
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


M.S. THESIS

NUMA-aware Hierarchical Power
Management for Chip Multiprocessors

NUMA구조를인지한칩멀티프로세서를위한계층적전력
관리

August 2017

DEPARTMENT OF COMPUTER SCIENCE ENGINEERING
COLLEGE OF ENGINEERING

SEOUL NATIONAL UNIVERSITY

Changmin Ahn



M.S. THESIS

NUMA-aware Hierarchical Power
Management for Chip Multiprocessors

NUMA구조를인지한칩멀티프로세서를위한계층적전력
관리

August 2017

DEPARTMENT OF COMPUTER SCIENCE ENGINEERING
COLLEGE OF ENGINEERING

SEOUL NATIONAL UNIVERSITY

Changmin Ahn



NUMA-aware Hierarchical Power Management for Chip

Multiprocessors

NUMA구조를인지한칩멀티프로세서를위한계층적
전력관리

지도교수 Bernhard Egger

이논문을공학석사학위논문으로제출함

2017년 04월

서울대학교대학원

컴퓨터공학부

안창민

안창민의공학석사학위논문을인준함

2017년 06월

위 원 장 Srinivasa Rao Satti (인)
부위원장 Bernhard Egger (인)
위 원 허충길 (인)



Abstract

Traditional approaches for cache-coherent shared-memory architectures running sym-

metric multiprocessing (SMP) operating systems are not adequate for future many-

core chips where power management presents one of the most important challenges. In

this thesis, we present a hierarchical power management framework for many-core sys-

tems. The framework does not require coherent shared memory and supports multiple-

voltage/multiple-frequency (MVMF) architectures where several cores share the same

voltage/frequency. We propose a hierarchical NUMA-aware power management tech-

nique that combines dynamic voltage and frequency scaling (DVFS) with workload

migration. A greedy algorithm considers the conflicing goals of grouping workloads

with similar utilization patterns in voltage domains and placing workloads as close as

possible to their data. We implement the proposed scheme in software and evaluated it

on existing hardware, a non-cache-coherent 48-core CMP. Compared to state-of-the-

art power management techniques using DVFS-only and DVFS with NUMA-unaware

migration, we achieve on average, a relative performance-per-watt improvement of 30

and 5 percent, respectively, for a wide range of datacenter workloads at no significant

performance degradation.

Keywords: Many-core Architecture, NUMA, Scheduling, DVFS, Energy Efficiency
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Chapter 1

Introduction

The past decade has brought a shift from high-performance single- or dual-core pro-

cessors to chip multiprocessors (CMPs) integrating from a few tens up to a thousand

cores into one processor die [1,2,8,9,30,31]. Chip-level power and thermal constraints

are now one of the primary design constraints and performance limiters [2]. Higher

power consumption not only leads to increased energy cost but also causes higher die

temperatures that adversely affect chip reliability and lifetime [7]. Even in commodity

processors, such as Intel processors based on the Haswell, micro architecture power

constraints result in reduced per-core performance when multiple cores are active [16].

To reduce overall chip energy consumption, modern processors provide hardware

support to dynamically lower the operating voltage and clock frequency of clocked

resources through dynamic voltage and frequency scaling (DVFS). Depending on the

utilization of processor cores, for example, core voltages and frequencies are adjusted

in order to minimize power consumption while, at the same time, meeting performance

requirements [5]. On CMPs, the required logic for individually controlling the voltage

for each core is becoming too costly [22]; instead, cores are physically clustered
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into voltage and frequency domains leading to so-called multiple-voltage/multiple-

frequency (MVMF) designs where all cores within a domain run at the same voltage

or frequency [7, 14, 15, 34].

Managing power on CMPs has recently received considerable attention [6, 10, 11,

13, 18, 25, 28, 32, 33, 35]. Existing research on power management for CMPs fore-

most focuses on minimizing power consumption or optimizing performance for a given

power budget [10, 18, 25, 28, 33]. Solutions for MVMF architectures combine DVFS

with thread migration [6, 17, 19, 21, 33], because co-locating threads with similar per-

formance requirements into the same domain allows for better tailored DVFS settings

for that domain [17].

The integration of more and more cores into CMPs poses several other architec-

tural challenges. First, to cope with the increased bandwidth requirements the cores of

a CMP are typically connected to several memory controllers by a network-on-chip

(NoC). Depending on the location of the core and the accessed memory controller

large differences in memory access latency are observed, resulting in a non-uniform

memory access (NUMA) architecture on a single chip. The second challenge for CMPs

is that maintaining a coherent global view of shared memory in the presence of local

caches is becoming difficult. While today’s commercial CMPs typically still maintain

cache coherency to support existing operating systems and parallel runtimes, the trend

goes towards partial or no coherence [2, 15, 31].

In this thesis, we propose a hierarchical power management technique for MVMF

CMPs that considers the (not necessarily cache-coherent) NUMA memory architec-

ture. Existing techniques fall short for a variety of reasons. Many works assume per-

core DVFS control which limits their applicability to MVMF designs. Researches em-

ploying thread migration assume symmetric multiprocessing with one centralized ker-

nel and cannot easily cope with non-coherent memory architectures. Lastly, to the best

of our knowledge, no work considers the NUMA properties of CMPs resulting in core
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mappings that are not optimal with respect to the locality of the data accessed by indi-

vidual threads.

The presented power management technique can be applied to monolithic kernels

running on a cache-coherent SMP processor as well as non-coherent memory archi-

tectures running a distributed micro kernel. The hierarchical design naturally maps

to the architecture with per-core utilization monitors, individual frequency controllers

for the frequency domains, voltage controllers for the voltage domains, and a central

migration controller. The solution is entirely implemented in software and does not

require special hardware support. The migration controller computes and orchestrates

migration of workloads based on a cost-benefit model. The individual frequency and

voltage controllers regulate the frequency/voltage for the controlled domain. A work-

ing implementation is provided for the Intel Single-Chip Cloud Computer (SCC) [15]

and evaluated with real-world workloads. All experiments and measurements are per-

formed on the architecture itself and thus include overhead incurred by DVFS trans-

itions, cold cache misses, workload migration, and the overhead caused by the different

controllers. We compare the proposed technique to a DVFS-only approach [17] and a

method with DVFS and migration [21]. On average, we achieve a 54, 33, and 5%

higher performance-per-watt ratio over standard Linux, DVFS-only and DVFS with

migration at no performance degradation.

We show that, even with complete separation and isolation of processes, it is pos-

sible to change the allocation of the physical cores to the applications with almost zero

overhead on CMPs and very little support from the application-specific runtime envir-

onment. This technique allows us to group, on a global level, cores that exhibit similar

load patterns onto voltage and frequency domains before applying DVFS.

In previous work [21], we proposed the design and implementation of a hierarch-

ical power management technique using workload migration for multi-voltage/multi-

frequency CMPs. The logical abstraction mimics the physical layout of the CMP (core,

3



frequency domain, voltage domain, and chip). In summary, the contributions of this

work are as follows:

• we analyze the interplay of DVFS with workload migration and propose a data-

locality-aware migration heuristic.

• we describe and evaluate a proof-of-concept software implementation for the

Intel SCC [15] architecture running up to 40 different real-world workloads. All

measurements are performed on a real system.

The remainder of this thesis is organized as follows: Chapter 2 discusses the prob-

lem formulation and related work. Chapter 3 describes the hierarchical power manage-

ment framework, and Chapter 4 discusses the DVFS and migration policies in detail.

Chapter 5 describes the implementation for the Intel SCC. The experimental setup and

the results are presented in Chapters 6 and 7, respectively. In Chapter 8, we talk about

the limitations and expected improvement of this work. Finally, Chapter 9 concludes

this thesis.
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Chapter 2

Motivation and Related Work

2.1 Characteristics of Chip Multiprocessors

Technology scaling, thermal limitations and the insight that doubling the logic in a

processor core only delivers about 40% more performance, known as Pollack’s Rule,

have led to the introduction of chip multiprocessors with tens or hundreds of cores on

one processor die [3, 4]. Architectural characteristics of today’s and future many-core

CMPs impose new restrictions on the design and implementation of operating systems

in particular with respect to workload scheduling and power management.

The cores of a CMP are typically organized in a 2-D array. The Kilocore processor,

for example, arranges its 1000 cores on a 32x32 grid [2]. A network-on-chip (NoC)

interconnects the cores of a CMP and is used both for inter-core communication and

accesses to memory and external devices such as network or storage controllers. The

flow of data packets through the NoC is controlled by routers; this routing comes with

a small delay. As a consequence, the distance between the source and the destination

(number of hops in the NoC) has a significant effect on the access latency of indi-

5



40%

60%

80%

100%

0 2 4 6 8 10

R
el

at
iv

e 
P

er
fo

rm
an

ce

Memory Distance

800 MHz 533 MHz 400 MHz
320 MHz 200 MHz

Figure 2.1: Normalized memory bandwidth in dependence on the frequency and the
distance from the memory controller.

vidual cores to memory, resulting in a NUMA architecture on a single die. Figure 2.1

shows the relative memory bandwidth of a 48-core CMP, the Intel Single-Chip Cloud

Computer (SCC) [15], in dependence the number of hops between the core and the

memory controller where the accessed data is. Each criteria represents each frequency

level which SCC supports. Y-axis is relative memory performance to the best per-

formance which a core can achieve when it has the highest frequency and the closest

location.

The memory organization of CMPs combines several memory controllers to access

off-chip data with on-chip local memory in the form of scratchpad memories or local

or shared caches. As an example, the Intel SCC processor has four memory controllers

and integrates both caches and user-managed scratchpad memory on the die [15]. It

is foreseeable that maintaining cache coherency at the hardware level will become
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Figure 2.2: Potential of DVFS.

extremely challenging with hundreds or thousands of local caches on one die, and

most research prototypes integrating many cores do not provide a coherent cached

view of global memory anymore [2, 15, 31].

2.2 Dynamic Voltage and Frequency Scaling

Pchip = Pdyn +PSC +Pleak (2.1)

The power consumption of a chip includes dynamic power consumption, short-

circuit power consumption, and power loss of transistor leakage currents (Equation 2.1).

In these factors, short-circuit power consumption and transistor leakage are steady.

So, we can only save dynamic power consumption, Pdynamic, calculated by equation

from [29]:

Pdynamic = ACV 2 f (2.2)
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where A is gate activity factor, C is capacitance, V is voltage, and f is frequency.

From Equation 2.2, because A and C are constants, we save power by lower voltage

and frequency. This technique which changes voltage and frequency of a chip in

runtime is dynamic voltage and frequency scaling, which called DVFS. But, when

we use DVFS, a chip has a necessary condition when supports a frequency. For each

frequency level, a chip has to support some minimum voltage matching with the fre-

quency level.

The potential of DVFS is represented in the Figure 2.2. These two graphs are

represent running time and frequency when running same tasks within deadlines at

different frequencies. Then, with Equation 2.2 and voltage and frequency values from

real system, 1.1 V to run frequency 800 MHz and 0.8 V for 400 MHz, we can calculate

the energy for Figure (a) and Figure (b). For the Figure (a) which it runs tasks without

DVFS, we can get (11V)2 ∗ 800MHz ∗ 0.5sec ∗ 2 = 48.400V2MHzsec, even if we

assume 0 power consumption at idle stage, which is not true. For the Figure (b) which

it runs tasks with DVFS, we can get (0.8V)2∗400MHz∗1sec∗2= 25.600V2MHzsec,

which save almost half of power when we run the tasks without DVFS.

2.3 Power Management on CMPs

In the past, DVFS has proved to be an effective technique to limit power dissipation,

and an enormous body of research exists on that topic. On CMPs, equipping every

single core with a voltage regulator is becoming too costly [22]; multiple-voltage/multiple-

frequency (MVMF) designs are being proposed. In a MVMF design, cores in the same

voltage or frequency domain share the same voltage or frequency, respectively. Since

the range of valid frequencies depends on the supply voltage, one voltage domain typ-

ically contains one or more frequency domains (Figure 2.3).

The additional constraints imposed by the CMP architectures and in particular their
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Figure 2.3: Frequency and voltage domains in many-core CMPs.

power management capabilities require new approaches power management. Existing

designs that assume per-core DVFS control, cache-coherent global shared memory,

and uniform access latency to the memory are not able to cope with today’s character-

istics of CMPs. What is required is a power management approach that considers all

aspects of modern CMPs. In addition, power management has to go hand-in-hand with

workload scheduling. From a power management perspective only, cores with sim-

ilar performance requirements need to be grouped together in voltage and frequency

domains in order to achieve optimal power savings. On the other hand, the NUMA

characteristics of the chip require the scheduler to place workloads as close as possible

to the accessed memory controllers. In addition, the scheduler and the power manager

may need to adhere to user-defined performance goals such as improving performance,

maintaining Quality of Service (QoS), dissipate heat evenly, or minimize power for a

given budget. In this paper, we describe our solution of a cooperative and hierarch-

ical power management technique that balances the conflicting goals of scheduling

and power management in order to achieve a better energy efficiency at no or minimal

performance degradation.
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2.4 Related Work

There is a significant amount of work focusing on the design and implementation of

power management techniques for CMPs. One line of related work considers hetero-

geneous CMP designs with the goal of minimizing power consumption with no or

minimal performance loss. Kumar et al. [23] propose heterogeneous CMPs composed

of cores with an identical ISA but different power characteristics. Ghiasi [12] proposes

CMPs with cores executing at different frequencies. Both works show that such sys-

tems offer improved power consumption and thermal management. Our work differs in

that our approach modifies the voltage/frequency of cores dynamically, without being

bound to certain hardware heterogeneity.

Another line of research has focused on exploiting idle periods. Meisner et al.

propose PowerNap [26] and DreamWeaver [27]. Both assume hardware support for

quick transitions between on- and off-states; the latter work batches wake-up events to

increase the sleep periods. Our work is orthogonal to such approaches.

A number of researchers have proposed heterogeneous power management tech-

niques for CMPs [6, 17, 18, 20, 24, 25, 28, 33].

Li et al. [24] provide an analytical model and experiments to show to what extent

parallel applications can be parallelized given a power-budget. Isci et al. [18] apply

different DVFS policies under a given power budget and show that their best policy

performs almost as good as an oracle policy having limited knowledge of the future.

Meng et al. [28] propose an adaptive power saving strategy that adheres to a global

chip-wide power budget through run-time adaptation of configurable processor cores.

They integrate multiple power optimization techniques (in this case DVFS and cache

resizing) into single power management unit. To optimize performance of a CMP un-

der given power budget by using power optimization techniques, they use a greedy

search algorithm to select a technique. They introduce models to predict performance

10



of a core after apply power optimization techniques. Especially, for cache resizing,

they achieve reasonable accuracy. But unlike us, they target per-core DVFS supported

system which doesn’t need thread migration.

Rangan et al. [33] propose ThreadMotion, a technique that moves threads around

in order to improve power consumption. In a multi-core system which has homogen-

eous cores with heterogeneous power setting, they use thread migration to exploit

fine variation in program behavior which DVFS cannot exploit because DVFS is to

slow. They use a coarse-grained prediction-driven approach and a last-level cache miss

driven approach to trigger thread migration. This technique requires hardware support

to quickly move threads from one core to another. Our approach is similar but can be

implemented on available CMPs without extra hardware support.

Cai et al. [6] propose Thread Shuffling, a technique that migrates hardware con-

texts around to exploit non-critical threads; non-critical threads can then be executed

at reduced speed. They identify critical threads by using meeting point thread char-

acterization. They assume a core has multiple hardware context and per-core DVFS

which corresponds with per-tile DVFS. This work can be applied when a single paral-

lel application is running on the system. In this thesis, we focus on independent OSes

as opposed to threads within a parallel application.

Ma et al. [25] propose a scalable solution aiming at a mixed group of single-

threaded and multi-threaded applications. They introduce hierarchical management

to reduce the complexity of scheduling. Their framework periodically groups cores

which running same applications. It partitions chip power budget between groups ac-

cording to power efficiency. Then, it partitions quota again among cores in a group

by analyzing thread criticality. They implemented and tested the power controller not

only on a simulator but also on a real system. Unlike our approach with is best-effort,

they aim at minimal performance reduction while maintaining a global power budget

in per-core DVFS systems.
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Jha et al. [20] propose a hierarchical power management on systems which have

per-tile DVFS and shared a last-level cache. They classify threads with DVFS sensitiv-

ity and cache behavior. They migrate threads based on its’ class. They call this DVFS

and cache-aware thread migration (DCTM). This work aims getting best performance

under power budget. But our focus is reducing power consumption under satisfying

performance target. And our system doesn’t have shared caches.

A previous work of our lab is a hierarchical power manager for the Intel SCC [17,

21]. While Ioannou et al. [17] apply DVFS to a static workload assignment, Kang

et al. [21] demonstrate that adding workload migration can yield a significant im-

provement in the performance/watt ratio. The proposed buyer-seller algorithm used

for workload migration, however, fails to consider data locality and thus results in sub-

optimal core assignments. In this thesis, we follow the overall system architecture of

the previous two works but present a new greedy workload placement algorithm that

balances the conflicting goals of the scheduler and power management for MVMF

CMPs.
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Chapter 3

Cooperative Power Management

The proposed cooperative hierarchical power manager combines workload migration

with DVFS to achieve optimal power efficiency. We target both CMPs with and without

cache-coherent global shared memory. We employ a distributed OS design with small

individual kernels running on each core.

3.1 Cooperative Workload Migration

Workloads with similar performance characteristics need to be grouped in frequency

/ voltage domains to allow for optimal DVFS and, as a consequence, improved power

efficiency. As an example, consider two frequency domains with two cores each. In

both domains, one core is running at 100% CPU load, the other one is only 10%

loaded. To maintain throughput, both domains need to run at the highest frequency fmax

in order to provide the computing power required by the busy core. Both lightly loaded

cores will also run at fmax even though theoretically 1
10 fmax would suffice. Workload

migration allows us to group the heavily loaded cores into one and the lightly loaded
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cores into the other domain. One domain can then run at fmax, the other one at 1
10 fmax

without sacrificing performance. Taking data locality into consideration complicates

the situation. In the above example, one of the busy cores needs to be moved into the

domain of the other busy core. This relocation may change the distance of the core

from the memory controller holding its data and reduce the throughput on the newly

assigned core.

With a distributed OS comprising microkernels that individually schedule the tasks

assigned to them, task migration is more difficult to achieve than in global shared

memory systems with a monolithic kernel. Since each kernel has its own network ID

on the NoC, moving a task from one core to another would disconnect established

communication channels. If properly orchestrated, however, the architecture of CMPs

allows for dynamic workload re-allocation without side-effects. The idea is to migrate

the entire microkernel from one core to another with its entire workload. Since we

assume (non cache-coherent) global shared memory, migration of a microkernel only

requires moving the volatile state of a core, i.e., its processor state, from one core to

another. A greedy algorithm to deal with these potentially conflicting goals of core

placement is presented in Chapter 4. Implementation details about microkernel migra-

tion on existing hardware are discussed in Chapter 5.

3.2 Hierarchical Organization

The logical structure of the hierarchical power manager reflects the structure of the

CMP with separate frequency and voltage domains. At the lowest level in the hierarchy

are the core controllers that represent a single core. The second level, the frequency

controllers, represents a frequency domain with m individual cores all running at the

same frequency. The voltage controllers at next level constitute a voltage domain with

n number of frequency controllers. At this level, voltage changes are initiated. The
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top level in the hierarchy, finally, is represented by the chip controller and models the

entire chip.

3.3 Domain Controllers

Each domain, from core to frequency, voltage, and the global chip level, operates its

own domain manager. Each level only communicates directly with the level above or

below, i.e., the clock domain manager interacts with the voltage domain manager, the

voltage domain manager interacts downstream with the clock domain, and upstream

with the global domain manager. The functionality of the different domain managers

is elaborated in more detail in the following sections and a possible implementation is

discussed in Chapter 5.3.

3.3.1 Core Controller

The task of the core controllers is to monitor and predict the performance of the work-

load on the associated core. Each microkernel runs a core controller daemon monitor-

ing the performance (load or instructions per clock (IPC)) and the number of memory

accesses by periodically querying the performance monitoring unit (PMU). The core

controllers also predict the required computational performance based on extrapolated

measured data. At regular intervals, the core controllers communicate with their fre-

quency controllers To report the required operating frequency and memory-boundness.

The core controllers run on every kernel.

3.3.2 Frequency Controller

For each frequency domain, the frequency controller gathers data about the frequen-

cies and workloads from core controllers within its domain, and processes and for-

wards that data to the voltage controller. The frequency controllers also compute and
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set the operation frequency of the domain. The clock frequency is constrained by the

current voltage level of the corresponding voltage domain and computed based on the

requested frequency levels reported by the core controllers and the currently active

DVFS policy (see Chapter 4.1).

3.3.3 Voltage Controller

The voltage controllers gather data from their frequency controllers and forward it

to the chip controller. In addition, the voltage controllers also compute and set the

operating voltage of their domains. Note that voltage changes must happen in close

collaboration with the frequency controllers because the maximal operating frequency

has a linear relationship to the supply voltage. This is particularly important if the

voltage of a domain is to be lowered. In that case, the frequency controllers must first

reduce the frequency to a value below or equal to the maximal operating frequency of

the new supply voltage before the voltage change can occur.

3.3.4 Chip Controller

The chip controller uses the processed frequency and voltage requests from the sub-

ordinate controllers to compute a core assignment that allows more optimal DVFS

settings at the voltage and frequency domain levels. The chip controller migrates the

microkernels before signaling the voltage controllers to initiate DVFS adjustments.

3.3.5 Location of the Controllers

In a pure software implementation, one kernel per frequency and voltage domain needs

to run the respective controller. Similarly, the chip controller also runs on one of the

cores. Since we migrate entire kernels, it is impossible to designate the kernel for each

of the controllers offline. Instead, we run an instance of each controller in every kernel.

The frequency, domain, and chip controller in a kernel are activated and deactivated
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depending on the physical location on the CMP. In other words, the functionality is

pinned to the physical core and not the kernel. For example, if the frequency controller

for frequency domain 1 is pinned to core 0, the kernel that is currently running on core

0 will activate its frequency controller. Such a scheme has the additional benefit that

no discovery service is needed to find the controllers.
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Chapter 4

DVFS and Workload Migration Policies

In this thesis, we focus on optimizing the performance per watt ratio of the overall

chip. Other policies, such as, for example, even heat dissipation or adhering to a given

power budget, can also be implemented within the framework of the presented collab-

orative hierarchical framework and are part of future work.

The power management policy is implemented in the global domain manager. The

migration and DVFS algorithms are invoked at regular intervals by the scheduler. The

DVFS and migration policy, though the former depends on the latter, are completely

separated to be able to combine different migration and DVFS policies freely.

4.1 DVFS Policies

We implement two DVFS policies employed in the hierarchical power manager for

CMPs proposed by Ioannou et al. [17] and employed by Kang et al. [21]. Both works

have been implemented and evaluated on the same hardware and provide a good ref-

erence point.
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• Allhigh: this DVFS policy runs all cores within a voltage domain at the highest

frequency requested by the subordinate frequency domains. The supply voltage

is set to the lowest voltage that supports the requested frequency.

• Tile: grants the requested frequency to each frequency domain and set the voltage

accordingly. In [17] this policy is denoted Simple, we follow Kang’s nomen-

clature here.

In both policies, the supply voltage of the domain is set to the lowest voltage that

supports the highest frequency of any of the subordinate frequency domains.

We have not implemented the Alllow and Allmean policies since they sacrifice too

much performance in return for power savings.

4.2 Phase Ordering and Frequency Considerations

In order to achieve maximum power savings, migration should occur before applying

DVFS. The frequency of migration, and voltage/frequency changes is determined by

the cost of the individual operations. The time required for migration is largely un-

affected by the number of kernels that are migrated because the involved kernels can

migrate in parallel. Kernels involved in a migration flush their caches and are briefly

stopped, while the other kernels continue to run. Voltage changes incur a not insignific-

ant overhead because all cores in the domain are stopped during the rather long voltage

adjustment. Frequency changes, on the other hand, are almost instantaneous and can be

performed often. On our specific target architecture, the Intel SCC, we have measured

the following latencies: ≤ 3ms for migration, ≤ 10ms for voltage changes, and a few

thousand cycles for frequency changes. We perform workload migration and DVFS

at a 3 second interval, because of high latency for voltage changes. Besides, the SCC

only supports one voltage change at a time; i.e., different domains cannot change the

voltage in parallel. Nevertheless, in our experiment, workload migration and voltage
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changes can be performed at every step. Chapter 7 discusses the benchmarks and res-

ults in more detail.

4.3 Migration of Workloads

As outlined in Chapter 3.1 workloads which have similar load pattern need to be

grouped in order to achieve good power savings. A naı̈ve algorithm would be to sort

the workloads by their performance requirements and then assign them into the voltage

and frequency domains. While the resulting migration of workload to domains is op-

timal for CPU-bound applications, the algorithm fails to consider the overhead of ker-

nel migration. The migration of a kernel itself is very quick (measurements on a real

system yield an overhead of ≤ 3ms). However, each time a kernel is migrated to a

different core, the workload running on the kernel will experience cold misses in the

local caches that in turn lead to a loss in performance as well as increased memory

traffic. To minimize this overhead, the number of migrated kernels should be kept as

low as possible.

Due to the NUMA nature of CMPs, kernel migration can have a significant effect

on the access latency and bandwidth of memory accesses. Since the data of a migrated

workload is not moved, migrating a memory-intensive workload executing on a core

close to the memory controller to a core far away from the memory controller can

cause a significant drop in memory bandwidth and access latency (Figure 2.1).

4.4 Scheduling Workload Migration

We have two conflicting goals. One of the goals is optimizing power. Another is op-

timizing memory performance. To solve this problem, we develop a greedy algorithm

to schedule workload migration which makes CMP optimize power consumption and

memory distance with given performance requirement. When we make every voltage
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domain always use the minimum voltage which can support maximum frequency re-

quest of workloads in it, the main concepts of our algorithm are as follows:

• for each target frequency level ftarget , collect T , which are workloads with ftarget ,

into minimum number of voltage domains.

• migrate each workload in T , in descending order of memory load, to a core

which has minimum distance to memory controller.

In this algorithm, for each frequency level, we first generate voltage domain com-

bination, Comb, which has every possible combination of voltage domains to place

T . For every voltage domain set, set, in Comb, we assign each T , in descending of

memory intensity, on a core which has minimum distance to memory in set.

To evaluate expected energy consumption of each set, we introduce a model to

evaluate the power state of a chip. We discuss details about this model later in Chapter 4.5.

Base on this evaluation model, we select the best voltage domain set among Comb, and

repeat for next target frequency which one step lower than ftarget until the minimum

frequency. After schedule migration, we perform workload migration only if the chip’s

power status over a threshold rate.

4.4.1 Schedule migration

In this step, we get workload migration schedule for each ftarget in descending order, as

represented line 3−7 in Algorithm 1. If the schedule is better than the previous result,

we save it and give the workload mapping to next ftarget level (line 4 in Algorithm 1).

Then, we use the evaluation model. If and only if the final migration result’s power

status is over the threshold, we perform workload migration (line 7−8 in Algorithm 1).
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Algorithm 1 Decide Migration
EvalMigBenefit(migMap): returns a power rate between original state of chip and
migMap

1: function DecideMigration(migT hreshold)
2: migMap← Current core mapping
3: for each f ∈ Freq Range do . Decending order
4: tmpMap← LevelMig(migMap, f )
5: if EvalMigBenefit(tmpMap) is better than before then
6: migMap← tmpMap
7: end if
8: end for
9: if maxMigBene f it > migT hreshold then

10: return migMap
11: end if
12: return NULL
13: end function

4.4.2 Level migration

For given ftarget , in this step, we try to minimize the number of voltage domains which

have a core that has requested ftarget . In Algorithm 2, this algorithm collect T (line 3

in Algorithm 2), and calculate how many voltage domains we need to allocate all T .

To calculate this, we divide the voltage domains into two groups. When Vl represent

a voltage which is minimum to support frequency level l, one group consist of voltage

domains which have V > Vtarget . We call this group as vDomused . Another is a group

of voltage domains which have V≤ Vtarget , which called vDomle f t .

In the context of minimizing N, the number of voltage domains which have Vtarget ,

we can achieve this by placing T in vDomused . Because this migration won’t increase

N. From vDomused , we collect candidate cores which have a workload with f ≤ ftarget ,

which called Candin used . Then, we can calculate N, the minimum number of voltage

domains without the number of vDomused by dividing the number of cores in a voltage

22



vD
om

 0
vD

om
 1

vD
om

 2

90% 80%

40% 10%

80% 70%

60% 50%

40% 10%

30% 90%

MC0

MC1

(a) Inital status

70%

50%

10%

90%

30%

40%

60%80%

10%

40%

80%90%

vD
om

 0
vD

om
 1

vD
om

 2

MC0

MC1

Victim

(b) After assign T

70%

50%

10%

90%

30%

40%

60%80%

10%

40%

80%90%

vD
om

 0
vD

om
 1

vD
om

 2

MC0

MC1

(c) After assign victim

Figure 4.1: Workload migration steps with fmid example.

domain with the ceiling function. This calculation is given as follows

N =

⌈
|T |− |Candin used |
|CoresInVoltDom|

⌉
(4.1)

After get the number of voltage domain we need, we can make combination with N

number of voltage domains from vDomle f t (line 4 in Algorithm 2). Then, we can make

complete set which T going to be by adding vDomused to each combination (line 6 in

Algorithm 2).

For example, let’s assume we have target frequency fmid with core mapping like

Figure 4.1 (a). In the figure colors red, yellow, and green boxes represent high, middle,

and low workloads in a core, and the pentagons represent memory controller which

the workload uses with color and amount of memory load with the number in it. We

have voltage domain groups, vDomused= {vDom0} and vDomle f t= {vDom1,vDom2}.
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Algorithm 2 Level Migration

1: function LevelMig(migMap, ftarget)
2: migResult← migMap
3: T ← GetWorkloadList( ftarget)
4: Comb←MakeVDomComb( ftarget ,migMap)
5: for each set ∈Comb do
6: set← set + vDomused
7: tmpMap← PlaceTarget(T,set, ftarget)
8: migMapList.add(tmpMap)
9: end for

10: migResult← BestPowerState(migMapList)
11: return migResult
12: end function

Table 4.1: Result of migration example

{vDom0, vDom1} {vDom0, vDom2}
# of migration 4 6

sum of weighted memory distance 19.8 11

Also, the number of T and Candin used are 5 and 2. Then N = d5−2
4 e = 1 and we can

make set by selecting 1 voltage domain from vDomle f t and add vDomused . The result

is Comb= {{vDom0,vDom1},{vDom0,vDom2}}.

Then, we assign T in a for each set in Comb, evaluate the assignments, and return

the best migration map from the migration mapping list (line 9−11 in Algorithm 2).

The results look like Figure 4.2. We can calculate the number of migrations and sum

of weighted memory distance like in Table 4.1 for each Figure (a) and Figure (b). How

to place workloads will be discussed in Chapter 4.4.3. After getting the results, we

evaluate each migration schedules’ power status by using the evaluation model and

choose the best in the Comb. Then, we calculate migration for next frequency level.
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Figure 4.2: Workload migration steps with fmid example result.

4.4.3 Assign target

In this step, we show how assign T to Cand for each set from Comb. First, we collect

Cand in a set(line 3− 5 in Algorithm 3). But, at this time, the Cand are cores which

have a workload < ftarget . Because, we will make workloads which are initially placed

in set keep position (line 9−10 in Algorithm 3). Then, we allocate for each workload

in T , in descending order of memory intensity, on the core which has the shortest

distance to the workload’s memory controller in Cand (line 8 in Algorithm 3).

After placing workload, there will be workloads which are kicked out from the

own core. We shall call these workloads as victim. Moreover, cores which T have been
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Algorithm 3 Place Target Workload
cand: Candidates of migration destination

1: function PlaceTarget(T,vDomSet, ftarget)
2: SortByMemoryLoad(T )
3: for each workloadw ∈ vDomSet do
4: if w.requestFreq < ftarget then
5: cand.add(workload)
6: end if
7: end for
8: for each workloadw ∈ T do
9: if vDomSet.contain(w.id) then

10: continue . Keep position
11: end if
12: dest← GetMinDistCore(cand,w.memCntrl)
13: victim.add(dest)
14: empty.add(w.id)
15: migMap.update(w,dest)
16: end for
17: migMap← PlaceVictim(victim,empty,migMap)
18: return migMap
19: end function

initially placed will be empty. We call the empty cores as empty. The list of victims,

victim, and empty cores, empty, is updated at line 9 and 10 at Algorithm 3. And update

workload’s placement in migration map (line 11 in Algorithm 3).

For example, we have Comb={{vDom0,vDom1},{vDom0,vDom2}} in Figure 4.1 (a)

with target frequency fmid . For a set {vDom0,vDom2}, the Cand are four cores which

have fhigh and T which will move are three cores in vDom1. The workload which uses

MC0 and the other workload which uses MC1 are assigned to two cores which on the

bottom of vDom0 and a workload on the bottom left of vDom2 which places close to

each memory controller. The result will be like Figure 4.1 (b). There are three empty

cores in vDom1 with three victim cores on the right-hand side of the figure. To handle

empty and victim, we call PlaceVictim (line 12 in Algorithm 3).
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4.4.4 Assign victim

Algorithm 4 Place Victim OS
victim: A victim OS is a OS originally placed at a target OS’s detination.

1: function PlaceVictim(victim,empty,migMap)
2: SortByMemoryLoad(victim) . Decending order
3: for os ∈ vimtim do
4: memCntrl← os.memCntrl
5: dest← GetMinDistCore(empty,memCntrl)
6: migMap.update(os,dest)
7: end for
8: return migMap
9: end function

Because victim lost its core, we should allocate victim to empty. This step is same

as assigning T with victim and empty correspond to T and Cand (see Algorithm 4).

Also, because victim and empty don’t have original place and allocated workload, it

does not generate any victim or empty. The result of example case in Figure 4.1 is

Figure 4.1 (c) because MC0 and MC1 are closer from the and the bottom at vDom1.

4.5 Workload Migration Evaluation Model

The energy for the next time quantum t of the status quo is computed as

Estatus quo = Pstatus quo · t (4.2)

where Pstatus quo can be obtained from the on-chip sensors or, in the absence of such,

from Equation 2.2. Constants are obtained offline for each frequency. The expected
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energy consumption if the migration is performed is given as follows

Emigrated = Pmigrated · (t +Omigration +Omemory) (4.3)

Omigration = tmigration + tcache f ill( ftarget) (4.4)

Omemory = t ·
throughputstatus quo

throughputmigrated
(4.5)

where Pmigrated is computed based on offline power consumption data for each fre-

quency level. The migration overhead, Omigration is the overhead incurred by the actual

migration and the (worst-case) time required to re-fill the entire caches at the target

frequency ftarget . The memory overhead, Omemory captures the sensitivity of an applic-

ation to the location of the assigned core(s) on the CMP. The maximum throughput at

each frequency and core location is profiled once offline; the actually required through-

put of an application based on the core’s last-level cache misses (as obtained by the

core controllers).

The migration plan is only executed if the following equation holds

Estatus quo > Emigrated · (1+∆m) (4.6)

that is, the expected benefit of migration has to be above a certain threshold ∆m.

28



Chapter 5

Implementation

This chapter describes the implementation of the proposed cooperative hierarchical

power management on a concrete hardware platform, the Intel Single-Chip Cloud

Computer [15]. We first provide a short overview of the SCC platform and its cap-

abilities and then describe the implementation in detail. The implemented application-

specific runtime is a modified version of the sccLinux provided by Intel.

5.1 The Intel Single-chip Cloud Computer

The Intel SCC is a concept vehicle created by Intel Labs as a platform for many-core

research. It consists of 48 independent cores interconnected by a routed network-on-

chip (NoC). The cores are Intel P54C Pentium R© cores with bigger L1 caches (16KB)

and additional support for managing the on-chip scratchpad memory, the so-called

message passing buffer (MPB). The Intel SCC provides no cache coherence for the

core-local L1 and L2 caches. Always two cores are grouped together to form a tile; the

24 tiles are organized on a 6 by 4 grid. Four memory controllers in the four corners of
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Figure 5.1: Intel SCC block diagram.

the chip provide access to up to 64 GB of memory. An FPGA provides the interface

between the CMP and the management PC (MCPC). Figure 5.1 shows a block diagram

of the SCC.

Memory Addressing. To support addressing up to 64GB of memory with 32-bit

cores, the SCC implements the second level of indirection in the virtual-to-physical

address translation. On the core, virtual-to-physical translation is performed as usual.

The core-level physical addresses are then translated once again into system-level ad-

dresses through core-local lookup tables (LUT). With 64-bit cores, the LUT translation

process will not be necessary anymore.

DVFS Capabilities. The SCC allows control over voltage and frequency for cores

and the NoC. The frequency can be controlled per tile, that is, the two cores located

at the same time always run at the same frequency and constitute a frequency domain

(FD). The voltage can be regulated for a group of four tiles, i.e., a voltage domain
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(VD) comprises a total of eight cores. The right upper hand of Figure 5.1 illustrates

frequency and voltage domains on the SCC. In total, there are six voltage domains

comprising four frequency domains à two cores each. The SCC supports seven dif-

ferent supply voltage levels. However, only four are of practical interest: 1.1V to run

at a frequency of 800MHz, 0.9V to run at 533MHz, 0.8V for 400MHz, and 0.7V for

frequencies between 320 and 100MHz.

Power Measurement. The SCC provides a number of voltage and ampere meters

on-board. The total power consumed by the SCC chip is obtained by multiplying the

(constant) supply voltage with the supply current for the entire SCC chip. The power

consumption of individual voltage domains cannot be computed because only the per-

domain supply voltage is available but not the current consumed by the domain. We

thus always report the total chip power in our experiments in Chapter 7.

5.2 Implementing Workload Migration

The Intel SCC provides no means to read/write core-local registers from outside a core.

A minimal level of cooperation is thus required by the application-specific runtime.

Here, we first describe the logical steps necessary to re-assign a core to a new applic-

ation container and then discuss concrete implementation details.

5.2.1 Migration Steps

Figure 5.2 illustrates the necessary steps to carry out a migration plan computed by the

chip controller (Chapter 4.3). The migration manager first signals all kernels that are

about to be migrated through an interrupt. Upon receipt of a migration interrupt, the

OSes first save their complete volatile state of the core to a designated area in shared

memory and set a flag to indicate completion of saving the state. They then flush the

TLB and the caches, and then enter a busy loop, waiting for a flag set by the global mi-
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gration manager to continue. Upon continuation, the volatile states are restored from

the designated area, and the kernels return from the interrupt and continue execution.

The migration manager waits for all kernels to save their volatile state and enter the

busy loop. Before setting the completion flag, thereby allowing the cores to continue,

the manager exchanges the contents of the saved volatile states of the migrated kernels

with that of each target core. This means, in effect, that an entire kernel can be mi-

grated from one core to another by copying a few hundred bytes of volatile state. This

process is not much different from task switching with the difference that kernels are

not scheduled in or out but rather swapped. To maintain consistent networking state,

all cores, including the MCPC need to update internal network routing tables to reflect

the new locations of the cores (Chapter 5.2.2).
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5.2.2 Networking

The SCC provides two separate networks: one network for on-chip networking, and

a subnet for communication with the MCPC. The target core of a network interrupt

is identified by its physical core ID which corresponds to the x/y-coordinates of the

core on the grid. In the original sccLinux the interrupt target ID is computed from the

core ID. In order to support transparent migrations, we have added a table holding

the current IP-to-coreID mappings in each kernel. After each migration, the migration

manager notifies all cores about the changes to the IP-to-coreID mapping tables. The

same method is used on the MCPC. These simple modifications are enough to keep

networking, including open connections, alive across migrations. DMA is not suppor-

ted, and no other devices exist on the SCC; input/output, including access to permanent

storage, are routed through the network.

5.3 Domain Controller Implementation

The domain controllers (core, frequency, voltage, and chip) are implemented in C and

are present on each kernel. As outlined in Chapter 3.3.5, the physical core ID determ-

ines which controllers are (de-)activated in a kernel. The reason is workload migration.

We implement workload migration as a OS migration that makes OSes float around in

frequency and voltage domains. If we assign a domain controller to a certain OS, the

OS might control a domain even if it is not in the domain and every domain controllers

can not distinguish where the information are come from. After migration and before

returning from the migration interrupt, kernels check if the core they are running on re-

quires activation/deactivation of one of the four controllers. Core controllers are active

on every kernel. The 24 frequency controllers are activated on the cores with an odd

core ID. The six voltage controllers run on the lower-left core of each domain (core

IDs 0, 4, 8, 24, 28, and 32). The chip controller runs on core 30.
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Chapter 6

Experimental Setup

6.1 Hardware

All experiments were conducted on the Intel SCC [15]. The chip controller and other

services such as monitoring logging, run on dedicated cores in voltage domain 1. The

microkernels run a modified version of sccLinux that supports kernel migration and

dynamic IP-to-coreID mappings. We chose this separation in order to separate the

power consumption of the core OS from the application containers, voltage domain

1 does not participate in workload migration. However, the SCC only allows meas-

uring the total chip power; the power consumption of the OS services are therefore

also included in all results. Power consumption is computed using the on-chip voltage

and ampere meters. The meters are queried 10,000 times per second. Power is com-

puted by multiplying the measured chip supply voltage by the current. This includes

the power consumed by all 48 cores and the NoC. In particular, since the power man-

ager is implemented entirely in software and runs on the cores of the SCC, the power

measurements include all the overhead caused by the propose power manager.
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Table 6.1: Datacenter scenarios: distinct workloads patterns

Scenario G1 G2-G5 G6 G7-G11
# patterns 4 7 10 40

Table 6.2: Average CPU and memory load

Average CPU load Mem load
G1 34 14
G2 47 14
G3 40 13
G4 37 14
G5 39 16
G6 39 17
G7 42 17
G8 37 16
G9 41 17

G10 39 14
G11 39 18

6.2 Benchmark Scenarios

A benchmark scenario is defined by a mapping of a number of workload patterns to a

number of cores. Depending on the scenario, we map from 2-40 different patterns onto

8-40 cores. Cores with no assigned workload only run the modified sccLinux kernel

and domain managers depending on the core location (Section 5.3).

In this evaluation, we focus on workload scenarios occurring on the servers of a

datacenter. We have created three synthetic benchmark scenarios composed of syn-

thetic workloads in order to explore the best and worst cases and show the effect of

NUMA awareness for the proposed technique. The workload patterns of the datacenter

scenarios are based on the Google cluster data [36]. For the average CPU usage and

memory intensity, we used the information of mean CPU usage rate and the memory

accesses per instruction (MAI) from the data set. We add up the number of individual

processes running on the same physical machine to obtain a real-world workload of a
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Figure 6.1: G6 workload patterns.

server over time. We scaled profiled time from average 5000 seconds to 300 seconds.

We convert the numbers to a sequence of average utilization rates per 10 seconds. Then

we assign the sequence as a workload pattern of a machine per a core. Each scenario

has multiple workload patterns with different numbers. By this setup, we simulate not

only multi-threaded applications but also multi-program environment. We have gener-

ated a total of 11 scenarios based on the Google cluster data, Table 6.1 lists the number

of distinct patterns per scenario. The distinct patterns are assigned to a varying number

of cores; details are given in Chapter 7. Figure 6.1 shows the 10 distinct patterns of the

G6 scenario as an example. For simplicity we only display the CPU load; the memory

load shows similar patterns. The average CPU and memory load of benchmark scen-

arios are in Table 6.2. Also, we have tested with a different number of containers which

have workloads to show how it is hard to save power consumption with DVFS without

workload migration according to the number of workloads increased.
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6.3 Comparison of Results

The baseline of the experiments is result which is obtained by running the benchmark

scenario on the SCC at full speed (800MHz) with no power management enabled.

Unlike the work in [17] we do not use a phase-detector based on message passing

since we are aiming at independent workloads running on a CMP. The workload of a

kernel is estimated based on a weighted average of the past 10 measurements.

To show impact of workload migration and NUMA-awareness, we compare the

presented NUMA-aware power management technique with the DVFS-only approach

of Ioannou et al. [17] and the DVFS+migration technique with its locality-unaware

buyer-seller algorithm described by Kang et al. [21]. The hierarchical framework and

the DVFS policies for all three methods are identical. We evaluated the different core

migration algorithms using the DVFS policies Allhigh and Tile (Section 4.1).

For all methods and benchmarks scenarios, the migration benefit threshold ∆m

is set to 10%. Because we want to keep overhead less than 1% of an epoch, with

latencies≤ 3ms,≤ 10ms, and a few thousand cycles for migration, voltage change, and

frequency changes, migrations are evaluated and performed once every 3 seconds. All

benchmark scenarios are executed for 300 seconds. The reported results are the average

of at least 3 runs executed at similar thermal conditions. Also, to reduce the effect of

temperature, we use results which run in similar temperature for each scenario.
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Chapter 7

Results

We have conducted a wide range of experiments to evaluate our proposed power man-

agement technique which is NUMA-aware and hierarchical. To show the potential

of our technique, we compare it with state-of-the-art methods which are using DVFS-

only [17] and NUMA-unaware workload migration [21] on synthetic benchmark scen-

arios. The real-world server workloads obtained from Google cluster data [36] are then

used to compare the three techniques in more realistic workload scenarios. For these

workloads, we conducted experiments with different number of workload patterns and

different number of workloads to show the effects of the differences. At last of this

chapter, we conclude this section with the overall results overall benchmark scenarios.

7.1 Synthetic Scenarios

We first compare the DVFS only method [17] with a data-locality-unaware Buyer-

Seller migration algorithm [21] and our NUMA-aware Greedy migration technique

in terms of the performance per watt (PPW) at equal turnaround time. The goal is to
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Table 7.1: Normalized PPW for synthetic scenarios

DVFS only Buyer-Seller Greedy

BM AH T AH T AH T

SynMem 1.12 1.23 1.51 1.52 1.67 1.68
SynCpu 1.30 1.33 1.59 1.58 1.61 1.60

SynRandom 1.00 1.01 1.00 1.00 1.02 1.04
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Figure 7.1: Synthetic scenario PPW.

show the necessity and the potential of NUMA-aware migration. For this, we have

crafted three synthetic scenarios running synthetic workload patterns. Figure 7.2 (a)

shows the workload patterns of SynMem and SynCPU. Two patterns denoted s1 and s2

show alternatively high and low utilizations. The patterns are crafted such that when s1

shows a high utilization s2 has a low load and vice-versa. The initial distribution of the

workload patterns to the target architecture is shown in Figure 7.2 (b). The label refers

to the workload pattern, and the coloring shows the affinity of the different workloads

to the respective memory controllers. For example, s2 running on core 0 in the left-

bottom corner has its data located in memory controller MC0. This workload patterns

and distribution make DVFS cannot lower voltage because s1 and s2 alternatively need

high frequency. SynCPU and SynMem differ in that the former is CPU-bound (i.e.,

has very little memory accesses) whereas the latter is memory-bound. We expect that
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Figure 7.2: Synthetic scenario workload patterns.

migration outperforms DVFS on both scenarios and that especially for SynMem the

proposed NUMA-aware algorithm achieves a better PPW. SynRandom is the worst-

case scenario. It comprises forty distinct random workload patterns. With completely

random utilizations and full occupation, migration is not expected to perform much

better than DVFS only.

Table 7.1 shows the results of the synthetic scenarios for each of the three al-

gorithms, we report the normalized PPW with respect to the baseline (no DVFS) for

the AH (Allhigh) and T(ile) DVFS policy. We observe the expected behavior: for Syn-
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CPU the migration-based algorithms outperform DVFS only by around 35%, and there

is no significant difference between Buyer-Seller and Greedy. This result confirms the

importance of workload migration on MVMF CMPs.

For SynMem, data locality comes into play. Even if both migration policies are

effective, Buyer-Seller outperforms DVFS only by a similar margin as SysCpu. Buyer-

Seller congregates high workloads to same voltage at a time, makes rest voltage do-

mains lower power. In this case, however, the NUMA-aware Greedy algorithm is able

to improve the PPW by 16% over Buyer-Seller, emphasizing the need to consider data-

locality to achieve maximal power savings. This is because Buyer-seller algorithm

does not consider memory locality.

Especially in case of SynMem, the result of Buyer-seller’s workload migration col-

lect workload s1 to left bottom voltage domain and s2 to right top domain. This work-

load mapping makes containers apart from memory controllers, which lead to high

memory access delay. On the contrary, our greedy algorithm assigns s1 to right bottom

and s2 to middle bottom voltage domain which make lower memory access delay than

the Buyer-seller case.

We can find a clue in the result of SynCpu which has same workload patterns

and initial distribution with SynMem except it has CPU workload. SynMem shows the

Greedy algorithm has an advantage over the Buyer-Seller algorithm, SynCpu shows

similar results in both workload migration policies. In this context, we can infer the

importance of memory locality.

For SynRandom, there is not much room for improvement for any algorithm. DVFS

only and Greedy fail to improve the PPW compared to no power management, while

the proposed Greedy algorithm improves the PPW by a few percent only. With 40

random workloads and no migration and the constraint of equal turnaround time, DVFS

only is unable to apply DVFS.

The DVFS policies evaluated in this paper do not trade performance for power. As
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a result there is no noticeable slowdown for any of the three algorithms, and the num-

bers have been omitted for brevity. Table 7.2 show the performance loss in numbers

for the 11 datacenter scenarios.

7.2 Datacenter Scenarios

7.2.1 Varying Number of Workloads
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Figure 7.3: PPW for a varying number of workloads.

We first evaluate the real-world datacenter scenarios with respect to a varying num-

ber of assigned workloads from 8 to 40 in increments of 8. The number of distinct

workload patterns for each scenario is given in Table 6.1; patterns are randomly as-

signed to the number of workloads (i.e., for the 8-workload case and G1 we make 8

random selections from the pool containing the four workload patterns). The initial

location of the workloads on the chip can affect the result; we create three different
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random assignments and report the average of running each of the tree assignments

three times. In other words, each individual result represents the average of nine runs.
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Figure 7.4: PPW for scaled scenarios with a varying number of workloads.

Figure 7.3 displays the results for the datacenter scenarios G1 to G6 with 8, 16,

24, 32, and 40 workloads running simultaneously. The Y-axis shows the PPW of the

proposed greedy algorithm relative to DVFS only. We observe that Greedy shows bet-

ter relative improvements if the number of active workloads (i.e., active cores) is 32

cores. In the case of 8 workloads, DVFS only manages to do quite a good job (50%

over the baseline) despite its inability to migrate workloads because the low occupa-

tion still provides sufficient opportunities to apply DVFS. The reason is the number

of workloads removes conflicting frequency needs. On the other end of the spectrum

with 40 cores there are less opportunities for power savings with or without migra-

tion. The best case are moderately loaded CMPs where the proposed greedy algorithm

outperforms DVFS only by 25% on average.

For G2, it show different tendency with increasing number of workloads. The

reason why it shows different result is average utilization. The other scenarios have

average utilization 35%˜41%, but G2 has 49% average utilization. High workload av-
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erage reduces space which we can save power. To prove it, we have conducted experi-

ments with G2 which is 25% scaled down. Figure 7.4 shows the result of scaled-down

G2 which similar with the other scenarios. To show the dependency between PPW and

average workload, we have conducted scenario G4 with scaled up version. The result is

showed in Figure 7.4 which decreased gap between the varying number of workloads.

Also, the workload migration shows less effective in scenario G1. That’s because

DVFS only policies also save significant power. It based on the minimum utilization

(in this scenario group), and the number of workload patterns (see Table 6.1). Less

number of workload patterns make a voltage domain be more likely to have similar

workload patterns in it, not only for DVFS only but also for both migration policies. It

is also shown on Table 7.2, which is the highest PPW for every policies.

Figure 7.5: Frequency map example for G6 and Allhigh.

The effect of workload migration is visualized in Figure 7.5. The topmost graph

shows the frequency map of DVFS only with the Allhigh policy for the different voltage

domains. Darker colors represent higher frequencies. The middle graph shows the fre-
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quency map for the same workload with the proposed Greedy algorithm. While DVFS

only is required to run most domains at a high frequency for most of the time, we

observe that Greedy is able to group workloads with similar utilization into a few do-

mains and apply aggressive DVFS on the lightly loaded domains. The bottom graph in

Figure 7.5, finally, shows the number of workload migrations over time.

7.2.2 Independent Workloads
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Figure 7.6: Experiment results for G7 to G11.

Table 7.2: Normalized performance per watt for Google cluster data scenarios

DVFS only Buyer-Seller Greedy

AH T AH T AH T

BM PPW Perf Loss PPW Perf Loss PPW Perf Loss PPW Perf Loss PPW Perf Loss PPW Perf Loss
G1 1.58 0.00% 1.61 0.00% 1.78 0.00% 1.76 0.00% 1.79 0.00% 1.77 0.01%
G2 1.00 0.00% 1.05 0.03% 1.26 0.02% 1.29 0.07% 1.28 0.02% 1.29 0.08%
G3 1.04 0.00% 1.10 0.00% 1.38 0.00% 1.39 0.04% 1.40 0.00% 1.41 0.06%
G4 1.23 0.00% 1.28 0.00% 1.55 0.00% 1.55 0.07% 1.57 0.01% 1.57 0.05%
G5 1.32 0.00% 1.37 0.00% 1.57 0.00% 1.59 0.30% 1.62 0.00% 1.64 0.04%
G6 1.16 0.00% 1.23 0.04% 1.51 0.51% 1.51 0.53% 1.54 0.20% 1.54 0.26%
G7 1.16 0.00% 1.22 0.00% 1.44 0.00% 1.46 0.00% 1.51 0.00% 1.55 0.00%
G8 1.27 0.00% 1.34 0.00% 1.45 0.00% 1.45 0.00% 1.55 0.00% 1.59 0.03%
G9 1.08 0.00% 1.15 0.00% 1.41 0.00% 1.44 0.01% 1.50 0.00% 1.50 0.04%
G10 1.17 0.00% 1.23 0.00% 1.46 0.00% 1.46 0.00% 1.51 0.00% 1.52 0.05%
G11 1.20 0.00% 1.28 0.00% 1.51 0.00% 1.54 0.00% 1.54 0.00% 1.58 0.05%
AVG 1.20 0.00% 1.26 0.01% 1.48 0.05% 1.49 0.09% 1.53 0.02% 1.54 0.06%
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Figure 7.6 shows the normalized performance-per-watt over the baseline for data-

center scenarios G7-G11. Each scenario is composed of 40 independent server work-

loads as recorded in Google’s datacenters which can be more realistic in real world.

Overall, we observe that the proposed Greedy outperforms DVFS only by a large

margin, once again emphasizing the importance of workload migration. Compared

to Buyer-Seller, the NUMA-awareness of Greedy pays off in a 8% better energy ef-

ficiency. The reason for the larger gap is because as the number of workload pat-

terns increase, the probability which a voltage domain get high frequency request

increases. Also, more significant number of patterns needs more frequent workload

migration. The Buyer-Seller algorithm which doesn’t consider memory locality keeps

cause high memory access delay in contrast with the greedy algorithm which make

cores need higher frequency. As a result, in scenario G7 to G11, performance per watt

gap between the greedy and the Buyer-seller are increased as 7% for AH and 8% for T

from 2% in case of G1 to G6.

7.3 Overall Results Comparison

Table 7.1 and Table 7.2, finally, displays the performance per watt (PPW) and the

performance loss over the baseline policy, respectively, for the Allhigh and the Tile

policy for DVFS only, Buyer-Seller, and the proposed Greedy algorithm. Each scenario

is run with the number of workloads listed in Table 6.1. Every result is the average of

evaluated at least three times. For the real world workloads, we have also tested three

random initial placements of workload patterns.

From synthetic workloads, Table 7.1, SynMem and SynCpu are periodic work-

loads scenarios. For SynMem, we use long period length and large memory workloads.

It shows large gap not only between DVFS-only policies and DVFS with migration

policies but also Buyer-Seller and Greedy algorithm which we introduce. For SynCpu,
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we use long period length and large CPU workloads. It shows, also, the large gap

between DVFS-only and DVFS with workload migration policies, but there is little gap

between Buyer-Seller and Greedy. The SynRandom is a scenario consist of randomly

generated workload patterns for each 40 application containers. The workload patterns

change every 3 seconds. For this workload scenario, we get minimum improvement at

performance per watt, 2%-4%.

In case of the real world workloads, overall, the NUMA-aware Greedy algorithm

outperforms DVFS only by about 30% and Buyer-Seller by 5%. We observe that Tile

outperforms Allhigh without migration whereas with migration they achieve similar

performance. The reason is that OS migration can group OSes with similar perform-

ance requirements into voltage domains such that the superior Tile DVFS policy has

less effect. The performance degradation is negligible for all three policies. The al-

gorithms that support migration suffer from a slightly higher performance degradation

(0.05% on average over no degradation with DVFS only), but the slowdown is insigni-

ficant compared to the 30% improved energy efficiency.

47



Chapter 8

Discussion

In this section, we discuss about limitations and extra hardware support to get more

improvements of this work.

8.1 Limitations

The first topic is the limitations of this work. One of the limitations of this work is on

an assumption. We assume each core has single workload on it which is not true on

real system. It make scheduling workload migration more difficult. Because, if there is

multiple processes which uses different memory controller with each other in a core.

Then, workload migration scheduling would be more complicate.

Anther limitation of this work is scalability of algorithm. This algorithm runs at

M number of voltage levels traverses combination of voltage domains which can be

represented as

O(M ∗Nmin{K,N−K}) (8.1)

where N and K are the number of voltage domain which we can select and we need to
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select. In Intel Single Chip Cloud Computer (SCC), our greedy algorithm take around

0.002 second, because, we have only four voltage levels and five voltage domains. But,

if a system which have more fine granularity of voltage domain, the computation time

would take longer.

The point we doesn’t considered is temperature. In our framework, we collecting

high workloads into same voltage domains. It could increase heat of the voltage do-

mains which could make problems. This is a problem one of problems considered in

future work.

8.2 Extra Hardware Support

In the system we use, Intel SCC, there is some hardware characteristics which make

bottleneck. In this section, we discuss extra hardware support which can solve this

problems and achieve more improvements from this work.

In the Intel SCC, dynamic voltage and frequency scaling (DVFS) too have to use

more frequently (≤ 10ms). If we can have more light weight DVFS (less delay), we

can response more quickly the cores’ request changes.

Also, we implemented OS migration for workload migration. OS migration make

more overhead than process migration because of swapping LUT and updating net-

work tables. If we work with process migration, we can have less overhead on work-

load migration and better results.
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Chapter 9

Conclusion

We have presented a NUMA-aware cooperative hierarchical power management tech-

nique for existing and future many-core systems. The technique employs workload

migration. Without explicit hardware support, the microkernels running on the indi-

vidual cores cooperate with the global power management by saving and restoring

the volatile state of the core on demand. Combined with dynamic monitoring of each

core’s performance metrics this technique allows the power manager to group cores

with similar performance requirement together so that traditional DVFS policies can

apply DVF settings closer to the optimal value. In order to remain scalable, the power

manager is implemented in a hierarchical fashion, logically re-creating the hierarchy

imposed by the hardware through the different power management domains.

The cooperative power manager has been implemented and evaluated on a real

system, the Intel Single-Chip Cloud Computer. Experiments with a wide range of

real world workload benchmark scenarios show that, on average, the proposed tech-

nique outperforms existing DVFS policies by 30% and by 5% compared to a NUMA-

unaware approach at the expense of little performance loss, less than 1%.
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Appendix A

Benchmark Scenario Details
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Figure A.1: SCC core map

In this appendix, we describe details of the benchmarks used for experiments. We

have total 14 benchmark scenario, 3 for synthetic and 11 for real-world benchmarks.

Each benchmark has workload patterns and distribution of workloads on cores. We
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describe synthetic benchmarks and real-world benchmarks in Section A.1 and Sec-

tion A.2.

Each workload pattern has CPU load and memory load. We described these in the

tables below. The numbers represent ratio to maximum performance of a core at the

highest frequency and the closest memory distance.

Benchmark has multiple workload patterns but the number of patterns is different.

For benchmarks which have 40 workload patterns, each pattern initially placed at a

core which has the same number which represented in Figure A.1 (a block diagram of

Intel SCC). On the other hand, for benchmarks which have workload patterns less than

40, multiple cores can have same workload pattern. So, we describe initial workloads

distribution in the tables followed by workload pattern table of each benchmark.

In our setup, voltage domain 1 is a control domain. So, it runs control processes

and various measurement services. That’s why cores in the domain don’t get any work-

loads.
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A.1 Synthetic Benchmark

Table A.1: SynMem benchmark scenario

(a) Workload pattern

WL
Epoch (1 epoch = 15 sec)

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19

S1
CPU 0 10 10 0 0 10 10 0 0 10 10 0 0 10 10 0 0 10 10 0
Mem 95 0 0 95 95 0 0 95 95 0 0 95 95 0 0 95 95 0 0 95

S2
CPU 10 0 0 10 10 0 0 10 10 0 0 10 10 0 0 10 10 0 0 10
Mem 0 95 95 0 0 95 95 0 0 95 95 0 0 95 95 0 0 95 95 0

(b) Workload distribution

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
n/a n/a n/a n/a n/a s1 n/a s1 n/a s1 s2 n/a
s2 n/a n/a n/a n/a n/a s2 s1 s2 n/a s2 s1
n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
s2 n/a n/a n/a n/a s1 s2 s1 n/a n/a s2 s1

Table A.2: SynCPU benchmark scenario

(a) Workload pattern

WL
Epoch (1 epoch = 15 sec)

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19

S1
CPU 95 95 10 10 95 95 10 10 95 95 10 10 95 95 10 10 95 95 10 10
Mem 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

S2
CPU 10 95 95 10 10 95 95 10 10 95 95 10 10 95 95 10 10 95 95 10
Mem 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

(b) Workload distribution

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
s2 n/a n/a n/a s2 n/a s2 s2 s2 n/a s2 n/a
n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
s1 s2 n/a n/a s1 s1 s1 s1 s1 s2 s1 s1
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Table A.3: SynRand benchmark scenario first half

Workload
Epoch (1 epoch = 3 sec)

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49

S00
CPU 10 55 81 26 93 50 77 20 20 29 80 29 85 62 10 91 1 24 58 6 83 78 37 32 60 22 76 65 35 19 97 16 22 11 40 38 33 2 60 31 97 33 61 29 22 41 2 96 78 33
Mem 74 12 57 76 28 57 13 1 9 42 87 94 66 31 44 19 50 98 16 70 5 98 56 17 40 12 91 99 9 94 70 38 40 65 89 43 70 15 32 20 42 8 13 5 95 42 51 76 70 14

S01
CPU 26 40 11 10 82 79 41 26 90 48 99 67 59 8 92 30 91 94 16 29 92 75 1 4 20 0 40 65 39 94 66 13 58 76 17 11 28 25 85 21 64 53 2 1 49 67 57 49 44 13
Mem 28 88 57 39 12 91 96 54 79 39 78 78 62 78 43 0 38 93 91 65 10 41 39 31 75 99 57 79 60 33 17 98 48 64 33 60 80 68 80 76 53 70 53 92 79 33 96 92 54 33

S02
CPU 77 54 1 63 63 19 23 71 35 43 12 3 63 17 64 47 22 27 40 22 12 75 72 57 86 20 80 53 75 58 94 45 91 71 18 38 99 87 35 75 99 21 27 60 90 71 32 69 5 93
Mem 1 33 97 54 31 94 26 85 0 24 78 8 48 14 41 68 51 91 87 52 53 91 45 98 73 55 21 70 90 59 48 90 88 17 82 69 76 95 90 59 23 82 23 80 60 67 84 99 58 33

S03
CPU 95 82 60 43 40 92 29 86 77 17 80 17 28 59 70 77 46 17 94 94 18 52 75 90 54 95 63 41 75 45 59 65 16 24 46 27 32 32 29 4 69 78 24 43 49 61 96 15 1 38
Mem 48 80 16 79 4 53 7 8 54 62 83 36 44 45 56 97 34 1 57 98 0 11 68 66 25 49 27 11 17 72 81 44 99 47 21 74 87 93 30 2 96 53 39 59 69 77 44 40 64 32

S04
CPU 0 80 74 53 32 21 76 77 54 77 31 41 26 22 57 58 64 90 18 68 35 37 75 41 0 39 32 93 86 87 29 15 99 79 99 67 10 28 53 13 10 93 93 70 89 63 16 38 15 50
Mem 63 0 57 80 95 28 40 69 88 90 4 44 99 74 1 58 11 30 49 12 60 82 8 23 66 30 24 36 20 61 21 7 13 14 33 69 74 16 53 4 90 51 55 59 52 55 81 88 24 12

S05
CPU 85 92 80 38 9 53 21 72 64 45 16 20 10 30 70 9 75 50 27 77 59 41 84 41 99 29 84 16 50 74 71 54 4 62 45 68 71 8 54 47 68 31 61 1 67 61 69 90 43 89
Mem 50 56 36 27 71 26 65 30 63 67 59 27 88 88 63 52 13 62 20 46 97 98 22 55 85 31 46 85 24 92 65 53 73 61 61 54 41 10 8 0 33 34 63 35 24 54 46 77 15 31

S06
CPU 36 96 39 89 58 98 46 35 49 41 52 16 71 67 28 37 10 19 70 50 13 43 70 36 56 23 99 66 16 80 36 42 35 61 11 38 56 26 31 72 45 4 96 44 21 15 13 80 8 98
Mem 33 91 46 85 14 77 99 76 0 13 14 6 80 55 41 90 75 17 56 51 95 17 16 49 51 59 16 27 55 44 62 83 0 66 17 31 16 60 8 85 98 26 91 89 82 91 56 22 66 61

S07
CPU 23 29 82 17 43 18 12 87 14 31 44 19 99 4 53 51 93 33 97 12 6 12 95 94 48 49 28 12 99 47 44 27 98 92 60 0 86 47 80 86 48 26 82 88 13 2 11 92 67 88
Mem 52 5 86 53 50 48 35 39 28 44 93 84 77 20 12 19 31 54 15 41 74 49 22 4 96 39 82 36 76 25 90 0 38 80 24 27 80 16 57 9 89 77 99 80 79 12 28 18 84 51

S08
CPU 77 43 13 15 29 98 98 49 82 34 85 66 22 81 5 25 45 70 70 92 15 78 47 40 30 63 49 31 63 51 14 38 76 28 24 95 15 44 15 12 52 9 88 74 72 31 16 33 12 80
Mem 69 44 60 74 67 60 19 12 44 94 81 43 17 90 78 61 4 97 20 83 83 58 45 56 97 92 34 59 47 38 48 73 36 68 61 59 50 68 99 33 57 64 31 24 94 45 13 64 24 28

S09
CPU 85 34 13 9 82 29 31 6 61 67 17 6 99 49 4 19 54 42 30 78 8 96 46 10 94 26 73 69 49 81 4 85 5 38 39 5 34 63 30 33 60 14 67 6 20 51 81 13 24 48
Mem 98 99 32 49 72 5 30 65 52 55 75 11 19 47 89 89 92 39 4 63 39 12 67 20 59 99 53 77 90 47 32 95 28 25 81 99 15 17 96 11 33 65 64 19 58 52 70 65 48 43

S10
CPU 64 52 21 99 0 49 48 20 16 78 96 94 17 24 40 37 6 55 89 62 13 91 5 47 24 22 66 56 24 22 0 51 52 3 96 78 19 94 26 6 49 46 66 83 90 24 95 91 62 68
Mem 98 46 96 89 80 17 1 25 87 68 70 82 86 26 25 45 81 95 14 1 64 64 34 80 65 25 11 87 35 19 62 59 39 96 42 93 84 66 23 99 15 28 75 26 78 71 32 86 98 89

S11
CPU 79 21 30 53 85 99 81 72 61 89 15 76 54 73 50 24 49 95 64 69 79 96 36 85 53 19 4 16 33 13 90 7 64 21 8 37 0 96 52 31 8 54 29 36 56 39 41 62 96 65
Mem 41 84 83 51 14 75 56 75 58 17 83 80 76 74 50 51 86 50 64 2 33 62 30 58 26 26 11 17 89 31 74 65 34 19 10 2 91 66 24 89 66 15 92 32 32 20 31 41 8 30

S12
CPU 80 90 3 31 6 36 23 73 89 42 73 99 6 9 38 53 47 72 92 24 98 10 89 83 29 33 88 22 61 25 42 34 28 73 20 58 47 64 72 84 45 68 82 54 91 9 59 28 75 79
Mem 42 90 33 15 93 95 37 74 16 33 54 0 3 69 83 37 87 93 40 48 31 96 25 60 59 47 72 65 81 56 48 15 64 6 1 55 57 65 33 73 33 94 46 30 45 38 10 58 49 57

S13
CPU 97 18 40 69 0 11 40 74 85 88 83 93 5 94 95 85 83 7 80 69 91 0 86 69 10 57 81 76 23 2 93 38 27 28 14 65 87 12 38 83 77 66 90 75 34 99 77 96 79 25
Mem 94 34 90 54 40 68 22 77 21 60 57 8 3 69 24 54 28 72 15 58 14 89 96 16 81 14 21 79 24 99 29 89 10 22 4 49 23 79 40 76 28 49 50 55 70 36 9 55 22 28

S14
CPU 3 24 34 48 74 29 13 74 79 85 14 8 31 54 17 33 1 88 7 0 39 43 42 7 20 90 27 64 69 20 19 87 20 58 41 80 98 67 57 88 85 48 26 41 54 1 43 99 16 31
Mem 35 63 66 18 74 61 46 95 43 99 34 49 39 70 87 69 90 68 42 18 55 24 5 37 68 41 50 7 8 3 65 65 38 85 42 32 24 15 19 28 99 27 77 2 85 87 19 36 70 45

S15
CPU 99 73 96 67 58 1 15 6 7 8 67 66 88 41 42 35 2 73 15 82 10 76 47 64 86 81 65 55 58 17 4 25 72 25 10 63 68 6 21 43 54 67 7 89 48 90 26 19 75 12
Mem 44 25 14 63 68 78 63 48 28 45 67 97 20 19 76 96 0 72 90 59 53 89 23 5 97 4 45 69 67 9 46 86 60 49 74 82 22 66 36 66 41 66 84 70 44 60 45 76 54 40

S16
CPU 7 21 17 90 42 86 43 54 48 73 89 23 36 31 56 56 21 53 66 9 31 54 41 59 39 64 17 57 80 28 32 55 85 49 48 44 43 61 33 27 48 5 17 0 85 72 5 77 91 66
Mem 9 46 77 17 45 14 17 46 47 27 22 72 59 75 71 74 7 93 88 30 85 97 30 9 72 2 86 1 3 99 14 93 23 22 21 35 30 37 96 1 39 43 46 91 26 87 12 68 34 32

S17
CPU 5 56 1 14 92 36 92 40 47 95 28 95 91 1 1 11 95 62 97 50 22 97 78 77 99 95 26 30 60 51 45 63 32 45 72 4 18 86 74 5 68 73 23 47 12 51 27 73 6 53
Mem 91 38 99 90 24 8 23 60 87 4 73 18 20 76 13 49 26 74 11 50 90 56 43 68 85 32 40 54 80 99 31 76 60 6 83 65 61 73 98 97 70 80 62 58 53 28 34 0 71 69

S18
CPU 52 8 46 46 47 67 99 31 83 2 20 65 19 90 74 19 66 1 11 73 45 70 38 48 26 58 75 50 66 44 80 20 96 77 52 16 21 85 34 42 17 69 25 69 64 78 2 90 99 9
Mem 76 99 64 80 11 84 9 8 41 94 17 60 61 63 29 66 90 55 84 8 52 43 30 29 48 72 79 13 72 90 51 5 94 78 56 2 34 78 5 61 7 97 89 71 79 16 57 19 56 87

S19
CPU 20 7 77 16 36 26 59 10 41 75 99 38 26 49 11 14 62 11 85 24 57 40 39 40 75 65 39 9 99 19 4 2 11 72 50 51 99 26 38 33 40 30 61 93 26 81 52 18 26 27
Mem 56 1 50 59 98 60 42 57 62 69 58 83 71 8 91 48 67 64 4 9 12 61 15 41 94 92 39 59 89 16 32 79 84 11 81 45 65 36 55 27 91 41 21 13 8 76 59 86 83 21

S20
CPU 62 74 3 81 78 76 79 94 21 50 95 12 43 24 87 26 64 19 79 27 65 72 23 93 78 95 26 77 35 70 39 33 72 41 14 52 36 48 96 42 91 0 55 65 25 20 64 15 63 88
Mem 75 36 99 63 13 75 28 37 54 32 42 7 74 40 26 45 96 22 34 96 44 89 35 75 8 57 78 85 49 94 85 99 93 6 86 64 57 21 13 36 68 63 98 13 96 67 97 46 28 83

S21
CPU 37 47 59 6 46 58 48 84 28 99 3 34 31 57 26 40 26 25 95 95 92 76 55 99 38 84 66 10 33 24 62 45 62 0 22 37 19 88 67 81 60 18 43 59 29 98 99 15 8 72
Mem 61 52 64 49 19 34 73 0 89 4 59 60 45 81 42 59 48 0 3 29 2 39 45 56 65 99 95 25 23 68 6 9 46 58 24 1 3 55 96 86 56 84 58 92 33 20 87 67 72 81

S22
CPU 0 71 87 67 13 34 15 73 20 59 76 34 70 61 19 14 79 18 33 89 50 88 90 91 3 97 53 62 38 50 50 0 24 74 38 47 71 35 85 27 91 90 0 53 72 69 71 3 77 42
Mem 2 75 43 57 44 87 99 48 20 73 29 59 61 70 79 13 67 71 78 2 90 11 11 55 99 70 69 38 61 30 26 3 47 40 35 3 4 23 18 16 80 23 11 3 21 77 13 22 14 97

S23
CPU 93 9 29 99 17 35 49 91 33 5 69 88 9 29 61 11 94 15 30 11 57 96 90 61 22 69 26 57 20 32 28 53 40 60 20 20 21 39 45 55 32 53 50 25 49 21 83 16 58 38
Mem 2 15 63 14 38 74 93 76 92 12 53 81 1 0 28 88 60 51 26 48 91 73 88 68 33 65 32 33 81 51 89 58 68 76 18 41 60 35 45 10 41 12 63 47 84 62 91 17 26 3

S24
CPU 50 71 89 83 64 26 92 3 3 0 84 22 70 66 21 13 20 5 78 98 23 50 16 29 68 72 85 95 40 18 26 92 17 21 30 9 35 68 10 56 66 80 38 44 55 63 75 72 77 81
Mem 52 74 82 27 27 52 31 75 92 3 77 17 54 54 31 48 1 3 84 59 30 29 92 34 28 21 16 55 30 19 24 6 69 82 34 18 35 68 63 3 8 59 10 45 69 57 16 88 77 97

S25
CPU 82 77 14 68 65 93 86 52 43 19 67 66 2 18 68 20 13 79 76 1 55 48 99 31 20 54 3 79 27 90 38 39 57 39 96 85 19 55 3 33 98 10 3 80 45 66 87 58 89 92
Mem 35 57 55 93 94 10 59 13 51 99 61 6 84 83 69 4 71 42 76 17 80 1 28 1 7 52 16 12 14 6 53 2 63 98 48 62 61 86 82 55 52 50 65 96 9 73 51 55 99 79

S26
CPU 3 58 52 31 36 47 16 90 86 41 94 55 11 6 59 36 94 12 62 51 33 43 57 86 95 86 17 90 54 31 75 79 66 62 38 6 4 75 13 11 48 31 40 75 28 3 22 92 91 54
Mem 32 18 28 71 9 4 79 59 61 2 45 63 13 45 90 24 31 23 93 50 84 39 78 95 15 28 51 17 62 9 67 99 22 30 14 33 88 13 12 5 0 36 99 38 66 42 37 59 67 97

S27
CPU 26 47 52 89 82 64 1 94 58 77 68 23 13 22 81 14 90 25 45 69 64 30 14 63 89 49 87 73 66 29 13 0 60 70 64 51 19 74 87 68 55 13 28 43 36 27 5 80 60 15
Mem 41 76 6 46 77 98 36 66 40 91 63 10 99 48 53 99 26 47 3 15 6 74 34 83 68 36 31 93 10 39 60 47 97 19 92 99 98 20 72 54 15 18 4 17 38 91 85 43 99 82

S32
CPU 45 33 90 50 63 2 31 21 8 63 98 80 84 91 5 33 73 63 94 1 5 64 22 21 50 7 2 58 62 68 94 95 54 37 15 3 71 33 58 99 51 15 18 14 28 52 75 95 54 44
Mem 79 39 96 53 54 53 39 96 20 92 76 66 88 78 40 98 98 66 5 5 28 85 71 2 63 44 97 83 94 21 9 25 38 97 91 25 18 24 6 70 51 32 32 27 42 72 1 89 66 30

S33
CPU 68 24 45 68 71 40 25 75 11 62 84 11 73 62 36 88 2 27 44 81 69 69 49 27 24 57 60 72 39 42 78 3 89 9 73 90 19 96 45 19 64 98 41 42 10 13 87 18 46 31
Mem 59 91 9 52 54 18 72 86 49 84 95 52 2 12 27 46 87 98 56 18 22 68 47 10 57 39 70 67 4 9 93 23 51 66 90 29 89 57 11 9 93 88 10 95 11 2 42 81 80 24

S34
CPU 27 25 20 37 99 23 92 83 31 99 60 41 30 97 80 49 62 49 1 60 20 34 40 87 59 9 28 88 90 31 28 89 58 99 22 40 43 21 62 61 29 93 79 3 31 64 51 85 97 83
Mem 77 10 70 12 64 29 57 23 88 54 79 23 7 32 71 99 13 10 21 47 41 31 78 26 86 10 89 23 25 6 73 76 27 44 94 21 24 70 31 48 6 18 48 85 15 30 71 55 89 20

S35
CPU 94 93 13 10 7 13 71 22 24 99 74 16 33 1 3 67 78 4 52 99 33 81 21 79 84 95 62 88 55 3 86 42 52 52 6 11 51 91 35 56 89 61 34 71 38 24 97 56 93 97
Mem 93 96 93 5 82 78 2 70 18 2 34 89 73 1 92 20 15 83 23 82 89 28 97 40 16 63 79 59 41 57 12 4 71 60 9 20 40 90 61 44 52 37 95 56 96 83 99 65 9 89

S36
CPU 34 79 88 53 2 57 90 21 68 32 0 90 74 2 65 36 29 48 41 46 39 62 8 99 49 23 88 29 33 31 13 70 15 17 60 17 84 7 34 81 90 68 87 44 80 26 15 31 63 33
Mem 54 31 78 15 11 31 91 26 31 97 76 79 43 55 0 35 57 43 67 25 67 19 73 77 36 35 53 80 45 21 71 88 6 60 19 27 89 43 26 44 32 83 39 68 99 21 97 68 18 93

S37
CPU 83 68 84 57 3 30 65 37 17 67 41 76 53 6 48 85 97 51 10 71 63 73 1 78 10 35 28 7 88 31 68 65 10 8 60 78 20 20 78 41 86 99 26 68 62 22 64 23 53 52
Mem 44 62 85 31 26 59 87 91 26 2 34 7 74 20 73 41 70 86 48 62 40 72 84 85 89 21 77 22 80 33 31 72 53 24 32 75 87 51 32 70 34 83 32 22 63 82 24 8 54 3

S38
CPU 40 48 79 82 62 42 13 99 14 90 91 38 20 97 74 58 66 41 42 76 44 30 79 65 92 83 40 62 31 58 48 68 43 37 55 66 58 56 4 6 28 20 69 0 98 14 37 89 4 37
Mem 2 41 69 43 88 73 3 66 31 37 11 12 80 49 12 45 6 50 87 35 11 45 90 26 84 69 42 38 13 60 42 81 56 67 79 52 65 89 17 51 89 61 69 93 58 54 49 73 58 22

S39
CPU 7 62 79 53 98 81 23 44 92 42 17 75 21 25 26 47 96 26 3 55 91 77 34 69 85 60 49 60 84 24 99 19 79 48 34 23 13 91 96 56 87 54 90 80 47 67 54 37 86 84
Mem 85 82 9 99 51 50 14 0 2 54 53 98 90 8 71 81 47 97 75 28 8 73 67 11 17 42 49 97 9 3 13 96 74 25 93 19 60 67 74 63 94 15 96 5 1 29 99 48 8 99

S44
CPU 12 47 70 41 74 98 47 96 96 71 19 75 92 99 0 51 43 50 14 77 58 85 66 80 1 57 75 43 75 96 80 11 44 82 94 12 52 89 68 13 21 43 14 70 3 97 79 97 98 58
Mem 17 93 39 0 42 31 63 22 53 95 88 15 44 66 38 57 0 54 62 56 62 13 13 67 7 72 79 36 37 27 62 47 19 3 46 73 67 48 53 23 8 90 4 80 59 86 83 20 69 80

S45
CPU 57 73 4 99 42 6 59 1 91 11 84 94 13 64 82 85 0 54 21 62 89 84 26 8 11 8 60 72 39 32 0 68 79 87 71 1 1 35 13 49 89 87 7 3 78 17 3 71 93 9
Mem 94 9 68 87 64 10 75 76 66 74 36 43 65 39 41 93 96 70 2 98 89 89 35 99 77 54 90 78 78 76 10 48 51 55 11 40 3 38 80 30 23 69 91 0 36 84 64 49 84 70

S46
CPU 13 84 7 7 13 24 37 22 11 75 38 4 77 59 83 11 39 30 89 26 62 48 74 38 50 20 44 6 18 46 33 92 84 30 91 76 60 66 80 87 20 95 86 79 35 95 16 28 59 53
Mem 21 10 95 75 35 61 29 98 65 81 69 3 22 37 20 87 71 8 81 81 42 37 8 94 66 56 83 61 12 69 44 36 22 85 92 66 33 98 92 3 27 0 94 72 76 34 87 47 41 9

S47
CPU 70 19 6 23 67 56 55 83 8 70 79 71 13 86 28 27 65 99 6 99 55 69 26 47 92 68 35 53 30 38 11 42 73 6 43 1 6 25 46 2 54 55 99 46 79 41 74 77 36 6
Mem 44 19 75 93 29 66 37 57 94 31 99 57 63 26 16 93 58 58 18 96 38 37 95 72 49 4 60 35 17 32 84 48 82 19 20 20 84 53 6 45 93 31 12 47 72 53 83 30 98 60

54



Table A.4: SynRand benchmark scenario second half

Workload
Epoch (1 epoch = 3 sec)

50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99

S00
CPU 46 44 92 5 83 55 16 39 44 3 41 81 77 33 48 99 22 75 12 62 88 30 72 88 32 87 62 13 53 66 96 61 89 65 46 57 76 17 24 49 34 98 19 8 20 72 70 48 15 43
Mem 73 30 8 66 77 33 5 46 10 93 76 5 1 44 74 71 5 98 17 52 59 8 93 45 41 21 56 29 52 77 58 77 55 61 50 58 84 34 72 6 12 0 94 72 88 48 49 31 84 72

S01
CPU 7 45 57 64 67 11 61 92 26 86 67 7 53 53 64 77 84 61 32 62 44 8 55 82 10 62 36 89 55 0 2 94 75 11 53 42 71 75 14 4 24 6 27 98 22 37 39 8 14 59
Mem 74 94 44 24 24 45 44 34 82 24 24 97 30 88 17 14 96 93 49 53 19 50 71 1 86 29 23 94 6 1 5 99 11 76 91 65 4 78 2 9 90 69 71 20 40 1 45 29 21 87

S02
CPU 10 63 99 20 51 88 22 59 64 49 32 57 5 95 93 42 26 65 14 44 39 88 26 26 2 30 26 85 40 99 68 98 82 89 50 63 17 51 66 11 13 19 49 87 43 78 50 74 16 56
Mem 88 47 17 12 71 7 38 1 52 31 70 80 36 18 74 99 2 78 67 17 97 38 70 98 41 29 79 22 85 65 76 28 96 3 54 86 93 78 57 63 16 1 20 58 0 78 11 57 79 6

S03
CPU 28 94 54 47 19 79 72 63 18 38 18 2 20 87 38 0 97 22 68 68 62 54 86 72 48 91 31 7 84 67 21 97 5 56 38 99 29 1 83 91 52 36 35 32 32 62 97 7 6 51
Mem 27 8 0 61 65 89 78 56 40 27 89 6 13 34 26 60 34 47 36 2 2 29 46 28 64 24 36 63 85 76 37 16 8 2 28 78 36 81 78 95 92 78 9 28 76 99 65 76 0 54

S04
CPU 82 16 20 46 54 24 33 98 63 56 96 39 31 47 78 68 31 1 21 90 39 87 95 0 24 83 88 42 87 97 45 89 74 72 78 27 36 17 45 85 6 68 99 27 78 63 91 80 14 59
Mem 71 82 5 55 41 64 29 9 24 39 29 3 24 42 68 83 28 31 56 74 71 84 38 97 64 2 99 51 24 88 15 8 86 16 91 0 83 42 15 11 43 71 33 55 85 62 18 13 6 27

S05
CPU 92 87 66 8 89 76 0 21 77 42 99 41 14 62 19 7 29 8 87 27 88 27 11 0 20 95 85 13 33 34 76 10 90 40 78 83 43 57 56 83 52 68 21 17 56 87 46 47 99 69
Mem 43 19 55 23 66 72 7 7 88 29 20 58 71 80 30 99 77 84 25 30 10 47 47 69 45 49 98 80 42 77 18 56 97 55 54 89 43 0 46 16 60 30 83 28 8 9 31 46 39 99

S06
CPU 68 22 25 56 32 28 5 72 80 55 7 83 77 82 37 60 20 47 52 55 40 49 93 15 80 6 9 20 3 17 90 44 21 75 51 80 31 24 10 55 69 95 49 7 96 49 28 18 27 29
Mem 17 49 15 75 86 99 6 80 98 68 77 21 62 64 60 51 35 51 20 46 76 20 22 99 96 54 22 1 88 78 89 69 26 1 34 83 71 13 29 28 2 32 99 4 79 41 60 53 21 69

S07
CPU 87 99 22 83 71 41 98 23 69 2 2 23 20 37 26 59 44 89 31 52 51 10 93 14 6 65 10 89 86 40 70 95 40 16 20 35 6 25 56 52 76 98 6 59 73 0 96 1 72 54
Mem 4 81 93 31 70 94 70 49 57 48 92 79 58 23 36 34 42 95 28 5 42 63 36 68 24 8 85 54 45 69 90 69 60 76 9 1 39 61 84 20 28 45 93 48 81 77 30 57 2 81

S08
CPU 46 46 0 32 55 16 33 93 80 73 83 99 86 69 39 51 14 82 79 80 20 52 7 73 77 35 49 10 51 84 50 85 78 74 91 56 15 2 70 55 57 20 3 76 75 87 87 42 23 54
Mem 0 22 45 51 17 51 83 56 32 80 81 57 42 35 29 67 48 21 80 3 15 59 76 20 42 4 70 3 64 74 51 67 99 5 34 69 72 25 57 27 41 24 15 39 14 7 22 77 89 29

S09
CPU 72 18 9 94 2 55 56 77 81 59 80 9 27 41 66 37 98 43 62 57 27 57 53 56 14 30 21 18 3 19 59 12 18 60 38 96 49 38 42 61 99 31 86 55 17 99 66 26 78 62
Mem 22 21 53 15 19 50 43 18 82 26 48 18 32 69 25 93 91 31 49 76 0 21 99 1 93 69 96 81 54 64 19 87 84 21 65 19 22 52 40 36 43 53 99 42 92 72 57 62 7 37

S10
CPU 4 62 29 10 51 77 43 35 99 44 57 60 41 35 88 78 63 72 28 45 1 30 84 54 66 69 5 60 51 78 39 31 95 81 86 13 83 17 74 86 41 97 81 11 83 70 90 76 72 51
Mem 19 69 34 79 53 11 0 74 98 72 85 82 54 26 93 56 87 65 41 26 97 24 75 75 45 68 92 94 3 66 59 79 51 91 15 43 1 95 12 16 45 45 93 75 99 16 61 93 13 27

S11
CPU 74 52 85 3 79 95 39 34 73 77 83 73 11 42 27 66 76 80 99 56 43 71 38 16 22 57 95 10 88 89 19 18 22 13 94 20 81 36 27 83 42 47 66 40 44 95 38 6 38 36
Mem 84 67 79 60 73 88 2 99 60 98 99 7 86 58 69 88 46 91 78 37 92 82 44 10 34 46 9 73 82 1 29 39 47 75 39 61 97 3 88 72 90 98 29 3 39 33 83 8 73 52

S12
CPU 31 23 52 3 49 4 46 86 74 73 18 87 5 42 82 55 67 76 36 16 50 82 94 97 4 13 67 65 6 69 54 26 59 69 46 52 77 84 87 7 82 76 25 11 48 74 35 90 44 50
Mem 1 53 78 90 54 14 27 24 72 5 67 61 5 45 12 23 29 21 93 49 73 2 99 90 91 38 14 82 17 50 81 67 48 84 14 10 26 80 81 96 63 29 49 65 97 56 5 5 0 57

S13
CPU 11 97 38 18 4 13 13 66 16 75 89 9 84 63 43 25 47 7 69 78 85 12 82 2 56 73 72 62 10 71 38 92 43 60 71 49 37 81 95 86 68 81 35 0 67 42 98 29 63 56
Mem 80 13 6 11 87 57 22 67 55 36 39 95 81 93 94 98 73 83 34 14 10 31 45 31 32 49 50 64 38 94 86 60 67 23 67 59 7 87 49 1 91 77 14 50 6 99 2 20 52 86

S14
CPU 50 72 89 75 74 38 53 97 59 11 23 67 78 70 41 85 88 91 67 47 75 88 79 10 5 82 11 51 21 46 23 65 5 89 41 95 8 6 88 65 68 94 60 94 45 44 16 19 40 35
Mem 34 43 54 88 35 70 14 61 58 69 45 68 91 36 70 72 23 22 99 47 71 60 71 54 88 50 27 3 14 76 89 20 90 47 87 93 82 0 51 42 76 87 51 22 70 58 4 14 19 24

S15
CPU 94 48 10 74 65 40 80 45 98 36 15 91 40 94 71 85 59 38 87 14 57 58 44 46 35 63 36 74 70 72 38 10 3 27 61 53 5 3 32 44 12 43 51 22 80 12 78 34 50 3
Mem 84 82 54 70 49 17 74 34 45 19 33 27 42 78 51 66 3 73 70 73 24 9 38 20 19 19 40 37 13 8 65 52 98 10 91 54 18 9 37 28 94 99 62 74 31 80 77 53 12 6

S16
CPU 17 19 81 50 17 89 79 71 53 32 46 55 32 91 40 26 92 69 0 11 14 84 3 0 78 39 34 13 37 95 16 1 77 76 65 67 17 37 75 17 92 29 70 71 80 98 80 82 72 98
Mem 35 53 30 24 52 20 46 51 11 92 34 22 20 68 79 17 97 33 56 17 94 62 42 27 95 72 12 19 29 65 14 52 61 64 58 78 13 73 22 63 78 38 95 37 0 92 44 35 21 80

S17
CPU 76 83 91 68 41 84 53 98 27 11 97 53 68 61 22 51 21 74 67 40 20 43 88 12 84 70 21 77 94 25 21 40 96 0 49 34 35 3 20 51 0 90 79 65 85 31 44 59 45 6
Mem 84 52 21 38 54 86 34 19 58 25 4 97 93 31 88 14 3 92 49 70 86 17 0 62 14 37 97 88 37 39 99 13 34 43 11 69 66 21 20 81 41 29 13 82 50 95 12 62 34 32

S18
CPU 59 0 85 20 4 88 25 51 2 93 95 48 77 53 58 34 36 57 55 59 18 63 72 2 24 16 34 53 23 19 10 88 48 9 41 15 99 71 85 37 73 7 71 62 24 3 85 14 20 28
Mem 40 13 96 26 16 42 4 97 70 35 50 75 17 12 97 72 78 58 45 66 99 87 6 98 34 20 26 62 82 69 38 66 93 73 41 77 89 47 72 71 20 64 9 74 42 76 70 36 54 71

S19
CPU 8 86 99 36 74 74 74 8 87 66 42 24 80 76 87 45 99 95 10 74 79 73 18 77 79 54 86 87 35 72 73 7 21 50 85 78 35 78 35 88 21 77 95 3 75 14 0 66 95 99
Mem 21 46 19 20 54 94 6 36 6 5 56 30 79 20 92 58 9 85 74 89 30 60 39 6 73 90 75 75 38 32 53 10 84 63 93 33 28 25 46 0 38 20 95 34 28 35 54 98 14 31

S20
CPU 63 26 35 53 2 65 10 84 17 64 61 54 25 60 93 49 83 21 79 30 6 42 63 15 11 28 26 18 40 80 83 48 95 11 41 90 33 11 12 52 95 69 57 75 23 69 95 76 54 5
Mem 43 56 20 58 41 6 20 57 98 88 4 67 1 69 59 98 2 71 24 69 41 86 64 52 9 70 22 7 84 60 99 94 21 18 1 1 47 92 52 2 88 40 1 62 49 21 99 94 71 58

S21
CPU 76 51 54 13 13 57 15 42 67 26 88 37 90 48 24 84 17 56 58 70 17 87 39 69 87 3 38 52 0 76 62 25 8 97 1 43 66 71 52 99 90 15 74 53 79 12 73 11 65 8
Mem 10 47 43 59 73 59 57 19 79 6 34 84 5 90 53 15 90 7 13 26 28 93 56 59 38 94 24 69 1 56 37 62 73 49 15 21 77 28 23 42 29 19 53 73 90 44 45 53 97 85

S22
CPU 1 86 97 46 60 49 99 80 45 93 12 20 13 85 19 32 6 92 66 57 16 68 94 32 76 20 68 2 96 57 45 35 19 25 94 71 97 15 71 21 27 24 58 38 71 1 49 33 76 48
Mem 51 65 70 14 21 38 30 95 63 17 96 25 53 97 78 47 24 11 71 3 16 5 87 83 43 77 72 97 64 88 83 70 49 29 81 30 91 57 13 0 1 91 13 76 96 41 75 41 40 97

S23
CPU 5 7 95 34 33 80 26 87 60 96 42 64 43 25 17 6 25 48 7 96 68 93 68 74 10 14 73 22 67 7 65 77 22 57 50 98 93 27 15 27 96 74 48 48 31 64 94 78 23 87
Mem 39 39 32 61 47 19 70 5 17 73 69 86 48 29 40 86 26 7 77 95 35 61 18 87 65 30 58 90 39 20 27 19 89 41 98 29 61 9 61 9 83 54 24 60 59 83 44 75 17 1

S24
CPU 31 93 52 93 73 24 82 42 23 34 40 46 36 91 62 32 55 68 46 48 31 73 65 9 58 66 63 37 99 11 48 78 21 99 31 3 39 56 49 60 25 16 20 15 33 8 11 39 87 22
Mem 15 8 72 87 56 81 7 65 62 77 85 30 67 2 13 87 78 86 6 58 77 31 37 92 67 98 19 81 74 51 90 22 24 37 7 47 81 69 37 55 55 61 95 5 27 75 66 25 79 88

S25
CPU 55 21 74 25 99 32 94 86 71 95 72 17 51 14 39 49 43 96 58 43 83 83 55 67 29 85 75 16 63 61 92 4 34 65 47 71 55 20 30 35 96 23 49 75 86 24 12 69 57 19
Mem 39 16 72 9 34 84 94 15 2 14 51 56 84 32 48 22 19 99 83 32 0 50 9 11 89 44 81 8 7 23 20 34 52 19 60 40 77 58 29 44 67 16 63 86 82 76 48 19 75 12

S26
CPU 94 64 34 89 62 99 96 70 34 20 63 22 75 27 65 67 5 69 97 54 5 2 63 90 94 4 20 55 56 12 65 47 32 2 11 97 5 42 57 73 99 1 6 21 26 91 85 18 44 17
Mem 53 30 86 6 85 7 46 78 70 25 98 23 47 2 56 57 27 66 18 31 64 43 78 83 2 38 91 72 9 47 47 99 95 63 44 81 99 11 79 56 1 31 52 81 87 94 3 88 76 64

S27
CPU 48 70 38 28 51 21 66 27 41 61 35 99 28 79 39 71 62 27 35 91 20 35 54 35 41 23 98 23 41 21 4 71 53 38 20 70 68 18 29 61 70 93 23 2 8 53 11 57 0 31
Mem 32 18 67 6 53 86 66 2 4 68 76 40 78 14 4 63 99 14 72 70 38 73 94 30 34 99 64 96 81 28 45 88 30 49 79 79 66 30 74 87 26 85 90 13 25 22 74 88 93 98

S32
CPU 3 4 43 47 72 25 43 39 14 22 35 28 47 60 6 9 62 47 30 52 52 99 86 61 52 43 35 93 49 2 80 24 1 44 46 51 85 82 39 28 79 40 23 88 14 88 83 30 26 10
Mem 75 40 1 88 18 20 44 24 69 6 91 12 48 75 61 9 52 49 79 66 20 23 8 12 19 38 88 78 16 21 43 9 14 49 34 19 24 20 40 71 87 37 55 80 16 43 92 57 63 99

S33
CPU 76 93 24 81 46 8 93 90 2 67 86 22 92 30 13 17 45 54 54 53 90 90 90 72 29 89 84 99 41 13 85 46 86 89 39 23 34 31 29 30 91 41 71 81 63 75 12 56 95 33
Mem 96 60 54 28 46 65 16 38 65 82 93 84 68 18 85 27 44 80 49 95 60 2 86 96 71 71 35 60 66 18 64 26 22 17 92 96 2 16 96 60 83 27 14 68 3 46 60 97 20 73

S34
CPU 95 40 19 14 7 67 79 26 14 99 32 88 24 6 21 55 8 78 61 8 9 74 37 41 39 4 5 93 55 34 59 37 27 60 3 92 26 34 28 0 82 88 34 40 13 23 1 21 6 2
Mem 3 93 95 27 91 96 64 4 71 45 76 19 52 19 45 74 60 55 84 9 70 13 49 72 76 77 15 9 77 0 64 48 99 17 56 72 85 17 27 2 20 18 17 23 92 8 13 54 86 49

S35
CPU 59 9 30 60 8 75 78 63 88 15 26 18 2 78 6 87 2 57 25 54 95 20 88 89 6 29 62 3 5 85 52 27 97 3 76 49 37 85 60 62 76 98 2 64 46 79 44 77 7 90
Mem 94 73 96 60 11 90 71 60 73 43 92 50 42 13 95 39 11 75 73 84 69 5 48 76 94 79 99 58 35 17 99 26 64 99 60 21 89 82 75 93 11 88 27 48 90 49 38 15 9 14

S36
CPU 15 94 90 93 66 80 27 93 10 63 15 29 15 2 90 98 64 99 46 64 71 38 94 68 54 6 72 40 42 91 28 64 17 90 99 9 40 82 32 29 8 97 67 52 4 90 18 13 69 4
Mem 27 95 39 74 13 83 92 55 42 74 13 50 95 17 30 26 77 59 40 79 72 19 24 80 49 56 19 52 98 27 61 3 42 45 67 82 88 15 90 0 35 59 15 65 59 8 99 24 9 7

S37
CPU 40 80 2 72 54 37 36 31 56 76 22 37 8 97 21 55 2 68 72 97 28 59 81 95 43 91 55 55 49 4 19 87 29 43 85 73 53 38 72 21 33 31 34 97 23 0 49 69 12 38
Mem 83 89 67 0 16 93 89 39 42 97 10 1 9 8 77 25 16 90 69 99 99 81 94 64 40 93 47 23 35 20 26 92 25 18 81 6 70 42 62 53 19 45 16 14 95 94 97 54 15 32

S38
CPU 45 22 5 83 2 47 26 39 19 91 67 69 88 66 39 78 76 50 12 19 94 63 9 35 5 84 85 33 39 31 22 36 41 98 98 82 63 87 27 38 12 77 82 54 90 33 83 77 17 29
Mem 35 65 96 99 57 21 36 14 75 27 83 76 75 5 74 16 63 71 82 69 81 11 53 81 82 5 68 24 73 39 14 9 7 51 48 99 16 16 18 15 66 54 26 46 64 35 95 63 21 71

S39
CPU 36 18 21 40 53 77 55 35 83 54 94 88 45 54 47 25 25 68 97 37 17 74 66 80 12 74 28 58 96 65 52 36 56 55 21 0 34 54 29 70 20 82 12 49 54 90 60 87 96 99
Mem 60 15 81 2 16 90 29 30 51 37 8 92 93 60 37 56 69 82 86 97 26 45 71 54 56 83 46 77 84 24 42 75 69 0 11 37 35 31 1 94 12 5 93 5 27 1 78 28 48 14

S44
CPU 18 64 76 81 38 68 85 52 11 80 83 36 14 68 61 23 31 65 88 7 87 50 6 22 96 77 66 31 30 49 16 96 10 61 21 88 31 20 2 48 79 16 18 20 29 99 34 10 67 82
Mem 9 86 82 40 54 60 70 17 37 40 2 74 57 92 31 42 58 20 1 72 7 64 49 87 75 24 57 61 8 69 42 28 20 65 93 99 11 27 51 92 93 94 58 91 2 58 98 74 68 29

S45
CPU 89 30 95 4 13 45 38 39 12 34 7 12 33 36 92 1 98 14 6 89 57 17 90 77 59 95 34 37 22 35 55 31 76 60 0 98 67 66 31 34 72 43 38 23 33 0 18 74 65 5
Mem 99 41 73 70 24 30 62 30 50 26 6 93 97 24 64 54 36 31 31 77 61 38 95 62 12 32 3 99 26 60 41 92 37 32 56 13 96 54 8 13 38 10 87 68 64 43 94 73 39 37

S46
CPU 42 44 12 19 85 57 41 67 60 38 28 80 87 70 1 10 19 3 89 87 41 99 38 35 35 5 40 98 6 20 78 36 30 56 21 75 74 6 19 32 4 12 70 5 39 87 22 81 99 89
Mem 46 19 28 81 15 84 54 90 90 34 21 32 16 13 95 35 63 5 69 5 2 2 61 91 18 55 7 50 45 42 93 69 99 68 18 21 81 48 58 60 28 4 59 75 6 56 21 98 38 83

S47
CPU 46 41 99 94 14 33 16 66 4 45 40 46 48 96 65 29 77 99 0 44 42 66 19 32 18 28 42 51 12 50 34 28 84 30 9 87 98 11 49 28 59 84 99 5 99 14 20 16 77 42
Mem 78 21 81 51 6 3 99 26 80 69 0 4 78 39 30 57 48 31 18 89 4 75 15 96 16 12 3 4 96 85 24 88 41 22 84 32 45 90 92 76 86 37 95 97 75 57 40 54 69 30
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A.2 Real World Benchmark

Table A.5: Google cluster data benchmark scenario #1

(a) Workload pattern

Workload
Epoch (1 epoch = 10 sec)

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

S1
CPU 1 3 3 33 41 41 41 44 47 47 47 44 44 44 43 40 37 42 46 51 51 51 61 69 69 69 76 79 79 79
Mem 1 1 1 8 10 10 10 13 18 19 20 25 24 25 23 17 10 12 11 10 10 10 15 18 18 18 30 36 36 36

S2
CPU 36 36 36 36 19 16 20 16 18 33 36 36 36 35 29 23 21 24 26 30 38 38 38 38 38 44 44 41 34 34
Mem 11 11 11 11 7 9 9 8 8 19 25 25 25 24 21 22 21 22 24 25 26 26 26 26 27 32 32 31 27 27

S3
CPU 35 35 35 35 35 35 35 31 27 27 27 27 27 27 27 27 27 27 27 27 23 15 13 13 13 13 13 13 13 13
Mem 7 7 7 7 7 7 7 6 6 6 6 6 6 6 6 6 6 6 6 6 5 3 3 3 3 3 3 3 3 3

S4
CPU 32 32 33 33 33 33 33 33 33 33 33 32 33 33 34 34 35 34 32 32 32 33 33 33 33 33 33 33 32 31
Mem 10 10 10 10 11 10 10 10 11 11 11 10 11 11 11 11 12 11 11 10 10 11 11 11 11 10 11 11 11 11

(b) Workload distribution #1

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s4 s4 n/a n/a s4 s4 s1 s1 s2 s4 s2 s3
s3 s3 n/a n/a s3 s4 s3 s3 s4 s1 s2 s2
s2 s3 n/a n/a s2 s2 s2 s4 s2 s2 s3 s4
s1 s1 n/a n/a s1 s3 s1 s4 s1 s3 s1 s1

(c) Workload distribution #2

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s1 s3 n/a n/a s2 s2 s3 s2 s3 s4 s4 s1
s2 s1 n/a n/a s4 s2 s1 s4 s4 s1 s1 s1
s1 s4 n/a n/a s2 s2 s3 s4 s4 s4 s3 s1
s2 s2 n/a n/a s3 s3 s2 s3 s1 s4 s3 s3

(d) Workload distribution #3

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s4 s4 n/a n/a s4 s2 s1 s2 s3 s1 s4 s3
s3 s2 n/a n/a s4 s4 s1 s4 s3 s3 s4 s3
s1 s2 n/a n/a s2 s2 s3 s4 s4 s1 s1 s2
s3 s1 n/a n/a s1 s2 s3 s2 s1 s2 s3 s1
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Table A.6: Google cluster data benchmark scenario #2

(a) Workload pattern

Workload
Epoch (1 epoch = 10 sec)

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

S1
CPU 1 3 3 33 41 41 41 44 47 47 47 44 44 44 43 40 37 42 46 51 51 51 61 69 69 69 76 79 79 79
Mem 1 1 1 8 10 10 10 13 18 19 20 25 24 25 23 17 10 12 11 10 10 10 15 18 18 18 30 36 36 36

S2
CPU 38 48 75 86 82 92 85 87 91 93 91 93 89 73 36 25 26 26 28 28 25 24 26 21 19 21 23 31 18 31
Mem 15 18 21 27 28 32 30 30 31 34 31 31 31 29 19 17 16 15 16 17 16 15 14 13 10 10 10 15 11 22

S3
CPU 16 9 5 4 7 47 80 92 78 83 91 86 89 87 79 91 91 93 93 90 91 91 84 86 66 59 69 79 62 47
Mem 6 4 3 2 2 9 15 16 15 16 18 14 15 15 16 16 16 17 15 14 13 12 14 18 16 19 18 16 12 12

S4
CPU 85 82 83 69 67 84 49 63 81 92 90 76 70 58 18 14 14 15 15 14 14 12 10 15 24 24 25 28 27 69
Mem 16 14 16 23 29 35 22 18 35 51 58 39 24 21 10 6 7 8 7 7 7 6 5 5 7 7 7 9 8 17

S5
CPU 27 25 60 79 82 85 84 84 85 87 83 60 62 77 80 84 82 84 85 89 82 69 19 13 12 13 13 15 15 25
Mem 14 12 19 23 25 29 25 26 26 28 26 21 22 25 27 28 28 28 29 30 30 28 13 10 9 9 9 11 10 17

S6
CPU 28 28 26 25 26 25 27 30 29 28 25 24 24 25 27 26 31 28 29 29 28 25 24 23 23 26 25 25 28 26
Mem 18 20 20 17 15 14 17 18 19 17 15 15 15 19 21 18 21 20 22 22 21 19 17 13 15 16 16 17 17 18

S7
CPU 35 55 40 38 49 66 38 23 19 25 24 20 22 34 31 37 35 28 32 28 27 22 35 43 24 27 21 25 30 28
Mem 14 19 20 17 21 29 19 12 10 14 12 10 10 13 16 17 14 15 18 14 13 14 13 22 10 12 10 10 11 13

(b) Workload distribution #1

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s4 s6 n/a n/a s4 s5 s3 s5 s5 s5 s5 s7
s3 s5 n/a n/a s3 s4 s6 s5 s4 s4 s2 s1
s2 s3 n/a n/a s2 s4 s2 s4 s3 s6 s3 s7
s1 s1 n/a n/a s1 s2 s1 s3 s1 s2 s1 s2

(c) Workload distribution #2

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s3 s7 n/a n/a s4 s3 s5 s4 s7 s3 s7 s7
s5 s5 n/a n/a s6 s7 s1 s2 s1 s4 s5 s3
s3 s6 n/a n/a s2 s2 s6 s6 s6 s2 s1 s2
s4 s5 n/a n/a s5 s1 s3 s1 s1 s4 s6 s4

(d) Workload distribution #3

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s2 s4 n/a n/a s5 s4 s4 s6 s4 s3 s1 s1
s7 s6 n/a n/a s2 s7 s1 s2 s6 s5 s1 s2
s1 s5 n/a n/a s7 s5 s7 s3 s5 s2 s7 s6
s6 s1 n/a n/a s2 s3 s4 s3 s3 s5 s6 s3
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Table A.7: Google cluster data benchmark scenario #3

(a) Workload pattern

Workload
Epoch (1 epoch = 10 sec)

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

S1
CPU 1 3 3 33 41 41 41 44 47 47 47 44 44 44 43 40 37 42 46 51 51 51 61 69 69 69 76 79 79 79
Mem 1 1 1 8 10 10 10 13 18 19 20 25 24 25 23 17 10 12 11 10 10 10 15 18 18 18 30 36 36 36

S2
CPU 38 48 75 86 82 92 85 87 91 93 91 93 89 73 36 25 26 26 28 28 25 24 26 21 19 21 23 31 18 31
Mem 15 18 21 27 28 32 30 30 31 34 31 31 31 29 19 17 16 15 16 17 16 15 14 13 10 10 10 15 11 22

S3
CPU 51 51 44 45 49 51 58 40 39 41 40 38 30 25 22 23 24 23 22 35 44 43 43 54 38 19 39 57 52 50
Mem 9 9 10 9 8 9 10 6 6 8 7 5 7 7 7 7 6 6 6 6 6 7 8 10 7 5 9 12 9 8

S4
CPU 91 91 90 87 84 86 87 86 73 12 3 0 0 0 0 0 2 31 1 3 4 2 2 21 26 28 28 28 28 28
Mem 38 38 39 38 37 37 38 36 30 1 0 0 0 0 0 0 1 43 1 1 1 1 1 3 3 3 3 3 3 3

S5
CPU 27 25 60 79 82 85 84 84 85 87 83 60 62 77 80 84 82 84 85 89 82 69 19 13 12 13 13 15 15 25
Mem 14 12 19 23 25 29 25 26 26 28 26 21 22 25 27 28 28 28 29 30 30 28 13 10 9 9 9 11 10 17

S6
CPU 1 1 1 10 30 36 38 40 40 39 40 41 40 40 40 40 41 35 25 8 1 1 1 1 1 1 1 1 1 1
Mem 1 1 1 2 3 6 7 5 5 5 5 5 7 8 5 5 5 4 3 2 2 1 1 1 1 1 1 2 1 1

S7
CPU 1 1 1 26 58 67 57 37 35 31 31 32 35 39 44 49 39 29 20 12 10 8 14 16 16 16 14 14 11 10
Mem 1 1 1 7 15 16 13 9 9 9 9 9 10 10 13 17 13 9 6 4 4 3 5 6 6 6 5 5 3 3

(b) Workload distribution #1

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s4 s6 n/a n/a s4 s5 s3 s5 s5 s5 s5 s7
s3 s5 n/a n/a s3 s4 s6 s5 s4 s4 s2 s1
s2 s3 n/a n/a s2 s4 s2 s4 s3 s6 s3 s7
s1 s1 n/a n/a s1 s2 s1 s3 s1 s2 s1 s2

(c) Workload distribution #2

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s4 s6 n/a n/a s3 s7 s3 s4 s3 s5 s6 s7
s6 s1 n/a n/a s1 s4 s2 s1 s2 s6 s2 s5
s7 s6 n/a n/a s3 s6 s1 s5 s1 s5 s3 s2
s4 s7 n/a n/a s2 s5 s5 s3 s4 s2 s1 s4

(d) Workload distribution #3

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s2 s5 n/a n/a s7 s3 s6 s3 s1 s6 s2 s7
s1 s4 n/a n/a s3 s1 s1 s3 s5 s6 s4 s5
s6 s2 n/a n/a s1 s4 s4 s7 s3 s4 s7 s6
s4 s2 n/a n/a s6 s5 s7 s2 s5 s3 s5 s2
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Table A.8: Google cluster data benchmark scenario #4

(a) Workload pattern

Workload
Epoch (1 epoch = 10 sec)

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

S1
CPU 33 39 59 54 47 66 74 83 83 82 69 51 47 45 34 32 31 33 36 34 33 23 23 45 49 58 58 57 47 43
Mem 18 19 24 23 21 21 21 30 30 27 26 24 25 25 20 20 17 18 19 19 18 17 17 22 23 25 26 27 23 22

S2
CPU 26 27 28 27 25 27 28 26 26 27 28 29 26 25 28 28 27 28 31 31 33 36 31 29 29 31 31 31 22 20
Mem 7 12 6 6 6 6 7 6 6 7 7 7 7 7 7 7 7 8 9 9 9 9 9 8 8 8 8 8 7 6

S3
CPU 70 67 56 49 40 52 57 67 63 45 58 71 74 76 64 64 79 76 71 56 45 59 62 71 65 54 61 68 64 63
Mem 25 23 18 16 14 18 20 20 19 12 16 20 21 22 18 18 19 18 17 17 16 21 22 24 22 17 21 24 24 24

S4
CPU 26 27 28 27 25 27 28 26 26 27 28 29 26 25 28 28 27 28 31 31 33 36 31 29 29 31 31 31 22 20
Mem 7 12 6 6 6 6 7 6 6 7 7 7 7 7 7 7 7 8 9 9 9 9 9 8 8 8 8 8 7 6

S5
CPU 56 55 54 48 40 47 49 44 44 45 54 53 39 41 38 37 37 50 48 59 59 49 29 37 32 22 21 41 27 22
Mem 11 11 11 10 10 8 7 5 5 6 8 10 8 8 9 9 8 9 9 10 10 9 7 8 7 4 5 8 8 8

S6
CPU 48 47 57 48 37 40 41 34 33 32 28 23 25 26 32 33 25 27 31 28 26 30 31 38 42 53 48 43 37 28
Mem 18 19 22 20 17 20 21 15 15 19 17 15 13 12 15 20 15 13 14 15 16 17 18 23 22 20 19 19 16 15

S7
CPU 19 21 26 25 23 18 16 23 22 18 17 14 16 17 15 15 15 15 16 16 15 19 20 17 17 18 20 22 18 16
Mem 15 15 15 15 15 16 16 20 20 17 17 16 17 18 18 18 14 15 17 18 18 20 21 17 17 18 18 17 14 13

(b) Workload distribution #1

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s4 s6 n/a n/a s4 s6 s3 s5 s5 s5 s5 s7
s3 s5 n/a n/a s3 s6 s6 s5 s4 s4 s2 s1
s2 s3 n/a n/a s2 s4 s2 s4 s3 s6 s3 s7
s1 s1 n/a n/a s7 s2 s1 s3 s1 s2 s1 s2

(c) Workload distribution #2

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s6 s5 n/a n/a s7 s2 s2 s1 s6 s7 s4 s2
s6 s7 n/a n/a s7 s3 s4 s7 s4 s4 s2 s5
s2 s3 n/a n/a s3 s3 s1 s3 s6 s1 s6 s6
s5 s3 n/a n/a s1 s2 s4 s7 s1 s5 s5 s1

(d) Workload distribution #3

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s3 s1 n/a n/a s3 s6 s6 s5 s3 s2 s6 s5
s2 s6 n/a n/a s4 s5 s7 s7 s7 s1 s1 s6
s3 s1 n/a n/a s4 s5 s6 s7 s4 s3 s2 s7
s5 s4 n/a n/a s1 s2 s4 s5 s4 s2 s1 s2
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Table A.9: Google cluster data benchmark scenario #5

(a) Workload patterns

Workload
Epoch (1 epoch = 10 sec)

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

S1
CPU 46 44 35 39 43 44 44 44 45 53 48 40 41 42 40 40 42 42 43 43 45 45 46 57 57 57 56 56 40 35
Mem 31 29 23 25 26 28 29 29 30 39 32 22 25 27 25 25 26 27 29 30 33 35 35 41 41 40 41 41 28 25

S2
CPU 59 57 52 53 53 55 56 60 61 66 70 75 66 61 50 49 47 47 48 50 51 69 73 70 69 68 68 68 60 32
Mem 21 21 21 20 19 20 21 23 23 25 26 26 26 25 19 18 18 18 18 19 20 25 27 26 25 24 25 25 25 21

S3
CPU 27 26 22 21 20 18 17 20 21 22 19 19 16 14 20 21 21 21 22 23 23 26 27 28 28 27 22 17 13 12
Mem 11 11 11 11 6 7 8 8 8 8 7 6 5 5 5 5 5 4 4 4 5 6 7 8 8 8 7 7 5 4

S4
CPU 42 41 37 37 37 37 37 26 28 40 38 40 42 43 35 37 35 36 39 42 44 42 42 40 39 38 34 30 29 36
Mem 22 22 20 20 19 19 19 11 12 19 20 22 23 24 20 19 16 18 22 23 24 22 21 22 22 20 19 18 18 21

S5
CPU 20 20 19 17 38 53 60 45 44 44 44 50 56 57 44 44 44 39 18 15 18 14 16 15 16 12 12 31 15 10
Mem 7 7 8 10 9 11 13 8 8 8 8 11 11 11 8 8 9 9 8 6 6 5 5 8 8 6 7 10 7 7

S6
CPU 43 40 38 39 39 39 40 47 49 53 53 52 51 50 13 13 46 47 49 50 51 54 53 52 51 51 51 52 53 53
Mem 8 7 6 6 6 6 7 7 7 9 9 9 9 8 5 5 10 10 10 10 10 10 10 10 7 7 7 7 7 7

S7
CPU 73 69 54 52 49 47 46 40 42 54 47 37 27 21 19 18 18 18 19 20 20 24 25 28 27 25 24 22 21 20
Mem 27 25 19 18 17 18 18 15 16 19 17 13 11 9 8 8 7 7 8 9 9 12 13 18 16 12 12 12 10 9

(b) Workload distribution #1

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s2 s5 n/a n/a s4 s6 s2 s7 s1 s7 s7 s2
s1 s3 n/a n/a s2 s6 s7 s5 s5 s1 s4 s4
s4 s3 n/a n/a s5 s1 s4 s1 s4 s2 s5 s3
s1 s2 n/a n/a s6 s2 s4 s3 s7 s3 s6 s3

(c) Workload distribution #2

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s7 s4 n/a n/a s3 s5 s2 s6 s1 s1 s3 s7
s2 s4 n/a n/a s3 s6 s5 s7 s4 s5 s7 s2
s7 s2 n/a n/a s7 s5 s1 s6 s4 s1 s6 s5
s6 s5 n/a n/a s3 s3 s6 s2 s3 s1 s4 s1

(d) Workload distribution #3

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s3 s2 n/a n/a s5 s3 s6 s7 s4 s5 s5 s6
s1 s3 n/a n/a s4 s5 s6 s2 s3 s7 s6 s7
s7 s4 n/a n/a s2 s1 s1 s2 s3 s1 s7 s2
s5 s4 n/a n/a s4 s7 s1 s6 s6 s4 s5 s1
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Table A.10: Google cluster data benchmark scenario #6

(a) Workload patterns

Workload
Epoch (1 epoch = 10 sec)

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

S1
CPU 24 24 20 19 20 37 44 43 44 46 47 48 46 46 19 19 41 32 17 17 18 40 45 47 46 45 46 48 24 17
Mem 10 10 8 7 7 6 6 8 8 10 11 13 11 9 7 6 5 6 6 8 9 8 8 10 10 10 9 9 8 7

S2
CPU 22 22 30 30 23 12 12 15 17 22 22 22 24 26 34 35 34 31 28 25 21 15 14 11 13 19 19 19 15 19
Mem 7 7 8 7 6 5 5 5 5 6 6 7 7 7 8 8 8 8 7 6 5 5 6 5 6 9 10 11 7 6

S3
CPU 27 31 41 32 22 32 42 30 29 41 44 48 35 27 30 29 26 24 21 23 24 23 23 20 20 19 16 14 23 26
Mem 24 22 12 10 7 11 15 9 9 16 29 15 13 11 16 16 11 11 11 11 11 9 9 10 10 9 9 9 24 27

S4
CPU 56 53 42 47 52 60 63 50 51 58 59 60 48 42 43 42 40 37 30 37 43 44 44 34 43 64 60 56 66 69
Mem 30 28 23 24 26 38 43 27 26 25 26 29 27 26 25 24 18 18 17 23 27 30 30 30 29 26 27 28 29 30

S5
CPU 25 21 10 10 11 14 15 17 16 11 15 21 14 11 9 12 13 16 21 10 10 28 25 12 17 29 29 28 16 13
Mem 11 10 7 11 15 11 9 5 5 6 7 8 7 6 6 7 5 7 10 7 7 11 12 7 8 10 10 14 8 6

S6
CPU 93 91 84 70 54 45 42 43 51 88 88 86 86 86 90 89 77 63 38 68 90 84 72 57 58 60 63 65 65 65
Mem 23 20 10 9 9 6 5 7 9 16 16 15 19 21 14 13 10 9 6 12 16 16 15 7 10 15 16 17 18 19

S7
CPU 19 20 19 19 13 16 17 20 20 20 19 20 18 17 18 20 27 27 27 29 31 32 32 31 27 19 20 21 21 20
Mem 8 8 7 6 4 6 6 5 5 4 5 8 8 8 5 5 8 8 9 9 9 8 8 7 8 8 7 6 7 7

S8
CPU 30 31 33 31 28 27 28 26 28 38 34 30 31 32 28 28 26 28 30 36 37 32 31 30 30 30 32 35 31 29
Mem 20 21 24 23 20 19 18 18 18 18 19 20 20 21 19 18 16 17 19 22 24 21 20 20 19 19 21 22 21 20

S9
CPU 26 26 26 26 39 33 26 26 24 23 24 20 19 18 19 19 20 18 15 20 22 27 28 25 25 24 25 26 22 21
Mem 20 20 22 21 21 19 17 18 17 16 16 16 17 17 16 16 16 16 16 17 17 21 22 21 20 19 21 23 19 18

S10
CPU 94 93 92 94 95 95 96 96 95 95 95 95 95 96 96 95 95 94 92 92 93 90 90 92 91 90 90 90 92 92
Mem 53 54 58 54 49 45 44 48 49 50 51 52 54 55 46 46 49 52 57 56 57 47 46 48 47 45 51 56 51 49

(b) Distribution #1

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s7 s6 n/a n/a s1 s6 s4 s5 s3 s10 s5 s9
s8 s4 n/a n/a s2 s1 s4 s2 s3 s10 s6 s9
s8 s3 n/a n/a s5 s2 s1 s3 s7 s8 s9 s8
s7 s10 n/a n/a s4 s5 s1 s2 s6 s7 s10 s9

(c) Distribution #2

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s5 s2 n/a n/a s1 s4 s2 s4 s8 s10 s9 s5

s10 s2 n/a n/a s2 s7 s6 s6 s9 s1 s5 s4
s10 s1 n/a n/a s3 s8 s6 s10 s8 s7 s7 s3
s6 s5 n/a n/a s3 s9 s8 s7 s9 s1 s3 s4

(d) Distribution #3

vDom0 vDom1 vDom3 vDom4 vDom5 vDom7
s6 s6 n/a n/a s7 s7 s5 s9 s3 s5 s6 s1
s10 s10 n/a n/a s5 s3 s4 s8 s9 s2 s5 s7
s9 s1 n/a n/a s7 s8 s4 s9 s1 s8 s10 s8
s4 s4 n/a n/a s2 s3 s3 s1 s2 s10 s6 s2
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Table A.11: Google cluster data benchmark scenario #7

Workload
Epoch (1 epoch = 10 sec)

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

S00
CPU 37 34 32 34 36 29 27 36 36 31 38 47 40 35 46 48 50 52 57 51 47 42 41 36 35 36 40 43 43 43
Mem 16 16 16 15 13 10 9 15 16 17 19 22 19 18 21 21 18 18 19 21 22 21 21 19 18 18 20 21 19 18

S01
CPU 21 20 13 15 17 20 21 21 23 30 29 27 26 26 31 31 30 31 33 32 31 20 18 18 19 20 24 28 16 12
Mem 6 6 7 5 4 6 7 6 6 7 7 7 7 6 8 8 7 7 7 7 7 7 7 7 7 7 7 7 7 6

S02
CPU 22 20 19 23 27 20 18 15 15 17 19 21 19 16 15 15 14 13 13 15 16 24 25 29 29 25 27 33 30 29
Mem 14 13 13 13 14 12 12 10 10 10 11 12 9 7 7 7 11 10 10 11 11 15 15 15 16 17 18 20 19 18

S03
CPU 37 38 41 41 41 41 41 38 37 34 34 35 36 36 30 30 29 31 35 43 46 44 43 38 38 37 41 41 38 37
Mem 21 22 24 22 20 21 21 17 17 19 21 22 20 18 17 17 17 21 27 27 26 22 21 22 20 17 21 25 22 22

S04
CPU 34 31 35 39 43 40 38 42 40 28 30 34 33 33 35 36 41 38 32 39 44 35 33 31 33 35 32 30 32 33
Mem 15 15 16 18 19 19 18 19 18 13 14 15 14 14 15 16 18 17 14 17 18 15 14 12 13 14 13 12 14 14

S05
CPU 29 31 33 32 30 34 35 30 34 32 31 30 29 28 36 37 34 30 33 31 30 31 31 33 35 33 36 39 35 34
Mem 14 14 16 16 16 15 14 14 13 10 12 14 13 12 16 17 14 14 14 15 15 15 15 15 15 15 14 13 15 16

S06
CPU 61 65 81 77 83 84 85 75 69 78 80 85 88 88 90 90 85 79 68 64 69 55 38 58 63 73 73 78 80 79
Mem 36 41 56 45 35 29 26 40 41 44 39 31 34 36 32 31 29 28 25 32 52 27 24 27 27 25 27 29 29 29

S07
CPU 38 39 37 35 33 38 39 51 49 37 37 37 42 45 45 44 35 34 32 35 38 48 50 42 42 43 48 56 60 62
Mem 6 6 4 4 4 4 4 5 5 5 5 4 5 5 5 5 4 4 3 4 4 5 6 6 5 4 6 8 7 7

S08
CPU 39 42 53 47 40 41 41 63 63 57 61 66 44 32 57 57 31 46 46 47 50 49 48 28 34 48 54 59 49 47
Mem 22 22 21 17 12 12 13 25 26 25 21 16 13 11 17 17 9 12 16 17 16 17 17 10 12 16 19 21 18 17

S09
CPU 23 23 24 24 24 23 23 23 23 24 24 23 23 24 24 24 27 27 29 29 28 27 27 26 26 25 25 25 25 25
Mem 16 17 18 18 19 17 16 17 17 16 17 18 17 17 16 16 18 18 17 19 20 19 19 18 18 19 19 20 19 18

S10
CPU 55 53 49 50 50 48 48 46 45 42 48 57 55 53 52 52 48 49 49 53 54 53 53 58 57 57 55 54 51 43
Mem 46 45 40 37 34 36 37 38 38 38 44 52 49 47 40 39 38 39 41 46 47 45 46 55 54 52 48 45 44 35

S11
CPU 50 47 41 43 45 39 37 34 33 31 36 38 38 38 34 33 34 42 57 56 55 46 44 45 48 43 36 31 37 38
Mem 34 32 28 28 27 22 20 19 20 21 22 23 23 23 20 20 18 23 33 34 34 30 29 30 29 27 24 21 26 27

S12
CPU 74 73 68 64 60 56 54 62 64 69 69 69 66 65 61 64 64 57 42 51 58 69 57 54 55 58 54 51 50 50
Mem 7 7 7 7 7 8 8 8 9 10 11 11 10 10 9 9 9 9 8 10 11 10 9 8 8 9 8 7 7 7

S13
CPU 40 39 35 32 28 35 38 35 32 21 22 25 37 41 19 16 23 24 26 27 27 28 28 46 42 31 31 31 26 24
Mem 5 5 4 4 3 5 6 5 5 5 5 7 8 9 5 4 5 5 5 5 6 6 6 10 9 7 7 7 7 7

S14
CPU 45 45 43 43 42 49 52 42 41 42 41 39 40 41 45 45 40 41 42 42 43 45 45 39 40 44 46 49 49 49
Mem 22 22 22 21 19 25 27 19 19 21 20 20 21 22 24 23 20 20 21 22 24 22 22 18 20 23 24 25 22 21

S15
CPU 64 62 56 57 58 48 44 47 48 54 53 51 51 51 47 46 43 51 49 55 60 50 48 48 47 46 52 57 55 50
Mem 22 21 22 29 35 30 28 27 27 25 29 35 35 35 29 28 28 29 27 32 36 30 27 28 28 28 28 28 19 16

S16
CPU 54 54 55 50 45 53 56 42 42 43 42 42 41 40 42 41 37 36 35 41 45 40 33 34 33 32 32 32 32 32
Mem 24 24 27 25 23 27 26 23 23 24 24 23 23 23 23 23 23 24 25 27 26 21 23 23 22 22 22 22 22 22

S17
CPU 35 35 36 34 32 31 32 41 40 33 33 32 34 35 40 40 46 63 71 66 64 44 33 42 41 34 37 40 35 34
Mem 9 9 9 9 9 10 10 11 10 9 10 11 10 10 9 9 12 19 27 30 32 16 9 11 11 11 11 11 10 9

S18
CPU 56 54 47 46 45 46 46 50 50 48 46 43 40 38 43 46 51 48 43 42 41 44 43 29 33 43 40 37 32 31
Mem 38 37 33 32 31 32 33 38 39 40 37 32 31 31 35 37 38 34 28 25 23 26 27 26 25 22 25 29 26 27

S19
CPU 24 26 31 29 31 34 35 31 31 30 28 27 30 31 27 27 30 32 32 35 37 30 29 32 32 32 31 30 27 27
Mem 12 12 13 21 30 18 14 12 11 10 11 11 19 24 13 13 23 64 14 21 26 13 11 10 11 13 12 11 11 11

S20
CPU 50 49 48 45 38 35 36 33 34 41 40 40 40 38 34 41 38 39 40 43 46 45 44 41 40 38 38 38 37 37
Mem 27 31 42 31 19 19 19 19 19 22 20 19 22 23 21 22 23 23 23 24 25 28 29 27 26 24 24 24 24 24

S21
CPU 23 24 26 30 35 37 38 42 39 43 41 36 46 50 30 27 28 30 37 38 41 32 29 30 29 27 28 29 29 29
Mem 14 14 13 14 14 16 17 16 16 18 19 22 22 22 17 16 13 18 14 15 15 14 14 15 13 10 12 13 12 12

S22
CPU 71 68 57 50 43 57 63 54 54 59 63 67 46 35 13 11 19 20 21 20 20 18 18 18 20 27 26 25 18 16
Mem 16 14 9 9 10 15 17 16 16 15 19 24 13 7 4 3 5 5 6 7 7 6 6 8 8 8 7 7 4 3

S23
CPU 30 30 29 29 29 29 29 29 29 29 29 29 28 28 29 29 28 28 28 28 29 29 29 29 29 29 29 29 29 30
Mem 13 12 12 12 12 11 11 11 11 11 11 12 11 11 11 11 11 11 11 11 12 12 12 12 11 11 11 12 12 12

S24
CPU 46 46 47 46 45 45 46 51 52 52 51 49 49 49 48 48 47 48 50 49 48 47 47 48 49 50 47 47 52 54
Mem 12 12 12 12 12 11 11 13 13 12 12 11 11 12 12 12 14 14 13 13 13 13 13 13 13 13 12 12 12 12

S25
CPU 51 53 62 52 39 33 30 58 55 35 45 59 51 46 47 47 43 42 39 52 61 56 55 55 50 66 56 48 56 59
Mem 19 19 21 17 12 13 13 16 15 10 13 18 19 20 17 17 15 16 17 19 20 19 18 19 18 20 19 18 17 16

S26
CPU 51 51 60 56 51 52 57 52 54 57 62 63 39 23 57 60 54 54 53 60 69 68 67 73 71 69 69 70 62 60
Mem 8 9 13 10 7 7 8 8 9 11 12 12 8 6 8 8 7 7 7 12 15 10 9 12 11 10 10 10 8 8

S31
CPU 56 62 80 87 95 90 93 70 69 75 70 64 59 56 56 55 45 40 30 38 44 40 29 57 55 50 56 61 54 52
Mem 6 7 10 11 13 11 11 8 9 11 10 9 9 9 7 7 5 4 4 4 4 3 3 8 8 8 8 9 8 8

S32
CPU 59 31 31 31 32 30 30 26 31 58 70 73 62 58 74 73 54 52 48 56 62 46 43 43 14 16 15 14 17 18
Mem 8 6 6 6 5 6 6 7 7 8 14 18 16 15 17 17 12 12 11 12 12 12 11 10 4 4 5 5 7 8

S33
CPU 81 82 84 81 77 78 78 76 74 65 64 63 62 62 59 60 63 60 60 65 74 73 68 71 71 73 70 68 68 67
Mem 26 25 23 22 21 21 20 22 22 21 21 20 22 22 20 20 20 21 22 23 25 23 22 24 25 26 25 23 22 22

S34
CPU 40 32 36 35 32 36 40 46 47 50 52 55 55 56 54 53 53 55 57 58 58 59 59 58 58 58 58 59 61 61
Mem 22 21 21 21 22 23 24 28 29 31 34 38 38 39 35 32 35 35 36 37 38 35 35 38 38 38 38 39 40 40

S35
CPU 37 46 60 66 69 62 59 54 56 65 65 64 61 59 57 57 60 57 54 52 52 54 55 46 48 52 41 40 38 37
Mem 25 26 25 24 22 20 20 20 21 24 24 25 19 17 19 19 18 19 19 20 20 18 18 17 19 23 18 15 16 16

S36
CPU 27 26 26 26 25 26 26 24 24 24 25 27 27 27 27 27 27 27 27 27 28 28 28 29 29 28 27 27 28 29
Mem 4 4 5 5 5 5 5 5 5 4 4 4 5 5 4 4 5 5 4 5 5 5 5 5 5 4 5 5 6 6

S37
CPU 31 32 38 34 28 31 33 31 33 37 36 34 33 32 35 36 40 40 39 36 37 34 33 34 33 30 34 38 41 42
Mem 5 5 6 5 3 4 4 7 7 5 5 6 5 5 5 5 5 5 5 5 5 5 5 6 6 6 6 5 7 7

S38
CPU 48 45 45 47 44 38 36 39 40 43 39 33 30 30 29 28 26 27 30 31 31 31 30 31 33 39 34 29 32 33
Mem 16 15 14 15 15 16 16 14 14 14 14 15 13 13 11 11 13 12 12 12 12 12 12 10 11 12 12 11 11 12

S43
CPU 36 35 35 34 33 33 33 32 33 36 37 38 37 37 34 33 34 40 44 47 49 47 46 47 47 45 46 46 47 47
Mem 19 19 18 18 18 18 17 17 17 18 19 20 20 20 17 17 15 19 23 25 26 25 25 24 24 25 25 26 27 27

S44
CPU 49 50 53 57 62 53 49 46 47 52 50 47 45 43 55 56 52 52 51 51 51 53 53 61 59 53 53 53 53 52
Mem 33 34 34 35 37 39 40 34 35 38 40 42 42 41 31 30 36 38 41 44 46 44 43 37 37 37 38 39 39 39

S45
CPU 70 70 71 73 75 77 77 75 76 78 76 74 72 71 68 67 67 66 65 66 67 67 66 66 67 71 68 66 66 67
Mem 31 31 32 33 33 32 31 31 31 30 32 34 32 30 30 30 30 29 27 29 30 30 30 29 30 33 31 30 30 30

S46
CPU 32 37 58 55 51 36 30 46 44 33 45 57 53 51 46 45 42 40 41 34 35 49 52 22 26 37 43 62 49 43
Mem 8 10 15 13 11 13 14 14 13 9 11 13 13 12 11 11 12 15 13 13 14 16 14 6 8 12 12 14 11 9

S47
CPU 25 26 29 29 32 29 28 29 29 29 28 29 29 29 32 32 30 29 28 30 31 36 31 30 30 30 30 30 33 33
Mem 17 17 15 23 19 16 15 17 17 17 18 19 17 16 18 18 16 16 17 17 16 18 18 17 18 19 16 14 17 18

62



Table A.12: Google cluster data benchmark scenario #8

Workload
Epoch (1 epoch = 10 sec)

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

S00
CPU 36 37 42 48 55 57 58 63 64 69 66 63 60 57 53 53 60 60 60 60 61 63 64 64 59 48 49 51 61 64
Mem 10 11 13 13 13 14 14 15 15 15 15 15 16 15 13 13 13 13 12 12 12 13 14 20 19 15 15 15 22 24

S01
CPU 25 31 48 49 50 56 58 78 78 74 61 43 45 46 18 15 16 16 15 25 32 22 23 43 40 43 42 41 61 65
Mem 18 18 21 21 20 24 25 24 24 24 22 20 20 20 17 17 22 19 13 17 20 16 17 19 20 22 18 14 24 28

S02
CPU 76 73 67 59 50 60 65 50 51 57 61 67 65 63 58 56 49 48 47 56 63 66 42 33 33 30 29 28 28 28
Mem 28 28 26 26 25 26 26 24 24 26 28 30 30 29 23 22 24 24 23 25 27 28 26 25 24 21 21 20 20 21

S03
CPU 54 50 36 38 41 42 43 49 52 47 46 45 52 56 57 56 47 51 60 54 50 39 37 39 43 52 46 55 55 45
Mem 12 12 13 12 12 11 11 18 21 11 19 29 20 15 17 17 13 14 15 13 12 11 11 11 11 12 12 17 14 10

S04
CPU 60 60 59 53 47 49 49 40 39 39 42 42 43 40 35 31 29 31 32 34 38 36 32 29 30 31 31 44 35 33
Mem 33 33 32 31 29 28 28 27 27 27 27 28 29 29 27 27 26 26 26 27 28 27 27 27 27 26 26 27 27 27

S05
CPU 8 8 8 9 9 10 10 9 9 8 8 8 9 9 9 9 8 8 8 9 9 10 10 10 10 10 9 9 10 10
Mem 6 7 7 7 7 8 8 7 7 6 7 7 7 7 7 7 7 7 7 7 7 8 8 7 8 8 7 7 5 4

S06
CPU 48 46 38 37 37 40 41 33 33 32 34 33 34 34 36 35 31 38 34 36 39 38 37 36 36 34 36 37 33 32
Mem 26 24 20 22 24 21 20 17 17 18 21 19 18 18 20 20 17 18 19 19 20 23 24 26 26 26 25 24 21 21

S07
CPU 29 40 42 39 34 27 25 35 37 40 36 30 36 39 28 32 28 26 22 22 22 34 37 45 44 35 39 36 39 34
Mem 13 18 21 19 17 15 14 14 15 16 16 15 17 18 12 14 14 15 17 12 8 13 15 18 17 14 16 15 16 16

S08
CPU 35 36 37 48 60 32 21 38 43 64 55 42 29 21 9 8 10 9 8 9 10 9 9 9 9 9 17 30 45 50
Mem 7 8 10 9 8 4 3 13 14 15 13 9 8 7 3 2 3 3 3 3 2 4 5 4 4 4 10 16 17 18

S09
CPU 33 40 63 67 74 73 75 65 64 63 62 60 66 67 69 75 71 71 72 61 54 48 48 61 59 55 61 65 68 69
Mem 16 16 16 16 16 16 21 17 15 14 14 15 17 16 15 16 14 15 16 13 12 12 13 16 16 14 15 16 16 16

S10
CPU 63 56 46 45 44 35 34 38 37 35 39 46 47 48 29 26 18 22 29 21 17 19 20 31 26 13 16 18 16 15
Mem 20 18 16 16 16 13 12 12 12 11 12 14 15 15 12 11 8 10 13 10 8 9 9 12 11 6 7 8 8 7

S11
CPU 22 22 24 23 22 23 23 20 19 19 20 25 25 22 23 23 24 33 29 24 23 23 23 24 24 23 18 13 12 12
Mem 8 8 8 7 7 9 9 8 8 8 8 9 9 9 8 8 11 12 11 9 8 8 8 8 8 8 8 8 7 7

S12
CPU 40 39 28 27 26 21 18 22 24 29 26 23 25 27 41 41 32 29 24 34 41 34 33 29 33 41 36 32 28 27
Mem 14 13 9 9 10 9 9 11 11 12 11 10 11 12 14 14 10 11 12 14 15 12 11 11 12 14 13 11 10 10

S13
CPU 53 50 43 43 42 42 42 38 37 37 37 37 39 41 39 38 36 37 39 40 41 43 36 54 50 35 33 32 32 31
Mem 13 11 10 8 7 6 6 7 7 6 6 6 6 6 6 6 6 6 6 7 7 8 8 12 12 11 9 7 6 5

S14
CPU 15 9 18 12 6 10 14 12 12 11 15 21 22 22 20 13 22 23 25 18 14 20 20 8 10 15 21 10 14 16
Mem 4 2 3 2 1 2 3 15 13 2 3 5 5 5 4 7 6 6 5 3 2 4 4 3 3 2 5 2 3 4

S15
CPU 62 62 62 55 47 54 57 38 40 48 53 60 60 60 53 52 48 49 51 56 60 58 48 46 45 43 46 48 46 45
Mem 19 19 21 19 17 17 17 14 15 16 19 22 20 19 17 16 14 15 17 20 21 19 17 15 15 13 16 18 16 15

S16
CPU 63 65 70 68 67 44 34 50 54 67 63 57 47 42 57 61 77 70 58 60 61 54 52 45 47 50 60 69 55 51
Mem 15 16 23 21 19 9 5 12 13 15 15 16 10 6 17 18 18 17 15 15 16 12 12 10 11 14 14 14 13 13

S17
CPU 29 29 29 27 25 25 25 25 25 22 24 24 26 26 24 23 24 29 31 32 32 27 26 27 26 24 25 26 26 26
Mem 10 9 8 9 8 8 8 10 8 8 8 8 8 9 9 9 8 9 10 11 12 9 9 9 9 8 9 9 9 9

S18
CPU 35 35 33 36 39 39 41 52 56 62 60 55 53 57 57 57 54 58 64 57 52 60 61 54 55 57 54 51 55 56
Mem 2 2 2 1 1 2 2 3 5 7 7 6 6 7 6 6 7 7 7 6 5 6 6 5 5 5 5 5 5 5

S19
CPU 42 37 22 22 21 32 36 32 34 45 40 33 45 52 33 32 45 43 40 41 42 32 30 40 33 23 33 42 35 32
Mem 9 8 5 5 6 8 9 9 9 11 11 10 11 12 10 10 9 9 10 11 11 9 9 12 10 8 9 10 9 8

S20
CPU 44 43 42 40 39 43 45 43 40 29 31 34 41 45 39 38 37 38 39 40 41 43 44 45 46 49 47 44 39 36
Mem 20 19 17 15 13 15 15 14 13 10 10 11 14 16 12 12 13 13 15 15 15 18 18 20 21 23 20 17 13 11

S21
CPU 24 23 24 25 26 26 26 29 29 29 28 25 26 26 25 25 27 27 26 25 25 23 22 27 26 25 26 27 30 30
Mem 17 17 16 16 16 16 16 17 17 14 14 14 16 16 16 16 17 17 17 16 16 16 15 16 16 15 15 15 16 16

S22
CPU 54 53 48 51 54 55 56 55 54 53 48 41 41 40 41 42 49 54 63 61 62 65 61 52 49 44 48 53 50 49
Mem 12 11 10 10 10 11 12 11 11 10 9 7 8 8 7 7 8 11 15 17 29 19 18 14 13 12 16 19 13 11

S23
CPU 49 47 38 40 40 40 39 42 42 42 44 48 50 51 46 45 41 42 45 42 41 46 52 42 45 52 52 52 49 48
Mem 46 44 38 37 37 36 35 41 41 38 40 43 42 41 39 39 40 39 36 36 36 45 46 43 44 45 44 43 39 37

S24
CPU 9 9 9 10 11 11 12 11 11 10 10 10 10 11 11 11 10 10 9 10 11 12 12 12 11 11 11 10 11 11
Mem 9 9 10 10 10 11 11 10 10 10 10 9 10 10 11 11 10 10 9 10 11 11 11 11 11 11 11 11 11 11

S25
CPU 34 35 35 34 32 35 51 39 36 28 30 33 33 34 37 37 34 32 28 30 32 34 34 30 30 30 31 34 30 27
Mem 8 8 9 8 7 10 15 11 10 9 10 12 12 12 13 13 12 12 12 11 11 11 11 10 10 10 10 12 10 9

S26
CPU 56 56 56 50 44 54 60 51 50 48 49 50 45 43 48 48 43 39 32 46 55 52 24 20 21 23 20 35 25 21
Mem 11 11 9 10 11 12 13 14 13 9 9 12 8 7 9 9 10 9 8 11 13 13 10 7 7 7 6 9 7 6

S31
CPU 60 59 56 52 49 54 56 34 33 34 34 35 35 34 41 40 31 32 33 35 33 37 40 34 34 34 33 41 35 33
Mem 20 19 17 18 19 17 16 13 14 15 16 20 21 17 17 16 14 14 14 15 15 15 15 15 15 15 15 17 15 14

S32
CPU 55 54 54 51 54 49 48 37 37 35 44 57 43 34 46 48 48 44 37 46 53 51 51 53 53 54 45 37 41 42
Mem 40 38 34 32 33 30 29 28 26 19 33 52 30 18 30 32 32 28 21 33 41 35 34 39 39 38 28 20 32 36

S33
CPU 50 53 63 68 74 86 92 78 76 58 61 58 77 87 91 88 65 53 32 31 30 36 26 40 46 60 73 85 72 67
Mem 14 13 11 15 19 15 14 13 13 10 11 13 14 14 11 10 7 7 8 11 13 10 9 12 11 9 10 10 8 8

S34
CPU 38 36 31 28 25 22 20 30 31 32 35 40 43 44 28 25 21 23 26 29 31 29 29 35 32 28 29 41 33 30
Mem 20 21 24 23 22 24 25 20 20 19 20 21 23 25 25 25 20 18 15 19 22 17 15 18 18 21 23 25 21 20

S35
CPU 44 43 44 44 45 44 44 43 43 47 52 47 51 54 43 41 38 40 44 50 55 53 49 46 45 40 42 44 46 46
Mem 27 26 24 23 23 20 19 23 24 29 29 29 31 32 31 30 21 22 23 27 30 27 26 25 25 25 26 31 27 25

S36
CPU 25 21 22 23 27 18 15 25 27 33 29 23 25 24 22 21 32 31 28 33 31 24 22 19 20 26 21 16 16 16
Mem 50 50 51 53 56 55 54 52 52 55 56 53 59 62 48 46 40 42 47 50 54 51 49 48 46 41 45 50 54 55

S37
CPU 39 38 34 37 38 37 36 38 38 39 43 44 44 43 42 42 54 63 75 71 69 45 38 37 35 34 41 43 42 42
Mem 10 10 10 10 10 8 8 20 19 12 11 10 11 11 10 10 12 12 11 12 11 11 11 8 8 10 8 7 7 6

S38
CPU 32 33 41 35 33 42 46 31 31 33 36 40 44 46 38 36 30 31 33 36 38 28 27 30 29 27 36 43 31 28
Mem 19 19 16 17 18 18 17 19 19 19 20 21 20 20 20 21 27 32 39 41 42 24 19 19 18 16 19 21 19 18

S43
CPU 73 74 74 68 60 67 70 58 52 45 42 38 41 43 50 50 41 40 39 42 48 49 43 42 43 44 41 39 41 42
Mem 8 8 10 7 7 11 12 8 8 11 12 14 13 12 10 9 8 9 10 11 11 7 7 9 9 10 9 8 7 7

S44
CPU 21 20 23 29 30 25 40 28 25 18 29 30 30 29 26 27 34 33 29 23 18 29 30 21 25 34 30 27 21 20
Mem 27 28 30 27 25 27 28 28 27 26 25 24 22 21 24 24 23 24 25 28 31 31 30 26 26 27 28 28 26 26

S45
CPU 54 55 57 55 54 64 68 69 52 65 75 88 89 89 60 52 23 26 37 42 48 34 26 25 25 24 25 39 31 27
Mem 9 9 9 10 10 11 14 11 10 8 10 12 11 11 10 10 12 12 12 10 8 11 12 9 10 13 12 11 10 10

S46
CPU 61 61 62 57 51 59 62 51 51 52 51 50 49 50 54 52 33 34 53 58 62 37 30 28 26 28 27 35 31 30
Mem 27 27 27 26 25 30 32 32 29 25 30 36 35 35 29 27 22 23 26 25 25 23 21 20 19 18 18 21 19 18

S47
CPU 25 26 29 29 32 29 28 29 29 29 28 29 29 29 32 32 30 29 28 30 31 36 31 30 30 30 30 30 33 33
Mem 4 4 5 4 4 5 5 3 3 4 4 4 4 4 4 4 3 3 3 4 58 3 2 1 1 1 1 2 2 1

63



Table A.13: Google cluster data benchmark scenario #9

Workload
Epoch (1 epoch = 10 sec)

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

S00
CPU 23 27 45 40 29 24 22 27 24 23 24 24 23 26 22 22 26 28 32 27 23 22 22 26 28 32 25 20 26 27
Mem 18 17 15 12 8 9 7 11 10 7 7 8 8 9 7 7 9 9 10 11 13 7 6 13 12 9 8 6 26 32

S01
CPU 37 44 64 64 63 46 39 55 59 71 73 77 78 78 59 58 64 72 78 72 69 49 47 81 78 72 65 59 59 59
Mem 22 23 28 27 26 20 18 31 30 23 25 26 28 29 22 21 22 26 31 27 25 20 19 20 22 25 23 21 20 20

S02
CPU 54 58 69 52 33 52 60 38 37 41 39 36 39 41 51 53 51 46 36 45 51 36 22 13 14 17 18 19 10 7
Mem 15 14 10 9 9 9 8 4 4 6 6 7 5 5 11 11 8 7 6 7 7 6 5 5 5 3 6 8 3 1

S03
CPU 27 32 29 36 46 45 45 37 37 40 31 18 43 49 23 18 12 12 13 15 16 29 32 41 46 52 36 28 49 55
Mem 9 11 8 10 12 12 11 9 9 8 7 4 13 13 7 6 7 6 3 4 5 12 13 12 14 16 19 24 13 9

S04
CPU 30 29 28 26 25 28 29 25 25 28 31 29 33 35 28 27 25 28 33 33 34 30 30 35 40 35 31 28 28 28
Mem 24 24 24 22 21 21 21 20 21 23 24 23 26 28 23 22 21 23 28 28 29 27 27 29 28 25 25 24 24 24

S05
CPU 42 39 31 33 35 38 39 39 39 39 37 34 33 33 33 33 32 34 36 38 38 42 43 43 43 47 43 41 35 33
Mem 20 19 16 16 16 17 17 18 18 17 17 16 16 15 16 16 15 16 16 17 18 18 19 20 22 25 22 20 17 16

S06
CPU 22 22 28 23 24 24 24 19 20 24 24 24 24 24 27 27 24 23 22 25 24 26 27 38 34 24 19 30 18 14
Mem 16 15 16 14 14 15 15 14 15 16 16 16 16 15 17 17 16 16 16 17 16 17 18 20 19 15 15 16 16 16

S07
CPU 45 43 35 34 33 33 33 35 35 32 33 35 35 35 33 34 36 36 36 33 31 37 38 38 39 42 39 35 26 23
Mem 39 37 28 27 26 30 31 34 32 25 26 26 30 32 31 32 35 33 29 32 35 37 38 36 36 36 35 31 29 24

S08
CPU 49 49 52 53 54 57 69 53 51 45 49 50 49 51 56 47 23 27 35 30 26 23 27 27 36 53 36 34 37 38
Mem 19 20 27 28 18 20 17 17 17 17 23 24 19 17 26 23 12 13 14 13 12 13 14 10 13 21 16 15 15 15

S09
CPU 36 36 37 42 47 46 45 38 41 57 54 51 51 52 33 31 33 40 52 54 55 41 40 33 32 30 34 38 37 37
Mem 19 20 21 21 22 19 18 20 21 25 24 24 24 24 21 20 18 21 25 27 28 22 21 23 23 21 22 23 22 22

S10
CPU 37 43 50 36 21 27 31 41 41 36 37 38 44 26 32 33 41 38 31 31 39 51 52 49 49 49 47 46 34 30
Mem 17 19 20 15 8 10 11 16 17 17 16 15 19 10 11 13 17 14 12 12 17 24 25 22 21 18 18 18 13 11

S11
CPU 30 28 25 25 25 24 24 24 24 25 25 25 25 26 25 25 24 25 27 28 29 29 30 31 30 27 27 27 27 27
Mem 29 26 23 23 23 23 23 23 23 23 23 24 25 26 25 24 22 23 24 26 27 29 29 29 28 24 24 25 25 25

S12
CPU 35 37 34 35 36 33 32 30 30 34 32 30 30 30 30 31 35 34 34 36 38 35 33 32 32 34 35 43 51 51
Mem 18 25 45 34 19 30 34 26 25 26 24 23 25 27 20 20 23 23 23 26 28 31 30 22 22 22 24 27 24 23

S13
CPU 71 71 69 69 69 72 73 68 69 73 69 70 74 77 73 79 79 77 74 75 76 70 69 78 77 75 75 76 73 72
Mem 17 17 17 18 19 18 18 16 17 19 17 17 19 20 19 21 20 20 19 19 18 17 17 21 20 19 20 20 18 17

S14
CPU 47 52 67 62 57 64 67 41 37 40 29 17 24 22 12 10 8 9 19 23 25 28 29 39 41 45 41 37 37 37
Mem 10 12 16 15 13 18 19 15 14 13 11 9 13 8 8 8 6 6 13 17 10 14 14 14 14 14 14 13 13 13

S15
CPU 29 29 32 32 32 32 32 31 30 29 31 32 32 31 31 31 29 29 30 31 32 32 32 32 32 32 32 31 23 20
Mem 9 9 9 9 9 9 9 9 9 12 22 9 9 9 9 9 10 9 9 9 9 9 9 9 9 9 9 9 8 7

S16
CPU 81 81 83 85 87 86 86 87 88 90 89 88 88 88 88 88 88 87 84 82 80 65 63 78 80 86 83 79 73 72
Mem 33 34 35 35 35 34 34 37 36 30 32 35 38 39 38 37 34 34 35 37 39 30 28 32 34 37 38 38 35 34

S17
CPU 39 39 38 39 40 41 42 39 41 40 38 37 36 35 35 35 35 37 41 36 32 29 28 33 35 31 33 36 39 40
Mem 14 15 16 15 14 12 11 18 18 13 13 14 19 22 16 15 13 13 15 17 19 12 10 12 14 16 17 18 17 17

S18
CPU 42 38 24 28 32 47 43 64 62 41 45 51 52 45 42 39 21 25 33 20 10 28 31 24 24 44 41 39 20 13
Mem 5 5 3 3 3 6 5 8 8 10 9 8 8 7 6 6 2 3 5 8 10 4 4 5 3 4 4 3 3 2

S19
CPU 57 58 62 66 71 67 66 54 56 70 72 75 77 77 78 77 71 67 60 55 51 49 49 63 64 68 71 74 76 77
Mem 51 48 36 36 35 35 35 35 35 35 36 37 38 38 36 35 31 34 40 41 42 36 34 38 38 37 36 35 37 37

S20
CPU 66 66 63 67 72 73 74 66 58 60 57 53 60 64 56 53 43 43 45 48 55 52 49 51 55 62 60 58 68 71
Mem 34 34 33 33 32 33 33 30 29 30 29 29 31 32 26 25 21 22 24 29 33 32 31 32 33 37 38 38 37 36

S21
CPU 20 19 22 33 46 50 53 42 45 62 65 69 75 78 72 69 51 45 34 37 40 39 40 57 53 45 42 38 33 31
Mem 5 4 6 12 18 20 20 19 19 20 18 14 15 16 17 17 17 19 25 21 19 16 16 23 22 19 19 19 17 17

S22
CPU 51 51 50 51 52 50 49 52 52 52 52 53 30 17 50 50 17 31 55 34 19 48 52 20 20 19 38 55 56 56
Mem 13 13 14 13 13 11 11 14 14 14 14 14 12 11 15 15 10 12 16 13 11 14 14 12 11 10 13 15 15 15

S23
CPU 19 20 24 23 21 22 21 17 18 23 27 40 51 56 50 51 20 32 34 25 21 16 16 26 24 19 20 21 16 13
Mem 12 12 13 12 10 10 9 10 10 12 14 19 30 37 34 32 11 15 18 16 15 13 13 15 14 11 13 15 10 8

S24
CPU 77 74 63 58 53 46 43 54 55 57 58 61 70 76 78 77 72 65 53 63 71 70 70 70 67 61 63 66 55 52
Mem 39 36 26 24 22 23 24 28 29 33 35 38 41 43 35 34 34 33 31 33 34 35 35 34 36 39 39 39 32 30

S25
CPU 6 5 6 5 4 6 7 7 7 5 6 8 8 8 5 4 6 6 14 17 14 20 18 16 16 15 16 17 16 15
Mem 1 1 2 1 0 2 2 1 1 1 2 2 2 1 1 1 1 1 3 5 5 6 4 4 4 4 4 4 4 4

S26
CPU 38 37 36 39 42 39 38 42 43 42 44 48 47 50 48 48 43 44 45 49 52 43 42 42 44 48 40 32 30 29
Mem 10 10 10 11 12 11 11 10 11 12 12 11 12 12 13 14 16 14 12 12 12 12 12 12 12 12 11 10 9 9

S31
CPU 27 27 27 25 22 22 21 21 21 25 26 26 28 30 24 23 21 22 24 29 36 30 28 26 26 24 25 26 24 24
Mem 20 19 18 17 16 15 15 15 16 16 17 18 19 20 18 17 17 17 18 21 25 22 21 20 19 17 19 20 18 17

S32
CPU 89 89 88 85 80 82 83 67 64 60 61 64 65 66 40 41 85 72 59 57 55 56 57 56 57 60 59 58 59 59
Mem 28 29 29 27 24 24 24 22 21 20 19 19 21 22 14 15 27 25 21 32 19 19 19 18 18 19 20 20 20 20

S33
CPU 29 28 27 23 20 35 41 22 21 21 22 19 20 22 23 23 26 28 39 38 37 55 44 45 42 37 36 35 36 36
Mem 13 11 5 5 6 9 10 8 8 7 7 6 7 8 8 8 10 10 12 13 17 15 13 13 15 19 16 12 10 9

S34
CPU 44 47 47 39 32 38 47 36 40 53 44 31 33 37 25 27 49 44 36 51 61 27 18 23 21 18 21 24 14 11
Mem 13 13 7 6 5 6 9 7 8 11 9 6 6 7 5 5 11 10 8 12 14 7 5 9 7 6 6 6 3 2

S35
CPU 27 28 31 29 27 37 40 41 39 34 31 26 35 40 35 36 44 42 40 43 45 36 36 57 49 28 33 38 28 24
Mem 8 8 8 8 7 9 10 9 8 29 27 6 9 11 7 8 11 11 10 11 11 7 7 14 12 6 7 8 7 7

S36
CPU 41 40 40 42 44 39 35 36 36 38 37 36 35 35 37 37 40 42 46 44 43 33 30 32 33 33 38 42 41 40
Mem 14 13 11 12 12 11 10 10 11 15 14 13 13 13 13 14 15 16 16 15 14 13 13 14 13 11 13 15 14 14

S37
CPU 57 56 55 56 58 58 58 66 66 60 61 62 64 65 66 66 62 66 73 66 61 65 63 66 62 58 57 56 53 52
Mem 25 25 24 24 24 24 23 24 24 24 26 27 28 28 28 27 26 27 29 28 28 28 27 28 27 25 23 21 21 22

S38
CPU 32 32 32 32 33 31 31 34 35 36 35 34 40 44 37 36 37 38 39 39 36 35 35 51 46 36 36 35 36 36
Mem 9 8 6 8 10 10 10 10 10 10 10 9 10 11 9 9 14 14 13 12 10 9 9 13 13 12 11 11 11 11

S43
CPU 18 21 45 46 45 43 42 46 47 51 50 49 50 48 33 29 14 14 13 12 11 16 18 38 35 27 37 55 52 50
Mem 5 4 8 8 9 8 8 8 8 7 7 8 7 7 4 4 5 4 3 3 3 4 4 7 6 6 7 9 8 8

S44
CPU 44 43 40 43 47 40 40 44 44 45 40 34 34 33 40 42 47 44 41 48 53 60 58 49 42 38 35 45 38 34
Mem 23 23 23 26 30 24 21 23 23 24 24 24 23 23 29 29 23 25 30 32 33 37 37 34 26 24 48 71 34 22

S45
CPU 54 54 55 54 53 51 50 55 55 51 36 15 49 68 59 58 56 63 63 67 71 69 70 71 69 66 66 66 64 63
Mem 14 14 15 13 11 12 12 15 15 12 10 6 9 11 9 9 11 12 11 12 12 11 11 13 14 17 16 15 13 12

S46
CPU 41 42 60 73 85 85 85 59 56 50 55 62 78 87 84 79 44 37 25 30 33 45 49 56 55 53 58 62 81 87
Mem 29 29 34 34 34 35 35 29 29 30 32 36 38 38 41 40 26 27 28 29 29 32 33 34 34 34 34 35 35 36

S47
CPU 60 60 60 56 53 62 66 62 64 66 62 55 54 52 52 51 52 55 48 44 51 53 37 35 34 31 29 41 33 29
Mem 13 12 11 13 12 14 15 15 15 14 13 13 11 10 11 11 8 8 9 10 11 11 10 8 9 10 9 11 9 8

64



Table A.14: Google cluster data benchmark scenario #10

Workload
Epoch (1 epoch = 10 sec)

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

S00
CPU 46 47 44 43 43 42 42 48 49 50 51 53 51 50 50 51 47 48 47 47 48 48 48 48 50 54 53 51 52 52
Mem 19 17 15 18 20 19 18 23 23 21 22 21 20 20 22 21 23 23 19 19 20 19 19 22 22 22 22 23 21 20

S01
CPU 36 38 45 44 43 43 43 39 39 41 42 43 46 48 43 42 38 40 45 50 54 52 51 46 44 38 44 49 49 49
Mem 19 19 22 21 19 19 18 16 16 17 18 20 21 22 19 18 16 17 20 23 24 27 27 23 21 16 18 20 21 21

S02
CPU 74 74 74 65 56 63 66 40 36 41 41 41 41 39 41 40 33 21 0 0 0 0 0 0 2 9 12 30 30 30
Mem 25 25 25 23 20 20 20 15 14 15 16 18 15 13 15 14 10 8 0 0 0 0 0 0 2 7 4 5 6 6

S03
CPU 40 42 49 44 38 39 40 43 42 37 43 52 45 41 52 54 58 55 50 52 54 48 46 38 44 57 45 35 44 47
Mem 4 4 5 6 7 4 3 3 3 2 3 4 4 3 7 7 8 6 4 4 4 3 3 2 5 9 5 2 3 3

S04
CPU 24 25 26 26 25 24 23 27 27 27 29 31 26 24 29 29 26 25 24 34 37 36 37 37 37 37 32 28 26 25
Mem 9 10 11 10 9 10 10 10 10 10 11 13 11 10 11 11 9 9 9 12 13 13 14 14 13 12 12 12 11 11

S05
CPU 19 20 22 21 20 22 22 13 13 16 18 20 17 15 20 20 12 11 9 12 11 9 9 15 14 13 19 24 15 14
Mem 6 6 6 5 5 5 6 4 4 5 4 4 4 4 5 6 9 7 4 4 4 3 3 4 4 4 5 7 4 4

S06
CPU 46 42 42 44 47 37 33 47 47 44 44 44 43 42 38 37 34 32 29 35 39 43 44 42 40 38 43 48 44 42
Mem 17 15 13 14 16 12 11 15 15 16 16 16 16 15 13 12 11 11 11 14 16 16 16 16 15 14 17 19 16 15

S07
CPU 38 36 42 46 51 47 45 35 38 46 62 86 88 88 44 35 14 14 15 17 17 24 27 37 42 55 54 53 39 36
Mem 19 18 20 21 22 19 17 15 16 15 20 26 26 26 16 14 12 11 10 11 12 17 18 18 20 24 23 23 18 33

S08
CPU 43 41 41 40 38 45 50 49 52 57 60 64 58 55 49 49 54 55 55 57 58 73 74 55 52 46 56 65 59 58
Mem 3 3 2 4 4 9 12 7 25 8 10 14 12 12 11 11 9 10 12 16 22 17 16 11 10 7 9 11 11 10

S09
CPU 17 18 19 20 19 21 21 19 20 23 23 21 20 19 24 20 18 18 19 18 18 20 20 18 18 19 19 19 20 19
Mem 7 8 9 7 7 7 7 9 9 9 10 8 8 8 8 6 8 8 7 8 8 6 7 9 8 7 8 9 8 8

S10
CPU 89 88 86 83 79 82 84 71 68 68 72 78 78 77 72 71 69 67 68 73 81 86 72 66 67 68 65 63 62 61
Mem 28 28 27 25 23 22 22 22 22 21 22 23 23 22 22 22 22 21 21 22 23 24 22 19 20 23 21 19 18 18

S11
CPU 49 51 58 60 62 61 60 56 57 62 65 68 65 63 62 62 65 66 67 65 64 57 56 61 60 59 59 59 69 72
Mem 27 29 34 33 32 33 33 30 29 28 28 29 29 29 30 30 31 29 27 31 34 33 33 27 28 28 28 27 26 26

S12
CPU 35 34 35 38 40 37 36 36 36 39 39 39 38 30 29 27 13 19 29 29 30 29 30 31 26 14 23 30 18 14
Mem 21 20 18 18 15 17 17 18 19 23 26 30 27 25 21 19 7 12 22 24 26 22 22 26 21 9 17 24 11 7

S13
CPU 18 18 19 20 22 30 31 31 29 21 28 29 25 25 20 19 18 26 29 31 32 31 31 32 31 30 31 31 31 31
Mem 15 15 16 15 15 14 16 17 17 16 16 16 14 15 15 15 16 18 19 20 20 20 20 22 20 16 18 21 20 19

S14
CPU 20 20 20 19 19 19 19 19 19 19 20 21 20 20 20 20 21 21 21 22 22 22 23 33 30 20 20 23 36 38
Mem 15 15 15 14 14 14 14 14 14 14 14 14 14 14 16 15 13 14 15 16 16 15 15 16 16 15 14 14 15 15

S15
CPU 61 61 60 57 54 61 64 48 50 55 51 48 47 47 48 47 45 45 54 61 64 64 54 53 54 54 45 37 36 35
Mem 11 11 11 12 12 13 14 11 12 12 11 11 10 10 10 10 9 10 13 15 16 16 15 15 15 16 17 19 13 11

S16
CPU 25 24 23 24 25 26 27 22 21 18 51 50 49 48 39 38 38 37 37 43 46 45 45 46 45 42 45 46 48 47
Mem 16 14 6 7 7 6 6 10 10 11 15 13 12 11 18 17 10 13 20 17 14 19 20 17 16 13 14 14 13 12

S17
CPU 60 59 54 56 57 58 58 52 53 56 50 43 45 47 49 50 50 53 59 62 65 55 45 32 36 44 40 36 43 45
Mem 8 7 5 6 7 7 7 6 6 9 7 5 5 5 6 6 6 7 9 8 7 5 5 5 5 5 4 3 6 7

S18
CPU 78 81 91 93 95 95 95 93 92 90 87 85 90 91 94 94 92 90 89 79 72 75 58 73 71 65 67 70 75 76
Mem 22 24 29 27 25 24 23 23 23 27 27 28 27 27 26 26 19 19 20 26 30 22 19 22 21 19 19 19 19 20

S19
CPU 58 60 68 72 75 72 71 59 61 71 73 77 86 88 86 85 80 71 54 55 56 52 51 44 48 58 56 55 75 81
Mem 32 33 36 33 31 27 25 23 23 23 24 24 28 31 27 26 23 24 24 26 27 24 23 19 20 21 23 25 27 27

S20
CPU 40 40 40 39 39 50 51 47 45 39 39 39 40 39 39 39 40 40 39 43 42 41 41 42 42 42 46 45 42 41
Mem 21 22 24 24 24 25 25 24 24 21 22 22 23 24 24 24 25 24 23 25 25 24 24 26 27 30 30 30 28 28

S21
CPU 47 47 49 49 50 45 43 42 42 41 42 44 43 43 38 36 22 22 23 23 24 23 23 31 29 21 20 19 18 17
Mem 6 6 7 6 6 6 6 6 6 5 5 6 6 6 6 6 5 5 6 6 6 5 5 7 7 5 5 5 4 4

S22
CPU 48 49 50 55 61 54 51 47 48 55 52 47 51 53 58 59 56 57 58 56 54 52 53 65 61 51 58 67 62 60
Mem 6 6 6 6 7 6 5 4 4 5 5 5 5 5 5 5 6 6 7 6 5 6 6 8 7 5 6 7 6 6

S23
CPU 60 58 52 41 28 23 21 24 25 31 35 42 37 33 24 26 33 32 32 29 25 30 32 41 34 16 19 21 36 38
Mem 31 29 25 17 7 7 7 6 6 9 10 12 11 10 9 8 10 10 10 9 7 9 9 9 8 5 5 5 9 8

S24
CPU 50 55 70 70 69 83 91 92 86 66 69 73 75 75 70 69 62 61 64 68 67 60 59 71 72 74 76 77 78 78
Mem 17 20 30 23 15 19 21 19 19 15 16 17 18 19 17 16 13 14 17 21 23 16 15 17 17 19 20 21 18 17

S25
CPU 15 15 15 15 14 14 14 14 14 15 15 15 17 16 17 17 16 19 16 16 16 15 15 15 15 15 15 14 15 23
Mem 13 14 17 15 12 14 15 13 14 15 14 12 13 13 12 12 12 11 9 11 12 12 12 14 14 14 13 12 13 16

S26
CPU 60 58 55 53 50 55 57 48 47 46 49 54 53 52 44 46 45 46 47 47 47 49 41 35 35 39 37 35 39 40
Mem 12 12 11 11 11 11 12 14 15 18 17 14 14 14 14 14 12 14 17 15 14 14 13 13 13 13 12 11 12 13

S31
CPU 76 73 64 52 38 39 40 30 30 36 35 33 34 35 33 33 36 37 39 36 34 37 37 39 39 40 39 38 43 44
Mem 75 73 65 54 42 41 40 36 36 38 38 37 39 40 37 37 35 37 40 39 38 43 44 47 45 41 41 41 44 45

S32
CPU 39 38 28 27 25 20 19 36 36 31 27 22 20 20 31 32 26 24 20 17 14 19 20 21 27 41 34 27 27 27
Mem 7 9 13 10 8 6 6 9 9 8 7 5 5 5 9 10 12 11 8 7 6 5 5 8 8 10 9 7 8 9

S33
CPU 32 32 32 31 30 32 33 32 32 31 32 33 32 32 34 34 36 31 33 33 33 30 30 33 33 33 29 26 24 24
Mem 12 12 12 12 11 12 12 11 11 11 11 11 11 10 11 11 12 11 11 11 11 10 10 11 11 10 10 10 8 8

S34
CPU 42 41 26 19 12 35 51 47 43 30 28 24 38 45 39 38 34 30 22 33 40 30 28 27 34 53 37 25 25 25
Mem 4 5 1 2 2 4 8 6 5 2 2 1 4 5 4 4 5 4 2 17 27 7 3 2 3 4 3 2 3 3

S35
CPU 22 22 24 23 23 14 16 23 23 21 18 14 19 22 21 21 21 29 41 29 21 20 21 35 32 24 29 33 17 12
Mem 4 5 5 5 4 3 4 4 5 7 6 4 5 6 4 4 5 6 8 7 8 7 5 7 7 5 6 7 4 4

S36
CPU 34 33 41 45 36 21 20 15 18 27 26 26 24 22 22 22 18 24 24 22 20 29 31 33 29 22 20 18 18 18
Mem 7 7 9 9 8 6 6 5 5 4 5 6 6 6 4 4 5 7 9 8 8 9 9 10 8 6 6 6 6 6

S37
CPU 13 13 17 13 13 13 13 13 13 13 13 13 14 14 13 13 13 14 14 16 15 14 14 13 13 13 13 13 13 13
Mem 3 3 4 3 3 3 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2 3 3

S38
CPU 28 33 53 57 56 75 83 85 81 58 63 70 82 88 82 77 44 36 22 31 36 28 28 54 54 55 66 75 83 87
Mem 14 15 21 21 20 21 22 26 26 21 24 29 28 28 25 24 20 19 17 17 17 14 14 20 19 18 22 26 24 24

S43
CPU 8 8 17 19 17 11 9 8 8 9 9 8 8 8 10 10 9 9 9 9 9 11 11 10 11 12 11 10 9 8
Mem 2 2 3 3 3 2 2 1 1 1 1 1 2 2 2 2 1 2 2 2 2 3 3 4 4 4 3 2 2 2

S44
CPU 46 43 40 39 38 44 49 57 58 60 59 58 60 61 61 61 59 59 58 58 57 59 61 63 62 57 54 52 42 39
Mem 15 14 12 11 9 11 12 13 14 15 15 15 16 17 16 16 15 14 12 13 13 15 16 25 26 24 21 19 15 13

S45
CPU 25 25 25 26 27 25 24 24 24 23 24 25 25 25 24 23 22 23 26 28 29 26 25 24 23 20 26 31 28 27
Mem 15 16 19 18 16 16 16 15 15 15 16 17 16 16 16 16 15 16 19 19 19 18 17 16 16 14 15 16 18 18

S46
CPU 44 43 40 37 33 25 21 23 24 26 26 29 28 29 32 33 34 33 31 38 40 40 39 15 20 31 36 39 37 35
Mem 13 14 14 12 10 9 9 12 12 12 11 10 13 15 13 13 14 13 11 12 12 10 9 9 11 14 15 15 15 15

S47
CPU 48 48 45 44 42 43 43 47 47 46 45 45 48 49 46 46 48 47 45 47 48 47 47 48 48 47 47 46 46 46
Mem 11 11 11 11 11 11 10 10 10 9 10 11 12 13 12 12 12 12 11 12 12 13 13 11 11 11 11 11 11 12
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Table A.15: Google cluster data benchmark scenario #11

Workload
Epoch (1 epoch = 10 sec)

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

S00
CPU 91 90 84 71 57 56 55 56 55 49 56 65 35 18 45 49 51 49 36 32 29 34 33 15 14 13 11 16 29 3
Mem 20 20 19 15 10 10 9 9 9 8 10 12 6 2 7 8 10 9 5 4 3 4 4 2 3 3 3 4 7 2

S01
CPU 26 26 25 24 25 28 40 37 28 16 16 16 24 23 21 20 16 19 28 27 28 22 24 29 29 25 20 29 19 15
Mem 10 10 11 9 7 9 12 11 9 7 7 8 8 8 6 7 16 13 9 12 14 24 26 19 16 7 6 7 12 14

S02
CPU 37 41 49 47 49 54 55 53 39 35 36 38 40 41 36 35 31 33 36 38 40 36 29 23 23 21 25 43 31 27
Mem 15 16 19 17 16 17 18 17 14 13 14 16 18 18 15 15 12 13 15 16 17 14 13 12 12 10 13 18 14 13

S03
CPU 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Mem 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

S04
CPU 63 61 56 53 48 47 47 45 46 53 53 55 62 63 61 60 57 55 52 51 51 53 54 64 60 49 50 52 51 50
Mem 28 27 26 25 24 42 50 22 21 22 24 28 29 29 25 25 22 21 18 21 24 21 21 25 24 22 21 20 21 22

S05
CPU 56 57 58 56 54 48 45 58 57 51 55 59 57 56 55 55 57 58 61 60 60 54 53 59 58 56 56 55 52 51
Mem 45 44 42 40 38 34 33 35 36 37 37 38 41 43 36 35 38 39 41 43 45 43 43 46 44 38 40 42 38 36

S06
CPU 93 93 92 94 96 94 95 95 94 92 90 86 82 80 89 90 89 91 95 96 93 93 93 93 90 90 90 89 89 89
Mem 27 27 27 26 26 35 29 25 25 26 25 25 21 19 22 22 22 23 24 23 23 27 27 24 23 23 24 24 26 26

S07
CPU 33 31 26 29 33 26 23 27 29 40 40 39 31 26 20 19 17 18 21 18 14 34 39 48 45 37 33 29 22 20
Mem 27 25 19 18 18 16 15 14 15 18 18 18 18 18 15 14 11 12 13 12 11 24 28 33 31 26 23 21 16 14

S08
CPU 11 11 11 11 10 13 14 10 10 10 10 10 11 11 10 10 10 10 11 11 11 10 10 9 10 11 11 12 11 11
Mem 10 10 9 9 9 6 5 7 7 6 7 7 6 5 6 6 7 7 7 7 7 7 7 6 7 7 7 7 6 5

S09
CPU 49 50 48 47 46 45 45 39 36 40 41 42 41 40 37 37 38 40 44 46 46 44 45 57 54 45 46 48 45 44
Mem 32 32 29 27 24 24 24 25 26 31 33 36 33 31 26 26 29 30 32 32 31 34 35 41 39 34 33 33 31 30

S10
CPU 51 52 55 51 46 50 51 47 48 54 51 48 51 52 46 45 50 48 45 47 51 60 62 61 59 54 57 59 54 52
Mem 6 6 5 4 4 3 3 4 4 4 5 5 5 4 4 3 3 4 4 4 5 7 7 7 7 8 7 6 6 5

S11
CPU 66 66 68 58 48 45 44 43 43 46 46 46 41 39 44 45 46 46 46 47 52 34 28 56 48 26 25 28 27 25
Mem 20 21 22 20 19 17 16 15 15 15 16 17 15 14 15 16 15 15 14 16 16 10 9 20 17 10 10 9 9 8

S12
CPU 56 55 53 53 52 50 49 56 56 54 48 45 47 48 47 47 47 48 49 50 51 51 51 49 49 50 49 47 50 51
Mem 46 47 50 45 39 38 38 44 45 49 42 37 42 44 41 40 38 40 42 42 42 38 38 44 42 39 37 36 49 53

S13
CPU 42 39 31 33 35 38 39 39 39 39 37 34 33 33 33 33 32 34 36 38 38 42 43 43 43 47 43 41 35 33
Mem 20 19 16 16 16 17 17 18 18 17 17 16 16 15 16 16 15 16 16 17 18 18 19 20 22 25 22 20 17 16

S14
CPU 16 16 15 17 19 20 20 19 19 19 19 20 21 20 15 15 15 16 16 16 17 19 16 17 17 16 16 16 23 16
Mem 4 4 6 6 7 7 7 7 7 7 7 7 6 5 5 6 6 6 6 6 6 6 6 6 6 6 6 6 7 6

S15
CPU 27 30 38 42 47 50 52 59 59 56 57 58 63 66 59 55 27 36 29 25 25 37 40 43 46 53 57 60 57 56
Mem 12 14 18 16 14 17 18 15 15 16 18 20 21 21 20 19 10 14 20 17 15 16 16 17 18 19 19 19 19 19

S16
CPU 54 54 52 49 45 48 50 46 45 44 46 47 48 48 41 40 45 45 44 44 47 46 38 38 39 42 42 41 44 45
Mem 22 22 22 22 23 22 21 21 21 21 22 22 22 22 21 21 21 21 20 21 22 22 21 20 21 23 23 24 23 23

S17
CPU 81 73 48 55 62 61 60 51 56 58 59 60 62 61 59 59 51 50 43 46 49 50 43 43 44 43 42 55 45 41
Mem 28 24 10 16 23 21 21 18 19 23 23 23 22 20 24 24 18 19 21 22 22 21 20 18 18 17 17 19 16 15

S18
CPU 50 46 33 34 35 29 26 37 37 31 36 44 40 37 39 40 42 36 25 33 38 48 50 43 43 41 40 40 34 32
Mem 13 12 10 8 6 7 8 8 8 7 9 11 10 10 11 12 11 12 14 15 16 16 16 15 13 9 11 12 11 11

S19
CPU 62 61 59 51 43 42 41 34 32 29 33 39 39 38 33 33 38 41 46 38 28 33 33 30 29 24 25 38 31 28
Mem 22 21 19 17 14 14 14 13 12 12 13 14 15 15 11 11 11 11 11 11 11 14 14 12 11 9 9 12 11 10

S20
CPU 32 34 40 41 43 45 47 48 47 42 54 57 57 57 39 38 53 61 64 55 51 63 66 66 67 68 60 53 58 61
Mem 6 13 36 56 79 72 69 60 60 66 65 62 56 53 58 59 60 63 70 69 69 66 65 59 57 53 67 79 70 67

S21
CPU 73 68 59 49 38 32 29 31 35 45 40 34 38 40 28 25 13 15 19 23 24 22 21 21 21 19 19 19 17 16
Mem 31 30 27 23 19 16 14 14 16 19 19 18 22 23 16 14 9 10 13 16 17 16 15 15 15 14 13 13 11 11

S22
CPU 73 73 72 67 61 74 79 66 67 67 67 68 69 70 61 59 54 51 45 52 59 66 46 56 54 51 51 62 47 14
Mem 22 22 23 23 23 25 26 25 25 25 26 28 26 25 22 21 19 19 20 21 20 23 22 23 22 19 21 25 19 14

S23
CPU 22 22 24 23 22 23 23 20 19 19 20 25 25 22 23 23 24 33 29 24 23 23 23 24 24 23 18 13 12 12
Mem 8 8 8 7 7 9 9 8 8 8 8 9 9 9 8 8 11 12 11 9 8 8 8 8 8 8 8 8 7 7

S24
CPU 46 47 50 52 54 41 42 46 46 44 44 45 46 47 50 51 58 60 69 67 61 47 44 46 48 53 57 60 58 57
Mem 19 19 18 19 21 13 10 14 15 16 16 16 17 17 20 21 27 28 31 32 33 18 15 16 18 22 23 24 26 26

S25
CPU 50 49 47 46 46 44 43 48 49 46 44 45 47 49 46 46 51 47 41 47 51 46 45 54 54 54 52 50 46 45
Mem 19 19 18 19 21 19 18 20 20 20 20 20 19 18 19 19 23 21 17 20 21 20 20 19 20 23 22 21 20 19

S26
CPU 43 45 51 42 30 29 29 38 39 43 43 40 40 30 21 18 16 12 12 21 27 22 23 11 17 31 27 22 32 34
Mem 8 8 8 7 5 10 11 7 7 7 7 5 7 4 5 5 6 4 4 7 8 5 7 3 4 7 5 3 6 7

S31
CPU 23 21 13 21 29 23 21 9 11 24 22 19 18 17 15 18 48 34 10 10 10 32 36 24 27 36 25 14 14 13
Mem 4 5 7 8 9 6 4 2 3 6 5 5 3 3 4 5 14 10 1 2 2 9 11 5 6 10 7 4 3 3

S32
CPU 79 80 82 80 78 77 77 66 60 32 32 31 33 34 34 34 35 34 32 34 35 40 40 31 32 34 38 42 36 34
Mem 38 38 37 37 37 37 36 28 25 12 12 11 11 10 9 9 10 10 9 10 11 11 11 9 10 12 12 12 11 10

S33
CPU 38 37 37 34 31 33 34 34 35 36 34 31 35 37 32 30 25 26 28 34 39 34 33 33 33 32 35 38 38 38
Mem 26 26 26 23 21 23 24 25 24 23 23 22 25 27 26 25 19 20 21 26 29 25 24 23 23 23 23 23 23 23

S34
CPU 60 64 75 76 77 81 79 79 73 78 81 87 87 86 85 85 82 72 54 51 54 52 41 52 58 70 64 59 72 77
Mem 15 16 19 20 22 22 21 20 19 21 21 22 22 22 21 21 19 18 17 17 18 16 15 18 19 21 19 18 20 20

S35
CPU 94 94 93 90 87 93 96 96 95 91 91 85 82 81 79 80 85 77 64 68 73 86 39 35 36 37 37 37 37 37
Mem 12 12 12 13 15 15 15 16 16 15 17 12 13 14 12 11 11 10 19 9 64 69 51 5 5 5 5 5 4 4

S36
CPU 51 49 46 51 54 39 34 33 33 30 30 29 17 10 45 54 58 52 41 41 40 50 52 51 50 50 51 57 64 60
Mem 24 24 27 27 26 22 20 18 18 19 18 18 10 6 30 33 27 25 20 19 17 25 26 25 24 22 23 26 24 23

S37
CPU 43 45 48 36 22 31 34 51 49 34 34 34 36 35 28 30 54 43 22 17 13 42 46 26 39 68 43 21 41 48
Mem 11 11 10 8 5 9 10 9 9 5 6 7 7 8 6 6 10 8 5 5 5 10 11 10 12 16 14 11 10 10

S38
CPU 39 42 51 45 31 28 30 28 28 31 30 28 34 37 30 29 28 29 32 40 41 39 38 39 38 36 38 42 44 46
Mem 28 29 33 30 25 24 24 25 24 20 21 23 23 22 27 27 20 18 17 23 26 22 21 25 25 25 28 32 28 29

S43
CPU 35 38 53 50 41 43 46 37 36 36 47 48 47 47 53 51 32 32 43 41 39 33 41 42 46 40 42 45 36 34
Mem 21 25 38 32 23 33 37 27 26 26 40 40 30 24 35 35 24 21 32 33 33 22 31 31 32 27 35 44 30 26

S44
CPU 22 22 21 21 21 21 21 23 24 24 24 24 26 27 26 26 27 27 27 26 26 26 26 25 24 23 24 25 25 25
Mem 24 24 24 24 24 22 22 25 25 26 30 36 33 32 38 37 26 27 28 33 37 43 43 26 26 27 32 36 30 28

S45
CPU 15 15 17 15 12 13 13 11 11 14 16 13 13 12 12 12 13 12 11 12 10 12 13 14 13 12 13 30 20 16
Mem 7 7 8 8 7 7 7 5 6 7 8 7 6 6 7 7 6 6 6 17 14 6 6 7 6 6 23 10 9 9

S46
CPU 37 39 45 40 35 34 33 39 40 43 41 38 39 39 43 44 45 45 45 46 48 46 46 45 44 43 43 44 37 35
Mem 3 4 5 4 4 4 4 5 5 5 5 6 6 6 6 6 7 6 6 5 5 6 6 6 6 5 5 5 4 4

S47
CPU 35 36 41 36 29 45 51 46 46 39 31 25 22 20 31 34 38 37 35 35 37 41 40 42 41 56 52 49 49 41
Mem 9 10 14 14 14 15 16 16 19 19 14 13 12 11 14 14 11 11 10 11 12 13 13 17 16 19 19 18 16 13
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요약

대칭형다중처리운영체제를실행시키는캐쉬일관성을가지는공유메모리아키

텍처를위한전통적인접근방법은전력관리가가장중요한문제중하나로존재하

는 미래의 매니코어 시스템에는 적합하지 않다. 본 논문에서는 매니코어 시스템을

위한 계층적 전력관리 프레임워크를 소개한다. 제안한 프레임워크는 캐쉬 일관성

을 가지는 공유 메모리가 필요 없으며, 다수의 코어들이 전압/주파수를 공유하고

다중 전압/다중 주파수를 지원하는 아키텍처에서 사용 가능하다. 이 프레임워크는

NUMA-인지 계층적 전력관리 기술로 동적 전압 및 주파수 교환(DVFS)과 워크로

드 마이그래이션을 사용한다. 여기서 워크로드 마이그래이션 계획을 위해 사용된

탐욕알고리즘은서로상충하는비슷한작업량의패턴을가진작업을같은전압영

역으로모으는목표와작업을데이터가있는위치와가까운곳으로이동하는목표를

고려한다. 제안된 프레임워크는 소프트웨어로 구현되어 캐쉬 일관성이 없는 48 코

어의 칩 레벨 멀티프로세서 하드웨어에서 평가되었다. 본 논문의 프레임워크를 데

이터센터작업패턴으로광범위에걸친실험을수행한결과최첨단의DVFS기술과

DVFS와 NUMA-비인지워크로드마이그래이션을같이사용한전력관리기술에비

해상대적으로각각 30%와 5%의전력소모당처리작업량향상을큰성능손실없이

이루었다.

주요어:매니코어아키텍쳐,불균일기억장치접근,스케쥴링,동적전압및주파수

변경,에너지효율

학번: 2015-22902
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