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Abstract. Enterprise distributed real-time and embedded (DRE) systems are in-
creasingly using high-performance computing architectures, such as dual-core
architectures, multi-core architectures, and parallel computing architectures, to
achieve optimal performance. Performing system integration tests on such archi-
tectures in realistic operating environments during early phases of the software
lifecycle, i.e., before complete system integration time, is becoming more critical.
This helps distributed system developers and testers evaluate and locate potential
performance bottlenecks before they become too costly to locate and rectify. Tra-
ditional approaches either (1) rely heavility on simulation techiques or (2) are too
low-level and fall outside the domain knowledge distributed system developers
and testers. Consequently, it is hard for distributed system developers and testers
to produce realistic operating conditions for early integration testing of such sys-
tems.
This papers provides two contributions to facilitating early system integration
testing of enterprise DRE systems. First, it provides a generalized technique for
emulating computation intensive workload irrespective of the target architecture.
Secondly, this paper illustrates how the emulation technique is used to evalu-
ating different high-performance computing architectures in early phases of the
software lifecycle. The technique presented in this paper is empirically and quan-
titatively evaluated in the context of a representative enterprise DRE system from
the domain of shipboard computing environments.

1 Introduction

Emerging trends in enterprise distributed real-time and embedded systems. Enter-
prise distributed real-time and embedded (DRE) systems, such as mission avionics sys-
tems, shipboard computing environments, and traffic management systems, are increas-
ingly using high-performance computing architectures [12, 17], e.g., multi-threaded,
hyper-threaded, and multi-core processors. High-performance computing architectures
help increase parallelization of computation intensive workload, which in turn can im-
prove overall performance of enterprise DRE systems [17]. Furthermore, such comput-
ing architectures enable enterprise DRE systems to scale to the computation needs of
next generation enterprise DRE systems, such as ultra-large-scale systems [13].



As enterprise DRE systems grow in both complexity and scale, it is becoming more
critical to evaluate the system under development on different high-performance com-
puting architectures early in the software lifecycle, i.e, before complete system integra-
tion time. This enables distributed system developers to determine which architecture
is best for their needs. It also helps distributed system developers avoid the serialized-
phasing development problem [19] where infrastructure- and application-level system
entities are developed and validated in different phases of the software lifecycle, but fail
to meet performance requirements when integrated and deployed together on the target
architecture. Serialized-phasing development therefore makes is hard for distributed
system developers and testers to identify potential performance bottlenecks before they
become too costly to locate and rectify.

Existing techniques for evaluating and validating computation intensive systems on
high-performance computing architectures early in the software lifecycle to overcome
the serialized-phasing development problem rely heavily on simulation and/or analyti-
cal models [2–6]. Although this approach is feasible for predicting performance in early
phases of the software lifecyle [18], such techniques cannot account for all the com-
plexities of enterprise DRE systems (e.g., the operating environment and underlying
middleware. These complexities and others, such as arrival rates of events and thread-
/lock sychronization, are known to affect computation intensive workload and overall
performance of such systems. Distributed system developers therefore need improved
techniques for evaluating enterprise DRE systems on different high-performance com-
puting architectures in early phases of the software lifecycle.

Solution approach → Abstracting computation intensive workload via em-
ulation techniques. Emulation [18, 20] is an approach for constructing operational
environments that are capable of generating realistic results. In the context of high-
performance computing architectures, emulating computation intensive workload on
the target architecture and operational environment enables distributed system develop-
ers and testers to construct realistic operational scenarios for evaluating different high-
performance computing architectures. Moreover, it allows distributed system develop-
ers and testers to evaluate and validate system performance, such as latency, response
time, and service time, when complexities of enterprise DRE systems are taken into
account.

This paper describes a technique for emulating computation intensive workload
to evaluate different high-performance computing architectures and evaluate and val-
idate enterprise DRE system performance early in phases of the software lifecycle.
The emulation technique presented in this paper abstracts away optimizations of high-
performance computing architectures, such as caching and look-ahead processing, while
letting the target architecture handle execution concerns, such as context-switching and
parallel processing, which can vary between different high-performance architectures.
The emulation technique is able to accurately emulate computation intensive workloads
ranging from [1, 1000] msec irrespective of the underlying high-performance comput-
ing architecture. Experience gained from applying the emulation technique presented
in this paper shows that it raises the level of abstraction for performance testing so that
distributed system developers and testers focus more on locating potential performance



bottlenecks instead of wrestling with low-level architectual concerns when constructing
realistic operational environments.

Paper organization. The remainder of this paper is organized as follows: Section 2
introduces a case study for a representative enterprise DRE system; Section 3 presents
the technique for emulating computation intensive workload independent of the under-
lying high-performance computing architecture; Section 4 presents empirical results for
the emulation technique in the context of the case study; Section 5 compares this work
with other related work; and Section 6 provides concluding remarks.

2 Case Study: The SLICE Scenario

The SLICE scenario is an representative enterprise DRE system from the domain of
shipboard computing environments. It has be used in prior research and multiple case
studies, such as evaluating system execution modeling tools [8, 11], conducting formal
verification [9], and highlighting challenges of searching the deployment and configu-
ration solution space of such systems [10]. Figure 1 shows an high-level model of the
SLICE scenario.
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Fig. 1. High-level overview of the SLICE scenario.

To briefly reiterate an overview of the SLICE scenario, Figure 1 illustrates that the
SLICE scenario is composed of seven different component1 instances named: (from
left to right): SenMain, SenSec, PlanOne, PlanTwo, Config, EffMain, and EffSec. The
directed lines between each component represents inter-communication between com-
ponents, e.g., sending/receiving an event. The SLICE scenario also has a critical path
of execution, which is represented by the solid directed lines between components, that
must be executed in a timely manner. Finally, each of the components in the SLICE
scenario must be deployed (or placed) on one of three hosts in the target environment.

1 In context of the SLICE scenario, a component is defined an abstraction that encapsulates
common services that can be reused across different application domains.



The SLICE scenario is an application-level entity, however, the infrastructure-level
entities it will leverage are currently under development. The SLICE scenario is there-
fore affected by the serialized-phasing development problem discussed in Section 1.
To overcome the effects of serialized-phasing development, system developers are us-
ing system execution modeling tools to conduct system integration test for the SLICE
scenario, such as evaluating end-to-end response time of its critical path, during early
phases of the software lifecycle, i.e., before complete system integration.

In particular, system developers are using the CUTS [11] system execution model-
ing tool, which is designed for component-based distributed systems, to conduct sys-
tem integration tests during early phases of the software lifecycle, and to overcome the
serialized-phasing development problem. CUTS uses domain-specific modeling lan-
guages [16] and emulation techniques to enable system integration testing during early
phases of the software lifecycle on the target architecture using components that look
and feel like their counterparts under development. Likewise, as the real components
are developed, they can seamlessly replace the faux components to facilitate continuous
system integration testing throughout the software lifecycle.

Similar to prior work [11], system developers intended to use CUTS to evaluate
the end-to-end response time of the SLICE scenario’s critical path. This time, however,
system developers plan to extend their previous testing efforts and evaluate the end-to-
end response time of the SLICE scenario’s critical path on different high-performance
computing architectures, such as multi-threaded, hyper-threaded, and multi-core archi-
tectures. Applying CUTS to evaluate the SLICE scenario on different high-performance
computing architectures, however, revealed the following limitations:

– Limitation 1. Inability to easily adapt to different high-performance comput-
ing architectures. Different high-performance computing architectures have dif-
ferent hardware specifications, such as processor speed and number of processors.
Different hardware specifications also affect the behavior of computation intensive
workload. For example, execution time for two separate threads on a dual-core
architecture will be less than execution time for the same threads on a single pro-
cessor architecture—assuming there are no blocking affects, such as waiting for a
lock, between the two separate threads of execution.
System developers can use the high-performance computing architecture’s hard-
ware specification to model the behavior of computation intensive workload for
emulation purposes. This approach, however, is too low-level and outside their
knowledge domain. Likewise, such a model can be too costly to construct and
validate, and can negatively impact overall emulation performance on the target
architecture. System developers therefore need a technique that can easily adapt to
different high-performance computing architecture and provide accurate emulation
of CPU workload.

– Limitation 2. Inability to adapt and scale to large number of computation
resources. System developers plan to leverage dynamic testbeds, such as Emu-
lab [21], to conduct their integration tests. Emulab enables system developers to
configure different topologies and operating systems to produce a realistic target
environment for distributed system integration testing.



Although the SLICE scenario consists of three separate host, system developers
intend to conduct scalability tests by increasing both the number of components
and hosts in the SLICE scenario. System developers therefore need lightweight
techniques that will enable them to rapidly include additional resources in their ex-
periments, and still provide accurate emulation of computation intensive workload.

Due to these limitations it is hard for system developers of the SLICE scenario to evalu-
ate the end-to-end response time of its critical path on different high-performance com-
puting architecture. Moreover, this problem extends beyond the SLICE scenario and
applies to other distributed systems that need to evaluate system performance on differ-
ent (high-performance) computing architectures. The remainder of this paper, therefore,
discusses a technique for overcoming the aforementioned limitations and improving
CUTS to enable early system integration testing of computation intensive enterprise
DRE systems on different high-performance computing architectures.

3 Architecture Independent Approach for Accurate Emulation of
CPU Workload

This section discusses a technique for accurately emulating computation intensive work-
load independent of the underlying high-performance computing architecture. The ap-
proach abstracts CPU workload and focuses on overall execution time of the computa-
tion intensive workload under emulation.

3.1 Abstracting CPU Workload for Emulation

Conducting system integration test (1) during early stages of the software lifecycle, (2)
on the target architecture, and (3) in the target environment enables distributed system
developers to obtain realistic feedback for the system under development. Moreover, it
enables distributed system developers to the locate potential performance bottlenecks
so they can be rectified in a timely manner. The ability to locate such performance
bottlenecks, however, depends heavily on the accuracy of such tests, i.e., its behavior
and workload, conducted during early phases of the software lifecycle.

In the context of high-performance computing architectures, it is possible to con-
struct fine-grained models that will accurately emulate effects of their characteristics,
such as enhanced performance due to CPU caching or look-ahead processing, or fetch-
ing instructions from memory. For example, Figure 2 illustrates an emulation/execution
model for (a) fetching instructions from memory and (2) CPU caching effects. As illus-
trated in Figure 2, in the case of (a) fetching instructions from memory, a portion of the
computation intensive workload (i.e., overall execution time) is attributed to fetching
the instructions from memory. Likewise, in the case of (b) CPU caching effects, the
portion of the overall execution time that would have been attributed to fetching CPU
instructions from memory no longer exists.

Because high-performance computing architectures have many characteristics that
can impact performance, it is not feasible to construct fine-grained emulation models
that capture all effects—especially when conducting system integration tests during
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Fig. 2. Emulation/execution model to high-performance computing effects.

early phases of the software lifecycle. Instead, a more feasible approach is abstracting
away such effects and focusing primarily on overall execution time, similar to pro-
filing [7]. This is possible because as the same computation (re)occurs many times
throughout the lifetime of a system, it will converge on an average execution time. The
average execution time will therefore incorporate the effects from characteristics of its
underlying high-performance computing architecture.
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Fig. 3. Example of abstracting the emulation/execution model for computing effects.

Figure 3 highlights abstracting the effects presented in Figure 2. As shown in Fig-
ure 3, instead of modeling each individual effect, the average execution time for the
computation intensive workload is modeled. For example, (a) does not explicitly model
the effects of fetching instructions from memory. Instead (a) models the average execu-
tion time of the computation intensive workload, which includes the execution time for
occasionally fetching instructions from memory. The same holds to be true for (b), i.e.,
instead of modeling performance gain from CPU caching effects, the average execution
time for the computation intentsive workload is modeled, which includes such effects.
The remainder of this section discusses how abstracting CPU effects is realized when
emulating computation intensive workload for enterprise DRE systems.



3.2 Realizing Abstraction of Computation Intensive Workload in CUTS

In Section 3.1, a technique for abstracting the different CPU effects of high-performance
computing architectures was discussed. The main thrust of the technique focuses on
overall average execution time of a computation intensive workload (or emulated CPU
workload), instead of modeling each individual CPU effect—especially when conduct-
ing system integration tests during early phases of the software lifecycle. This, in turn,
simplifies emulating computation intensive workload for different high-performance
computing architectures.

Since overall average execution time is the main focus of the abstraction technique,
it is therefore feasibile to use an arbitrary computation to represent emulated CPU work-
load. The main challenge, however, is ensuring the arbitrary computation is capable of
accurately representing different average execution times, i.e, scaling to different CPU
(or computation) workloads. In CUTS (see Section 2), this challenge is resolved by us-
ing a calibration factor for an arbitrary CPU workload. The calibration factor is then
used to scale the arbitrary CPU workload to different computational needs, i.e., differ-
ent average execution times. Algorithm 1 presents the algorithm for calibrating the CPU
workload generator that realizes the abstraction technique in CUTS.

As illustrated in Algorithm 1, the goal of the calibration effort is to derive a cali-
bration factor calib that will achieve the scaling factor f (or time). As highlighted in
Algorithm 1, the initial bounds of the calibration factor is defined as [0,MAX INT ].
For each iteration at deriving the correct calibration factor for the CPU workload (or
abstract computation), the median value is used as the potential calibration factor. If
the calibration factor yields an execution time above the target scaling factor, then the
current calibration factor becomes the upper bound. Likewise, if the calibration factor
yields an execution time below the target scaling factor, then the current calibration
factor becomes the lower bound.

This process continues until either (1) the calibration factor yields an execution
time that is within acceptable error of the target scaling factor or (2) the lower and
upper bounds are equal. In the case that the lower and upper bounds are equal and the
calibration factor is not derived, the calibration effort is tried for up to max times. This
can occur if there is background noise during the calibration exercise. If a calibration
factor is derived, then it is verified that it will accurately generate execution times up to
a user-defined execution time by scaling the calibration factor based on the number of
iterations need to reach a target execution time. Finally, if the verification process fails,
then the average error of the verification process for different execution times is used to
adjust the current calibration factor for the next attempt.

By using the calibration exercise presented in Algorithm 1 it is possible to accu-
rately emulate CPU workload independent of the underlying computational resources
on different high-performance computing architectures, which has been realized in
CUTS. Moreover, it enables emulation of computation intensive workload based on
CPU time and (1) not “wall time” or (2) having to monitor how much time a given
thread has currently executed on the CPU.



Algorithm 1 General algorithm for calibrating CPU workload generator that abstracts
CPU effects.
1: procedure CALIBRATE(f , δ, max)
2: f : target scaling factor for workload
3: δ: acceptable error in calibration
4: max: maximum number of attempts for calibration
5: i← 0
6: bounds← {0,MAX INT}
7: calib← 0
8:
9: while i < max do

10: while bounds[0] 6= bounds[1] do
11: calib← (bounds[0] + bounds[1])/2
12: t← exec(computation, calib)
13:
14: if t > f + δ then
15: bounds[1]← calib
16: else if t < f − δ then
17: bounds[0]← calib
18: else
19: break
20: end if
21: end while
22:
23: done← V ERIFY (calib)
24: if done = true then
25: return calib
26: end if
27: end while
28: end procedure



4 Evaluating Abstraction Technique for Emulating Computation
Intensive Workload

The section presents the results for validating the computation intensive workload gen-
erator discussed in Section 3. This section also presents the results for applying the
computation intensive workload generator to the SLICE scenario introduced in Sec-
tion 2. It is necessary to validate the workload generator because it will ensure that
system developers of the SLICE scenario are able to accurately emulate CPU workload
for their early integration tests. Moreover, as components are collocated (i.e., placed
on the same host), the average execution time of its computation intensive workload
is expected to be longer due to software/hardware contention [18, 20] than when the
same components are deployed in isolation. It is therefore necessary to validate that the
abstraction technique can produce such behavior/results.

The experiments described below (unless mentioned otherwise) were run in a rep-
resentative target environment testbed at ISISlab (www.isislab.vanderbilt.
edu). ISISlab is powered by Emulab software that configures network topologies and
operating systems to produce a realistic target environment for distributed system inte-
gration testing. Each host in the experiment was an IBM Blade type L20, dual-CPU 2.8
GHz processor with 1 GB RAM configured with the Fedora Core 6 operating system.
Figure 4 shows a representative illustration of ISISlab at Vanderbilt University.

Fig. 4. ISISlab at Vanderbilt University



4.1 Validating the Calibration and Emulation Technique

Determining the upper bound of the emulation technique discussed in Section 3.2 will
enable distributed system developers to understand how much CPU workload can accu-
rately be guaranteed before the emulation becomes unstable. When calibrating the CPU
workload generator using Algorithm 1 in Section 3.2 to determine this upper bound, all
tests were conducted in an isolated environment on the target host. This prevents any
interference from other process that many be executing in parallel on the target host.2

Figure 5 highlights results of the calibration exercise when the scaling factor f is 20000
usec, acceptable error δ is 100 usec, and max is 10.

Fig. 5. Calibration results for the CUTS CPU workload generator.

As illustrated in Figure 5, once the CPU workload generator is calibrated using
Algorithm 1, the emulation technique is able to accurately generate computation inten-

2 It is hard to produce a completely isolated environment because a host may have background
services running. It is assumed that such services, however, are negligible and do not interfere
with the calibration exercise.



sive workloads up to 1000 msec (or 1 second) as illustrated in the upper graph. The
lower graph illustrates the standard error for each of the execution times during verifi-
cation process where the most error occurred between [70, 150] msec. After 1000 msec
of computation, the emulation becomes unstable is not able to accurately emulate the
computation intensive workload (not shown in Figure 5). It is believed that the inac-
curacy after 1000 msec is attributed to the fact that is hard to guarantee long running
processes will occupy the CPU without real-time scheduling capabilities.

The calibration and verification results in presented in Figure 5 took only 1 try. This
means that distributed system developers that who want to evaluate system performance
have to ensure their CPU workload is less than 1000 msec, which is well above the up-
per bound for many short running computations of enterprise DRE systems, such as
in the SLICE scenario. More importantly, they have a simple technique that will accu-
rately emulate computation intensive workload without modeling low-level architecture
concerns (i.e., addresses Limitation 1 in Section 2).

Validating the calibration technique on multiple homogeneous hosts. The emu-
lation technique presented in Section 3.2 and validated above enables system developers
to accurately emulate computation intensive workload up to 1000 msec. This emulation
technique, however, works only on the host on which the calibration was performed.
Distributed system developers intend to use ISISlab to conduct early system integration
tests of the SLICE scenario. Executing calibration test of each of the hosts in ISISlab,
however, is hard and time-consuming because it requires isolated access to each host in
a resource-sharing environment.

Distributed system developers of the SLICE scenario therefore hypothesize that it is
possible to use the same calibration for different homogeneous hosts, or architectures. If
this hypothesis is true, then it will reduce the complexity of managing and configuring
integration testbeds. For example, if distributed system developers elect to use integra-
tion testbeds like ISISlab, then they have to only calibrate the CPU workload generator
once on each class of hosts.

Fig. 6. Validating calibration technique on different hosts with same architecture.



Figure 6 illustrates the results for calibrating the CPU workload generator on 77
different hosts in Emulab (www.emulab.com). Emulab was used for this experiment
because it has more hosts for testing than ISISlab. Each host in Emulab used for this
experiment was a Dell PowerEdge 2850s with a single 3 GHz processor, 2 GB of RAM,
2 x 10,000 RPM 146 GB SCSI disks configured with a Linux 2.6.19 Uniprocessor ker-
nel. As illustrated in Figure 6, each host in the experiment yielded the same calibration
factor. The distributed system developer’s hypothesis was therefore true (i.e., addresses
Limitation 2 in Section 2). This also implied that different host with the same archi-
tecture and configuration can use the same calibration and consistantly generate the
same accurate CPU workload for different average execution times ranging between [1,
1000] msec.

Validating the emulation technique against multiple threads of execution. Dis-
tributed system developers understand that as components of the SLICE scenario are
collocated, their the execution time (or service time) for handling events will increase.
This is due to having separate threads of execution for processing each event and hard-
ware/software contention on the host. Distributed system developers of the SLICE sce-
nario expect to experience similar behavior when using the CPU workload generator
for early integration testing. They therefore hypothesize that the emulation technique
realized in CUTS’s CPU workload generator will produce execution times greater than
the expected execution time depending on the number of threads executing on the host.

Figure 7 presents the results for emulation 3 different threads of execution to single
processor. As highlighted in Figure 7, each thread has an expected execution time: 30
msec (top), 70 msec (middle), and 120 msec (bottom). Figure 7 illustrates, however,
that the measured execution time is greater than the specified execution time. This is
because the CUTS’s CPU workload generator is emulating CPU time instead of wall
time. Moreover, if software performance engineering [18] techniques are taken into
account, then the measured execution time for the emulation is bounded by Equation 1:

Si < Di < n× Si (1)

where Di is the measured service time (or service demand), n is the number of threads
executing on the host, and Si is the expected execution time (or service time) of the
thread.

Because of the results presented in Figure 7, distributed system developer’s hypoth-
esis about the behavior of CUTS’s CPU workload generator for multiple threads of
execution was correct. More importantly, they have an emulation technique that will
accurately emulate CPU workload, and produce realistic results when collocating com-
ponents of the SLICE scenario.

4.2 Evaluating Performance of the SLICE Scenario

In Section 4.1, distributed system developers validated the emulation technique and ca-
pabilities of CUTS’s CPU workload generator. Moreover, results showed that CUTS’s
CPU workload generator produces realistic behavior in environments with multiple



Fig. 7. Measured CPU workload for three threads of execution on same processor.



threads of execution, such as collocating components of the SLICE scenario. Dis-
tributed system developers therefore plan to use the CUTS’s CPU workload genera-
tor to evaluate the critical path of the SLICE scenario on different high-performance
computing architectures.

In particular, distributed system developers plan to evaluate the improvement in
performance of the critical path for the SLICE scenario when all components are collo-
cated on the same host using different high-performance computing architectures. This
will enable them to understand the side-effects of such architectures and can provide
valuable insist in the future, such as determining how many hosts will be needed to
ensure optimal performance of the SLICE scenario. They therefore used a single host
in ISISlab to conduct several experiments.

Table 1. Emulation results of SLICE scenario on different architectures.

Architecture Avg. Exec. Time (msec)
Single 98.09
Dual-core 87.61
Dual-core (hyper-threaded) 65.8

Table 1 presents results of a single experiment that measured average end-to-end
response time of the SLICE scenario’s critical path. The experiment was executed on
three different configurations/architectures of a single node is ISISlab. As highlighted
in Table 1, the dual-core with hyper-threading had the best performance of the three,
which distributed system developers of the SLICE scenario expected. More importantly,
however, the results presented in Table 1 show that CUTS’s CPU workload generator
enabled distributed system developers of the SLICE scenario to construct realistic ex-
periments and observe the effects of different high-performance computing architecture
configurations during early phases of the software lifecycle.

5 Related Work

MinneSPEC [15] and Biesbrouck et. al [1] present benchmark suites for generating
CPU workload. It is designed to generate computation workload for new high-performance
computing architectures being simulated. The CPU workload generation technique dis-
cussed in this paper differs from MinneSPEC and Biesbrouck’s work in that it ab-
stracts away CPU characteristics that their benchmarks target in its computation work-
load. Moreover, the emulation technique discussed in this paper is designed to evalu-
ate application-level performance and MinneSPEC and Biesbrouck’s work is designed
to evaluate architecture-level performance. It believed, however, that the computation
workload in MinneSPEC and Biesbrouck’s work can be used as the abstract computa-
tion workload for the emulation technique presented in this paper.

Jeong et. al [14] present a technique for emulating CPU-bound workload in the con-
text designing database system benchmarks. Their CPU workload emulation technique
uses a simple arithmetic computation that is continuously executed based on the number



of times specified in the benchmark. The emulation technique in this paper extends their
approach by representing similar arithmetic computations as abstract computations and
accurately emulating them from [0,1000] msec. This enables distributed system devel-
opers to construct more controlled experiments when conducting system integration test
during early phases of the software lifecycle.

6 Concluding Remarks

Evaluating enterprise DRE system performance on different high-performance comput-
ing architectures during early phases in the software lifecycle enables distributed sys-
tem developers to make critical choices about system design and the target architecture
before it is too late to change. Moreover, it enables them to identify performance bottle-
necks before they become to costly to locate and rectify. This paper therefore presented
a technique for emulating computation intensive workload independent of the under-
lying high-performance computing architecture during early phases of the software
lifecyle. Based on the experience gained from applying the emulation technique for
computation intensive enterprise DRE system, the following is a list of lessons learned:

– Abstraction via emulation techniques simplifies construction of early integra-
tion test scenarios. Instead of wrestling with low-level architecture concerns, dis-
tributed system developers focus on the overall execution times of the enterprise
DRE system. This enables developers to create more realistic early system inte-
gration test with little effort, and concentrate more on evaluation the system under
development on its target architecture.

– Lack of details makes it hard to compare computation workload across hetero-
geneous architectures. Different architectures have different characteristics, such
as processor speed and type. Moving a computation from one architecture to an-
other will yield different relative performance. Future work therefore includes en-
hancing the emulation techniques so computation intensive workloads have valid
relative execution times when migrated between heterogeneous architectures.

– Abstraction reduces the complexity of accurately emulating computation in-
tensive workload. This is because it does not rely on low-level, tedious, error-
prone, and non-portable techniques, such as constantly sampling the clock and
querying hardware (or software) for thread execution time.

CUTS and the CPU workload generator discussed in this paper are available for down-
load in open-source format at the following location: www.dre.vanderbilt.edu/
CUTS.
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