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SYSTEMS AND METHODS FOR ENERGY Concurrency throttling is also a common optimization 
PROPORTIONAL SCHEDULING applied to improve the energy efficiency of programs . How 

ever , similarly to DVFS , a runtime approach is often chosen , 
CROSS - REFERENCE TO RELATED sometimes combined with DVFS . Runtime mechanisms 

APPLICATIONS generally imply instabilities and nondeterminism , which are 
often undesirable . Some compile - time approaches to con 

This application is a continuation of U.S. patent applica- currency throttling have been suggested . Similarly to DVFS , 
tion Ser . No. 14 / 987,202 , entitled “ Systems and Methods for however , compilation - time approaches to concurrency throt 
Energy Proportional Scheduling , ” filed on Jan. 4 , 2016 , now tling also generally exploit profiling runs to determine the 
U.S. Pat . No. 10,540,107 , which claims the benefit of 10 optimal concurrency and , as such , may be difficult to imple 
priority to U.S. Provisional Patent Application No. 62/099 , ment in practice . 
345 , entitled “ Systems and Methods for Software Optimi A co - pending U.S. patent application Ser . No. 14/699 , 
zation , " filed on Jan. 2 , 2015 , the contents of which are 876 , entitled , “ Systems and Methods for Power Optimiza incorporated herein by reference in their entireties . tion of Processors , ” describes systems and methods to 

control processor Voltage and Frequency Scaling ( VFS ) , STATEMENT OF GOVERNMENT SUPPORT depending on the memory activity in code sections , called 
This invention was made with government support under instruction windows . In general , the instruction windows are 

Contract No. HR0011-12 - C - 0123 awarded by the Defense qualified as memory intense or compute intense depending 
Advanced Research Projects Agency ( DARPA ) . The gov- 20 on the operations they performed . Then , a low voltage and 
ernment has certain rights in the invention . frequency may be set before memory - intense windows 

while a high voltage and frequency can be set before 
FIELD OF THE INVENTION entering compute - intense windows . Such strategy can 

achieve energy saving because the processor does not need 
This disclosure generally relates to systems and methods 25 to run at full speed when it waits for data from memory . 

for compiler optimization and , in particular , for optimiza- In order to increase the benefits of VFS and to thereby 
tions that can reduce energy consumption during program increase energy savings , instruction windows must obey to 
execution . some rules . In particular , the instruction window must be 

large enough to amortize the cost of switching the voltage 
BACKGROUND 30 and frequency . Moreover , it is highly desirable that the 

instructions within a window have a similar memory inten 
Energy - proportional scheduling generally aims at sity , in order to benefit from the chosen frequency . 

improving the proportionality of energy consumption 
according to a resource usage that can improve the overall SUMMARY 
performance . It has been applied to the CPU through server 35 
consolidation , networks through link speed scaling , and hard In various embodiments , a compiler provides techniques 
disk drives through disk speed scaling . To minimize energy to support low power embedded computing of various 
consumption , voltage and frequency are often managed at computation and / or memory intensive procedures such as 
runtime using control loops . Several runtime controllers Intelligence Surveillance Reconnaissance ( ISR ) , signal pro 
typically have a similar behavior : the program is observed 40 cessing , solution of optimization problems , etc. In order to 
for a short duration and , based on this observation , a new enhance the effect of the voltage , frequency , and / or another 
voltage and frequency setting is chosen for the upcoming processor parameter that can affect its power / energy con 
phases . Frequently , the program instrumentation is based on sumption that may be chosen for a certain period during the 
hardware counters . Such runtime mechanisms allow flex- execution of a program , a generic energy model that 
ibility and have been reported to provide significant energy 45 includes high - level hardware and software parameters is 
savings in various contexts . For example , the default employed . In particular , the energy model does not require 
dynamic voltage frequency selection or scaling ( DVFS ) programs to be profiled and is not based on runtime hard 
control performed in LinuxTM operating system exploits a ware counters . Such generic energy models may be less 
similar runtime strategy . However , runtime DVFS control- accurate than profile - based energy models . However , our 
lers are generally unstable and non - deterministic by nature . 50 model can provide determinism , stability , and portability 
As an alternate solution , voltage and frequency can be across various target platforms . Moreover , our model can 

controlled at compilation time . In that case , the energy exploit a polyhedral program model to determine at compi 
consumption of the various configurations may be predicted . lation time metrics such as operation count or data span . We 
According to one representative approach , the optimal implement DVFS and concurrency throttling consistently , 
DVFS setting is determined by solving a mixed integer 55 using the same energy model for predicting the major trends 
linear programming ( MILP ) formulation of the selection in energy consumption . 
problem at compilation time . Another similar approach is One advantage of our energy model is that it can serve as 
based on linear programming . The energy models used in a unique predictor for execution time and energy consump 
these techniques are based on parameters modeling the tion . Therefore , rather than selecting an operating voltage 
performance of the programs being compiled . These 60 and / or frequency based on a type of an instruction window , 
approaches generally assume that a preliminary profiling of the voltage and / or frequency for a program region may be 
the program being compiled has been performed over a set selected based on a predicted value of energy consumed in 
of relevant input data sets . Such profiling can be impractical executing the portion of the program within that region . This 
if not infeasible in typical production environments how- can allow the selection of operating voltages and / or frequen 
ever , because often it greatly increases the compilation time 65 cies for various program regions such that the overall energy 
and generally requires representative datasets and the target consumption relative to performance can be optimized or 
hardware to be available at compilation time . minimized . The energy model is parameterized by architec 
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tural parameters such as , for instance , power consumption of setting at least one parameter of the data processor according 
computation and / or memory access operations , and / or float- to the energy - minimizing power setting . 
ing - point performance . In some embodiments , each of the steps ( a ) through ( d ) is 
One limitation of the instruction - windows - based tech- performed by the compilation processor via static analysis of 

nique described in U.S. patent application Ser . No. 14/699 , 5 the program and without executing any portion of the 
876 , incorporated herein by reference in its entirety , is that program , and without relying on a program execution pro 
generally only two choices are available for VFS . Typically , file . The steps ( a ) or ( b ) or both may be based on a 
the instruction windows may be designated either memory- polyhedral model of the program . 
bound or compute - bound and , as such , the lowest frequency In some embodiments , generating the first power - coher 
is set for memory - bound regions and the highest may be 10 ent region includes performing by the compilation processor 
used for compute - bound instruction windows . However , in the step of partitioning program instructions into a number 
some cases , the highest or the lowest frequency is not of groups , where each group at least initially has a specified 
necessarily the best choice , especially if the instruction number of instructions . The method may also include deter 
windows include a more diverse mix of memory and com- mining a type of a first group and merging another group 
pute operations . 15 into the first group if the type of the first group after the 

The energy model described herein can provide execution merging would not change and , otherwise designating the 
time and energy predictions for any available frequency other group as a second group . The type of the first group 
setting over a selected program region . Therefore , any two , may be either compute intense or memory intense . The 
more than two , and even all of the available frequencies can method may include designating a group having a number of 
be tested and the one expected to achieve minimal energy 20 instructions at most equal to a specified threshold as a 
consumption may be used . The likelihood of achieving default power - coherent region . 
energy optimization of the overall program can thus be In some embodiments , the energy model includes one or 
improved using the energy model , especially when an inter- more of : an operating frequency of the data processor , an 
mediate frequency and not the lowest or the highest one may operating voltage of the data processor , a number of pro 
lead to minimal energy consumption . DVFS , exploring 25 cessing units in the data processor , a number of computa 
several voltage , frequency , and / or power / energy affecting tions in the first power - coherent region , an amount of 
parameter values can be performed efficiently , at compile memory accessed by the first power - coherent region from a 
time , using different embodiments of the energy model . first memory level , power consumed by a unit of the data 

Another optimization called concurrency throttling is also processor during one computation at a specified frequency , 
provided . When a processor has the ability to shut down its 30 power consumed by a unit of the data processor for access 
idle cores to save power , using less processor cores may save ing one byte of data from a specified level of memory at the 
energy with some programs . Energy saving in this manner specified frequency , performance of a unit of the data 
can be achieved when a shared resource , such as memory for processor at the specified frequency , and available band 
instance , is saturated . In that case , fewer processor cores can width of the data processor at the specified level and using 
be used to run the program without incurring any slowdown , 35 a specified number of processing units . 
because one or more processors may wait for the shared Computing an estimated energy consumption value cor 
resource to become available and not perform computations responding to a frequency setting may include computing 
while waiting , at least at the rate when the shared resource either or both of : ( i ) the energy consumed by a number of 
is available . Energy / power can be saved as some cores idle . computational operations in the program using : a total 

In some compiler embodiments , concurrency throttling is 40 number of computational operations in the first power 
implemented using the energy model used for DVFS . The coherent region and average energy consumed by a single 
memory usage of a program may be estimated using a computational operation at the frequency setting , and ( ii ) 
polyhedral model , while the program execution time can be energy consumed by a plurality of memory access opera 
predicted using an embodiment of the energy model . Both tions in the first power - coherent region using : a total number 
memory usage and predicted execution time allow us to 45 of memory accesses within the first power - coherent region 
estimate the bandwidth requirements for the program . Using at one or more memory levels , available memory access 
this information , the minimal number of cores to use is bandwidth at the one or more memory levels at the fre 
determined according to the bandwidth requirements and the quency setting , average power consumption by a single 
actual bandwidth available on the platform . This methodol- memory access operation at the frequency setting , and a 
ogy can be extended to other shared resources such as shared 50 number of processing units in the data processor . 
cache levels , network on chip , etc. In various embodiments , The available memory access bandwidth at the one or 
the energy model can represent at compile time major more memory levels at the frequency setting may be based 
fluctuations in energy consumptions . In particular , the on either : ( A ) a memory access bandwidth computed as 
effects of DVFS , and concurrency throttling , as well , are function of : ( i ) a memory access bandwidth required by one 
represented by the energy model . 55 processing unit at one of the one or more memory levels at 

Accordingly , in one aspect , a method is provided for the frequency setting , and ( ii ) the number of processing units 
optimizing energy consumption of a data processor while in the data processor ; or ( B ) a maximum memory access 
executing a program . The method includes performing by a bandwidth available at one of the one or more memory 
compilation processor the steps of : ( a ) generating within the levels at the frequency setting . 
program a first power - coherent region , and ( b ) computing 60 In some embodiments , the method includes computing a 
using an energy model a number of estimated energy con- number of memory accesses required by a data structure 
sumption values for the first power - coherent region , where within the first power - coherent region , and computing a 
each value corresponds to a respective power setting . The stride between consecutive memory accesses by the data 
method also includes : ( c ) identifying an energy - minimizing structure . The method may also include determining if the 
power setting corresponding to a minimum of the several 65 stride does not exceed a bulk - transfer size associated with a 
estimated energy consumption values , and ( d ) inserting in first memory level , and associating the number of memory 
the first power - coherent region a power setting operation accesses required by the data structure with the first memory 
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level , if this condition is true and , otherwise , associating the power setting . In various embodiments , the instructions can 
number of memory accesses required by the data structure program the processing unit to perform one or more of the 
with a second memory level . method steps described above . 

The power setting operation setting one or more param- In another aspect , a method for optimizing energy con 
eters of the data processor may be inserted at a beginning of 5 sumption of a data processor having a number of processing 
the first power - coherent region . The power setting operation units includes performing by a compilation processor the 
may adjust a frequency of the data processor and / or an step of computing for a particular operation frequency and operating voltage of the data processor . The method may a particular value of a parameter of a resource , a required include inserting at an end of the first power - coherent region single - unit resource capacity for executing a specified pro another power setting operation that : ( i ) adjusts a frequency 10 
of the data processor to a default frequency , and / or ( ii ) gram using one unit of the plurality of processing units . The 

method also includes computing , using the single - unit adjusts an operating voltage of the data processor to a default 
operating voltage . resource capacity , a maximum number of processing units 

In some embodiments , the method includes identifying a Nmax , such that using more than Nmax processing units 
second power - coherent region within execution proximity of 15 would exceed an available resource capacity at the particular 
the first power - coherent region , and comparing : ( i ) the operation frequency and the particular value of the resource 
power setting operation inserted at the beginning in the first parameter . In addition , the method includes , for each value 
power - coherent region , ( ii ) the power setting operation of a number of processing units N in a range from 1 up to 
inserted at the end in the first power - coherent region , and Nmax? estimating an energy consumption for executing the 
( iii ) a power setting operation inserted in the second power- 20 specified program using N processing units , and determining 
coherent region . The method may also include , based on the an optimized number of processing units N for which the 
comparison , removing : ( i ) the power setting operation estimated energy consumption is minimum . The resource 
inserted at the end in the first power - coherent region , and / or may include data - processor memory bandwidth , and the 
( ii ) the power setting operation inserted in the second resource parameter may include a memory level . In some 
power - coherent region . 25 embodiments , the resource includes one or more of data 

In another aspect , a system is provided for optimizing processor input - output ( I / O ) bandwidth , network bandwidth , 
energy consumption of a data processor while executing a and disc - storage bandwidth . 
program . The system includes a first processor and a first In another aspect , a system is provided for optimizing 
memory in electrical communication with the first processor . energy consumption of a data processor having a number of 
The first memory includes instructions that can be executed 30 processing units . The system includes a first processor and 
by a processing unit including the first processor or a second a first memory in electrical communication with the first 
processor , or both . The processing unit may be in electronic processor . The first memory includes instructions that can be 
communication with a memory module that includes the first executed by a processing unit including the first processor or 
memory or a second memory or both . The instructions in the a second processor , or both . The processing unit may be in 
first memory program the processing unit to : ( a ) generate 35 electronic communication with a memory module that 
within the program a first power - coherent region , and ( b ) includes the first memory or a second memory or both . The 
compute using an energy model a number of estimated instructions in the first memory program the processing unit 
energy consumption values for the first power - coherent to compute for a particular operation frequency and a 
region , where each value corresponds to a respective power particular value of a parameter of a resource , a required 
setting 40 single - unit resource capacity for executing a specified pro 

In addition , the instructions program the processing unit gram using one unit of the plurality of processing units . 
to : ( c ) identify an energy - minimizing power setting corre- The instructions also program the processing unit to 
sponding to a minimum of the several estimated energy compute , using the single - unit resource capacity , a maxi 
consumption values , and ( d ) insert in the first power - coher- mum number of processing units Nmax , such that using more 
ent region a power setting operation setting at least one 45 than Nmax processing units would exceed an available 
parameter of the data processor according to the energy- resource capacity at the particular operation frequency and 
minimizing power setting . In various embodiments , the the particular value of the resource parameter . In addition , 
instructions can program the processing unit to perform one the instructions program the processing unit to estimate , for 
or more of the method steps described above . each value of a number of processing units N in a range from 

In another aspect , an article of manufacture is provided 50 1 up to Nmax , an energy consumption for executing the 
that includes a non - transitory storage medium having stored specified program using N processing units , and to deter 
therein instructions which , when executed by a processing mine an optimized number of processing units Nopt for 
unit program the processing unit , which is in electronic which the estimated energy consumption is minimum . In 
communication with a memory module , to optimize energy various embodiments , the instructions can program the 
consumption of a data processor while executing a program . 55 processing unit to perform one or more of the method steps 
The instructions may program the processing unit to : ( a ) described above . 
generate within the program a first power - coherent region , In another aspect , an article of manufacture is provided 
and ( b ) compute using an energy model a number of that includes a non - transitory storage medium having stored 
estimated energy consumption values for the first power- therein instructions which , when executed by a processing 
coherent region , where each value corresponds to a respec- 60 unit program the processing unit , which is in electronic 
tive power setting . communication with a memory module , to optimize energy 

The instructions may also program the processing unit to : consumption of a data processor having a number of pro 
( c ) identify an energy - minimizing power setting correspond- cessing units . The instructions may program the processing 
ing to a minimum of the several estimated energy consump- unit to compute for a particular operation frequency and a 
tion values , and ( d ) insert in the first power - coherent region 65 particular value of a parameter of a resource , a required 
a power setting operation setting at least one parameter of single - unit resource capacity for executing a specified pro 
the data processor according to the energy - minimizing gram using one unit of the plurality of processing units . 
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The instructions may also program the processing unit to instructions in the first memory program the processing unit 
compute , using the single - unit resource capacity , a maxi- to : compute for a particular operation frequency and a 
mum number of processing units N , such that using more particular memory level , a required single - unit memory 
than Nmax processing units would exceed an available bandwidth for executing a specified program using one unit 
resource capacity at the particular operation frequency and 5 of the several processing units , and to compute using the 
the particular value of the resource parameter . In addition , single - unit memory bandwidth a maximum number of pro 
the instructions may program the processing unit to esti cessing units Nmax such that using more than N , process 
mate , for each value of a number of processing units N in a ing units would exceed an available memory bandwidth at 
range from 1 up to N , an energy consumption for the particular operation frequency and the particular 
executing the specified program using N processing units , 10 memory level . 
and to determine an optimized number of processing units The instructions also program the processing unit to 
N , for which the estimated energy consumption is minimum . estimate using an energy model , for each value of a number 
In various embodiments , the instructions can program the of processing units N in a range from 1 up to Nmax , an energy 1 
processing unit to perform one or more of the method steps consumption for executing the specified program using N 
described above . 15 processing units . In addition , the instructions program the 

In another aspect , a method is provided for optimizing processing unit to determine an optimized number of pro 
energy consumption of a data processor having several cessing units N for which the estimated energy consump 
processing units . The method includes performing by a tion is minimum . In various embodiments , the instructions 
compilation processor the steps of : computing for a particu- can program the processing unit to perform one or more of 
lar operation frequency and a particular memory level , a 20 the method steps described above . 
required single - unit memory bandwidth for executing a In another aspect , an article of manufacture is provided 
specified program using one unit of the several processing that includes a non - transitory storage medium having stored 
units , and computing using the single - unit memory band- therein instructions which , when executed by a processing 
width a maximum number of processing units Nmax , such unit program the processing unit , which is in electronic 
that using more than Nmax processing units would exceed an 25 communication with a memory module , to optimize energy 
available memory bandwidth at the particular operation consumption of a data processor having several processing 
frequency and the particular memory level . The method also units . The instructions may program the processing unit to 
includes , for each value of a number of processing units N compute for a particular operation frequency and a particular 
in a range from 1 up to Nmax estimating using an energy memory level , a required single - unit memory bandwidth for 
model an energy consumption for executing the specified 30 executing a specified program using one unit of the several 
program using N processing units . In addition , the method processing units , and to compute using the single - unit 
includes determining an optimized number of processing memory bandwidth a maximum number of processing units 
units N for which the estimated energy consumption is Nmax such that using more than Nmax processing units 
minimum . would exceed an available memory bandwidth at the par 

Computing the required single - unit memory bandwidth 35 ticular operation frequency and the particular memory level . 
may include computing a stride distance between two con- The instructions may also program the processing unit to 
secutive memory accesses associated with the particular estimate using an energy model , for each value of a number a 
memory level from a selected portion of the specified of processing units N in a range from 1 up to N , an energy 
program , and comparing the stride distance with a size of consumption for executing the specified program using N 
single access at the particular memory level . The energy 40 processing units . In addition , the instructions may program 
model may include the number of processing units , and at the processing unit to determine an optimized number of 
least one of : an operating frequency of the data processor , an processing units N. for which the estimated energy con 
operating voltage of the data processor , a number of com- sumption is minimum . In various embodiments , the instruc 
putations in a program , an amount of memory at a specified tions can program the processing unit to perform one or 
level accessed by the program ; power consumed by a unit of 45 more of the method steps described above . 
the data processor during one computation at a specified 
frequency , power consumed by a unit of the data processor BRIEF DESCRIPTION OF THE DRAWINGS 
for accessing one byte of data from a specified level of 
memory at the specified frequency , and performance of a In the following description , various embodiments of the 
unit of the data processor at the specified frequency . 50 present invention are described with reference to the fol 

In some embodiments , the method includes setting by the lowing drawings , in which : 
compilation processor a degree of maximum parallelization FIG . 1 depicts Listing 1 , illustrating an incorrectly iden 
to the optimized number of processing units Nopt The tified power - coherent region in a program ; 
method may also include generating by the compilation FIG . 2 depicts a procedure for forming one or more 
processor a command directing at least one processing unit 55 power - coherent regions in a program , according to some 
to enter a sleep mode when a number of processing units embodiments ; 
operating concurrently exceeds the optimized number of FIG . 3 depicts Listing 3 , illustrating insertion of Power 
processing units Nor API calls in a power - coherent region , according to some 

In another aspect , a system is provided for optimizing embodiments ; 
energy consumption of a data processor having several 60 FIG . 4 depicts energy consumption of an example pro 
processing units . The system includes a first processor and gram AMF for several concurrency and DVFS settings of an 
a first memory in electrical communication with the first example computation system used to execute the AMF 
processor . The first memory includes instructions that can be program ; 
executed by a processing unit including the first processor or FIG . 5 depicts energy consumption of an example pro 
a second processor , or both . The processing unit may be in 65 gram COVAR for several concurrency and DVFS settings of 
electronic communication with a memory module that an example computation system used to execute the COVAR 
includes the first memory or a second memory or both . The program ; 
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FIG . 6 depicts energy consumption of an example pro- energy consumption using a limited set of parameters avail 
gram SOLVES for several concurrency and DVFS settings able at compilation time . The two combined optimizations 
of an example computation system used to execute the improved the CPU energy efficiency by up to 29 % during 
SOLVES program ; our experiments and are particularly relevant for NTV 
FIG . 7 depicts energy consumption of an example pro- 5 architectures , as described below . 

gram SAR for several concurrency and DVFS settings of an Our energy model can target looping programs with static 
example computation system used to execute the SAR control such as those used for digital signal processing . 
program ; Various procedures and computation algorithms for ISR , 
FIGS . 8A and 8B show the measured energy consumption signal ( image , speech , etc. ) processing , radar processing , 

according to different concurrency and DVFS settings , and 10 solution of optimization problems , etc. are within the scope predicted energy consumption according to some embodi of programs and applications using various embodiments of ments for those settings , for the example program AMF ; 
FIGS . 9A and 9B show the measured energy consumption EPS . The energy - model - based optimizations according to 

various embodiments can be retargeted easily to different according to different concurrency and DVFS settings , and predicted energy consumption according to some embodi- is hardware platforms and generally have a deterministic out 15 
ments for those settings , for the example program COVAR ; 
FIGS . 10A and 108B show the measured energy con Energy Model : Overview 

sumption according to different concurrency and DVFS In EPS , both DVFS and concurrency throttling target 
settings , and predicted energy consumption according to energy efficiency improvement . In order to determine which 
some embodiments for those settings , for the example 20 of the possible DVFS or concurrency settings will provide 
program SOLVES ; the best energy efficiency , the impact of each setting on 

FIGS . 11A and 11B show the measured energy consump energy efficiency is predicted in various embodiments . 
tion according to different concurrency and DVFS settings , Distinct CPU voltage - frequency states : Various model 
and predicted energy consumption according to some parameters depend on a voltage - frequency setting . Unlike a 
embodiments for those settings , for the example program 25 model described in the co - pending U.S. patent application 
SAR . Ser . No. 14 / 699,876 , which considers only low and high 

voltage configurations the model presented herein considers 
DETAILED DESCRIPTION all of the possible voltage and frequency settings of the 

target architecture . 
We assume that the hardware architecture of the target 30 Memory bandwidth : In order to properly model the effects 

data - processing system ( e.g. architectures developed under of memory boundedness , the model explicitly considers the 
DARPA Power - Efficiency Revolution for Embedded Com memory bandwidth available for every memory level . This 
puting Technology ( PERFECT ) program , a parallel process is especially important for the concurrency throttling opti 
ing system , etc. ) allows software - controlled voltage and mization described below . 
frequency setting , so that operating voltage and / or frequency 35 Multicore : By accounting for the number of processors 
of one or more processing units of the data - processing used to execute the program , the model can account for 
system , or another parameter that can affect energy / power workloads using only a part of the available computing 
consumption , can be controlled or adjusted during the resources . This is often important when modeling the effects 
execution of a program . We also assume that the hardware of concurrency throttling on energy , as described below . 
architecture of the target data processor supports power- 40 The energy model used in various embodiments may not 
gating , allowing concurrency throttling , as described below , exactly represent all the subtle energy variations that may 
to be implemented . occur during program execution . The goal is rather to model 
Energy Proportional Scheduling some of the more important effects and to obtain a rough 
Some compilers , including polyhedral - model - based com- energy prediction that is sufficient for the EPS optimizations 

pilers such as R - StreamTM , can exploit the JPLCVD frame- 45 to work in typical cases . Moreover , because the energy 
work ( Joint Parallelism , Locality , Contiguity , Vectorization , model is used in a compiler that may perform static program 
Data format ) to decide which optimizations to apply to analysis , the model is constructed to be versatile and fast . 
programs . Various techniques presented herein for energy Additionally , the model uses only a limited number of 
optimization may be implemented within the JPLCVD parameters that are relevant to the different platforms tar 
framework of such compilers . Such integration can ensure 50 geted by the compiler and may be fully described at com 
that other performance objectives targeted by the compiler pilation time . Thus , the presented model approximates away 
are not degraded by the energy - centric optimizations . The various non - essential parameters and generally considers 
general scheduling problem solved by the compiler is then only the important ones , as shown in Table 1 . 
extended in various embodiments to also consider energy 
efficiency , resulting in Energy - Proportional Scheduling 55 TABLE 1 
( EPS ) . Energy model parameters Our approach to energy proportional scheduling can 
incorporate several compiler optimizations such as paral Description 
lelization , locality improvement , etc. , and selection of oper 
ating voltage , frequency , and / or another parameter of the 60 Coupled CPU frequency and voltage setting Hz , V 

Number of processing units ( e.g. , processors , computing system , aiming at increasing the energy effi cores , etc. ) 
ciency of programs for both current and NTV architectures . Memory level 
In particular , however , voltage and frequency are controlled Number of operations performed 
to reduce the dynamic power consumption of processors , Amount of memory accessed in memory level 1 bytes 

PAG Power consumed by a floating point operation at f W and concurrency throttling may be exploited to reduce static 65 Pf , i Power consumed when accessing one byte from 
power consumption . These two optimizations are based on memory level 1 and frequency f 
an energy model that can predict the primary trends in 

Parameter Unit 

F 
N none 

none L 
WC 
WM 

none 

M W 
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TABLE 1 - continued -continued 
WM WC XFP Energy model parameters = + 

N BW f , 1 , N 
Parameter Description Unit 

5 

f , I , N 

M 

10 

M 
N + ? 

20 WC XFP ; wM 
BW f , IN X PM N 

25 

30 

esax = ( ** » * P $ + « / » « P % ) XN ? ? , 

= 

35 

FP , Computational performance at frequency f slop 
BW Memory bandwidth available at frequency fin bytes / s The possible power fluctuations that may occur as different 

memory level 1 when using N processing units / operations are performed are ignored in various embodi 
processor cores ments . Thus , the power consumptions PC and P 1,1 " represent 

the average power consumption of all the compute and 
The first tier contains parameters on which other param- memory operations , respectively . These average power con 

eters depend . The second and last tiers respectively list sumption parameters can be directly multiplied by the 
software and hardware parameters . Two distinct elements execution time to obtain the respective energy consumed by 
are used in the model : a time predictor and a power the compute and memory operations . The energy consumed 
predictor . Both power and execution time are also divided 15 on each processing unit may then be computed as : into two distinct subcomponents : memory and computa 
tions . In some embodiments , it is assumed that every com 
putational operation , or opcode , can be roughly performed at 
the same speed and has similar power requirements . Regard e S.LN = 16 x xPf + ? < 7. P 
ing memory operations , the CPU power consumption is 
assumed to be driven by the amount of data transferred in XP + every memory level while the execution time is assumed to 
depend mainly on the available bandwidth at each memory 
level . The model finally combines all these elements to 
provide a CPU energy consumption prediction . Finally , in some embodiments , power consumption is 

The presented model depends on hardware and software assumed to scale linearly with the number of processing 
parameters . The hardware parameters model the specificities units used . Thus , the total energy consumption can be 
of the target data - processing system while software param- computed as : 
eters describe a program to be executed using the target 
data - processing system . Several hardware parameters 
depend on a given voltage and frequency setting f , which eful ( 
allows the effects of DVFS to be accounted for in the model . 
In some embodiments , we assume that voltage and fre WM 
quency are tightly coupled , which is often the case in = WC x FP ; x P + x PMXN BW FUN 
practice . Hardware parameters may also depend on the 
number of processing units ( e.g. cores , processors , etc. ) , 
denoted N that are processors used to run the program . The The computed total energy consumption is used in EPS model parameters related to memory may depend on the embodiments to predict the effects of the different DVFS and corresponding memory level , denoted 1. The various hard concurrency settings on energy . 
ware and software parameters and their roles are listed in 40 Memory Bandwidth 
Table 1 and may be combined in various embodiments as The model parameter BW described below . 1,1 , n represents the bandwidth 

available when accessing the memory at level 1 , using N The execution time due to computations is computed by : processors at frequency f . The available bandwidth gener 
ally depends on the considered memory level : a cache close 

45 to the processor usually has a higher bandwidth than a higher 
IN = memory level such as the global RAM , for instance . In some 

hardware architectures , the memory bandwidth is related to 
the processor frequency . In some cases , the available 

The execution time due to memory accesses in any arbitrary memory bandwidth decreases as the processor frequency 
memory level 1 is computed by : 50 decreases . In some embodiments of the energy model , the 

available memory bandwidth is parameterized by the num 
ber of active processing units . When the available memory 
bandwidth is large enough , the bandwidth used by a program 
can increase generally linearly with the number of process 

55 ing units used to run the program . In such cases , additional 
processing units can be used to improve performance , e.g. , 

where BW 5,1 , N is the bandwidth actually available on by decreasing the total time required to execute the program 
memory level 1 at frequency f when N processing units are via parallelized program execution . 
used . In some cases however , it is possible to reach a limit of the 

Ignoring the potential overlapping of computations with 60 available memory bandwidth and not benefit from the use of 
memory transfers , the total execution time is then deter more processing units for running the program . This is 
mined as : typically the case when a shared memory bus cannot sustain 

simultaneous accesses from several processing units . In 
some embodiments of the energy model , the available 

19,1 = tf.N + MEN ? 65 bandwidth is accounted for using a parameter that can 
represent the relationship between the available memory 
bandwidth and the number of processing units , and yet , is 

WC XFP 
N 

WM IMIN = BW f , 1 , N 
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simple so that several possible combinations of frequency , architectures . Accurate parameter values can be obtained , 
memory level , and concurrency can be computed without however , using memory - intensive benchmarks 
incurring a significant burden on the compiler . The model is also parameterized by the software param 

Ideally , when the memory bandwidth scales perfectly eters WC and WM . These parameters can be computed by 
with the number of processing units used , the bandwidth can 5 the compiler ( e.g. R - StreamTM ) when a program is to be 
be approximated as : compiled and optimized . In some embodiments , the com 

piler can generate and analyze a polyhedral model of the 
1.N « NxBW 1,1,1 program to deduce the values of these two parameters . 

In that case , we consider that , even though each process- The first parameter to instantiate , WC , is the number of 
ing unit can only access a limited memory bandwidth , the 10 arithmetic operations . In the polyhedral model , this quantity 
overall bandwidth is infinite and can scale as needed with the can be determined at compilation - time as an Ehrhart poly 
number of processing units . However , in reality , the avail- nomial in some embodiments . However , in some cases , this 
able memory bandwidth is bounded and , often , the limit can polynomial is expensive to compute and approximations 
be reached when using only a small number of processing . may be used . R - StreamTM includes several techniques for 
This approximation can be represented as : 15 evaluating Ehrhart polynomials and can compute or accu 

rately estimate WC . 
BWinsmin ( BW1,1,1 , The other software parameter , WM , requires a determi 

This approximation is generally valid when the size of the nation of the amount of data accessed at one or more levels 
shared resource such as the size of a main memory , network of the memory hierarchy . In general , this can be difficult to 
input / output capacity , storage disc capacity , etc. , is fixed . It 20 compute accurately because of the complexity of modern 
may also be valid when the size of the shared resource such memory architectures . Indeed , one or more memory levels 
as a distributed memory , can vary with the number of may be shared across a distinct subset of processing units . 
processing units . The size of distributed memory generally Different memory levels may implement schemes , elaborate 
increases as the number of processing units increases , but coherency and consistency policies , and may employ dif 
the available bandwidth may not increase once the process- 25 ferent prefetching schemes , among other intricacies . As 
ing system includes a certain number of processing units . such , we describe a compiler heuristic for approximating 

Although this approximation can slightly reduce the accu- WM in EPS . The following approximation are used to allow 
racy of the energy model , it can simplify parameter instan- a compiler to quickly estimate WM 
tiation . Indeed , when considering the approximated param- First , the memory step ( stride ) of two consecutive array 
eter , only the two values BW and BW 1,1,1 5,1 , Nmax need be 30 accesses in a loop nest may be approximated by the memory 
measured and / or characterized per memory level and fre- step ( stride ) corresponding to two consecutive iterations of 
quency of a target architecture . The approximation can thus the innermost loop encompassing the array access . Second , 
reduce considerably the efforts needed to characterize a new at a particular level 1 of memory hierarchy , if two consecu 
machine and can improve the usability of this available tive array accesses can be performed within a single bulk 
bandwidth parameter for architectures having several ( e.g. , 35 transfer to that memory level ( e.g. , within a single cache 
2 , 6 , 10 , 20 , 50 , 100 , etc. ) processing units . line , if the memory level is cache ) it is assumed that all the 
Parameter Instantiation accesses performed by the considered array reference are 
As described above , different embodiments of the energy performed at that memory level 1 ; otherwise , all the memory 

model are parametrized by several software and hardware accessed by the considered reference is assumed to be 
parameters . These parameters need to be instantiated in 40 fetched from the next level of memory ( i.e. , memory level 
order to use the model and to predict energy consumption of 1 + 1 ) in the memory hierarchy . In describing this heuristic , 
programs . The parameters themselves depend on some fun- the term array is used for the sake of convenience only . The 
damental properties of the targeted platform such as oper- heuristic is applicable to any data structure . 
ating frequency ( f ) ( and / or operating voltage ) , the number of The heuristic is based on the following principles : 
processing units ( N ) , and the memory level ( 1 ) . These 45 because of the linear memory accesses typically found in the 
fundamental parameters are generally known for a specified polyhedral model , hardware prefetchers can be expected to 
hardware architecture to be used for executing the program . perform well on the considered programs . Thus , when the 

The hardware parameters in the model include P. , PA memory step ( stride ) is small , the bandwidth of a memory 
FP , and BW which , after the approximation presented 1,1 , N level close to the processing units ( e.g. , a cache memory ) 
earlier is summarized into BW fu and BW ANmax The first two 50 can be expected to be utilized , in part due to spatial locality 
parameters summarize the power consumption of the archi- and prefetchers . On the other hand , prefetchers usually work 
tecture . One way of evaluating P , and Pri is by directly well for small memory steps ( strides ) and can typically 
measuring them on actual hardware while running simple prefetch only a few accesses ahead . Moreover , locality can 
benchmarks . The procedure can be greatly simplified if an degrade when large memory steps ( strides ) are involved . 
energy probe is embedded in the platform . As an alternative , 55 Thus , memory accesses with larger steps are expected to 
an average power consumption can be estimated through involve higher levels of memory ( e.g. , the main memory ) . 
simulation and micro - benchmarking . The computational This heuristic can approximate the actual hardware behavior 
performance FP , can also be measured , or can be derived and may allow the compiler to quickly compute a precise 
from the machine specifications . The memory bandwidth enough value for W.M. In particular , the heuristic is gener 
parameters can be measured using a realistic memory 60 ally sufficient to distinguish a common cause of inefficiency 
intense benchmark . The available memory bandwidth may in memory accesses , i.e. , large memory steps or strides . 
have a high variability . While the memory bandwidth In different embodiments , the overall parameter instan 
parameters can be determined in some embodiments , using tiation can occur during two distinct phases . First , the 
optimized stream benchmarks or by computing theoretical hardware parameters may be specified by the user once for 
bandwidth from the architecture specifications the values 65 every considered platform . These parameters have been 
thus obtained may not accurately represent the average measured , simulated , or may have been deduced from 
performance of the memory subsystem on some target design documentation . Second , when a program is com 
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piled , the compiler can compute the appropriate value of the on the count of computations and memory operations inside 
software parameters , e.g. , using a polyhedral representation . the regions . In various embodiments , care is taken to not 
In various embodiments , these parameters are combined to fuse a region with only a subset of the instructions in sub 
predict an energy consumption of the program being com- loops . As illustrated in Listing 1 , shown in FIG . 1 such 
piled . partial fusion can result in an incorrect frequency and 

Various embodiments of the energy model described voltage setting to be chosen for some of the instructions in herein can be used by DVFS and / or concurrency throttling the region , and it is generally incorrect to only change and optimizations . Different embodiments of the energy model restore the DVFS setting at the boundaries of such region . In can provide rough insights on the effects of different settings 
of operating frequency and / or operating voltage on the 10 region exit , the region exit must post - dominate the region compiler terms , the entry of a region must dominate the / , energy consumption of the program during execution 
thereof . In various embodiments , these insights are sufficient entry , and the region must have a single entry and exit . The 
to determine an efficient hardware configuration to be used power - coherent region formation procedure is illustrated in 
as the program runs . Listing 2 , shown FIG . 2. Once all the power - coherent 
Dynamic Voltage and Frequency Scaling regions are built , frequency and voltage settings can be 

In some embodiments , DVFS allows the input voltage chosen for each one of them . 
and / or clock frequency to be changed while a processing Among the power - coherent regions built , some may 
unit is running . Various EPS embodiments allow DVFS to include only a few instructions . As a result , if Power API 
be significantly improved in the PERFECT architecture in calls were generated at the region boundaries to set and reset 
terms of granularity , using transition speed , and its effect on 20 the DVFS setting , the system call overhead can be too large 
energy optimization . In some embodiments , a compiler can and may not be compensated by the benefits of the better 
exploit energy saving opportunities via DVFS using Power DVFS setting . To avoid such situations , the power - coherent 
API calls inserted in an optimized program generated by the regions determined as being too small ( e.g. , having no more 
compiler by modifying the original program . Controlling the than a minimum number of instructions ) are ignored in the 
voltage and / or frequency from programs themselves has 25 rest of the process . The instructions in such regions may be 
several advantages over a classical OS - driven DVFS con executed using a default frequency . In some embodiments , 
trol : it allows proactive control , accurate settings can be the default frequency can be the maximum available oper chosen because the expected workload may be analyzed at ating frequency . In some embodiments , a region is consid compile time , and the overall process can be more deter 
ministic relative to run - time determination of the voltage 30 duration required to apply a new DVFS setting . This heu ered too short if it is expected to run fewer than 10 times the 
and / or frequency settings , in part because the decisions are ristic can eliminate many small regions that may otherwise triggered by the program execution flow . 
A compiler according to some embodiments can select remain in the transformed programs and can limit the 

overhead due to DVFS . any of the operating frequencies available in the target 
hardware architecture group or sequence of instructions . To 35 Frequency Selection 
do so , a two is described below . In the first step , sequences / Once power - coherent regions have been formed , the 
groups of instructions expected to have a similar reaction to setting to apply during the execution of the instructions in 
DVFS are identified . These groups are called power - coher the region may be determined . In order to predict the energy 
ent regions . During the second step , the compiler selects the consumed while executing the instructions in a region 
frequency and / or voltage setting expected to provide the 40 corresponding to different power settings , some embodi 
maximum energy efficiency for the identified regions . ments of a compiler can exploit the energy model described 
Power - Coherent Regions above . The energy resulting from several operating frequen 
Power - Coherent Regions can be sequences of contiguous cies and / or voltages may be evaluated for each power 

instructions in the program . They represent an atomic sched- coherent region and the setting that minimizes the energy 
uling unit for DVFS because any power - coherent region is 45 consumption is applied for the whole region . In practice , 
generally executed using a single frequency and / or voltage only a few regions may encompass all the computations 
setting . When extracting power - coherent regions from pro- performed in a function , method , or procedure of a program 
grams , two objectives may be achieved simultaneously . and a limited set of frequency and voltage settings may be 
First , the regions can be made as large as possible in order available for the target architecture . Thus , the resulting set of 
to limit the number of DVFS switches during the program 50 configurations to evaluate is often limited and , because the 
execution . Indeed , each voltage and frequency switch usu- model can be evaluated quickly and without needing run 
ally has a non - negligible cost . Second , because a single time or profile - based information , the induced compiler 
frequency and voltage setting may be used for the whole overhead is negligible , in various embodiments . In some 
region , the instructions within the region should generally be embodiments , the compiler can optimize / minimize an 
as coherent as possible with regard to DVFS . The number of 55 energy delay product associated with a power - coherent 
possible sets of power - coherent regions can combinatorially region . To this end , the compiler may use the estimated time 
increase with the number of instructions in the program . of execution , as described herein . 
Therefore , a compiler according to some embodiments uses As a final step , in some embodiments , Power API calls are 
a greedy heuristic to build the power - coherent regions , generated at the power - coherent region boundaries , as illus 
searching for the largest and most coherent regions in the 60 trated in Listing 3 , shown in FIG . 3. The generated API calls 
program , as described below . set the frequency and / or voltage predicted to minimize 

At the beginning , every program instruction is included in energy consumption just before the region execution . The 
its own distinct region . Then , the regions are fused as much inserted function calls exploit the capabilities of a new 
as possible as long as the fusion is expected not to transform version of the Power API . An optional API call at the end of 
a generally compute intense region into a generally memory 65 the region can reset the voltage and / or frequency to respec 
intense region or vice - versa . At this stage , the arithmetic tive default values such as the maximum , minimum , or 
intensity of a power - coherent region may be estimated based median frequency and / or voltage . 
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Corrective Power API Calls Removal According to some embodiments , a compiler using an 
Power API calls are typically generated at the region embodiment of our energy model can determine that during 

boundaries but , as illustrated in listing 3 , it is common that the execution of a certain power - coherent region , the avail 
two regions are close to each other during the program able bandwidth at a memory level 1 will be consumed when 
execution . The closeness can be described in terms of time 5 Nmax cores are executing the program simultaneously , where 
gap between the execution of the two regions and / or the N mar < N " . As such , the compiler may direct the runtime 
number of instructions between the two regions , etc. In that environment of the processing system to throttle up to 
case , it may not be necessary for the voltage and / or fre- ( N7 - Nmax ) cores , i.e. , place those cores into a sleep or an 
quency to be reset because a new setting will be applied soon equivalent mode during the execution of that particular 
after the execution of the previous region terminates . In 10 power - coherent region . 
order to avoid generating such Power API calls , some In some embodiments , the compiler may determine based 
embodiments of a compiler perform a control flow analysis on an embodiment of the energy model that relative to using 
to remove such superfluous calls to the Power API . As a N max cores , the energy consumption using only N ' cores , 
result , when the reset call is removed , the frequency set at where N ' < N , may be significantly less ( e.g. , less by 5 % , 
the beginning of the first region remains active until the 15 8 % , 15 % , 20 % , 35 % or more ) , while the relative perfor 
beginning of the next region . mance degradation is not significant ( e.g. , less than 1 % , 2 % , 
Concurrency Throttling : Overview 5 % , 10 % , 20 % , etc. ) . As such , the compiler may direct the 
Some embodiments of the compiler implement concur- runtime environment to throttle up to ( NT - N ! ) cores . The 

rency throttling . While DVFS focuses on reducing dynamic compiler can suggest , based on the expected processor load , 
power consumption by adding Power API calls in the 20 cluster or network structure , etc. , which particular process 
program after it has been optimized and parallelized , con- ing units / cores to throttle . Optionally or in addition , the 
currency throttling can target static power consumption and runtime environment may determine , e.g. , based on the 
may be integrated within the JPLCVD framework of a observed processor load , cluster or network structure , 
compiler such as R - StreamTM . The goal of concurrency observed contentions therein , etc. , which cores would be 
throttling is to predict starvation situations and exploit them 25 throttled . In some embodiments , the limits such as N , 
to reduce the static power consumption . For various tech- and / or Nl can be determined at compile time and the 
nical or economic reasons , shared hardware resources are compiler can set the maximum degree of parallelization 
often provisioned according to an average usage scenario according to those limits . As , a single energy model is used 
and can become the limiting factor for performance when by DVFS and concurrency throttling , both , in some embodi 
they are used more intensively . A typical example is the 30 ments , both static and dynamic power / energy consumption 
memory bandwidth , which usually becomes the bottleneck can be optimized . 
if many processing units simultaneously attempt to access The number of possible configurations may be large , 
memory . In such situations , even a fully parallel program especially if there are numerous frequencies or processor 
cannot be accelerated when using a large number of pro- cores . The evaluation of each setting , however , may require 
cessing units , because one or more processing units need to 35 only a few arithmetic operations . If the configuration space 
idle while the shared resource becomes available to such to be explored becomes too large , requiring long compila 
processing unit ( s ) . Thus , it may be preferable to let some of tion times , sampling may be used to find a solution . 
the processing units enter into a sleep state in order to save Enforcing Concurrency 
power as long as the starvation persists . There are several ways to enforce a degree of parallelism , 

For the sake of convenience , the concurrency throttling 40 even within a single parallelization backend . For instance , in 
optimization is described with reference to the memory OpenMP , a parallel loop can be augmented by a dedicated 
hierarchy as the shared resource . However , the techniques pragma option to specify the number of threads to use , or a 
described herein can be applied to other shared resources system wide setting can be applied , or parallel programs can 
such as processing system I / O , network access , storage , etc. be built such that parallel loops have exactly as many 
In some embodiments , a compiler can use the bandwidth 45 iterations as the desired parallelism degree . In some embodi 
model that is part of the energy model used for EPS to ments of R - StreamTM , the latter solution is used to enforce 
predict the starvation situations with respect to one or more concurrency throttling . Compared to other solutions it has 
memory levels in the memory hierarchy , and can determine the following benefits . First , the degree of parallelism is 
the optimal number of processing units to use in a parallel described at the scale of a parallel loop , as opposed to the 
section of the program . 50 whole program or system . Second , it ensures a good load 
Number of Processors balancing because the compiler can optimize the program 
A suitable level of concurrency to use for a program may specifically for the chosen degree of parallelism . These 

not depend solely on the exploitable bandwidth . Indeed , strategies can be implemented on other parallelization run 
reducing the concurrency may not only reduce the band- times . 
width usage but may also impact the performance of com- 55 Results 
putations and power and energy consumption . Thus , the Embodiments of the energy model described herein can 
suitable concurrency is often a balance between the pressure take into account high level hardware parameters associated 
on shared resources , the computation throughput , and power with the computing system to be used for executing a 
and energy consumption . In some embodiments , a compiler program . In different embodiments , the energy model can 
performs such a balancing based on the predictions using an 60 also account for certain high - level software parameters that 
embodiment of the energy model used for DVFS : all the can be computed at compile time without incurring signifi 
possible configurations are evaluated in order to predict cant ( e.g. , more than 1 % , 2 % , 5 % , 10 % , etc. ) burden . 
which concurrency level may lead to the minimal energy Various compiler embodiments can also account for the 
consumption . saturation of shared resources ( e.g. , memory bandwidth ) 
For example , consider a computing system that includes 65 and / or the effect of the number of active processing units / 

N7 processing units / cores , and assume that a program was cores on power and / or energy consumption . In various 
compiled to be executed in parallel using the N7 cores . embodiments , the model can be used to determine a suitable a 
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voltage , frequency , or another power / energy - affecting the energy measured reflected the effect of choosing a 
parameter and / or a concurrency level , expected to minimize concurrency level . In some experiments , both DVFS and 
power / energy consumption . The chosen concurrency level concurrency are set at the beginning of the kernel execution 
can be accounted for in the JPLCVD framework of some and are left unchanged for the whole execution . This is not 
embodiments of a compiler to achieve load balancing and 5 representative of all the possible configurations a compiler 
optimized performance . can generate because , depending on the number of parallel 
Experimental Setup loops and the number of power - coherent regions built , 

The server platform used to perform the experiments various different power settings can be applied as a program 
includes 4 Intel Xeon E5-4620 processors . Each processor runs . This experiment illustrated , however , the main conse 
has 8 cores and 16 hardware threads , running at 1.2 GHz to 10 quences of various available voltage , frequency and thread 
2.2 GHz . The memory on the server includes in dual channel settings on energy consumption . 
1333 MHz DDR3 modules . The system runs Ubuntu In the following figures , the total CPU energy consump 
LinuxTM with a 3.13.0-53 kernel . All the evaluated pro- tion of each kernel is represented using a grid for every 
grams , after having been optimized by embodiments of concurrency and frequency setting . The presented heat - maps 
R - StreamTM were subsequently compiled using gec 4.8.2 15 visually describe the implications of the different settings on 
with the O3 optimization flag . In the presented results , the energy consumption . Each tile in the map represents a 
parallel loops created by R - StreamTM run using different configuration , and a value in the tile represents the 
OpenMPTM configured to use passive waiting and pin soft- corresponding energy consumption . Moreover , the heat 
ware threads to processors . Such configuration is chosen for maps present energy consumption , not power consumption . 
its relevance with regards to energy efficiency and measure- 20 Thus , higher energy consumption values may be observed 
ment stability . All the presented energy measurements were when using fewer cores or a lower frequency because the 
performed using the RAPL energy probes embedded in the execution time increased more in proportion to the amount 
processor . of power saved . 
Two new optimization techniques aimed at exploiting STAP 

voltage and / or frequency settings and power gating are 25 The first kernel is the AMF kernel extracted from STAP . 
described above . These new techniques may allow a com- In the case of AMF , the energy profile shown in FIG . 4 
piler , e.g. R - StreamTM , to exploit the nimble frequency / highlights the low sensitivity of the kernel to DVFS : energy 
voltage controls that may be available on PERFECT and consumption generally varies with frequency only when all 
other parallel processing architectures . We demonstrate that the cores or only a few of them are used . However , it is clear 
using an energy model an efficient hardware configuration 30 that running this kernel with less than 16 cores can result in 
schedule can be determined at compilation time . The hard- a high energy consumption . Using all the processors for this 
ware configuration schedule may include frequency and / or kernel is the most energy efficient configuration . In the 
voltage settings and optionally , a concurrency level relevant energy profile presented for AMF , one can see that energy 
to the program to be executed on the target architecture . consumption generally increases as the frequency is 
Energy savings achieved on Space - Time Adaptive Process- 35 increased . This behavior is expected and reflects cases where 
ing ( STAP ) and Synthetic Aperture Radar ( SAR ) back- the slowdown induced on the program is higher than the 
projection algorithms are illustrated . power saved to the decreased frequency . Such situation is 

The energy results are presented for two reference pro- also reflected in the increased energy on the left of the 
grams : STAP and SAR . STAP has the following computa- heat - map where only a few cores are used . Similar cases can 
tions : ( 1 ) Doppler processing , ( 2 ) covariance estimation , ( 3 ) 40 also be found in other experiments . 
linear system solver , and ( 4 ) adaptive matched filter ( AMF ) An energy profile of the second kernel extracted from 
weighting . We analyzed covariance estimation ( COVAR ) , STAP , COVAR , is presented in FIG . 5. In contrast to AMF , 
linear system solver ( SOLVES ) , and AMF weighting com- COVAR was more efficient when only a few of the available 
putations ( AMF ) . These kernels have different characteris- processor cores were used . Such behavior can be expected 
tics that makes them good candidates for demonstrating the 45 when the arithmetic intensity of the program is low . Because 
abilities of a compiler according to different embodiments in of low arithmetic intensity , the memory bandwidth , shared 
different contexts . In particular , compilation of the kernels by all the processors , can become the bottleneck and using 
involve distinct optimizations such as loop fusion , tiling , more cores may increase the contention and power con 
improving memory locality , loop parallelization , etc. , that sumption . 
may be performed by a compiler such as R - StreamTM , and 50 The last STAP kernel , SOLVES , is presented in FIG . 6. Its 
have different arithmetic and memory intensities , which energy profile is also distinct from the other kernels . As can 
result in a whole range of energy consumption profiles . A be seen in FIG . 6 , using 14 or 24 cores leads to a much 
large input dataset was used when running the program higher energy consumption than the neighboring settings . 
kernels and each program kernel was run several times in Those high energy singularities are not associated due to an 
order to measure relevant and stable energy consumption . 55 increased power consumption but are due to increased 
Energy Maps execution times compared to the neighboring settings . Such 

In order to determine how a kernel reacts to all the situation typically occurs when the loop nest built for the 
possible DVFS and concurrency throttling settings , we ran program is poorly load balanced whereas a good load 
them all using a large range of settings . In the various runs balance can be achieved with other concurrency levels . 
performed , we varied the number of threads used and the 60 Interestingly , the optimal energy setting for SOLVES is 
voltage and frequency setting . The number of threads used when 8 cores are used but using fewer processor cores can 
to run the kernel is not set at the runtime level ; a new version lead to a large energy consumption . 
of the kernel is specifically generated for every concurrency SAR 
level . This procedure can limit the side effects induced by FIG . 7 is the energy profiled measured for SAR . It is 
load balancing when the different number of threads are used 65 similar to that of AMF , although the energy variation favors 
to parallelize the loops . Moreover , the different versions are the use of maximal concurrency . These experiments show 
all generated by an implementation of R - StreamTM so that that concurrency throttling has a high impact on energy 
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consumption . DVFS , however , cannot be left aside in order FIG . 11B . Because the profile of SAR and AMF are similar , 
to reach the optimal energy setting . the energy model is expected to perform similarly . However , 
Model Accuracy it can be seen from the figure that , because the various power 
We presented the actual energy consumption of the con- settings lead to more distinct energy consumptions with 

sidered kernels . Such profiles can accurately describe the 5 SAR , the model also tends to distinguish better the effect of 
energy consumption of programs under various possible different power settings . In this case the inefficient settings lower settings . Obtaining accurate energy profiles took sev are identified by the model and the efficient settings are eral hours and hundreds of runs of the kernels on the target correctly valued by a low energy consumption . platform . This is significantly erroneous , if not infeasible at 
compilation time and , as such in various embodiments a In conclusion , various embodiments of the energy model 
compiler choses which setting to use based on an energy perform well over the various cases . While some embodi 
model presented earlier . The energy model is expected to ments cannot predict absolute energy consumption , they are 
provide a fast approximate but accurate relative order of all accurate enough to find an efficient configuration among all 
the possible power settings . the possibilities . This illustrates that the energy model used 

The energy model used in EPS has been evaluated in 15 in EPS may be sufficient to perform an accurate selection of 
order to determine its accuracy . Considering the numerous a DVFS setting and concurrency level , even in the presence 
approximations in the model and in the parameters used to of errors in parameters instantiation . 
model the processor , exact energy predictions are not Energy Savings expected . On the other hand , a correct relative ordering of 
the possible settings is highly desirable . Moreover , having 20 The energy savings obtained by EPS were measured on 
energy efficient settings predicted to be close to the actual the experimental platform . In Table 2 , the execution time 
efficient settings is also important . FIGS . 8 through 11 and energy consumption of each program is compared in 
compare the actual energy profile of each kernel with the two different settings . For each program , we ran the program 
energy profile predicted by an embodiment of the energy generated by R - StreamTM with EPS and compared it to the 
model used in EPS . 25 program originally generated without EPS , using the maxi 

In FIGS . 8A and 8B , the energy profile predicted for AMF mal frequency . The execution time is not expected to be 
using an energy model ( FIG . 8B ) is compared with its actual improved with EPS . In fact , because fewer processors and a 
energy profile ( FIG . 8A ) . The global aspect of the profiles lower frequency may be used , the execution time can 
indicate a close but not perfectly accurate prediction . Based increase with EPS . The reference version execution used all 
on the experiments described above , many power settings 30 the cores and the execution occurred at the maximal fre 
have been measured to be only slightly worse than the most quency , which is the default configuration in LinuxTM oper 
efficient power settings . While , the approximations used in ating system because the default DVFS controller choses the 
the energy model may not be highly useful in finding the highest frequency for all the programs . 
optimal setting at a fine granularity of settings , the model is 
sufficiently accurate to distinguish the very inefficient cases 35 The energy savings are related to the energy model 
where only a few processors are used , from the more accuracy . Energy can be saved in many cases , demonstrating 
efficient ones . the ability of the generated program to actually exploit 

In the case of AMF , the predicted energy consumption efficiently , and beneficially , the chosen configuration in 
terms of operating frequency and / or the number of cores according to one embodiment of the energy model is impre and / or concurrent threads . cise by one order of magnitude . The relative ordering , 40 

however , is accurate and , as such , the decisions made by the TABLE 2 compiler as to which power setting may be most suitable 
than others can be accurate . Execution time and energy comparison 

The energy model is evaluated for COVAR as shown in 
FIG . 9A , showing measured energy values , and FIG . 9B 45 Difference 

showing the energy values predicted by an embodiment of Time ( s ) Energy ( J ) Time ( s ) Energy ( J ) Time Energy the energy model . In the case of COVAR , the energy - model 
based predictions are accurate , matching the measurement 
obtained via the experiments described above . The model 
correctly weights the inefficient configurations and it also 50 
correctly predicts the lowest energy consumption for all the 
settings close the actual best setting . For this kernel , even the 
subtle effects of DVFS at high concurrency were correctly Table 2 shows execution time and energy comparison of 
predicted by the embodiment of the energy model . the kernels optimized with EPS compared to running on all 

Similar results are shown for SOLVES , where FIG . 10A 55 the cores at the maximal frequency . The maximal frequency 
shows the measured energy values and FIG . 10B shows the is chosen by the default DVFS controller on Linux® oper 
energy values predicted using an embodiment of the energy ating system . In the case of AMF , a slightly less efficient 
model . SOLVES exhibits inefficiencies for some concur- configuration was chosen compared to the reference deter 
rency levels because of poor load balancing . The embodi- mined via extensive experimentation . The configuration 
ment of the energy model assumes linear scaling of the 60 chosen for COVAR illustrates how EPS at compile time can 
computational part of the programs , and does not predict increase the energy efficiency . The execution time of 
such singularities . Second , the energy efficiency of SOLVES COVAR was measured and was found to decrease . Such 
improves as the concurrency decreases , until reaching 4 speedup can be considered as a positive side effect of the 
processor cores where the efficiency abruptly worsen . Such reduced pressure on the shared resources . On an average , in 
effects are correctly captured by the model . 65 various embodiments , EPS can increase at the compile time 

Finally , the energy consumed in SAR , as shown in FIG . the energy efficiency of programs to be executed on a target 
11A has also been compared to its predicted values shown in platform . 

R - Stream No EPS R - Stream EPS 

AMF 
COVAR 
SOLVES 
SAR 

1.8 
3.1 

12.4 
28.8 

350 
343 
1273 
6909 

2.6 
2.3 

12.3 
36.2 

372 
244 
1130 
6585 

+ 44 % 
-25 % 

0 % 
+ 26 % 

+ 6 % 
-29 % 
-11 % 
-5 % 
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Projection at NTV improve the overall efficiency of the programs to be run on 
Near - Threshold Voltage operation is expected to signifi- the PERFECT and other parallel processing architectures . In 

cantly increase the energy efficiency of processors and is a various embodiments , a compiler can select an efficient 
part of the primary focus for the PERFECT architectures . hardware configuration at compilation time . EPS according 
The energy savings provided by NTV architectures have 5 to various embodiments can thus improve the productivity 
however some well - known challenging consequences . In of the application developers by taking care of finding an 
particular , the processor frequencies are expected to be efficient hardware setup when a new program is compiled . 
reduced by an order of magnitude , the performance vari- When a program is executed on a standard LinuxTM or 
ability across the processor cores may significantly increase , similar operating system configuration , DVFS may be per 
and the hardware reliability may worsen . 10 formed using a runtime deamon , integrated in the operating 
As described above , a compiler may ignore the smallest system . By forcing the hardware configuration from a spe 

power - coherent regions because of the slow frequency and cific point of programs execution , however , EPS according 
voltage transitions in typical hardware platforms . DVFS to different embodiments results in a compile - time predict 
transitions may be improved in near - threshold computing , in able , reproducible , and deterministic hardware behavior . 
particular in terms of transition speed . Providing nimble 15 A software controller implementing various techniques 
voltage and frequency control can be particularly important described above is included in some embodiments of 
at NTV because fine - grain DVFS is one of the techniques R - StreamTM and we demonstrated ability of the controller to 
expected to reduce the variability of NTV processors . save energy during our experiments . Concurrency throttling 
Nimble voltage and frequency controls are beneficial to EPS is implemented in some embodiments of R - StreamTM and 
and , as such , some embodiments may allow even the small- 20 was shown to save power / energy during our experiments . 
est power - coherent regions to be exploited . As discussed herein , DVFS and concurrency throttling 

Leakage and dynamic power generally have an equivalent cannot be considered to be a mathematical concept . These 
importance in many architectures but leakage power is optimizations that takes into consideration the properties of 
expected to take more importance in some NTV architec- a program to be compiled , encapsulated as high - level soft 
tures . The greater importance of leakage power can increase 25 ware parameters described herein and also some parameters 
the potential benefit of concurrency throttling . Moreover , we of a target computing system , encapsulated as high - level 
emphasis two consequences of NTV : caches are expected to hardware parameters described herein , are also not merely 
require a higher voltage than the computing logic in order to performing generic computer and / or database operations 
prevent data corruption and may occupy a larger area for the and is also not mere data organization or reorganization . 
same reason . The processor caches may then be faster than 30 Unlike any generic operations such as data transmission 
the computation logic and may be more costly at NTV . As and reception , unlike usual computer functions such as 
such , there may be a strong pressure on hardware designers storage and access of information , and unlike any math 
to share the memory across the processor cores , even at the ematical or mental processes such as comparing and cat 
L1 level . As a result , the contention on shared resources is egorizing information , the unconventional operations 
likely to increase at NTV and concurrency throttling may be 35 involved in DVFS and / or concurrency throttling , as 
able to benefit from even more opportunities for energy described herein , are specifically orchestrated . Specifically , 
savings . various embodiments of the compilation methods and sys 
Each of the presented parameters of various embodiments tem involve analysis / determination of one or more program 

of the energy model can benefit EPS and may increase characteristics such as the number of computationally inten 
energy efficiency in both NTV and non - NTV architectures . 40 sive operations , the number of memory - access operations , 
The most significant outcome will certainly come from etc. Such embodiments also involve an analysis of a target 
concurrency throttling . If contention occurs on processor computation system to be used for execution of the program , 
caches for some memory intense workloads e.g. , because the such as performance of floating point operations , available 
processor caches may be shared by two or four cores , resource bandwidth , number of processing units in the target 
concurrency throttling can improve energy efficiency by a 45 system , power consumed by an operation , etc. Voltage 
factor of two or more . and / or frequency settings , the setting of another power / 

In various embodiments , an energy model described energy affecting parameter , and / or a suitable concurrency 
allows a compiler to choose configuration parameters based level may be determined using the analyzed parameters . 
on predicted energy savings , so as to achieve EPS . In some These specific operations make the methods and systems for 
embodiments , a compiler can perform fine - grain DVS by 50 EPS limited and specialized techniques of improving the 
exploring all the available frequencies . The power - coherent power / energy efficiency of a computing system while meet 
regions used to delimit sequences or groups of instructions ing other performance goals . 
in the program can be executed using a single DVFS setting . It is clear that there are many ways to configure the device 
The frequencies associated with one or more regions are and / or system components , interfaces , communication links , 
chosen in various embodiments according to the predicted 55 and methods described herein . The disclosed methods , 
energy savings and / or consumption associated with execut- devices , and systems can be deployed on convenient pro 
ing the region ( s ) . The combination of these improvements cessor platforms , including network servers , personal and 
can improve the scope of the optimization and its accuracy . portable computers , and / or other processing platforms . 
Alternatively or in addition , concurrency throttling can save Other platforms can be contemplated as processing capa 
energy . This optimization can exploit the energy model 60 bilities improve , including personal digital assistants , com 
implemented for EPS to determine the concurrency level puterized watches , cellular phones and / or other portable 
leading to minimal energy consumption . In various embodi- devices . The disclosed methods and systems can be inte 
ments , it allows a compiler to improve static power con- grated with known network management systems and meth 
sumption whenever possible in addition to or instead of ods . The disclosed methods and systems can operate as an 
improving dynamic power consumption . 65 SNMP agent , and can be configured with the IP address of 
The improvements of EPS , according to various embodi- a remote machine running a conformant management plat 

ments can lead to an increased energy efficiency . This can form . Therefore , the scope of the disclosed methods and 
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systems are not limited by the examples given herein , but wired or wireless communication with other processors , 
can include the full scope of the claims and their legal where such one or more processor can be configured to 
equivalents . operate on one or more processor / processing elements 

The methods , devices , and systems described herein are controlled devices that can be similar or different devices . 
not limited to a particular hardware or software configura- 5 Use of such “ microprocessor , " " processor , ” or “ processing 
tion , and may find applicability in many computing or element ” terminology can thus also be understood to include 
processing environments . The methods , devices , and sys a central processing unit , an arithmetic logic unit , an appli tems can be implemented in hardware or software , or a cation - specific integrated circuit ( IC ) , and / or a task engine , combination of hardware and software . The methods , with such examples provided for illustration and not limi devices , and systems can be implemented in one or more 10 tation . computer programs , where a computer program can be 
understood to include one or more processor executable Furthermore , references to memory , unless otherwise 
instructions . The computer program ( s ) can execute on one or specified , can include one or more processor - readable and 
more programmable processing elements or machines , and accessible memory elements and / or components that can be 
can be stored on one or more storage medium readable by 15 internal to the processor - controlled device , external to the 
the processor ( including volatile and non - volatile memory processor - controlled device , and / or can be accessed via a 
and / or storage elements ) , one or more input devices , and / or wired or wireless network using a variety of communication 
one or more output devices . The processing elements / ma protocols , and unless otherwise specified , can be arranged to 
chines thus can access one or more input devices to obtain include a combination of external and internal memory 
input data , and can access one or more output devices to 20 devices , where such memory can be contiguous and / or 
communicate output data . The input and / or output devices partitioned based on the application . For example , the 
can include one or more of the following : Random Access memory can be a flash drive , a computer disc , CD / DVD , 
Memory ( RAM ) , Redundant Array of Independent Disks distributed memory , etc. References to structures include 
( RAID ) , floppy drive , CD , DVD , magnetic disk , internal links , queues , graphs , trees , and such structures are provided 
hard drive , external hard drive , memory stick , or other 25 for illustration and not limitation . References herein to 
storage device capable of being accessed by a processing instructions or executable instructions , in accordance with 
element as provided herein , where such aforementioned the above , can be understood to include programmable examples are not exhaustive , and are for illustration and not hardware . 
limitation . Although the methods and systems have been described The computer program ( s ) can be implemented using one 30 relative to specific embodiments thereof , they are not so or more high level procedural or object - oriented program limited . As such , many modifications and variations may ming languages to communicate with a computer system ; 
howe the program ( s ) can be implemented in assembly or become apparent in light of the above teachings . Many 

additional changes in the details , materials , and arrangement machine language , if desired . The language can be compiled or interpreted . Sets and subsets , in general , include one or 35 of parts , herein described and illustrated , can be made by 
more members . those skilled in the art . Accordingly , it will be understood 
As provided herein , the processor ( s ) and / or processing that the methods , devices , and systems provided herein are 

elements can thus be embedded in one or more devices that not to be limited to the embodiments disclosed herein , can 
can be operated independently or together in a networked include practices otherwise than specifically described , and 
environment , where the network can include , for example , a 40 are to be interpreted as broadly as allowed under the law . 
Local Area Network ( LAN ) , wide area network ( WAN ) , 
and / or can include an intranet and / or the Internet and / or What is claimed is : 
another network . The network ( s ) can be wired or wireless or 1. A system for optimizing energy consumption of a data 
a combination thereof and can use one or more communi processor while executing a program , the system compris 
cation protocols to facilitate communication between the 45 ing : different processors / processing elements . The processors a first processor , and can be configured for distributed processing and can utilize , a first memory in electrical communication with the first in some embodiments , a client - server model as needed . processor , the first memory comprising instructions Accordingly , the methods , devices , and systems can utilize which , when executed by a processing unit comprising multiple processors and / or processor devices , and the pro- 50 at least one of the first processor and a second proces cessor / processing element instructions can be divided 
amongst such single or multiple processor / devices / process sor , and in electronic communication with a memory 
ing elements . module comprising at least one of the first memory and 

The device ( s ) or computer systems that integrate with the a second memory , program the processing unit to : 
processor ( s ) / processing element ( s ) include , for 55 ( a ) generate within the program a first power - coherent 
example , a personal computer ( s ) , workstation ( e.g. , Dell , region ; 
HP ) , personal digital assistant ( PDA ) , handheld device such ( b ) compute using an energy model a plurality of 
as cellular telephone , laptop , handheld , or another device estimated energy consumption values for the first 
capable of being integrated with a processor ( s ) that can power - coherent region , each value corresponding to 
operate as provided herein . Accordingly , the devices pro- 60 a respective power setting ; 
vided herein are not exhaustive and are provided for illus- ( c ) identify an energy - minimizing power setting corre 
tration and not limitation . sponding to a minimum of the plurality of the 

References to “ a processor ” , or “ a processing element , ” estimated energy consumption values ; and 
“ the processor , ” and “ the processing element " can be under- ( d ) insert in the first power - coherent region a power 
stood to include one or more microprocessors that can 65 setting operation setting at least one parameter of the 
communicate in a stand - alone and / or a distributed environ data processor according to the energy - minimizing 
ment ( s ) , and can thus can be configured to communicate via power setting , 
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wherein to generate the first power - coherent region , the 9. The system of claim 7 , wherein , the processing unit is 
processing unit is programmed to : further programmed to : 
partition program instructions into a plurality of compute a number of memory accesses required by a data 

groups , each group having a specified number of structure within the first power - coherent region ; 
instructions ; and compute a stride between consecutive memory accesses 

determine a type of a first group and merging another by the data structure ; 
group into the first group if the type of the first group if the stride does not exceed a bulk - transfer size associ 
after the merging would not change and , otherwise ated with a first memory level , associate the number of 
designating the other group as a second group . memory accesses required by the data structure with 

2. The system of claim 1 , wherein the processing unit is 10 the first memory level ; and 
programmed to perform operations ( a ) through ( d ) via static otherwise associate the number of memory accesses 
analysis of the program and without executing any portion required by the data structure with a second memory 
of the program . level . 

3. The system of claim 1 , wherein at least one of the 10. The system of claim 7 , wherein the power setting 
operations ( a ) and ( b ) is based on a polyhedral model of the 15 operation setting at least one parameter of the data proces 
program . 

4. The system of claim 1 , wherein the type of the first is inserted at a beginning of the first power - coherent 
group comprises one of compute intense and memory region ; and 
intense . adjusts at least one of a frequency of the data processor 

5. The system of claim 1 , wherein the processing unit is 20 and an operating voltage of the data processor . 
further programmed to designate a group having a number 11. The system of claim 10 , wherein , the processing unit 
of instructions at most equal to a specified threshold as a is further programmed to : 
default power - coherent region . insert at an end of the first power - coherent region another 

6. The system of claim 1 , wherein the energy model power setting operation that at least one of : ( i ) adjusts 
comprises at least one of : a frequency of the data processor to a default frequency , 

an operating frequency of the data processor , an operating and ( ii ) adjusts an operating voltage of the data pro 
voltage of the data processor , a number of processing cessor to a default operating voltage . 
units in the data processor , a number of computations 12. The system of claim 11 , wherein , the processing unit 
in the first power - coherent region , an amount of is further programmed to : 
memory accessed by the first power - coherent region 30 identify a second power - coherent region within execution 
from a first memory level ; power consumed by a unit proximity of the first power - coherent region ; 
of the data processor during one computation at a compare : ( i ) the power setting operation inserted at the 
specified frequency , power consumed by a unit of the beginning in the first power - coherent region , ( ii ) the 
data processor for accessing one byte of data from a power setting operation inserted at the end in the first 
specified level of memory at the specified frequency , 35 power - coherent region , and ( iii ) a power setting opera 
performance of a unit of the data processor at the tion inserted in the second power - coherent region ; and 
specified frequency , and available bandwidth of the based on the comparison , remove at least one of : ( i ) the 
data processor at the specified level and using a speci- power setting operation inserted at the end in the first 
fied number of processing units . power - coherent region and ( ii ) the power setting opera 

7. The system of claim 1 , wherein to compute an esti- 40 tion inserted in the second power - coherent region . 
mated energy consumption value corresponding to a fre- 13. A system for optimizing energy consumption of a data 
quency setting , the processing unit is programmed to com- processor comprising a plurality of NT processing units , the 
pute at least one of : system comprising : 

energy consumed by a plurality of computational opera- a first processor ; and 
tions in the program using : a total number of compu- 45 a first memory in electrical communication with the first 
tational operations in the first power - coherent region processor , the first memory comprising instructions 
and average energy consumed by a single computa- which , when executed by a compilation processing unit 
tional operation at the frequency setting ; and comprising at least one of the first processor and a 

energy consumed by a plurality of memory access opera- second processor , and in electronic communication 
tions in the first power - coherent region using : a total 50 with a memory module comprising at least one of the 
number of memory accesses within the first power- first memory and a second memory , program the com 
coherent region at least one memory level , available pilation processing unit to : 
memory access bandwidth at the at least one memory compute for a particular operation frequency and a par 
level at the frequency setting , average power consump ticular value of a parameter of a resource , a required 
tion by a single memory access operation at the fre- 55 single - unit resource capacity for executing a specified 
quency setting , and a number of processing units in the program using one unit of the plurality of processing 
data processor . units ; 

8. The system of claim 7 , wherein the available memory determine using the single - unit resource capacity , for each 
access bandwidth at the at least one memory level at the value of a number of processing units , denoted N , 
frequency setting comprises one of : wherein N ranges from 1 up to NT , a respective 

a memory access bandwidth computed as function of : ( i ) resource requirement ; 
a memory access bandwidth required by one processing determine a maximum number of processing units N , 
unit at the at least one memory level at the frequency such that for a number of processing units greater than 
setting , and ( ii ) the number of processing units in the erg - mere Nmax the respective processing capacity 
data processor , and would exceed an available resource capacity at the 

a maximum memory access bandwidth available at the at particular operation frequency and the particular value 
least one memory level at the frequency setting . of the resource parameter , and 
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insert into the program a command directing at least one model an energy consumption for executing the 
and up to ( NT - Nmax ) processing units to enter a sleep specified program using N processing units ; 
mode when a number of processing units operating determine an optimized number of processing units 

N concurrently exceeds N , for which the estimated energy consumption is 
14. The system of claim 13 , wherein : minimum ; and 
the resource comprises data - processor memory band insert into the program a command directing at least 

one processing unit to enter a sleep mode when a width ; and number of processing units operating concurrently the resource parameter comprises a memory level . exceeds the optimized number of processing units 
15. The system of claim 13 , wherein the resource com N 

prises data - processor input - output ( I / O ) bandwidth . 17. The system of claim 16 , wherein to compute the 
16. A system for optimizing energy consumption of a data required single - unit memory bandwidth , the processing unit 

processor comprising a plurality of N7 processing units , the is programmed to : 
system comprising : compute a stride distance between two consecutive 

a first processor ; and memory associated with the particular 
a first memory in electrical communication with the first memory level by a selected portion of the specified 

processor , the first memory comprising instructions program ; and 
which , when executed by a compilation processing unit compare the stride distance with a size of single access at 
comprising at least one of the first processor and a the particular memory level . 
second processor , and in electronic communication 18. The system of claim 16 , wherein the energy model 
with a memory module comprising at least one of the comprises : 
first memory and a second memory , program the com the number of processing units ; and 
pilation processing unit to : at least one of : an operating frequency of the data pro 
compute for a particular operation frequency and a cessor , an operating voltage of the data processor , a 

particular memory level , a required single - unit number of computations in a program , an amount of 
memory bandwidth for executing a specified pro memory at a specified level accessed by the program ; 
gram using one unit of the plurality of processing power consumed by a unit of the data processor during 
units ; one computation at a specified frequency , power con 

compute using the single - unit memory bandwidth a sumed by a unit of the data processor for accessing one 
maximum number of processing units Nmar , such byte of data from a specified level of memory at the 

30 
that using more than N , of the plurality of N ? specified frequency , and performance of a unit of the 
processing units would exceed an available memory data processor at the specified frequency . 
bandwidth at the particular operation frequency and 19. The system of claim 16 , wherein , the processing unit 
the particular memory level ; is further programmed to set a degree of maximum paral 

for each value of a number of processing units N in a lelization to the optimized number of processing units N 
range from 1 up to Nmar , estimate using an energy 
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