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Hepirngn

H Swyelpion evépyelog xou 1 fehtiotonolnoy tne anddoong evog TOAU THENVOU GUC THUNTOS
amOTEAEL Lo TEOXANON Ylol To LovTépva UTOAOYLo TiXd cucThAuata. Kodwg 1 teyvoroyia
eZehlooetan , 0 opriudc TV TUPHVWY Tdvw ot evo chip amotekel mOAD onuavTIXG ToEd-
yovTa yioo Ty Sloryelplon tne evépyetde tou . H ouvolur Siadéoiun oyic eivar o Boaoixde
TEPLOPLO TIXOC TaEAYOVTAS OE OTL apopd TNV BEATIOTOTOMON TN AMOBOCNE. LUVETKS EVOG
OtoyELeto TS Tou AauPBdvel TGPV TNV GUVORLXY) BoWY| TOU CNUT ANMOUTEITOL DOTE TO GVOTNUA
Vo Aettoupyel 6o péyioTo eninedo. Mepixeg uédodol €xouy BoxudoeL Vo TROGEYYIoOUY TO

Véua autd ywpelc ouws va epfadivouy oe cuyXeXEIUEVaL oTuela XSO,

‘Eva onuovtind onuelo xhedl elvon 1 emextactuotnta agol o aptduds Twy tuerivey oto chip
EYEL UEYGAT) TiBpaon GTNY GUVOAXY XaTavEAwon 1oy 00g xaL TNV EQopUolOUEVr TOMTIXT
Otayelptone. Xe auth) TNV SIMAOUTIXY TOAES XL BlaPORETIXES BOUES EVOC TOAU TUENVOU

oLCTAUTOS €Youy avahulel ETol WoTe vo Angdel Uty 1 onuacia TNG EMEXTACLUOTNTOC.

‘Eva emimhéov onuavtixd onuelo xAewdi elvar 1 a&lonolnomn e Yvaong Yol TNV UEAOVTIXY
XATACTACT) TOU CUCTAUATOC €TOL WOTE Vo TEoPolue oe aAlayeg mou Yo Betiwoouvy tny
xatdotaon autr. ‘Eyovtag v duvatétnta vo mpofiédouye tny eAhovTixn xatdoTooy Tou
nupriva Stevplvovtal ot Slodéouec DVES emloyéc pog €101 WOTE Vo UEYIGTOTOLCOUUE TNV
amOB0GT TOU GUGTAULINTOS TEVTA XATC A0 CUYXEXPWEVOUS TEQLORIOHOUS GE OTL OPOEE TNV
evépyewo. H dimioyotiny auth mpooeyyiler o mpoPinuo Yéow amo Yedodoug umnyovixhc
udinong Boaoctlouevn oe dedopéva mou €youv mapdel and o PARSEC-Suite benchmarks
xadwg xan TNV avdivor toug aro o MATLAB

AgZeig xhedrd Mnyoavixég pédodol pudinorng , mpocouyoiwtnc Sniper , Auvopuxn dayeio-

o1 woyvoc , Auvopxr| ahhoy ) cuyvotntog xou tdong , Ilohundenvo chotnuo
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Abstract

The tasks of power management and performance optimization on a multi-core system
has been a challenge for modern computer systems. As technology scales , the number of
cores on a chip has become an important factor for the chip power management. A core’s
power budget is the main limitation for it’s performance optimization so a manager that
takes into consideration the chip’s overall configuration is required in order to perform
at a top level. The combination of chip’s core configuration and therefore an adjusting
power budget is the key for the optimal manager. A few methods have tried to approach

this matter but not in a deep level on certain key points.

One important key point is scalability , since the number of the chip’s cores has a big
impact on the total power consumption and the applied managing policies. In this
diploma thesis many different configurations of a multi-core system have been analyzed
so as to take into consideration the important matter of scalability and the impact of

the core’s number on a chip.

Another important key is taking into consideration the future state of the chip in or-
der to be able to perfom in advance changes that will improve it’s state. Being able to
predict the future power constraints open different DVFS options in order to maximize
the performance under that constraint.This diploma approaches this matter by defin-
ing and implementing machine learning functions based on data of the PARSEC-Suite
benchmarks and the analysis through MATLAB.

The purpose of this diploma thesis is to analyze the behavior of a multi-core system
under different power constraints and with the acquired knowledge to create a DVFS
manager that with different applied policies can maximize the power savings of the chip
and maximize it’s throughput. Different tools have been used that provide this required

knowledge and will be thoroughly explained in next section. ..

Keywords Dynamic Voltage Frequency Setting , Machine Learning , Sniper Simulator

, Dynamical Power Management , Multi Core System



Contents

Abstract
Abstract
Contents

List of Figures

Introduction

1 Framework

1.1 Multi-Core System . . . . . . . . . .
1.2 Global Manager / Individual Manager . . . . . ... ... ... ......
1.3 Machine Learning Methods / Predictive Model . . . . .. ... ... ...
1.3.1 Machine Learning Methods . . . . . .. .. .. ... ... .. ...
1.3.2 Predictive Model . . . . . . . ...
1.4 Manager Predictor Communication . . . . . .. .. ... ... ... ...
1.5 Sniper Simulator . . . . . . .. . ...
1.6 McPat . . . . . . .
1.7 ArchFP and HotSpot . . . . . . . . . . . . ... ... .. ...
1.8 MATLAB . . . .
1.9 Python. . . . . . .
1.9.1 PyMATLAB . . . . . . .
1.10 Framework Links . . . . . . . . . ..
2 DVFS Strategy
2.1 Data Analysis . . . . . . . ..
2.2 Stategy Analysis . . . . . ..
2.2.1 Normal Execution. . . . . . .. .. ... o
2.2.2 Individual Manager. . . . . .. ... Lo
2.2.3 Global Manager . . . . . . . . ...
3 Experimental Results
3.1 Benchmark Analysis . . . . . .. ... ...
3.1.1 Blackscholes . . . . . . . .. ..
3.1.2 Bodytrack . . . ...
3.1.3 Swaptions . . . . ...

v

ii

iii

iv

vi

xi

16
16
17
17
18
20



Contents

3.2 Individual Manager Analysis. . . . . . . . . .. ... ... ... ... ...

3.2.1 Blackscholes
3.2.2  Swaptions
3.2.3 Bodytrack
3.3 Global Manager Analysis
3.3.1 Blackscholes
3.3.2 Bodytrack
3.3.3 Swaptions

3.3.4
4 Conclusion.

Bibliography

Cross Validation

33
33
39
45
50
o1
o8
64
69

73

75



List of Figures

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12
1.13

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

Nehalem Floorplan . . . . . . . . . . . . . .. ... ... . ... ...... 2
Compute and Save Results . . . . . . . ... ... ... .. .. ....... 3
Linear Regression . . . . . . . . . . . . .. L 4
Regression Tree . . . . . . . . . .. L 5
Neural network . . . . . . . . ... ... 6
Data Structure Start . . . . . ... .. oo 6
Blackscholes 1.8GHz 4 Cores . . . . . . . . . . .. .. .. .. ... ..., 9
Bodytrack 1.8GHz 4 Cores . . . . . . . . . .. ... ... 9
Swaptions 1.8GHz 4 Cores . . . . . . . . . . . . ... .. ... ... 10
Connection with PyYMATLAB . . . . . . ... ... ... ... ..., 11
Connection Predictor . . . . . . .. ... o 12
Connection Manager . . . . . . . . . .. Lo 12
Framework. . . . . . . . . . 13
Normal Execution . . . . . . ... .. .. ... ... 18
Individual Power Budget . . . . . .. ... .. ... L 19
Individual Manager Code . . . . . . . .. .. .. .. 20
2 Core criticality Factors . . . . . . . . .. .. L o 22
4 Core criticality Factors . . . . . . . . . . . ... ... 23
8 Core criticality Factors . . . . . . . . .. ... 23
16 Core criticality Factors . . . . . . .. .. . oo 24
32 Core criticality Factors . . . . . . . . . . ... ... .. ... ... ... 24
Global Manager Code . . . . . . . .. .. .. . 25
Global Manager Policy Code . . . . . . .. . ... ... ... ... .... 26
1.0GHz , 1.4GHz , 1.8 GHZ Boxplots . . . . . . . . ... ... ... .... 27
2.1GHz , 2.7GHz , 3.3 GHZ Boxplots . . . . . . . ... . ... ... .... 28
Global Chip Power Budget . . . . . . . .. ... ... .. .. ... 29
Blackscholes Analysis . . . . . . . . . ... L 31
Blackscholes Analysis . . . . . . . . . ... 32
Swaptions Analysis . . . . . . ... 33
Blackscholes 2 active cores Power Consumption . . . . . . . . .. .. ... 34
Blackscholes 2 active cores + master core . . . . .. .. ... ... ... 35
Blackscholes 4 active cores Power Consumption . . . . . . . ... .. ... 35
Blackscholes 4 active cores + master core . . . . . . . ... .. ... ... 36
Blackscholes 8 active cores Power Consumption . . . . . .. .. ... ... 36
Blackscholes 8 active cores + master core . . . . . . . .. ... ... ... 37
Blackscholes 16 active cores Power Consumption . . . . . .. .. .. ... 37

vi



List of Figures vii

3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20
3.21
3.22
3.23
3.24
3.25
3.26
3.27
3.28
3.29
3.30
3.31
3.32
3.33
3.34
3.35
3.36
3.37
3.38
3.39
3.40
3.41
3.42
3.43
3.44
3.45
3.46
3.47
3.48
3.49
3.50
3.51
3.52
3.53
3.54
3.55
3.56
3.57

Blackscholes 16 active cores + master core . . . . . . . . . ... ... ... 38
Blackscholes 32 active cores Power Consumption . . . . ... .. .. ... 38
Blackscholes 32 active cores + master core . . . . . . . ... .. ... ... 39
Swaptions 2 active cores Power Consumption . . . . . .. ... ... ... 40
Swaptions 2 active cores + master core . . . . . . ... ... ... 40
Swaptions 4 active cores Power Consumption . . . . ... .. .. .. ... 41
Swaptions 4 active cores + master core . . . . . . . .. ... ... ... 41
Swaptions 8 active cores Power Consumption . . .. .. ... ... .... 42
Swaptions 8 active cores + master core . . . . . . .. ... ... 42
Swaptions 16 active cores Power Consumption . . . . . . . .. .. .. ... 43
Swaptions 16 active cores + master core . . . . . .. ... ... 43
Swaptions 32 active cores Power Consumption . . . . . . . . . .. .. ... 44
Swaptions 32 active cores + master core . . . . . .. ... L. 44
Bodytrack 2 active cores Power Consumption . . . . ... ... ... ... 45
Bodytrack 2 active cores + master core. . . . . . . . ... ... .. 46
Bodytrack 4 active cores Power Consumption . . . . .. ... .. .. ... 46
Bodytrack 4 active cores + master core. . . . . . ... ... 47
Bodytrack 8 active cores Power Consumption . . . . ... .. .. ... .. 47
Bodytrack 8 active cores + master core. . . . .. .. ..o 48
Bodytrack 16 active cores Power Consumption . . . . . ... .. .. ... 48
Bodytrack 16 active cores + master core . . . . . . ... ... ... 49
Bodytrack 32 active cores Power Consumption . . . .. ... .. .. ... 49
Bodytrack 32 active cores + master core . . . . . .. ... 50
Blackscholes 2 active cores. Technique Comparison . . . . . .. ... ... 51
Blackscholes 2 active cores + master core . . . . . . . ... ... ... .. 52
Blackscholes 4 active cores. Technique Comparison . . . . . . .. .. ... 52
Blackscholes 4 active cores + master core . . . . . . . ... .. ... ... 53
Blackscholes 8 active cores. Technique Comparison . . . . . . .. .. ... 53
Blackscholes 8 active cores + master core . . . . .. ... ... 54
Blackscholes 16 active cores. Technique Comparison . . . . . . ... ... 54
Blackscholes 16 active cores + master core . . . . . . . ... .. ... ... 55
Blackscholes 32 active cores. Technique Comparison . . . .. .. ... .. 55
Blackscholes 32 active cores + master core . . . . . . .. ... ... 56
Total Energy Consumption . . . . . . .. ... ... ... .. ... ... 56
Bodytrack 2 active cores. Technique Comparison . . . . ... .. .. ... 58
Bodytrack 2 active cores + master core. . . . .. ... 58
Bodytrack 4 active cores. Technique Comparison . . . . . .. .. .. ... 59
Bodytrack 4 active cores + master core. . . . . . . . ... ... 59
Bodytrack 8 active cores. Technique Comparison . . . . ... .. .. ... 60
Bodytrack 8 active cores + master core. . . . . . ... L. 60
Bodytrack 16 active cores. Technique Comparison . . . . . . .. .. ... 61
Bodytrack 16 active cores + master core . . . . . . . ... ..o 61
Bodytrack 32 active cores. Technique Comparison . . . . . . .. .. ... 62
Bodytrack 32 active cores + master core . . . . . .. ... 62
Total Energy Consumption . . . . . . . . . .. ... ... ... ...... 63
Swaptions 2 active cores. Technique Comparison . . . . . .. .. .. ... 64
Swaptions 2 active cores + master core . . . . . . .. ... ... ... 64



List of Figures viii

3.58
3.59
3.60
3.61
3.62
3.63
3.64
3.65
3.66
3.67
3.68

Swaptions 4 active cores. Technique Comparison . . . . . .. .. .. ... 65
Swaptions 4 active cores + master core . . . . . . . .. ... ... 65
Swaptions 16 active cores. Technique Comparison . . . . . . . .. .. ... 66
Swaptions 16 active cores + master core . . . . . . . ... ... ... ... 66
Swaptions 32 active cores. Technique Comparison . . . . . . . .. ... .. 67
Swaptions 32 active cores + master core . . . . . .. ... 67
Total Energy Consumption . . . . . . . .. .. ... ... ... ...... 68
x264 32 active cores + master core . . . . . . ... 69
Fluidanimate 32 active cores + master core . . . . . . .. ... ... ... 70
Facesim 32 active cores + master core . . . . . . ... .. ... ... ... 71
Vips 32 active cores + master core . . . . . . .. ... Lo 72



Dedicated to my friends and family.

ix



Introduction

The main problem this diploma thesis tries to solve is the effective resource management
on a multi core system. This means that while having constraints such as a specific power
budget the resources can be allocated properly. The way this problem is approached is
by creating a manager system that will monitor the behavior of the cores and will change
dynamically the V-F settings of the cores. An important aspect of this approach is that
the decision made by the manager will be the result of the predicted behavior of the
cores.

To further explain a predictive system is created that after a certain analysis can provide
the expected behavior of the chip’s cores. The manager will communicate with this sys-
tem and based on the received values , will perform certain actions in order to maximize
the performance and have an efficient resource allocation. Two types of manager have
been developed and will be explained in the next section , a Individual Manager and a
Global Manager . The policies that these two managers follow and the advantages and
misadvantages that they present will be fully explained.

Furthermore another important aspect of this approach is that the available resources
, in our case the power budget , depends and accordingly adjust to the number of the
active cores on the chip. This makes our approach more realistic and exhibits interesting

results about the importance and the effect of the active cores on the power budget.

The diploma thesis is devided into 3 Chapters.

e Chapter 1 Framework. In this chapter the structure of the framework that was
setup up is explained. The main components and the communication between them
are presented. We explain the implementation of the Global Manager / Individual
Manager , the predictive model and provide as well a theoretic background of the

machine learning methods that were analysed.

e Chapter 2 DVFS Strategy. In this chapter we analyze the strategy and the policies
that were followed by the managers.First we present the data that were used for
this diploma thesis , which were used for the machine learning training as well. Also
the implementation and the details around the Individual and Global Managers

are presented.

e Chapter 3 Experimental Results. In this chapter we explain and characterize the
results of our implementations.First an analysis of the used benchmark is made
and is followed by the results of the manager implementation on these bench-
marks.Finally there is a cross validation sector where the implemented system is

used on unknown and new benchmarks followed by relative to them figures.



Related Work

The problem has been approached with other methods in the past which have been
studied and are explained below. [5] has presented a power control system that controls
the power of the chip by partinioning the power budget to cores per application and
then further allocate it based on the core criticality. The power control system that can
manipulate the power budget by adjusting the frequencies of the cores on the chip is a PI
controller.F [2] has approached the problem based on the thermal constrains on a chip.
It proposes a model that takes into consideration each core budget and temperature
in order to produce the optimal setting of active corenumber and V/F level. [4]| has
proposed a global manager that controls the chip in order to increase Power Savings in
the cost of performance. This paper proposes many different policies but lacks to analyze

the behavior of the manager on a high number of cores.



Chapter 1

Framework

Framework Setup

In this chapter the overall framework that was implemented for this diploma thesis will
be explained. The basic components are described individually and the details of the

strategy that was followed are explained in the next chapter.

1.1 Multi-Core System

A 32-core system has been simulated for the purpose of this diploma . The simulation
was performed using the Sniper Simulator. The system architecture that has been used
is the Intel Processor Nehalem architecture and specifically the Xeon X5550 Gainestown

processor. The details of this processor are the following :

32 KB L1 Instruction Cache per core.

32 KB L1 Data Cache per core.

256 KB L2 Cache per core.

8192 KB L3 Cache Shared per 4 cores.

e DVFS Transition latency of 2000 ns

A overall structure of the chip is displayed below.
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FIGURE 1.1: Nehalem Floorplan.
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1.2 Global Manager / Individual Manager

A system that will be called every interval and will be provided with the all the core
states by the Sniper Simulator.

Core State - as core state I define the following key metrics of every core on the chip:

Core IPC.

Core Accesses ( L1 Data Cache Accesses + L1 Instruction Cache Accesses + L2

Cache Accesses)

e Core Misses ( L1 Data Cache Misses + L1 Instruction Cache Misses + L2 Cache
Misses)
e Core Power ( In that specific time interval and measured in Watt)

The Manager is implemented in Python and integrated with Sniper’s Python API. The
manager gathers the required information from Sniper and performs the DVFS actions
every interval that he is triggered during the simulation. In order to get the data from

the Sniper Simulator , the Python API is used and the data are stored in a file.

e sim.stats.get(general_ category , core number ,specific_metric ) - This calls receives
as arguments the general category of the requested value metric , the number of

the core and the name of the specific metric.

o sim.dvfs.get_ frequency( core number) - This call receives as argment the number of
the core on the chip and utilizes the DVFS implementation of Sniper and returns

the value of the applied frequency on that core.

Below we can see how the IPC of a core is computed and stored in the result file.

cycles = time * sim.dvfs.get frequency(core) [/ 1e9 # convert fs to cycles

instrs = sim.stats.get( 'performance model’,core, "instruction_count")

ipc = instrs / (cycles )

self.result file = file(os.path.join(sim.config.output dir+'mike results',self.benchmark), "w+")
self.result file.write('\t#.3f" %cycles)

FiGURE 1.2: Compute and Save Results
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1.3 Machine Learning Methods / Predictive Model

1.3.1 Machine Learning Methods

In this sector the concept of the predictive model is described and the results of the 3
different predictive methods that were evaluated are presented. All methods have been
evaluated and analyzed using MATLAB.

In order to maximize the efficiency of the system I decided to create an individual pre-
dictive model for each one of the frequencies that are available through DVFS. This
will make the modeling more precise and accurate on the predicted values.A predictor
will receive the four metrics of each core state and predict these four metric in the next
interval.

The evaluation of the predictive methods will be made based on the Root mean square

Error ( RMSE) whose definition is provided below .

RMSD(§) =i =VE( — y)?] (1.1)

, where y is the original value and ¢ the predicted value.

The 3 machine learning methods that were analyzed are :

e Linear Regression
In linear regression, data are modeled using linear predictor functions .A linear
predictor function is a linear function (linear combination) of a set of coefficients
and explanatory variables whose value is used to predict the outcome of a dependent
variable .

y‘é:ﬂlxil‘i‘"'+ﬂpxip+€i:XgTﬁ+€ig Elzl,..._,?‘]!.,

FIGURE 1.3: Linear Regression.

In this case the variable y is the variable whose value we want to predict and
everytime is one of the four core state metrics in the next interval.

The variables z are the four core state metrics in the current interval.

The variables b are the coeflicients that are created and adjusted during training ,

using the gathered data from the simulations.

e Regression Decision Tree
A Decision Tree is a set of leafs ( nodes ) that given certain input values will predict
the value of a target value. Each internal node ( branch ) corresponds to one of

the input variables and a comparison that is applied.
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Pending on the values of the input variables a certain path is followed on the tree
up until a final node ( leaf ) is reached. In Figure 2.3 we can see a simplified vesion
of a Regression Tree that predicts the power of a core. In the branches x1 is the
current IPC of the core , x2 is the current core cache accesses , x3 is the current
core cache misses and x4 is the current core power. The values on the leafs are the
core power that we predict the core will have in the next interval. As we can see
the branches perfom comparisons of the core metrics to certain values in order to

conclude to a predict value.

4 >=7.68667

X4 < 3.72987 Lo >= 3.72987 X2 < 39581524

>= 395815

X4 < 7.47848 x4 >= 7.47848 X2 < 5.14251e+07 Ax2 >= 5.14251e+07

9.62506

X1 < 0562441 >= 0.562 X1 < 1.567 AK1 >= 1.567

X4 < 7.45974 (&4 >= 7.45974 X4 < 14.4407 x4 >= 14.4407

7.45974 x1 < 1.3035 X1 >= 1.3035

128006 X4 < 14.0126 J\x4 >= 14.0126

FIGURE 1.4: Regression Tree.

e Tree Bagger
Tree Bagger is an ensemble( forest ) of a number of decision trees and in our case
Regression Decision Trees.
Provided with a training set X = x1, ..., xn with responses Y = y1 the tree bagger
repeatedly selects a random sample with replacement of the training set and fits
trees to these samples. So we choose a subset of n samples from the set and train a
decision tree using these X,, samples with their Y,, responses. After that we follow
the same procedure with more samples in order to train all our trees.
Sampling with replacement means that after we have chosen a part of the
training set and train a tree with it, we return this part back to the total of the
training set. In our case the number of Regression Decision Trees in the forest is
50 in order to maximize the performance.
When the Tree Bagger is provided with a row of input data , these data are provided
to all it’s trees. Each regression tree responds with their predicted value and the

Tree Bagger takes a democratic (non weighted) average vote from all the trees.

7.55559
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The result of that vote is provided by the following formula :
o1 M
f=+ zljfb@c) (1.2)

, where fb(a:) is the function that provided the result of a single tree , N is the total

number of trees and f is the result of all the votes provided by the trees.

e Neural Network
A neural network is a multi layer system with weighted nodes. In our case we had
a feedforward neural network with 1 hidden layers with 10 neurons . At each layer
the sum of the products of the weights and the inputs is calculated in order to
predict the target value and the weights are adjusted so as to meanimize the mean

square error between the target and the output of the neural network.

Hidden Output

FIGURE 1.5: Neural network.

The data that were gather from the analysis were grouped in one matrix per frequency in
the following structure. Each row represents the core state at a certain interval. For all
the machine learning methods we used the next core state at the target values in order
to train the system on the core behavior. In that way the model at each frequency will

be able to predict the expected behavior ( four core metric values ) in the next interval.

Intervall | IPC Core Core Caore Target values
Accesses Misses Power 7| forintervall
Interval 2 | IPC Core Core Core [ Target values
Accesses Misses Power 7| forinterval2
Interval 3 IPC Core Core Core
Accesses Misses Power

FIGURE 1.6: Data Structure Start.
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Below we can see the results of the 3 predictive methods on the four core state metrics.

As I mentioned before each frequency will have it’s own predictor in order to maximize

the performance so there is one table corresponding to every DVFS frequency level.

1 GHz
Method / Metric RMSE | IPC | Core Accesses | Core Misses | Core Energy ( Watt )
Linear Prediction 0.0610 215025 6638 0.454
Regression Decision Tree | 0.0499 300149 6304 0.284
Tree Bagger 0.0506 163033 4243 0.291
Neural Network 0.0540 312569 37148 0.393
1.4 GHz
Method / Metric RMSE | TPC | Core Accesses | Core Misses | Core Energy ( Watt )
Linear Prediction 0.073 297890 9008 0.95938
Regression Decision Tree | 0.064 314077 7188 0.579
Tree Bagger 0.059 218945 5499 0.593
Neural Network 0.064 30232432 1337908 0.870
1.8 GHz
Method / Metric RMSE | IPC | Core Accesses | Core Misses | Core Energy ( Watt )
Linear Prediction 0.083 404095 11551 3.031
Regression Decision Tree | 0.055 318115 7583 1.479
Tree Bagger 0.056 254763 5562 1.534
Neural Network 0.069 29051678 833066 3.42
2.1 GHz
Method / Metric RMSE | IPC | Core Accesses | Core Misses | Core Energy ( Watt )
Linear Prediction 0.087 473089 13309 4.580
Regression Decision Tree | 0.057 328961 8018 1.854
Tree Bagger 0.059 281094 6051 1.973
Neural Network 0.060 29732137 8625543 3.52
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2.7 GHz
Method / Metric RMSE | IPC | Core Accesses | Core Misses | Core Energy ( Watt )
Linear Prediction 0.096 608153 16344 9.026
Regression Decision Tree | 0.065 368014 10129 3.703
Tree Bagger 0.067 285246 7183 3.885
Neural Network 0.095 33911649 5186520 10.77
3.3 GHz
Method / Metric RMSE | IPC | Core Accesses | Core Misses | Core Energy ( Watt )
Linear Prediction 0.103 738344 18981 15.763
Regression Decision Tree | 0.067 411699 10298 5.858
Tree Bagger 0.070 366206 9501 6.297
Neural Network 0.097 36742346 6572670 8.400

From these tables we can see that the method of Regression Decision Tree is better when
we want to predict the IPC and Energy of a core. On the other hand the method of
Tree Bagger is better when we want to predict the Accesses and the Misses of a core.
The numbers of the root mean square error of the acceses and misses are relatively small
compared to the mean value of Accesses and Misses which is in the scale of 2 to 20
millions pending on the frequency level. The methods of Linear Prediction and Neural
Network present an rmse higher than the other 2 methods for all metrics and different

frequencies.

Below the figures of the 4 metrics that characterise each core are presented. In each
figure the predicted value of a metric is plotted as a dashed red line and the actual value
of the matrix in the next interval as a blue line.

In the first sub-plot of each group we can see the predicted IPC and the actual value of
the IPC in the next interval.

In the second sub-plot we can see the metrics of Core Acceses.

In the third the metrics of Core Misses.

In the forth the metrics of Core Power.

The core configuration in these plots is 1.8 GHz and 4 active cores.
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FIGURE 1.9: Swaptions 1.8GHz 4 Cores.

As we can see the predicted values of the four metrics are close to the original values on
all 3 benchmarks. As a result when the predictor is called to give his estimation of the

core state in the next interval , that estimation will be accurate.

1.3.2 Predictive Model

Predictive System - a system that will be called every interval during the execution of
a benchmark by the Global Manager / Individual Manager and provided the state
of each core on the chip at that interval the system can predict the state of those cores
on the next one.

Since the Sniper’s Python API was used and studied , the Predictive system was also
created in Python. The connection between the predictive system and MATLAB was
established using the PyMATLAB package. In the PyMATLAB implementation we have

the following api calls and variables:
e pymatlab.session_ factory() - sets up the MATLAB enviromenmt and returns a
session that can receives scripts and parse them into MATLAB commands.

e mmscript - A block of text that includes the MATLAB commands we want to

execute.

450
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o session.putvalue(MATLAB name , PYTHON name) - transfers the variable from
the Python interface into the MATLAB enviroment that has been created in this

session.

o session.run(’command_text’) - executes the command into the MATLAB enviro-

ment. If there is no variable found with the specific name an error is returned.

o session.getvalue(MATLAB name) - returns the value of the variable from the
MATLAB enviroment. This function gives the ability to retrieve new or modi-
fied data from the MATLAB environment.

#Establish MATLAB connection.

global session

session = pymatlab.session_factory()
mscript ="""cd(' /home/mike/Desktop/matlab’)
create_predictors_api
session.putvalue( 'MSCRIPT' ,mscript)
session.run( ‘eval (MSCRIPT)")

#Perfom the prediction and write the results in the file.

mscript? =
MATLAB script that predicts the core status

session.putvalue( 'MSCRIPTZ' ,mscript2)

session.run( ‘eval (MSCRIPT2)")

ipc_data = session.getvalue('ipc_prediction’)

core_cache_access_data = session.getvalue( ' core_cache_access_ prediction’)
core_cache_misses_data = session.getvalue( ' core_cache_misses_prediction’)
core_energy_ = session.getvalue( core_energy prediction’)

FIGURE 1.10: Connection with PyYMATLAB

1.4 Manager Predictor Communication

At the start of the simulation the manager and the predictive system establish a socket
connection in order to be able to communicate and secure that valid data are being
used at every interval. The socket system that has been used ensures the fact that the

Predictive System is blocked until the new data has are available.
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HOST = 'localhost’

PORT = 568033

s = socket.socket(socket.AF_INET, socket.SOCK_STREAM)
s.bind ((HOST, PORT))

print " Ready to receive"

s.listen(18)

conn, addr = s.accept()

FIGURE 1.11: Connection Predictor

self.s = socket.socket(socket.AF _INET, socket.SOCK_STREAM)
self.s.connect((HOST,PORT))

FIGURE 1.12: Connection Manager
The manager collects the status data of all the cores and stores them in the file cur-

rent_ core_ status.trt. After that is complete , the manager informs the Predictive Sys-

tem that the data are ready by sending a message through the socket connection.

The whole structure of the framework and the mentioned components can be shown in

the picture below:
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MATLAB Enviroment i PYMATLAB

Predictor System }(-
A X
Prow.de Provide Current Socket Connection
Predicted Core State
Core State
L Global / Individual Manager
VEE Bekiing Sniper Python API

Collect Core State

Sniper Simulator

FIGURE 1.13: Framework.

1.5 Sniper Simulator

In order to simulate the multi-core system the Sniper Multi-Core Simulator has been
used , which offers a plethora of benchmarks and allowed chip configurations. Sniper
provides all the required information of the status of a chip during run time using precise

tools that offer accurate and valid results.

Furthermore Sniper provides a DVFS implementation , with a sufficient scale of different
Voltage-Frequency levels , which is essential to the functionality of the manager system

that I have implemented in this diploma thesis.
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In order to fully understand the functionalities and the abilities of Sniper the provided
Sniper Python API was thoroughly studied. This Python API was further extended at
certain points so as to include new possibities to the simulator that are essential to the
DVFS Manager and the connection with the Predictor System that was implemented in
this diploma thesis.

1.6 McPat

Intel’s McPAT , an integrated power, area, and timing modeling framework for multicore
and manycore architectures , has been used to obtain a precise power state of the chip.
McPAT takes into consideration the configuration of the chip and provides the power
state of the cores , L1 Data Caches , L1 Instruction Caches , L2 Caches McPAT has been

integrated with Sniper during the Python API in order to be used in certain intervals.

1.7 ArchFP and HotSpot

ArchFP | afloorplaing tool which generates floorplan files, and HotSpot , an accurate and
fast thermal model , have been studied for the Nehalem’s system architecture but have
not been fully implemented in the model. The floorplan that was produced to represent

the chip architecture is shown below.

1.8 MATLAB

The MATLAB enviroment provides numerous functionalities and was used in order to
implement the machine learning methods of the manager and the data analyses as well.
MATLAB offers many different machine learning approaches which have been tested
and evaluated in order to choose the best methon on a performance level. Furthermore
MATLAB was used in order to analyze the benchmark data provided by SNIPER and
the decision of key values for the different policies that have been applied. The provided
illustrations in the next sectors of this diploma are generated by MATLAB.
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1.9 Python

1.9.1 PyMATLAB

The PyMATLAB package lets Python users interface and communicate with MATLAB
from Python in order to be able to send data from Python to MATLAB’s workspace
to be able to run Matlab function on the data . This package was essential to the
implementation of the Predictor System since it gave the ability to fully exploit the
MATLAB functionalities.

1.10 Framework Links

e Sniper Simulator - http://snipersim.org/w/The Sniper Multi-Core Simulator
e ArchFP - http://lava.cs.virginia.edu/archfp/
e HotSpot - http://lava.cs.virginia.edu/HotSpot /index.htm

e PyMATLAB packet - https://pypi.python.org/pypi/pymatlab
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DVEFS Strategy

2.1 Data Analysis

For the purpose of this diploma thesis the PARSEC-Suite benchmarks were used as
data for the machine learning analysis and the evaluation. Each benchmark that was
chosen represents a different application behavior in order to cover a bigger spectrum
of applications and each benchmark is characterized by a multi-threading behavior.For
each benchmark , the simulation was executed with a different combination of active
cores ( running threads) and DVFS level which are provided below. In the table below

we can see the benchmarks :

Benchmark Name Benchmark Behavior
Blackscholes low-barrier
Bodytrack high-barrier
Swaptions no-barrier / high-lock workload

The different DVFS levels provided by Sniper are the following :

Frequency (GHz) | 1 | 14|18 |21 22|33
Voltage 0810911121416

The number of active cores for the execution of the benchmarks are :

ActiveCores‘2‘4‘8‘l6\32‘

From the plethora of combinations we can see that the gathered data characterize many
different core behaviours and the created predictor will not be biased towards a specific
pattern. In order to gather the required data , I created a Python data-gatherer program

that was integrated with Sniper and called repeatedly at a certain interval time by Sniper.

16
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2.2 Stategy Analysis

2.2.1 Normal Execution.

The normal execution is the base of all the implementations . Every benchmark simu-
lation is executed on a 32 core chip as I previously mentioned. On the different config-
urations the number of cores varies between 2 ;, 4 | 8 , 16 , 32 cores and the rest of the
32 overall cores that are not used in each case are considered idle.A configuration that
implies that the total number of cores and the number of active cores are equal , would
not take into consideratin the power of idle cores and would not provide realistic results.
During the normal execution a frequency is selected from the available DVFS levels and
applied to all the running cores. The rest of the idle cores are set to 1GHz which is
chosen as the idle core frequency since it’s the lowest that can be applied because of the
McPAT constrain.

This implementation provided no DVFS management during run time and is expected to
overcome the power threshold of the chip. For the comparison with the other 2 strategies
, this implementation will be used as the base for comparsion.

Simulations of a chip with a high number of active cores and a high level of frequency
may not seem useful because they will not provide real comparable data with a power
saving techniques but these simulations are are vital to the training of the predictive
model since they will insert the information of over-budgeting and the model will be able
to predict those core states and prevent them.

The implementation of the normal execution on the Sniper Simulator is based on Python
API calls triggered by a custom script that is called at the start of the simulation.

In this implementation we use two provided variables by sniper
o sim.dufs.set_ frequency(core number,applied frequency) - This call receives as argu-
ment the number of the core on the chip and the frequency we want to apply

e sim.config.ncores - This variable provides the number of the total cores that we

have simulated on the chip.
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The created script makes the following calls at the start of the simulation.

self.core_use = int(args.get(0,sim.config.ncores))
self.freq = int(args.get(1,60.95))
self.benchmark = args.get(2, "unkown_benchmark")
for i in range(8,self.core_use):
sim.dvfs.set frequency(i,self.freq)
for i in range(self.core_use,sim.config.ncores):
sim.dvfs.set frequency(i,l1008)

FIGURE 2.1: Normal Execution

Python Implementation of the managers

2.2.2 Individual Manager.

In this stategy an Individual Manager is implemented that will monitor the behavior
of every core and decide whether the core should increase it’s frequency level pending
on the budget it has. In order to choose the individual power budget that each core
will have to respect, the number of active cores has been taken into consideration. This
means that as the number of active cores increases the individual power budget of each
core will decrease correspondingly, this is a more realistic approach than setting a fixed
constant as core power budget.This means that each core has the knowledge of how
many cores are active but doesn’t take into consideration the over-all chip budget. The
correspondence between Individual Power Budget and Core Number was decided
based on the TSocket paper [2] . As we can see when there number of active cores is
low , 2 or 4 , the budget per core is high but as the number of active cores increases the

power budget drops by a big margin.

An Individual Manager is monitoring every core during the simulation and records
the cores state ( the 4 metrics of the core ) at every interval. The manager communicates

with the predictive system as described above.

First Individual Manager checks that the core will not overcome it’s individual budget in
the next interval. If that comparison is satisfied that means that the core has still power
that can be spent. If the comparison is not satisfied that means that the core is about
to over come it’s individual budget. In that case Individual Manager takes the decision

to lower the frequency to the next frequency level on the DVFES table.

Powerpredicted < Powerpydget (2.1)
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FIGURE 2.2: Individual Power Budget.

Second the Individual Manager further investigates the core state since it has room for
improvement. This comparison provides the information about the value of a possible
frequency increase and power consumption. If the Predicted IPC is greater than the
current one that means that the core is going to increase it’s throughput so an increase

in the frequency is going to enhance that and as a result improve it’s performance.

IPCcurrent < IPCpTedicted (22)

In addition the Individual Manager performs this check at the start of every interval :
Power cyrrent < Powerpydget (2.3)

In that way we take into consideration the possibility of an error on the prediction which

will result in over-budgeting

If both policies are satisfied then the Invidual manager increases the frequency level of
the core to the next frequency level on the DVFS table. By following a policy that
contains these steps the Individual Manager is able to control the power of a core
under the budget and wisely increase it’s frequency.

This model is expected to work well on an individual level but without taking into

consideration the overall chip power budget , as the number of the active cores increase



Chapter 2. DVFES Strategy 20

then the phenomenon of over-budgeting on a chip level will appear. The results will be
displayed in the Experimental section.
#Predict if the core will over budget
if(next power<self.power budget):
# Predicte if the core's IPC will increase
if(next state[@]>»core_status[@]):
freq_position = self.frequencies.index(core_freq)
#Find the next higher frequency level.
if(freq position-1>=0):
#4pply the new freguency
new _freq = self.frequencies[freq_position-1]
sim.dvfs.set frequency(l,new _freq)

else:
#In the case of predicted over-budgeting find the next lower frequency level.
freq_position = self.frequencies.index(core_freq)
if(freg_position+I<5):
#Apply the new freguency
new_freg = self.frequencies[freq position+l]
sim.dvfs.set frequency(l,new freq)

F1GURE 2.3: Individual Manager Code.

2.2.3 Global Manager

In this strategy a Global Manager is implemented that will monitor the behavior of all
the cores . This means that this manager will have information about the overall chip
state and pending on the policy that he follows , can conclude to actions that will benefit

the overall performance of the chip.

Global Manager Policy

The goal of the Global Manager will be to maximize the throughput of the chip. As a
result the Manager will monitor all the active cores and evaluate which combination of
frequency levels on the active cores will result in the maximum throughput while keeping
the chip power consumption below the desired budget.

At every interval the Global Manager sets the idle cores to to 1GHz and perfoms power
allocation to the active cores based on their criticality. Both the power allocation method
and the core criticality will be defined below:

Core Criticality

A core is considered critical when an increase of it’s throughput will result into an
increase in the overall performance , compared to a similar increase on the other cores.

It is essential to choose a criticality approach that performs it’s task efficiently because
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if chosen poorly this will result in a non optimal power allocation. With that in mind I
define core criticaly as explained below :

4 approaches about core criticality have been followed in order to understand which one
gives the best results and promotes a proper power allocation. It is worth mentioning

all three approaches which are :

Core’s Cache Acceses in the next interval

IPC of the core in the next interval

the increase of Cache Accesses which is a result of Accessespredicted —Accesescurrent

IPC
L2Misses

After various measurements on benchmarks I have come to the conclusion that a core’s
criticality is best characterized by the number of it’s Cache Accesses on the next
interval. In order to decide which approach is the most efficient , two main points were

considered:

1. The chip total power at every interval remains under the power budget.

2. The throughput of the benchmark simulation , which is the total time of execution

of the benchmark.

From a total of 15 simulations , which is the results of the 3 benchmarks over the 5
different active core number configurations , Cache Accesses gave the best result on a 13
of them. On the rest 2 configurations the best result occured when the core criticality

IPC
was measured by the ;5

ToMisses but not with a great difference from the Cache Accesses

approach. The advantage of the Cache Accesses approach over the IPC one is that it

can perform better on benchmarks with a barrier lock.

To further explain when a core of a multi -threaded application is running a thread that
blocks at a certain point on the interval , then it will have a slighty high IPC but lack
in Cache Accesses since it is not contributing in the benchmark execution. In that way
the Core’s Cache Acceses approach can identify this situation and re allocate a portion
of such a core’s budget to the rest of the active cores more efficiently than the IPC
approach.

On applications that have no barrier and high workload both approaches provide an
efficient power allocation with the Cache Acceses approach performing better on the
throughput level.

In the following figures of the benchmark bodytrack we can see the that when the metric
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of Acceses is used we have the best performance which is the lowest simulation execution

time. Moreover in the cases where the LQIP c

TonTisses performs faster , we can see that the

chip power consumption exceeds the provided budget. As will be displayed in Chapter
3 with the experimental results the policy of keeping the chip power consumption below

the budget is also respected.
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Power Allocation

One important task of the Global Manager is deciding how to allocate the chip power
budget to the active cores. This needs to be done in an efficient way by taking into

consideration both the current performance and the potential increase in performance
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and power consumption of each core. For this reason the Global Manager needs a metric
to measure the criticality of each core and then allocate the power budget properly.

Implementation

After defining the Core Criticality a method to allocate the chip power budget is re-
quired.Since the core criticality is defined by the Core Cache Accesses then the partition

of core X of the total power budget of N active cores will be calculated from this formula:

PredictedCoreAccesses,
Eév PredictedCoreAccesses

Poweryyqget - (2.4)

During every interval the Global Manager will sum the cache accesses of the active cores.
A core is considered active if it’s IPC is greater than zero.

We define the following variables:

e core_ status - an array 1x4 including the core status as we defined in the start. IPC

, Core Accesses , Core Misses , Core Energy

e core_status prediction - an array 1x4 including the predicted core status in the

next interval.

total accesses = 0.0
for j in range(8,32):
core_status = self.core_status[j]
core_status_prediction = self.core_prediction[]]
#Check if the core is not idle so as to include it in the total accesses number.
if(core status[8]1=0):
total accesses = total accesses + (core_status[1])

FIGURE 2.9: Global Manager Code.

Furthermore the Global Manager will apply the frequency 1.0 GHz on the idle cores and
evaluate the part of the budget for the rest of the cores based on provided formula.

In addition the Global Manager limits the increase of the frequency level by 3 steps in
order to to avoid core power spikes.The implementation can be found in the source code

below.
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#Perfom Global Manager Control for every core
for 1 in range(9,32):
next state = self.core_prediction[1]
next power = next state[3]
core_status = self.core_status[1]
core_ipc = core_status[@]
#Check if the core is idle , if so apply the default 1GHz freguency
if(core_ipc==8):
sim.dvfs.set frequency(l,1608)
else:
#Get the old frequency on the core.
old freq = core_status[4]
old position = self.frequencies.index(old freq)
#Find the part of total budget allocated to 1 core
percentage_of throughput = (core_status[1]) /total accesses
part_of budget = percentage of throughput # current_budget
#Compare budget of core with the provided thresholds
for frequency, power_part in self.fre_power:
if part_of budget »= power_part:
applied freg = frequency
#Check if the increase of frequency level is greater than 4
new _position = self.frequencies.index(applied freq)
if ((old position -new _position)>»3):
applied freq = self.frequencies[old position-3]
#4pply new freguency
sim.dvfs.set frequency(l,applied freq)

FIGURE 2.10: Global Manager Policy Code.
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Frequency - Power Budget

When the power budget has been allocated as partitions properly to all the active cores
the Global Manager needs to decide what is the corresponding frequency that needs to
be applied on each core in order to meet the power requirements.

For this decision to be made a threshold is set for each one of the 6 frequency levels. This
threshold is a requirement for a core’s power budget to meet if the specific frequency is
to be applied on that core. This method provides a safety against over-budgeting since
the Global Manager will not apply a frequency on a core if that core has the potential

to reach a power consumption out of it’s limits.

In order to calculate the thresholds for the frequency levels , I used the analyzed data
that were gathered. By using the boxplots of the power consumptions on every level a
value between the third quartile and the median was used as a threshold. Below we

can see the boxplots of all the frequencies :
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Here is the table of the power threshold and the frequencies:

The chip power budget has been decided by taking into consideration the number of
active cores.
budget needs to scale with the number of active cores because that provides a more
realistic behavior.

benchmarks use 2 extra cores ( threads ) so that is why the chip power budget for

Power Threshold. ( Watt) | Frequency Level ( GHz )
2 1.0
4.0 14
11.0 1.8
18.40 2.1
30.0 2.7
55.0 3.3

Chip Power Budget

bodytrack has been presented seperately from the other two.

In the same philosophy as in the Individual Manager , the chip power

For the specific benchmarks that have been used , the bodytrack
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Chapter 3

Experimental Results

In this section we will analyse the behavior of the three benchmarks that were used and

the impact of the manager implementations on these benchmarks.

3.1 Benchmark Analysis

3.1.1 Blackscholes

The first benchmark that was used is blackscholes which is characterized by a small work-
ing set and low sharing data behavior. This means that blackscholes presents low barrier
behavior. In the following figures we can see the effect of the number of active cores on
the energy consumption which is diplayed in KJoule and the total execution time
of the benchmark.The different values for the number of the active cores are 2 , 4 , 8 ,
16 , 32 . Blakscholes spawns an extra thread from the number of active cores which will
be the master thread with lower throughput than the rest slave threads.

As the number of active cores increases from 2 up to 8 the total energy consumption
decreases, this means that the workload is distributed evenly to the active cores.However
as the number of active cores further increases we can see that the total energy consump-
tion increases. This is a result of the lock behavior that characterizes Blackscholes as
the further increase of active cores does not translate into better work load allocation.
Concerning the total execution time we can see that when the active core number changes
from 2 to 4 the execution time decreases by a margin of 30 %. However the decrease
of the benchmark execution time does not follow the corresponding increase of the ac-
tive core. This occurs since the greater number of active cores does not offer significant

increase to the throughput because of the lock behavior.
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F1GURE 3.1: Blackscholes Analysis.

3.1.2 Bodytrack

The second benchmark that was used is bodytrack which is characterized by a medium
working set and a high sharing data behavior. Bodytrack is expected to present similar
behavior with blackscholes.Bodytrack similarily spawn extra threads but in this case the
extra threads are two.As we can see in the first figure the execution time of bodytrack
drops significantly as the number of cores increases from 2 to 4 which is a result of
the high working set of bodytrack. However as the number of active cores increases
the lock behavior of bodytrack limits the decrease of the runtime in the same way as
was observed for blackscholes.Furthermore we observe a small decrease in the energy
consumption when the number of the active cores is low which is a result of the proper
workload allocation.However the energy consumption follows the increase of the active
cores when the number of active cores is higher than 8. This is the same phenomenon

that was observed for blackscholes as well.
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F1GURE 3.2: Blackscholes Analysis.

3.1.3 Swaptions

The third benchmark that was used is swaptions which is characterized by a high work-
load with very low lock behavior. Swaptions is different from the previous benchmarkss
concerning it’s behavior and is expected to contribute to the prediction of non-lock but
high workload application behaviors.Below we can see that since there is no bottleneck
for the swaptions benchmark the total energy consumptions decreases as the number of
active cores increases. This means that the workload is properly allocated to the newly
used cores and that is described in the Total execution time figure. We can see that
the total execution time decreases accordingly with the increase of the number of active

cores.
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FIGURE 3.3: Swaptions Analysis.

3.2 Individual Manager Analysis

The individual manager as described before monitors each core and ensures that the
cores power consumption during every interval will not exceed the core power budget.
As displayed in Figure 2.2 the power budget allocated to each core depends on the active
core number in order to implement a more realistic simulation. Below we display the
power consumption of all the active cores during the simulation and the overall chip power

consumption for the three benchmarks and all the different active core configurations :

3.2.1 Blackscholes

For the configurations of 2 and 4 active cores , the chip power consumption is below the
required threshold of 120 Watt and the individual power consumption of the active cores
exceeds the budget 2 times in each case. As we can see the performance of the individual

manager is satisfying for these configurations as expected since when the number of

40
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active cores is rather small , the possibility of chip overbudgeting is low.

However for the configuration of 8 active cores , the chip power consumption exceed
several times the threshold of 120 Watt. For the last 2 configurations of 16 and 32 cores
, we can see the individual power consumption is constrained below the individual core
budget , but as expected the overall power chip exceeds the threshold. As it was expected
the individual manager for all the configuration keeps the each core power consumption
below the provided budget but as the number of active cores scales , the overall chip

power consumption reaches non realistic power consumption values.
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FI1GURE 3.4: Blackscholes 2 active cores Power Consumption.
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FIGURE 3.13: Blackscholes 32 active cores + master core.

3.2.2 Swaptions

As we can see the individual power consumptions exceeds the according power budget
only on the configuration of 16. On the rest of the configuration the individual manager
has kept the core power consumption below the threshold. For the overall chip power as
expected only for the configurations with a small amount of cores the chip power level
is kept below the required threshold.

As the number of the cores increases the overall power budget follows accordingly which
as a results leads to overbudgeting for all the configurations expect for the configuration
of 2 and 4 cores.

Furthermore we can see that since swaptions is a benchmark with no barries , the indi-
vidual manager has an easier task to control the power consumption and predict each
core’s behavior. This can be also determined from the figures of the individual core

consumption.
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3.2.3 Bodytrack

In the configuration of 2 active cores the total chip budget is below the threshold of 120
Watt and the power consumption of each core exceeds the core budget only 5 times. The
rest of the core power levels are below the budget.

In the configuration of 4 active cores the total chip budget is still below the threshold of
120 Watt and as we can see the power consumption of each core exceeds the core budget
only 2 times.

In the next three configurations the total chip budget is above the threshold for most
of the runtime of the simulation. This is an expected phenomenon since the individual
manager doesn’t take into consideration the over-all chip budget but instead monitors
every core individually. Furthermore we can see that the individual core budget exceeds
the specifed budget in more instances for the configuration of 16 and 32 active cores.
This phenomenon occurs because of the burst of throughput that characterizes the slave

threads when they spawn.
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FI1GURE 3.24: Bodytrack 2 active cores Power Consumption.
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FIGURE 3.33: Bodytrack 3241 active cores + master core.

3.3 Global Manager Analysis

The Global Manager as described before follows the steps below:

e Define the chip power budget based on the active cores number.
e Perform power allocation to the active cores based on their criticality

e V-F setting based on the correlation between the frequency levels and the power

budget that has been assigned to each core.

Furthermore we analyze the behavior of the Global Manager for the 3 benchmarks com-
pared with

a) The basic execution of the benchmark when all the cores run at 1.8 GHz.

b)The Individual Manager.

As shown in the figures below the overall chip power consumption is well below the
threshold and rarely commits overbudgeting. The reason behind the gap between the
chip power consumption and the chip power budget is the specified DVFS levels. To

further explain , since the manager has a distinct number of different frequencies that
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can apply on each core , there is also a certain spectrum of power consumption values
that one core can satisfy. As a result when the total chip power budget is allocated to all
the active cores , each core individually can reach up to a certain point of that budget.
In the case that this individual budget can be reached on a satisfying level , then we have
the phenomenon of the decreasing gap between the chip power budget and the total chip
power consumption.

However when that is not the case then the gap between those values translantes into
the non existance of an optimal frequency level to satisfy the budget limitations.
Furthermore we can see the Power Savings and the Performance Degration of the
3 benchmarks. for the different configurations in the 3 following tables.

The relationship used to compute them is the following , where X is either of the 2

metrics. :
mean(Xnormal) - mean(XglobalmanageT)

mean(Xn,OTmal)

(3.1)

Below we describe the effect of the Global Manager on all 5 different configurations
of active cores , and the impact the manager has on the performance and the power

consumption of the chip.

3.3.1 Blackscholes
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FI1GURE 3.34: Blackscholes 2 active cores . Technique Comparison.
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Number of active cores | Power Saving | Performance Degration
2 24.5 % 10.5 %
4 477 % 15.6 %
8 429 % 3.12 %
16 58.7 % 3.84 %
32 64.1 % 0 %

As we can see in the figures above , overbudgeting occurs only in the case of the 32 active
cores at the start of the simulation. For the rest of the configurations the global manager
keeps the total chip power consumption below the threshold on satisfying levels.

As we can see below the global manager maintains the chip power consumption below
the power budget limit. Over budgeting occurs only a few times which appear to happen
at the beggining of the simulation and are a result of the high burst of throughput by
spawning threads.

From the provided table the power savings increase as the number of the active cores
increases however the performance degration does not increase accordingly. This can be
explained by the fact that our implementation manages to perform a power allocation
that maximizes the performance and that the blackscholes benchmark is a combination
of low lock-behavior and low workload. As a result the increasing number of active cores
without the proper allocation of the power budget to certain cores does not translate
into higher throughput. The global manager is capable of this proper allocation and that
is why the performance degration reaches these minimum values.

Finally the Figure 3.44 shows that the total energy consumption of the chip using the

Global Manager decreases greatly as the number of cores increases.



Chapter 3. Ezperimental Results 58
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FIGURE 3.49: Bodytrack 8 active cores . Technique Comparison.
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FiGure 3.50: Bodytrack 8 active cores + master core.
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FIGURE 3.51: Bodytrack 16 active cores . Technique Comparison.
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FIGURE 3.52: Bodytrack 16 active cores 4+ master core.
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FIGURE 3.54: Bodytrack 32 active cores + master core.
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Number of active cores | Power Saving | Performance Degration
2 339 % 11.7 %
4 36.7 % 20.0 %
8 61.7 % 25.7 %
16 61.4 % 24.2 %
32 73.9 % 29.8 %
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F1GURE 3.55: Total Energy Consumption.

The overall performance degration does not exceed 30% since the high frequency of the

base case , that is compared with the global manager , does not translate into higher

throughput.However the high-lock behavior limits the global manager from reaching the

low performance degration values that were reaches for blackscholes.

On the power

consumption level as we can see again the global manager satisfies all the power budget

limitations with a few expections and the power savings increase with the increase of the

active cores as expected.

Finally from the figure 3.55 we can see that there is an increasing difference between

the total energy consumption of a system without the global manager and of a system

monitored by him.
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3.3.3 Swaptions
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FIGURE 3.56: Swaptions 2 active cores . Technique Comparison.
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FIGURE 3.57: Swaptions 2 active cores + master core.
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FIGURE 3.58: Swaptions 4 active cores . Technique Comparison.
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FI1GURE 3.59: Swaptions 4 active cores + master core.
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FIGURE 3.60: Swaptions 16 active cores . Technique Comparison.
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FI1GURE 3.61: Swaptions 16 active cores + master core.
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FIGURE 3.62: Swaptions 32 active cores . Technique Comparison.
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FIGURE 3.63: Swaptions 32 active cores + master core.
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Number of active cores | Power Saving | Performance Degration
2 18.3 % 1.36 %
4 40.4 % 17.0 %
8 75.0% 33.9 %
16 77.5 % 38.09 %
32 74.7 % 16.1 %
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FI1GURE 3.64: Total Energy Consumption.

As displayed in the previous figures the global manager keeps the total chip power con-
sumption below the chip power budget for all the configurations. Since swaptions is a
non blocking benchmark and has straigthforward implementation we can see that the
total chip power consumption is more stable and the distance from the total chip budget
is shorther than the previous benchmarks.For swaptions , the performance degration is
greater and reaches a maximum of 39% with the advantage of high power savings that
reach a maximum of 77%. This is also a result of the non-blocking behavior of this
benchmark since the increase of the active cores has a direct impact on the performance.
For the swaption benchmarks figure 3.64 shows us that the use of the global manager
results in a great decrease in the total energy consumption of the chip especially as the

number of active cores increases.
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3.3.4 Cross Validation

Our predictor system has been trained using the simulation results and core values of
the 3 benchmarks :

e Blackscholes
e Bodytrack

e Swaptions.

However it is valuable to see the behavior of the global manager against benchmarks
that present unknown behavior and evaluate the manager’s performance.The informa-

tion about the PARSEC-Suite benchmarks was provided by [1]

x264

x264 is media processing application that is characterized by a medium working set and
a high sharing and exchange data behavior. This is an application similar to bodytrack
but with a more heavy lock-behavior. We simulated the x264 benchmark using the de-
velopment input size , on a configuration of 32 cores.

From the figure belove we can see the behavior of the system is satisfying. The manager
succeed in controlling the chip power consumption with a few expections of overbud-
geting. We can also observe the consumption reaches values close to the budget which

translates into a good power alocation.
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FIGURE 3.65: x264 32 active cores + master core.
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Below we can also see the performance degration and power saving compared to the

execution of benchmark x264 on a configuration of 32 cores at 2.1GHz

Power Saving | Performance Degration
67.3 % 10.5 %

Fluidanimate

Fluidanimate is an animation application with a large working set and a low sharing
behavior. We simulated the fluidanimate benchmark using the development input size ,
on a configuration of 32 cores

As we can see the chip power consumption exceeds the provided budget only at the start
of the simulation and then stays well below the threshold. As a result in a case of a
benchmark the combination of high workload with a lock-behavior the global manager’s

performance is satisfying.
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FIGURE 3.66: Fluidanimate 32 active cores + master core.

Below we can also see the performance degration and power saving compared to the

execution of benchmark fluidanimate on a configuration of 32 cores at 2.1GHz

Power Saving | Performance Degration

78.9 % 36.2 %
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Facesim

Facesim is also an animation application with the same characteristics as fluidanimate.
That is , a large working set and a low sharing behavior.We simulated the fluidanimate
benchmark using the development input size , on a configuration of 32 cores

As we can see the chip power consumption exceeds again the budget only at the start of

the simulation and then stayed on a satisfying level below the chip power budget.
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FIGURE 3.67: Facesim 32 active cores + master core.
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Vips is a media processing application that is characterized by a medium working set
low sharing behavior. Vips is similar to fluidanimate but with a smaller working set
we expect the chip power consumption to be closer to the overall budget.Indeed the

global manager succeed in controlling the chip power consumption and fully exploit the

provided budget.

Vips
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FIGURE 3.68: Vips 32 active cores + master core.
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Chapter 4

Conclusion.

In this diploma thesis the structure and stategy of a power allocation managment system
was described. We described the components that were implemented and are essential
to the various actions the manager performs. Furthermore we analyzed the performance
of the different manager systems on various configurations and new benchmarks, specif-
ically:

The Individual Manager that was created performed well for configurations with
a low number of cores, for these cases the chip power consumption remained below a
normal power level . However as the number of cores increased the Individual Manager
did not take into consideration the chip power consumption but only monitored the per
core power consumption failed to maintain below a normal power level. For all the con-
figurations the per core power consumption stayed below the power threshold that was

applied by the manager and there was rarely a phenomenon of core over budgeting.

The Global Manager showed promising results with a high power saving and a rel-
atively small performance degration. The Global Manager maintained the chip power
consumption below the provided chip power budget with rare cases of overbudgeting
which is a very important factor. Pending on the behavior of the application the global
manager was able to exploit the power budget at it’s capacity . As displayed the Global
Manager can adapt very well to different number of cores with a correspoding different
power budget. Furthermore through the Cross validation it was proved that the Global
Manager can perform very well controlling application that are unknown to him , since
no data from such applications where used for his training. For these cases the Global
Manager is able to maintain the chip power consumption below the set budget quite

successfully.

Future Work This diploma has provided a structure that can be easily modified in

order to apply new policies or different type of managers. One possible expansion for

73
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the manager that was studied but not fully implemented is the dynamic increase and
decrease of the active cores that are used by the running application. This new tool with
the combination of DVFS may provide more promising results. Moreover the integration
of many different benchmarks on a chip is a interesting topic for future work. Although
the current Manager may be able to control the cores even if they belong to different
applications, adding this knowledge to the system and possibly using a Cluster Manager

per application’s cores may provide promising results.
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