks and measured the
interference effects.
We prepared the workloads (co-schedule) considering
single-core, dua-core, quad-core, and octa-core processors.
The benchmarks we have taken for the experiments are
single-threaded; so each application is mapped to a core and
it could not switch to other core during the smulation.
For al the simulations we prepared a separate python script
which is executed in the termina of Ubuntu 16.04
(open-source operating system). Also, the default
configuration script “se.py” which exists in the
gemb/config/example/se.py directory is considered for
specifying the parameters in the experiments.

Table-l: Benchmark groups forming process

Applicatio| Applicatio | Application | Application
Executing n n Combination | Combination(
Alone | Combinati | Combinati Multiple Multiple
on(2) on(4) copies(8) copies)
A AB ABCD | AAAABBBB AA
B AC ABCE [AAAACCCC AAAA
C AD ABDE |AAAADDDD | AAAAAAAA
D AE ACDE | AAAAEEEE BB
E BC BCDE |AAAAAABB BBBB
BD AAAAAACC| BBBBBBBB
BE AAAAAADD AABB
CD AAAAAAEE AACC
CE
DE
Total 5 10 5 8 8

The process of group forming is shown in Table-I. The
alphabets A to E designate to a benchmark for an easy
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understanding of the process. Having a tota of five
applications, al the possible combinations are formed for the
group size-2, 4 and 8. In the next section, we have presented
the simulation environment created for application profiling
through the process mentioned above.

V. EXPERIMENT SETUP

In this section, we detailed the reference machine in terms of
system parameters, type of processor core used for the
simulation. Also, the benchmarks, their basic characteristics
& the purpose are also elaborated. The co-schedule size,
simulation procedure used is summarized briefly.

A. Co-schedule size & Number of core

In the experiments, the co-schedules are mapped to the
processor cores as per the availability of the number of cores;
typicaly we used 8 cores. The co-schedule size (possible
combination size) depends on the number of cores. This
means, if the total number of coresin a Multi-core system is
four then the maximum sizes of the co-schedule would be
four. However, a co-schedule whose size is less than four
could also be mapped to the four cores having a condition that
the co-schedule size must be in the power of two. However, if
in the command line, the co-schedule whose size is greater
than the number of core (parameter), default configuration
file “se.py” does not allow to perform the experiment and ask
for the modification on the script. For performing such
experiments would require modifying the se.py script and
need to enable the SMT mode on it.

B. Simulation Procedure

First, we run the benchmarks in isolation and measured the
performance in terms of system parameters. In isolation
mode, al the shared resources like L2 cache are fully
available which could be used by the benchmark. After that,
we executed the benchmarksin possible combinationsto find
the interference effects on the performance due to their
co-execution and conflicts for the resources.

C. Reference Architecture

For the simulation the reference machine is prepared whose
configuration in terms of system parameters is presented in
Table-11. For the simulation, we used the two processor core
types- In-order and Out-of-order which is supported in the
gem5 simulator. The separate L1 cache is taken for storing
the data and instructions. To create the interference situation
among the processor cores, the unified L2 cache is used. In
the same way, other parameters like cache associativity,
cache line size, and bandwidth size are selected.
Table-l1: Reference architecture for the experiments

Host CPU Cache Configuration
Machine
CPU Core | L1- | L2 | Assoc | Line | Band
Type I1/D Size | width
size
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Quad-core | InfOut | 1/2/4 | 32 | 64 | L1L2 | 64 1280
CPU,/Ubu | order /8 KB | KB | -2 Mbytes
ntu-16.04 | Core

D. Benchmarks

For the experiments, the Mi-bench benchmark suite is used.
The benchmarks are executed in isolation and in the form of
co-schedules. The basic functions and the characteristics of
the benchmarks are provided in the Table-111

Table-l11: Mi-bench applications

Benchmark
s

Benchmark description

Dijkstra is an application to find the shortest path
between nodes in a graph. This benchmark creates a
large graph in the form of the adjacency matrix and
calculates the shortest path between every pair of
vertices

Dijkstra

BasicMath | Basic Math benchmark performs simple maths
calculation for small embedded devices which is not
having dedicated hardware for these calculations.
Calculationslike finding square root etc. are performed
in this benchmark. The input for this benchmark is a

list of predefined constant.

gsort gsort benchmark sorts an array of string in ascending
order using the gsort agorithm. The data set for this

benchmark is alist of words.

bitcount Bitcount benchmark is used to test the processor, how
efficiently it countsthe bitsin an array. The input for
this benchmark is an array of numbers that contain the
1’s and 0’s. Bitcount benchmark uses 5 different bit

counting algorithms for counting purposes.

Patricia Patriciais adata structure which is used in the

computer network to represent routing tables.

E. Workload

To find the interference effects on performance, a
comprehensive workload is prepared through the Mi-bench
benchmark suite. The workload is prepared considering the
applications co-existence aspects like isolation, combination,
single & multiple instances. The workload in terms of
co-schedulesis detailed in Table-4.

Table-1V: Mi-bench BenchmarksWorkload

Mi-Bench Applications Co-schedules
R Applicati
. R Application
Executing Application A on
Alone Combination(2) Comblr)latlon(4 Combinat
ion(8)
. . Dijkstra,Basic | qgsort(4)
A | Dijkstra | T D&'ﬁ;&gaﬂc Math,qsort,Bitc | Dijkstra(4
ount, ABCD )
Basic Dijkstra, Basic | gsort(4)
B Math 2. Dijkstra, gsort AC| Math, gsort, [BasicMath
Patricia ABCE 4)
. . DijkstraBasic | gsort(4)
C gsort 8. DI]kSLa,DBItCOUI’]t Math,Bitcount,P| Bit-count(
atriciaABDE 4)
. 4. Dijkstra, Patricia Dijkstra, gsort(4)
b Bitcount AE gsort ,Bitcount, | Patricia(4)
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Patricia ACDE
Basic
. sort(6)
. 5. Basic Math,gsort Math,gsort, 4
E Patricia BC Bitcount, Dij kitra(z
PatriciaBCDE
. gsort(6)
6. I_3asc Math, BasicMath
Bitcount BD
(2
: - qgsort(6)
7.Bascm§t£, Patricia Bitcount(2
)
. gsort(6)
8. gsort, Bitcount CD Patricia(2)
9. gsort, Patricia CE
10. Bitcount, Patricia
DE
Total 5 10 5 8

Initialy, the single instance of the workload is executed to
find the behavior of the applications using the in-order and
Out-of-order core. For creating more intense interference
effects the applications are profiled in the Out-of-order core
using the multiple instances of the benchmarks.

F. Performance Metrics

The performance metrics used for the performance analysis
are enlisted and described in Table-V. For simplicity, herewe
assume that there are only two applications executing in the
multi-programmed environment. We have denoted these
applications as A and B. Applications are first executed in
isolation mode and then in Multi-programmed mode. With
the help of the performance metrics, the performance of
co-schedules in terms of progress and sowdown is
calculated. The Sum-of-1PC metrics which is also termed as
IPC throughput is calculated through the simple arithmetic
Sum-of-IPCs.  Weighted IPC is the ratio of IPC in
Multi-programmed mode and IPC when applications
executed in isolation mode. The weighted speedup is the
arithmetic sum of Weighted IPC of all the applications
executed in the system. The harmonic mean is the sum of
reciproca of weighted IPC. The Average normalized
turnaround time ANTT used to find the applications
dowdown which they feel in multi-programmed mode
compared with their execution in isolation. Weighted
Speedup is used to find the progress of the applications when
they executed in Multi-programmed mode compared with the
isolation mode.

Table-V: Performance Metricsfor the performance

analysis
SNo | Performanc Description Remark
emetrics
1 Higher
IPC T A valueis
(- otal No. of instructions commitid
IPC= Total Cycle better
Published By:

Blue Eyes Intelligence Engineering
& Sciences Publication

Exploring Innovation


http://www.ijeat.org/

OPENaACCESS

Higher
2. IPC IPC-A + IPC-B valueis
Throughput better
Here two
H-Mean of denotes the
3. IPC’S 2 total
((rre=n)H(re=p)) number of
applications
IPC of applications in multi—programmed mofle  H| gher
Waghted IPC of applications in isolation valueis
4, IPC better
Weighted IPC-A Weighted
5. Weighted IPC-B Higher
Speedup valueis
better
L ower
6. H-mean of 2 valueis
Speedup (=) H(re=p) better
System
7. throughput
Weighted Speedup isused to
STP(System measure the
throughput) performanc
ein system
level
ANTT L ower
8. e Speedy|  Valueis
R better

V. RESULT & ANALYSIS

In order to find the applications behavior in-depth, (in
isolation & in some combination) it is essential to have their
general characteristicsin terms of the type of instructions and
branches they contain. The genera characteristics of
Mi-bench applications are shown in Figure-2. In the Figure, it
could be noted that Bitcount application has the highest
number of CPU bound instructions as compared to other
benchmarks. On the other hand, among al the benchmarks,
the gsort benchmark contains the higher number of
memory-bound instructions. Dijkstra benchmark containsthe
highest number of conditional branching instructions. The
higher value of CPU bound and memory-bound instructions
show the CPU & memory involvement respectively during
the execution of the benchmark.

Mi-bench Benchmarks instructions Mix Mi-bench Benchmarks Characteristics

W Consitions! ranch & Memary Boun W Statc basc biock egth B Banch Pre

. .
B I . .
i e
: I I I I j
g i
o o
D b Gt Ghmel Pabkh
N

Fig.2. Mi-bench benchmark instructions mix [16]
Thisinformation would also be useful to analyze the behavior
of these applications when executes in some intent
combination. In the same line, the Basic Math and Patricia
benchmarks have a higher branch prediction rate. The branch

...............
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predictor rate plays a vita role in IPC improvement. If the
branch predictor does not predict the branches accurately, the
IPC of the system reduces due to the branch miss-prediction
penaty. Branch miss-prediction causes flushing the
miss-predicted instructions in the pipeline which was
assumed to be executed in the near future. The static basic
block length of Basic math and Bit count benchmarks are
higher which indicates that these benchmarks do not have
nested branchesin between the instructions. The higher value
of basic block length helps in fetching multiple instructions
(exploiting ingtruction-level parallelism) in a cycle and
further improves the system throughput in terms of |PC [41].
Patricia benchmark has a random data access pattern which
makes it vulnerable to the higher miss rate for the L2 cache.
The higher cache associativity might help in reducing the
miss rate of Patricia benchmark.

A. Application profiling on In-order CPU

In this section, we have discussed the experimenta results
obtained when the applications are executed in In-order CPU.
Applications are executed for generating their profiles in
fixed reference architecture (Refer Table-2 for the
configuration). The objective of the experiment isto find the
general behavior of the application when it is executed in
isolation and further in an intended combination.

Test Case-l Applications profiling in I solation mode

Figure-3 shows the results (in terms of system parameters)
obtained after profiling the applications in the reference
architecture, in isolation mode. Here, the Dijkstra application
enjoyed less missrate and lead to a conclusion that it does not
have many memory-bound instructions. Further, it does not
have many conflicts among instructions for the shared L2
cache asthe datais available in the cache and it does not have
to access the main memory for the data, which means it has
less bandwidth load(due to less required) compared to other
benchmarks which we have run in subsequent sections. Then,
the Basicmath benchmark has almost similar behavior as
Dijkstra benchmark. gsort benchmark shows the higher miss
rate asit has a higher number of memory-bound instructions
[Refer Figure-2].

Another observation of having a high value of miss rate
shown in the result is that the number of L2 cache
replacements is higher due to conflicts for the same cache
line. Further, the higher value of bandwidth engagement
indicates a number of memory operationsin the execution of
this benchmark.

Patricia benchmark has shown higher bandwidth
consumption as compared to other benchmarks, although it
has a lower miss rate; the reason is that the instruction count
of Patricia benchmark compared to other benchmarks is
higher which creates high demand for bandwidth. Also, the
higher branch prediction rate (indicates the scope of
parallelism in a benchmark) reduces the value for L2-cache
miss. The Bitcount benchmark shows strange behavior; it is
showing a higher miss rate and it has higher CPU bound
instructions compared to other benchmarks.
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IPC in Isolation mode(in order Core) Number of instructions simulated In ation mode
(In order core]
L bl

w B
Data bus utilization in Isolation Mode (In order Core Number of conditional branches incorrect in Isolation Mode
Mebsoch Bancrenark Mbench Benchmark

Fig.3. Mi-bench applications Execution in | solation M ode
(In-order Core)

Thereason for such behavior isthat the branch prediction rate
of Bitcount benchmark is dightly low as compared to other
benchmarksthat restrict the parallel execution of bit counting
algorithms (instructions). In the same line, other parameters
like IPC, data bus utilization indicates that gsort benchmark
suffers mostly in terms of performance. Higher Branch
prediction rate and large basic block length [16] of Basic
math benchmark have provided it parallel instruction
execution opportunities which improve the overall 1PC,
compared to other benchmarks.

Test Case-l1: -Application profiling on In-order corewith
Co-schedule Size-2

In this test case, we have discussed the results when the
co-schedules of size-2 executed on the reference machine and
have compared it with the results of the isolation mode. The
variation in IPC, when the applications executed in isolation
and in Multi-programmed mode, is shown in Figure-4. All
the co-schedules are showing similar behavior in the
presence of their partner benchmark. All the Co-schedules
(numbered 1 to 10) have similar IPC when they are executed
in isolation mode and after that in Multi-programmed mode.
The performance of co-schedules in Multi-programmed
environment is also presented through the Sum-of-1PC
performance metrics in Figure-4. The Sum-of-IPC metric
shows that the benchmark applications run in combination
which has higher IPC at execution are performing better in
terms of IPC. Specificaly Co-schedules 3, 6, 8, 10 have
shown such behavior where Bit-count benchmark exists. On
the other hand, the weighted speedup and ANTT
performance metrics indicate that all the applications have
made the same progress, considering their execution in
Multi-programmed mode as well as in isolation mode. The
results, as expected indicates that in the in-order core,
application execution in the form of co-schedules does not
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show significant interference effects for the shared resources.

The reason for such behavior is that the In-order CPU core

executes the application instructionsin the same order as they
pear in the application.

IPC in Isolation vs Multi-programmed Mode (In-order Core)

Sum of IPC Co-schedule Size-2(In-order Core)

A P o - R
gl ,~”¢, '_/ e o ’ / /' »f{,«', R

Coschedun e Coscnedle sze2

We<ghled Speedup Co-schedule Size-2(In-order Core)

‘ffx,vx.‘ S IIIIIIIIII
[ro—

ANTT of Co-schedule Size-2(In-order Core)

Weghied Speedun

v‘j”;//
¢ 2

Fig.4. Mi-bench applications Execution Co-schedule
size-2 (In-order Core)

Test Case-l1l Application profiling on In-order core and
Co-schedule Size-4

In order to find the interference effects and their impact on
performance for co-schedule size and number of cores taken
as to four is shown in Figure-5. It may be noted that
Co-schedulesis not showing any noticeable differencein IPC
in Multi-programmed mode with respect to isolation mode.
To observe even the dlightest behavior of the applications we
have caculated the Sum-of-IPC. It is observed that
Co-schedule ABCE has the lowest Sum-of-1PC value when
applications are executed in the multi-programmed mode.
The reason for such behavior is that, among all the
co-schedules, this co-schedule has a higher number of
memory-bound instructions (collectively) which resulted in a
higher number of L2 Cache replacements (Figure-6). In other
co-schedules, the bitcount benchmark, which contains a
higher number of CPU intensive instructions, contributes to
increasing the sum of the IPC performance metrics for all.
However, this case has considered performance only for
multi-programmed mode and thus, it is again proved that
sum-of-1PC performance metrics favor those co-schedules
which contain benchmarks of higher | PC.

IPC Variation in Isolation vs Multi-{ programmed environment
Co-schedule si

Sum IPC of Mi-bench Applications co-schedule size-4

Mbanch Banchrsark ADiestra, 6 Baschth, € quicksar D-tcount P Paroca

ADetra, BEasicMth, Cauicksort, O Bticount, P Pancia

Weighted Speedup of Mi-bench Applu:a(lons co-schedule size-

ADiests, BBaskchatn Cquiskson, Do

ANTT of Mi-bench benchmark Applications co-schedule size-4

Weightes Somedun

Bchmat appica evarhs & Dijestra, B Basiham, Cachsnet DBtcunt

Fig.5. Mi-bench applications Execution Co-schedule
size-4 (In-order Core)
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To know the behavior of the applications in terms of relative
progress by considering IPC in isolation also, we have
another set of results presented in the next section.

It becomes obvious that the performance results obtained
through Sum-of-IPC previously favors the higher 1PC
benchmarks. However, results when considering weighted
speedup demonstrate that in the co-schedules ACDE; have
shown higher progress as compared to other co-schedules.
On the other hand, co-schedules (ABCD, ABCE, ABDE, and
BCDE) have shown a dight interference effect as they might
suffer for shared resources. ANTT performance metrics
which is capable to observe the minor variation in IPC in
multi-programmed mode compared with isolation mode is
also indicating that the co-schedule ACDE has low
slow-down.

This means, in al the co-schedules except ACDE, there are
some applications that have not got a fair opportunity to get
the shared resources or they have not utilized the available
resources optimally and resulted in slow progress in
Multi-programmed environment compared with their
execution in isolation mode. We found the variation in
performance for the co-schedules ABCE and ACDE for
knowing the accurate reasons for such behavior we presented
the system parameters for all the co-schedules in Figure-6.

It could be observed that in co-schedule ACDE has higher
bandwidth & data bus engagement. Also, it has a huge
number of L2 replacements. These parameters indicate that
co-schedule ACDE has utilized the resources (bandwidth)
efficiently and resulted in the higher weighted speedup. But
in the co-schedule, there is an application(s) (most probably
gsort) which contributes to a large number of L2
replacements. In the same way, other co-schedules which
shows higher miss rate and relatively less progress is due to
some applications in the schedule which contributes to the
positive or negative effects.

L2 replacements Co-schedule Size-4 (In order Core)

Bandwidth Consumption Co-schedule Size-4 (In order Core)

Miss rate Co-schedule Size-4 (In order Core)

Data bus utilization Co-schedule Size-4 (In order Core)

0
| I
o ]
i
Al in ,., 1 o —1 i1l 1
1.48c0 2 1 4806 4acoe s Bcoe 1ABCD 2AME 4.ac0 s beoe

AAAAA

12 M rate

Coscmauie Saed Coscenule Szed

Fig.6. System parameters of Co-schedule size-4 (In-order
Core)

Theresultsdiscussed above are summarized as:

e The interference effect among the applications is slightly
lower when the applications are executed in the In-order
core.

e It is noticed that the co-schedule which contains some
benchmarks having higher IPC as their virtue show
significant  improvement in  overall IPC in
Multi-programmed mode.

e The higher value for weighted speedup is the indication of
better resource utilization and less interference.

e In most cases, gsort and Bit count benchmarks influence
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the co-schedules.

e gsort benchmark increases the miss rate and the Bit count
benchmark increases the Sum-of-1PCs of the workloads in
the multi-programmed environment.

e Bitcount benchmark influences the co-schedules in terms
of sum-of-IPC and weighted speedup as it contains a
higher number of CPU intensive instructions.

e Profiling results of co-schedule size-2 and 4 have
concluded that we need not have to further profile the
co-schedules having size 8, 16, etc. asthe co-schedules are
not showing much interference effects.

e The results shown above conclude that for executing these
co-schedules the general policies like increasing the core
frequency would be appropriate for increasing the
Weighted speedup. However, how the genera policies
would behave in terms of energy consumption is the scope
for further analysis.

To observe the interference situation in-depth, a more

conflicting multiprogram environment would be required.

For creating such an environment, we have done the profiling

of co-schedules on Out-of-order CPU. The Out-of-order CPU

core executesthe applicationsin non-program order. It means
the application instructions whose operands are available
could be executed without following the program order. The

Out-of-order CPU is expected to create a more conflicting

environment compared to the In-order core for the shared

resources. The results of the benchmark profiling for

Out-of-order are presented in the next section.

B. Applications profiling on Out-of-order CPU

In this section, we have discussed the profiling results
obtained when benchmarks/applications are executed in the
Out-of-order core.

The Out-of-order CPU which executes the instructions on
non-sequentia order allows instruction execution on a cache
miss also. The co-schedules are executed in the same
reference machine which we used for the In-order core for
application profiling.

Test Case-l Applications profiling on Out-of-order CPU
in Isolation mode

In order to have an understanding of the system parameters
when applications are executed in the Out-of-order core, the
simulations have been carried out. and the results are
presented in Figure-7.

To perform the analysis of application characteristics in
terms of system parameters in both the CPU cores (In-order
and Out-of-order), Figure-7 depicts the parameters for both
the cases. It could be noted In Figure-7, that the miss rate for
the gsort & Bitcount benchmark is high and for other
benchmarks, its value is comparatively low.
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Number of instructions simulated in order core Vs. Out of order IPC Variation In order vs Out of order CPU Core Mode

Bandwidth Utilization of Mi-bench benchmark applications In
Order vs Out of order mode

Miss rate Variation Mi-bench benchmark applications In Order
vs Out of order mode
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Table-VI: Mi-bench Benchmarks System Parametersin
I solation Mode (In-order Core)

Numb
Data Band | er of [ Avera|Number
bus No. of | width | condit| ge of
Mi-bench 1PC utlllzgh Miss | replac ut.|I|za ional oveu_’al instructi
onin rate | ement | tion | branc || miss ons
per cent s |Mbyte| hes |latenc|simulate
age /s |incorr | y-L2 d
ect
2965
. 0.3516 0.03 1.096 431824
Dijkstra % 0.01 6057 89 509 238 |136.25 47
95
Basic 0.3164 0 0.00 3 0.451| 1974 12177121 117007
Math 79 1162 634 2 1 1 252
1150
ort 0.2676 0.98 0.51| 7108 | 128.5| 1002 79.20 161025
q 17 ~ |os:2| 6 |ew08| 4 || o6
1097
. 0.3909 0.65 0.670 395341
Bit count 14 0.01 6999 5 17 35 694.159 09
3708
Patricia 0.2566 0.06 0.00 | 1443 | 7.181 | 1049 26.41 772371
28 ’ 4873 6 053 2 4'9 51

Fig.7. Mi-bench applications Execution in | solation M ode
(In-order vs. Out-of-order core)

The I PC of the applicationsin the Out-of-order core ishigher
compared with the In-order core for all the benchmarks.
Among al the benchmarks it is observed that the gsort
application has low IPC value in the In-order core which is
drastically improved in the Out-of-order core.

The reason is that in the Out-of-order core, the gsort
benchmark instructions have better utilized the available
bandwidth, whereasin In-order core, due to the restrictions of
instructions order, it was underutilized. Basic math
application has negligible miss rate whereas Bit count and
gsort benchmarks instructions have shown higher conflicts
for resources. On the other hand, the Bandwidth utilization in
Out-of-order CORE is higher as compared with the
In-order-core for al the benchmarks. The reason for higher
consumption of bandwidth is that in the Out-of-order core
during the cache miss events the processor core, instead of
waiting for the data, starts executing other instructions whose
dataisavailable.

The total number of conflicts for the L2 cacheis higher in In
Out-of-order core for the gsort and Patricia benchmark. The
results, L2 conflict, and the Bandwidth utilization confirm
that the qgsort benchmark has higher memory-bound
instructions & they conflict for the L2 cache and the
bandwidth. The average overall miss latency for most of the
benchmarks is reduced when they executed in the
Out-of-order core.

The branch prediction accuracy is reduced as in the
Out-of-order core as the instructions which are ready are
executed without considering the branch predictor results.

It is observed that for the qgsort benchmark, system
parameters value is very high, especialy for bandwidth and
data bus utilization which has made the other benchmarks
parameter values not clearly shown in Figure-7. The exact
value of system parameters is listed in Table-7 & 8 for
In-order and Out-of-order core respectively.
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Table-VII: Mi-bench Benchmarks System Parametersin
| solation M ode (Out-of-order Core)

Num
ber
Data Band | of Av Number
bus No. of | width | condi ovjrilgle of
Benchma utilizati [ Miss | repla | utiliza | tiona ) instructi
IPC R . miss
rk onin rate | ceme| tion | latency- ons
percent nts |[Mbyte| bran d simulate
L2
age Is ches d
incor
rect
.. 1474 0.0358 4.645 | 1360 | 125374 |1 4318244
Dijkstra) g | 004 | gy | 8L | 751 | 26 | 4701 | 6
Basic |1.011 001 0.0019 78 1.503 [ 2396 | 250752 ( 1170072
Math 4 ’ 58 625 | 127 | .4825 16
ort 0.974 36 0.5224 | 7228 | 461.7 | 1771 | 116690 | 1610250
G 652 | > 53 | 2 |a0467| 50 | 569 | 5
Bit 1.404 0.7471 2.362 | 1527 116581 | 3953439
count 736 0.02 26 1 736 | 62 | .7308 2
0.558 0.0064 | 1526 | 16.02 | 4839 | 212653 | 7723715
Patricia| 768 0.13 37 0 9211 | 041 | .3339 0

Theresultsare summarized:

e Benchmarks are showing different behavior in
Out-of-order core as compared to the In-order corein terms
of system parameters like miss rate, bandwidth utilization
and the number of L2 cache conflicts.

e Benchmarks are showing remarkable progress in the
Out-of-order core for IPC performance metric in isolation
as compared with the In-order core. The reason for thisis
due to proper CPU cycle utilization when the data of any
instruction is not available..
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e In results presented above, it is found that the gsort
benchmark has higher value of bandwidth utilization and
L2 cache conflicts; concludes that there is a higher
possibility the gsort benchmark would dominate other
benchmarks in multi-programmed environment.

The summary presented above concludes that benchmarks
execution in Out-of-order mode has significant potential
creates a high conflicting environment. This motivates us to
further explore the execution of the benchmark in the form of
co-schedules. In the next section we have presented the
results when applications are executed in co-schedules of
size-2, 4 and 8 in Out-of-order mode.

Test Case-ll Application profiling on Out-of-order core
and Co-schedule Size-2

The simulation results in this case, are showing significant
interference for the shared resources as compared with the
in-order core having the same co-schedule size. The results
are presented in Figure-8. Co-schedules are showing notable
variations in IPC in Multi-programmed mode with respect to
isolation mode. The variation shows that applications IPC is
decreased when they have run in Multi-programmed mode.
In al the cases, co-schedule-8[gsort, Bit count] has shown
significant performance loss. In Co-schedule-8 the bitcount
benchmark conflicts to gsort benchmark for the resourcesin
multi-programmed core. The conflict is due to the
randomness in the instruction selection and execution by the
Out-of-order CPU core.

IPC Variation of Mi-bench benchmark Applications Isolation Vs
Multi-programmed Mode(Out-of-order Core)
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Fig.8. Mi-bench applications Execution Co-schedule
size-2 (Out-of-order Core)

Sum-of-IPC  performance metrics is favoring those
co-schedules which have higher 1PC benchmarks. It is not
clearly indicating that co-schedule-8 have done less progress.
The weighted speedup performance metrics clearly show that
the co-schedules 1, 5, 6 and 7 have made higher relative
progress and other co-schedules (2, 3, 4, 9, and 10) have
shown moderate performance except co-schedule 8.
Co-schedule-8 contain the gsort benchmark, and it is
observed in previous cases, the schedules which have this
application have made less progress as being the memory
bound characteristics in it. ANTT performance metrics also
indicate that the co-schedule-8 has suffered in terms of
sow-down. The system parameters for Co-schedule 8 are
shownin Table-9 & 10.

Table-VIII: Mi-bench Benchmarks System
Parametersin I solation core (Out-of-order Core)
IM (Isolation core), M P (Multi-programmed Mode)
L2 Cache L2 Cache L2 Cache L2 Cache
miss(data) | miss(data) | miss(Instruc | miss(Instruc

Benchmark
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IM MP tion) IM tion) MP
qgsort 0.520342 0.521966 0.886493 0.900817
Bit count 0.964029 0.992933 0.692998 0.738826

Table-1X: Mi-bench Benchmarks System Parametersin
I solation Mode (Out-of-order Core)
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Data bus Databus | Bandwidth Ba.n.dWI .dth
Co-sched R R L Utilization
ules utilization utilization | Utilization Mbyvtes's
IM % MP% |MbytessIM Y
MP
8:qsortt, 3.62 2.14 464.103203 | 273.973578
Bit count

The system parameters in Table-9 and 10 clearly show that
the applications have not got the required amount of
resources in multi-programmed mode and due to that the
performance is hampered.

Test Case-l11 Application profiling on Out-of-order core
and Co-schedule Size-4

In this test case, we have attempted to analyze the
interference effect on co-schedules for more number of
applications compared to the previous one. The interference
effects in terms of performance metrics are shown in
Figure-9. In the Figure, anoticeable difference

IPC Vaiation i Isolation Vs Multi-Programmed Mode(Out-of-
order core)
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Fig.9 Mi-bench applications Execution Co-schedule
size-4 (Out-of-order Core)

interms of |PC among all the co-schedules could be observed
except for the co-schedule-3, when applications are executed
in the multi-programmed mode as compared to the |solation
mode. The reason for such behavior which could be observed
in the Figure is that all the co-schedules which contain gsort
application have faced the interference effect and in the
co-schedule-3 gsort benchmark is absent and resulted in no
interference among the applications. In the same line, the
Sum-of-IPC metrics indicate that co-schedule BCDE has
donelow progress, the reason isthat in this co-schedule gsort
benchmark affecting the Bitcount and Dijkstra benchmark
and a notable interference effect is observed. The weighted
speedup indicates that the co-schedule ACDE is affected
much in terms of progress and slows down respectively.
Among all the Co-schedules the interference effect on Basic
Math and Patricia benchmark is not recorded which is
obvious as both have relatively less miss rate in Out-of-order
core. The Co-schedule ACDE is affected as it contains most
of the benchmarks which are affected due to the qsort
benchmark.
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C. Applications profiling Considering M ultiple copies

In previous results, we have observed that a single copy of a
benchmark in a co-schedule has not shown the notable
interference effects, as a single copy of an application does
not have a sufficient number of conflicting instructions to
show the interference effects. To find the possibility of
interference effects in the multiple copies we have done the
simulations and the results are shown in Figure-10.

Test Case-| Applications profiling Multiple copiesin
In-order Mode

In Figure-10, it could be noted that when all the benchmarks
are executed having its own 2,4 and 8 copies some
benchmarks have shown the variation in IPC whereas some
benchmarks remain neutral

Mt Ben it Programmed
e Core r
d Mok (Mt Mode o

v - -

Fig.10. Mi-bench multiple copies of benchmarks
Execution (In-order Core)

Dijkstra, Basic Math, and Bitcount benchmarks have not
shown significant variation in IPC (interference among
multiple copies). However, increasing the number of copies
of Basic Math, gsort and Patricia benchmarks from two to
eight shows the variation in IPC. Whereas the Patricia and
gsort benchmark instructions have shown the sensitivity for
the interference for the shared resources. In other words, the
multiple copies of benchmarks (only afew) are affecting due
to interference for the shared resources. To know the
interference effect when multiple copies of two distinct
benchmarks are simultaneously executed aspecia simulation
is carried which is shown in Figure-10. For this simulation,
the co-schedules are prepared by taking multiple copies of
gsort, Patricia and Dijkstra benchmarks (6-copies in each
case) and single copies of Basic math and Bitcount
benchmarks. The purpose of

The simulation is to know the behavior of Bitcount and
Basicmath benchmarks when executed with heavy
conflicting partner benchmarks. However, no interference
effect is observed.
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The results discussed above are summarized as:-

e Multiple copies of a benchmark in a co-schedule have
shown significant interference effects in In-order core,
except Dijkstra, Basic Math, and Bitcount benchmarks

e Multiple copies of distinct benchmarksin aco-scheduleare
aso not showing the interference effect.

e The results clearly indicate that some benchmarks (gsort
and Patricia) which were neutral when executed
considering a single copy in In-order core (in previous
experiments) have aso shown inherent interference
characteristics.

o Interference effect could be more severe for benchmarks
like gsort and Patriciain Out-of-order cores.

Test Case-11: Applications profiling multiple copiesin

Out-of-order core

In previous experiments, it is noted that multiple copies of

benchmarks in a co-schedule have shown moderate

interference effects in the In-order processor core. Previous
results assure that the benchmarks which have shown the
interference effects in the In-order core would repeat their
behavior for Out-of-order core aso. However, some
co-schedules which contain benchmarks like Dijkstra,

Bitcount and BasicMath have not shown the conflicting

behavior in In-order core athough they were executed with

multiple copies of highly interference sensitive benchmarks.

Thus, it is not known whether these benchmarks would

behave in a similar fashion for the Out-of-order core also. In

this section, we attempted to find the interference effects for
the above mentioned applications which were neutral in

In-order core.

In previous experiments, we witness co-schedules which

contain more than two benchmarks have shown the

interference effects for Out-of-order cores. Thus, in this
experiment, we have done simulations and presented the

interference results for the co-schedules of size-4 and 8.

IPC Variation in Isolation Mode Vs Muli-Programmed Mode (Out-of-order Core)

5
0
(p\

Co-schedule Size-8 (A-Dijestra, B-BasicMath, C-Quicksort D-Bitcount, E-Patricia)
Fig.11. IPC Variation on Mi-bench benchmarks multiple
copies Coschedule size-8 (Out-of-order Core)

W IPC Alone B IPC Multi-Programmeq Mode

3 )
h\i\“\!\ rA“"‘A o"”ﬂ

IPC

N )
o o &

In all the previous cases, the gsort benchmark isidentified as
a higher interference sensitive application for in-order and
Out-of-order cores. Hence, gsort benchmark could be a
suitable choice for further experiments. In this experiment,
we considered gsort as a common benchmark for all the
co-schedules. The co-schedules which contain multiple
copies of distinct benchmarks are simulated in the
Out-of-order core, variation in IPC and in-depth analysis
through performance metrics is shown in Figure-11 & 12
respectively.
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It could be noted In Figure-11 that four & six copies of gsort
benchmark are common for al the co-schedules. Figure-11
depictsthat, al the co-schedules have shown the interference
effects due to the gsort benchmark. In al the co-schedules
IPC is decreased when applications are executed in the
Multi-programmed environment compared to the Isolation
mode. The interference effect is higher for the gsort, Dijkstra
and Patricia benchmarks whereas the BasicMath and Bit
count benchmarks are less affected. The Bitcount &
BasicMath benchmark contains higher number of CPU
bound instructions, and they have higher branch prediction
rate which makes them unaffected on highly conflicting
environments also. Whereas the Dijkstra, gsort and Patricia
benchmarks do not have higher branch prediction rate.
Moreover, lower value of basic-block length of affected
benchmarks has restricted to harness the parallelism potential
of Out-of-order cores.

Performance Analysis of Mi-bench Benchmarks Multiple Copies (Out-
of-order core)

B SumofIPC W Weighted Speedup ANTT
15

C(4)A(4) C(#)B(4) C(4)D(A) CMA)EM4) C(O)AR) C(6)B@) C(6)DE2) C(6)ER)

Co-schedule Size-8 (A-Dijkstra, B-BasicMath, C-Quick sort, D-Bitcount, E-Patricia)

Fig.12. Performance Analysis of Mi-bench benchmarks
multiple copies Co-schedule size-8 (Out-of-order Core)

In another context, the simulation results are also visualized
through the Sum-of-IPC, weighted speedup and ANTT
performance metrics, which is shown in Figure-12. Among
all the co-schedules the sum-of-1PC performance metrics of
co-schedule [(qgsort (4), Dijkstra (4)] & [gsort (4) Bitcount
(4] is higher. However, these two are the co-schedules that
are highly affected due to the interference. It is again proved
that the Sum-of-IPC is not the fair performance metrics to
measure the system throughput.

In the same line, the weighted speedup and ANTT
performance metrics (as we have seen in al previous cases)
are providing the different interpretations for the same set of
results. The Weighted speedup and ANTT performance
metrics, when the number of copies of al the co-schedulesis
considered as four shows that the Co-schedule (gsort (4),
Basicmath (4)) has made higher relative progress and have
Lower slowdown respectively.

Whereas when number of copies of the gsort benchmark is
increased from four to six, the weighted speedup of [gsort(6),
BasicMath(2)], [(gsort(6), BitCount(2)] and
[(gsort(6),Patricia(2)]is higher, whereas the
Co-schedule[(gsort(6), (Dijkstra(2))] is suffered more. In
both cases one thing is common that the gsort and Dijkstra
benchmarks are conflicted for the resources whereas the
Bitcount, Basic Math benchmarks were safe. It means gsort
and Dijkstra benchmarks are identified as very sensitive
applicationsfor the shared resources in the Out-of -order core.
It could be noted in Figure-12, increasing the number of
copies of gsort benchmark from four to six, the interference
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effect is increased. The Bitcount benchmark was neutral for
theinterference effectsin all previous cases has repeated their
behavior considering multiple copiesin the Out-of-order core
aso. The benchmarks which were shown the interference
behavior in In-order core were found more intense in the
Out-of-order core.

Theresults discussed above are summarized as-

e Significant interference effects are observed when
co-schedules are executed in the Out-of-order core
considering multiple copies of the benchmark.

e Multiple copies of memory sensitive benchmarks affect all
the other benchmarks in a co-schedule.

VIlI. CONCLUSION

The interference among applications is one of the most
critical concerns for the need of performance. Thus, it is
necessary to find out in what situations/scenarios the
interference would impact on a higher degree. System
Parameters are important internal sources to find out the real
causes of interference effects among the applications which
execute at run time. In this research, we have performed an
in-depth analysis of interference effects among various
co-schedules, which occur due to the varying characteristics
of the applications. We have found the following important
facts related to the shared resource contention/interferencein
multi-programmed environment-

o Interference effect is generaly lesser on In-order CPU
cores whereas Out-of-order CPU cores have shown the
notable conflicts for the shared resources.

e The interference effect depends on the size of co-schedule
for agiven set of CPU cores. Large co-schedule size could
be more prunes for interference situation.

e Sum-of-IPC performance metrics has higher value for
those co-schedules which contain benchmarks of higher
IPC. Weighted speedup and ANTT performance metrics
were proved to be a better choice for interference
measurement and analysis.

e If multiple copies of memory-bound benchmarks are
co-scheduled with some CPU bound benchmarks in
Out-of-order CPU core the higher interference effects are
observed (Refer figure-11).

® |2 Cache parameter must be selected appropriately for the
simulation setup; large L2 cache size would not reveal
observable interference effect on shared resources
contention.

e Multiple Copies of CPU intensive workloads do not create
much contention effect.

e Multiple Copies of those benchmarksthat have mixed CPU
and memory-bound instructions show the contention
effectsfor L2 Cache.

e Benchmarks have not shown similar Interference behavior
for In-order and Out-of-order CPU cores. Moreover,
Benchmarks like Dijkstra whose behavior was neutral in
In-order CPU core has been shown higher interference
behavior for Out-of-order cores.

e The Basic block length, Branch prediction rate, type of
benchmark (CPU bound, Memory bound) are identified as
the key system parameters.
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These parameters could help in deciding the suitable policy

to run the benchmarks for enhancing the system

throughput.
The interference analysis carried out in this research has
shown a strong need for some mechanism in the form of
scheduler in an existing Multi-core system. The scheduler,
considering the above discussed co-schedule execution
scenarios in terms of appropriate system parameter values
could decide an appropriate policy for performance
enhancement. Considering five benchmark applications and
their possible co-schedules in the presence of different
processor core has created an application execution scenario
that looks like applications are executing in the real physical
Multi-core machine. In this work, we considered only five
applications for interference analysis. in the future,
interference effects among applications having more number
of benchmarks, different co-schedules options, and for more
number of cores could be explored.
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