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SYSTEMAND APPARATUS FOR 
CONSOLIDATED DYNAMIC 

FREQUENCY/VOLTAGE CONTROL 

RELATED APPLICATIONS 

This application claims the benefit of priority to U.S. Pro 
visional Application No. 61/495,861, entitled “System and 
Apparatus for Consolidated Dynamic Frequency/Voltage 
Control’ filed Jun. 10, 2011, the entire contents of which are 
hereby incorporated by reference. 

BACKGROUND 

Cellular and wireless communication technologies have 
seen explosive growth over the past several years. This 
growth has been fueled by better communications, hardware, 
larger networks, and more reliable protocols. Wireless service 
providers are now able to offer their customers an ever-ex 
panding array of features and services, and provide users with 
unprecedented levels of access to information, resources, and 
communications. To keep pace with these service enhance 
ments, mobile electronic devices (e.g., cellular phones, tab 
lets, laptops, etc.) have become more powerful and complex 
than ever. For example, mobile electronic devices now com 
monly include system-on-chips (SoCs) and/or multiple 
microprocessor cores embedded on a single Substrate, allow 
ing mobile device users to execute complex and power inten 
sive Software applications on their mobile devices. As a result, 
a mobile device's battery life and power consumption char 
acteristics are becoming ever more important considerations 
for consumers of mobile devices. 

Methods for improving the battery life of multiprocessor 
devices generally involve reducing the amount of energy 
consumed by reducing the Voltage applied to the processors/ 
cores when they are idle or lightly loaded. Reducing the 
Voltage applied to processors/core necessarily involves 
reducing the frequency at which the processors operate. Such 
reductions in frequency and Voltage may be accomplished by 
Scaling the Voltage/frequency using dynamic clock and Volt 
age/frequency Scaling (DCVS) schemes/processes. 

Generally, DCVS schemes/processes monitor the propor 
tion of the time that the processor core is idle compared to the 
time it is busy to determine how the frequency and Voltage 
should be adjusted to provide power-efficient operation. For 
example, the busy and idle periods may be reviewed, and a 
decision may be made regarding the most energy efficient 
performance of the processor, in real time or "on the fly.” 
However, existing DCVS solutions for multicore processors 
require that each processing core include a DCVS module/ 
process and/or adjust the processors frequency/voltage inde 
pendent of other cores. Conventional DCVS solutions exhibit 
a number of performance problems, and implementing an 
effective DCVS method that correctly scales frequency/volt 
age for each core of multicore processor system is an impor 
tant and challenging design criterion. 

SUMMARY 

The various aspects include methods for correlating 
dynamic frequency and/or Voltage control between at least 
two processor cores that determines a frequency performance 
level for the two or more processor cores which accommo 
dates processes involving interactions between the processor 
cores. The various aspects evaluate the performance of each 
processor core to determine if there exists a correlation 
between the operations of two or more cores, and scale the 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
frequency/voltage of an individual core only when there is no 
identifiable correlation between the processor operations. 
Various aspects correlate the workloads (e.g., busy versus idle 
states) of two or more processor cores, and may scale the 
frequency/voltage of the cores to a level consistent with the 
correlated processes such that the processing performance is 
maintained and maximum energy efficiency is achieved. In 
various aspects, the method may further include receiving an 
input/output activity signal from one of the first and the sec 
ond processor cores, and using the received input/output 
activity signal in determining the consolidated dynamic fre 
quency/voltage control for the first and the second processor 
COCS. 

The various aspects include methods of performing 
dynamic clock and/or Voltage Scaling on a multiprocessor 
system having two or more processor cores, which may 
include receiving a first set of information from a first pro 
cessor core, the first information set including information 
regarding at least one of a frequency, time, busy periods, idle 
periods, and wait periods of the first processor core, receiving 
a second set of information from a second processor core, the 
second information set including information regarding at 
least one of a frequency, time, busy periods, idle periods, and 
wait periods of the second processor core, correlating the first 
and second information sets to identify an interdependence 
relationship between the operations of the first processor 
cores and the operations of the second processor cores, and 
Scaling the frequency and/or the Voltage of the first and sec 
ond cores according to a correlated information set when an 
interdependence relationship is identified between the opera 
tions of the first processor core and the operations of the 
second processor core is identified. In an aspect, the method 
may further include Scaling the frequency or Voltage of the 
first and second cores independently when no interdepen 
dence relationship is identified between the operations of the 
first processor core and the operations of the second processor 
core, or any number of the processor cores. In an aspect, the 
method may further include synchronizing the first and sec 
ond information sets, as well as any number of received 
information sets. In a further aspect, operations of correlating 
information sets to identify a relationship between the opera 
tions of the first processor core and the operations of the 
second processor core may include identifying a relationship 
in which the first processor core is busy when the second 
processor core is idle. In this aspect, the method may further 
include subtracting a busy time value associated with the first 
core from an idle time value associated with the second core. 
In a further aspect, correlating the synchronized first and 
second information sets to identify a relationship between the 
operations of the first processor core and the operations of the 
second processor core may include identifying a relationship 
in which the first processor core is busy when the second 
processor core is idle. In this aspect, the method may further 
include Subtracting a busy time value associated with the 
second core from an idle time value associated with the first 
core. In a further aspect, correlating the synchronized first and 
second information sets to identify a relationship between the 
operations of the first processor core and the operations of the 
second processor core may include overlaying a first busy 
pulse train on a second busy pulse train. Inafurther aspect, the 
first and second information sets may include pulse trains 
selected from one of a busy pulse train, an idle pulse train, and 
a wait pulse train, and synchronizing the first and second 
information sets may include synchronizing a first pulse train 
with a second pulse train. In a further aspect, a single thread 
executing on the multiprocessor System may perform the 
dynamic clock and Voltage scaling operations. In a further 
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aspect, correlating the synchronized first and second infor 
mation sets to identify a relationship between the operations 
of the first processor core and the operations of the second 
processor core may include producing a consolidated pulse 
train for each of the first and the second processing cores. In 
a further aspect, correlating the synchronized first and second 
information sets to identify a relationship between the opera 
tions of the first processor core and the operations of the 
second processor core may further include using the consoli 
dated pulse train for each of the first and the second process 
ing cores to determine a performance level of each of the first 
and second processing cores independently. In further 
aspects, the operations described above may be accomplished 
for any number of processor cores which may be in a com 
puting device, including receiving any number information 
sets and correlating some or all of the information sets may be 
correlated to identify relationships among the cores. 

Further aspects include a computing device having 
memory and two or more processor cores coupled to the 
memory, wherein at least one of the processor cores is con 
figured with processor-executable instructions to cause the 
computing device to perform operations of the aspect meth 
ods for performing dynamic clock and/or Voltage scaling on a 
multiprocessor System. In an aspect, the at least one of the 
processor cores may be configured with processor-executable 
instructions to cause the computing device to perform opera 
tions that may include receiving a first set of information from 
a first processor core, the first information set including infor 
mation regarding at least one of a frequency, time, busy peri 
ods, idle periods, and wait periods of the first processor core, 
receiving a second set of information from a second processor 
core, the second information set including information 
regarding at least one of a frequency, time, busy periods, idle 
periods, and wait periods of the second processor core, cor 
relating the first and second information sets to identify an 
interdependence relationship between the operations of the 
first processor cores and the operations of the second proces 
Sor cores, and Scaling the frequency or Voltage of the first and 
second cores according to a correlated information set when 
an interdependence relationship is identified between the 
operations of the first processor core and the operations of the 
second processor core is identified. In an aspect, at least one 
of the processor cores may be configured with processor 
executable instructions to cause the computing device to per 
form operations that include Scaling the frequency or Voltage 
of the first and second cores independently when no interde 
pendence relationship is identified between the operations of 
the first processor core and the operations of the second 
processor core. In an aspect, at least one of the processor cores 
may be configured with processor-executable instructions to 
cause the computing device to perform operations that 
include synchronizing the first and second information sets. 

In a further aspect, at least one of the processor cores may 
be configured with processor-executable instructions to cause 
the computing device to perform operations such that corre 
lating the synchronized first and second information sets to 
identify a relationship between the operations of the first 
processor core and the operations of the second processor 
core includes identifying a relationship in which the first 
processor core is busy when the second processor core is idle. 
In this aspect, the at least one of the processor cores may be 
configured with processor-executable instructions to cause 
the computing device to perform operations that include Sub 
tracting a busy time value associated with the first core from 
an idle time value associated with the second core. 

In a further aspect, at least one of the processor cores may 
be configured with processor-executable instructions to cause 
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4 
the computing device to perform operations such that corre 
lating the synchronized first and second information sets to 
identify a relationship between the operations of the first 
processor core and the operations of the second processor 
core includes identifying a relationship in which the first 
processor core is busy when the second processor core is idle. 
In this aspect, at least one of the processor cores may be 
configured with processor-executable instructions to cause 
the computing device to perform operations that include Sub 
tracting a busy time value associated with the second core 
from an idle time value associated with the first core. 

In a further aspect, at least one of the processor cores may 
be configured with processor-executable instructions to cause 
the computing device to perform operations such that corre 
lating the synchronized first and second information sets to 
identify a relationship between the operations of the first 
processor core and the operations of the second processor 
core includes overlaying a first busy pulse train on a second 
busy pulse train. In a further aspect, at least one of the pro 
cessor cores may be configured with processor-executable 
instructions to cause the computing device to perform opera 
tions such that the first and second information sets include 
pulse trains selected from one of a busy pulse train, an idle 
pulse train, and a wait pulse train, and synchronizing the first 
and second information sets includes synchronizing a first 
pulse train with a second pulse train. In a further aspect, at 
least one of the processor cores may be configured with 
processor-executable instructions to cause the computing 
device to perform operations that include a single thread 
executing on the multiprocessor system performs the 
dynamic clock and Voltage Scaling operations. 

In a further aspect, at least one of the processor cores may 
be configured with processor-executable instructions to cause 
the computing device to perform operations such that corre 
lating the synchronized first and second information sets to 
identify a relationship between the operations of the first 
processor core and the operations of the second processor 
core includes producing a consolidated pulse train for each of 
the first and the second processing cores. In a further aspect, 
at least one of the processor cores may be configured with 
processor-executable instructions to cause the computing 
device to perform operations such that correlating the Syn 
chronized first and second information sets to identify a rela 
tionship between the operations of the first processor core and 
the operations of the second processor core further includes 
using the consolidated pulse train for each of the first and the 
second processing cores to determine a performance level of 
each of the first and second processing cores independently. 

Further aspects include a non-transitory processor-read 
able storage medium having stored thereon processor-execut 
able instructions configured to cause at least one processor 
core of a multi-processor System to perform operations of the 
aspect methods for performing dynamic clock and/or Voltage 
Scaling. Further aspects include a computing device having 
various means for performing functions of the aspect methods 
for performing dynamic clock and/or Voltage scaling on a 
multiprocessor system. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated 
herein and constitute part of this specification, illustrate 
exemplary aspects of the invention, and together with the 
general description given above and the detailed description 
given below, serve to explain the features of the invention. 

FIG. 1 is an architectural diagram of an example system on 
chip Suitable for implementing the various aspects. 
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FIG. 2 is an architectural diagram of an example multicore 
processor Suitable for implementing the various aspects. 

FIG. 3 is a block diagram of a controller having multiple 
cores Suitable for use in an aspect. 

FIG. 4 is a process flow diagram of an aspect method for 
correlating idle and busy periods across processing cores to 
determine performance objectives for a system. 

FIG. 5 is a communication flow diagram illustrating com 
munications and processes among a driver and a number of 
processing cores for using pulse trains to set performance 
levels for each processor core according to an aspect. 

FIG. 6 illustrates processor pulse trains showing alternat 
ing busy and idle periods for processor cores along a common 
time reference. 

FIGS. 7A-B illustrate processor pulse trains of busy, idle, 
and wait periods along a common time reference. 

FIG. 8 is a process flow diagram of an aspect method 
implementable on any of a plurality of processor cores for 
determining appropriate frequency/voltage settings for two 
or more processor cores based on the correlated busy and idle 
periods of two or more processor cores. 

FIG. 9 is a component block diagram of a mobile device 
Suitable for use in an aspect. 

FIG. 10 is a component block diagram of a server device 
Suitable for use in an aspect. 

FIG.11 is a component block diagram of a laptop computer 
device Suitable for use in an aspect. 

DETAILED DESCRIPTION 

The various aspects will be described in detail with refer 
ence to the accompanying drawings. Wherever possible, the 
same reference numbers will be used throughout the draw 
ings to refer to the same or like parts. References made to 
particular examples and implementations are for illustrative 
purposes, and are not intended to limit the scope of the inven 
tion or the claims. 

The word “exemplary' is used herein to mean “serving as 
an example, instance, or illustration.” Any implementation 
described herein as “exemplary' is not necessarily to be con 
Strued as preferred or advantageous over other implementa 
tions. 

The terms “mobile device' and “computing device' are 
used interchangeably herein to refer to any one or all of 
personal mobile television receivers, cellular telephones, per 
sonal data assistants (PDAs), multimedia Internet enabled 
cellular telephones (e.g., the Blackberry(R), Google(R) 
Android R compatible phones, Apple(RI-Phones.(R), etc.), tab 
let computers, palm-top computers, laptop computers, net 
books, and similar personal electronic devices which include 
a programmable processor and operate under battery power 
such that power conservation methods are of benefit. 
Computer program code or “program code” for execution 

on a programmable processor for carrying out operations of 
the various aspects may be written in a high level program 
ming language Such as C, C++, C#, JAVA. Smalltalk, JavaS 
cript, J----, Visual Basic, TSQL, Perl, or in various other 
programming languages. Programs for Some target processor 
architecture may also be written directly in the native assem 
bler language. A native assembler program uses instruction 
mnemonic representations of machine level binary instruc 
tions. Program code or programs stored on a computer read 
able storage medium as used herein refers to machine lan 
guage code such as object code whose format is 
understandable by a processor. 
Many kernels are organized into user space (where non 

privileged code runs) and kernel space (where privileged code 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
runs). This separation is of particular importance in Android 
and other general public license (GPL) environments where 
code that is part of the kernel space must be GPL licensed, 
while code running in user-space doesn’t need to be GPL 
licensed. 
The term “system on chip (SOC) is used herein to refer to 

a single integrated circuit (IC) chip that contains multiple 
resources and/or processors integrated on a single Substrate. 
A single SOC may contain circuitry for digital, analog, 
mixed-signal, and radio-frequency functions. A single SOC 
may also include any number of general purpose and/or spe 
cialized processors (DSP, modem processors, video proces 
sors, etc.), memory blocks (e.g., ROM, RAM, Flash, etc.), 
and resources (e.g., timers, Voltage regulators, oscillators, 
etc.). SOCs may also include software for controlling the 
integrated resources and processors, as well as for controlling 
peripheral devices. 
The term “multicore processor is used herein to refer to a 

single integrated circuit (IC) chip or chip package that con 
tains two or more independent processing cores (e.g., CPU 
cores) configured to read and execute program instructions. A 
SOC may include multiple multicore processors, and each 
processor in an SOC may be referred to as a core. 
The term “resource' is used herein to refer to any of a wide 

variety of circuits (e.g., ports, clocks, buses, oscillators, etc.), 
components (e.g., memory), signals (e.g., clock signals), and 
Voltages (e.g., Voltage rails) which are used to Support pro 
cessors and clients running on a computing device. 

Generally, the dynamic power (Switching power) dissi 
pated by a chip is C*V*f, where C is the capacitance being 
Switched per clock cycle, V is Voltage, and fis the Switching 
frequency. Thus, as frequency changes, the dynamic power 
will change linearly with it. Dynamic power may account for 
approximately two-thirds of the total chip power. Dynamic 
Voltage scaling may be accomplished in conjunction with 
frequency scaling, as the frequency that a chip runs at may be 
related to the operating Voltage. The efficiency of some elec 
trical components, such as Voltage regulators, may decrease 
with increasing temperature Such that the power used 
increases with temperature. Since increasing power use may 
increase the temperature, increases in Voltage or frequency 
may increase system power demands even further. 
Dynamic scaling of Voltage and frequency has previously 

been accomplished by Voltage scaling/frequency scaling 
dynamic clock and Voltage scaling (DCVS) mechanisms 
implemented within each processing core. Generally, each 
processing core DCVS functions to adjust its frequency/volt 
age independent of other processor cores within the multi 
processor and/or computing device. However, this can 
present performance issues when two or more processor 
cores are processing threads alternatively. This may occur 
when a single thread is processed by a first processor core 
then by a second processor and then again by the first proces 
Sor core. This may also occur when multiple threads are 
processing on respective processor cores and the results of 
one thread in one processor core trigger operations of another 
thread in a second processor core. In these situations, each 
processor core may alternatively enter idle states while it 
awaits the results of processing in the other processor core. If 
each processor core DCVS considers only the busy and idle 
conditions of its own core, this interdependency of two or 
more processor cores will not be considered by conventional 
DCVS methods. As a result, one or more of the processor 
cores may shift to a lower frequency/voltage State to conserve 
power because the processor core is idle a significant portion 
of the time. The slower a processor operates (i.e., the lower its 
operating frequency), the more energy efficient it becomes, 
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but the longer it takes to process a thread. Consequently, the 
time to process a thread or threads on each processor core 
operating at the lower frequency/voltage condition will 
increase, forcing the other processing core to wait longer for 
the results. Thus, even though the microprocessor or comput 
ing device as a whole is busy running one or more threads, the 
independently-acting processor cores may incorrectly con 
clude that the microprocessor can be operated at lower fre 
quency/voltage states in order to conserve power. That is, 
existing DCVS solutions may cause the multicore processor 
system to mischaracterize the processor workloads and incor 
rectly adjust the frequency/voltage of the cores based on the 
mischaracterized workloads. The result can be a multicore 
processor that exhibits poor performance in some operating 
situations. 

For example, two or more processor cores may be operat 
ing on a single thread. Conventional DCVS methods would 
examine processing demands on a single processor core to 
determine the suitable frequency/voltage for that core. Con 
ventional DCVS methods would reduce the frequency/volt 
age via an algorithm that is only applied on a single process 
ing core. If a second core is present, the operating system may 
provide part of the thread to the second core, but the DCVS 
algorithm on the second processor core would only evaluate 
the busy/idle duty cycle of the second processing core. Since 
the second processor core periodically waits for results from 
the first processor core, the DCVS algorithm may also reduce 
the frequency/voltage of the second processing core. This 
may result in a processing time being increased substantially. 
However, given that it is a single thread, the processing time 
to process the entire thread will increase since both processor 
cores are operating at lower speed. 
To overcome the problems with conventional DCVS 

mechanisms for conserving power, the various aspects 
include methods which correlate the workload (e.g., busy 
Versus idle States) of two or more processor cores, and scale 
the frequency and Voltage of the two or more processor cores 
to a level consistent with correlated processes to maintain 
processing performance while achieving energy efficiency. 
The present disclosure includes a single threaded DCVS 
application that simultaneously monitors the cores, creates 
pulse trains, and correlates the pulse trains in order to deter 
mine the Voltage/frequency for each core. Each of the cores 
may provide an input stream to the DCVS algorithm, which 
the DCVS algorithm may use to produce a correlated pulse 
train for each core. The correlated pulse train for each core is 
used to determine the appropriate Voltage/frequency for the 
core. The determined Voltage/frequency changes may be 
applied to each core at or near the same point in time. Each 
core provides an inputStream to a process occurring on one of 
the cores that correlates the busy/idle patterns among the 
cores to recognize when two or more cores are performing 
interdependent processes. In an aspect, this single thread 
DCVS algorithm may be accomplished on any of the multiple 
processor cores, such as the first processor core trigger to 
evaluate whether an adjustment to frequency/voltage is 
appropriate. 

There are several levels at which the busy/idle signal and/or 
its representations may be viewed. At the lowest level, the 
busy/idle signal may represent a state of a core being busy or 
idle, which may be sampled on every clock cycle, for 
example. However, at the operating system (OS) level the 
overhead for Sampling at this rate and representing it may be 
prohibitive. Thus, in an aspect, the busy/idle signals may be 
represented as values followed by the number of clock cycles 
e.g., 0(4tickS)-1 (6ticks)-0(2ticks)-1 (4 ticks) . . . . In an 
aspect, instead of sampling on every clock cycle, the system 
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8 
may sample only on transitions between certain states/values 
(e.g., Sample transitions between 0 and 1), thereby improving 
the efficiency of generating pulse chains. 

It should be understood that while various aspects are 
described in terms of a specific embodiment of pulse chains, 
the analysis (e.g., correlation) may be performed on the fly at 
transition points (e.g., between busy and idle) Such that a 
pulse train is not generated. 

In an aspect, the system may be configured to perform the 
correlation operations using virtual pulse chains. In this 
implementation, the system may drive idle-stats pulse chain 
generated from changes in the run-queue depth, instead of the 
CPU idle thread. In an aspect, the system may be configured 
such that the CPU busy mapped to the run queue depth may be 
greater than the number of CPUs. In an aspect, the DCVS 
algorithm may be extended to allow for dropping CPU fre 
quency to zero for certain CPUs (e.g., CPU 1 through CPU3). 
Various aspects may eliminate the need for an RQ statistics 
driver and/or the need to poll for the run queue depth. Various 
aspects may apply performance guarantees to a multiproces 
Sor decision, and the decision may be a seamless extension to 
the DCVS algorithm. 

In an aspect, the system may be configured to sample on 
every clock cycle and correlate the busy/idle for all the cores 
during that cycle, accumulating the results in order to make a 
decision for each core. Once the window of time that is 
correlated is complete, the system may return the accumu 
lated result for each core and reset the accumulators. Hence, 
in an aspect, the physical pulse chain for each core may be as 
Small as a single bit (0/1), whereas in another aspect, the 
physical pulse chain may be as large as the window period. 

In an aspect, the correlation may be performed on every 
Zero to one (0/1) transition. In an aspect, the system may be 
configured to maintain only the accumulated result and the 
last transition for each core. 
The various aspects may be implemented on a number of 

multicore and multiprocessor systems, including a system 
on-chip (SOC). FIG. 1 is anarchitectural diagram illustrating 
an example system-on-chip (SOC) 100 architecture that may 
be used to implement the various aspects. The SOC 100 may 
include a number of heterogeneous processors, such as a 
digital signal processor (DSP) 102, a modem processor 104, 
a graphics processor 106, and an application processor 108. 
The SOC 100 may also include one or more coprocessors 110 
(e.g., vector co-processor) connected to one or more of the 
processors. Each processor may include one or more cores, 
and each processor/core may perform operations independent 
of the other processors/cores. For example, the SOC 100 may 
include a processor that executes a first type of operating 
system (e.g., FreeBSD, LINIX, OS X, etc.) and a processor 
that executes a second type of operating system (e.g., 
Microsoft Windows 7). 
The SOC 100 may also include analog circuitry and cus 

tom circuitry 114 for managing sensor data, analog-to-digital 
conversions, wireless data transmissions, and performing 
other specialized operations, such as processing encoded 
audio signals for games and movies. The SOC 100 may 
further include system components and resources 116. Such 
as Voltage regulators, oscillators, phase-locked loops, periph 
eral bridges, data controllers, memory controllers, system 
controllers, access ports, timers, and other similar compo 
nents used to Support the processors and clients running on a 
computing device. 
The system components 116 and custom circuitry 114 may 

include circuitry to interface with peripheral devices, such as 
cameras, electronic displays, wireless communication 
devices, external memory chips, etc. The processors 102,104, 
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106, 108 may be interconnected to one or more memory 
elements 112, System components, and resources 116 and 
custom circuitry 114 via an interconnection/bus module, 
which may include an array of reconfigurable logic gates 
and/or implement a bus architecture (e.g., CoreConnect, 
AMBA, etc.). Communications may be provided by 
advanced interconnects, such as high performance networks 
on chip (NoCs). 
The SOC 100 may include an input/output module (not 

illustrated) for communicating with resources external to the 
SOC, such as a clock 118 and a voltage regulator 120. 
Resources external to the SOC (e.g., clock 118, voltage regu 
lator 120) may be shared by two or more of the internal SOC 
processors/cores (e.g., DSP 102, modem processor 104, 
graphics processor 106, applications processor 108, etc.). 

FIG. 2 is an architectural diagram illustrating an example 
multicore processor architecture that may be used to imple 
ment the various aspects. The multicore processor 202 may 
include two or more independent processing cores 204, 206, 
230, 232 in close proximity (e.g., on a single Substrate, die, 
integrated chip, etc.). The proximity of the processors/cores 
allows memory to operate at a much higher frequency/clock 
rate than is possible if the signals have to travel off-chip. 
Moreover, the proximity of the cores allows for the sharing of 
on-chip memory and resources (e.g., Voltage rail), as well as 
for more coordinated cooperation between cores. 
The multicore processor 202 may include a multi-level 

cache that includes Level 1 (L1) caches 212, 214, 238, 240 
and Level 2 (L2) caches 216, 226, 242. The multicore pro 
cessor 202 may also include a bus/interconnect interface 218, 
a main memory 220, and an input/output module 222. The L2 
caches 216, 226, 242 may be larger (and slower) than the L1 
caches 212, 214.238, 240, but smaller (and substantially 
faster) than a main memory unit 220. Each processing core 
204, 206, 230, 232 may include a processing unit 208, 210, 
234, 236 that has private access to an L1 cache 212, 214, 238, 
240. The processing cores 204, 206, 230, 232 may share 
access to an L2 cache (e.g., L2 cache 242) or may have access 
to an independent L2 cache (e.g., L2 cache 216, 226). 

The L1 and L2 caches may be used to store data frequently 
accessed by the processing units, whereas the main memory 
220 may be used to store larger files and data units being 
accessed by the processing cores 204, 206, 230, 232. The 
multicore processor 202 may be configured such that the 
processing cores 204, 206, 230, 232 seek data from memory 
in order, first querying the L1 cache, then L2 cache, and then 
the main memory if the information is not stored in the 
caches. If the information is not stored in the caches or the 
main memory 220, multicore processor 202 may seek infor 
mation from an external memory and/or a hard disk memory 
224. 
The processing cores 204,206, 230, 232 may communicate 

with each other via a bus/interconnect 218. Each processing 
core 204, 206,230, 232 may have exclusive control over some 
resources and share other resources with the other cores. 
The processing cores 204, 206, 230, 232 may be identical 

to one another, be heterogeneous, and/or implement different 
specialized functions. Thus, processing cores 204, 206, 230, 
232 need not be symmetric, either from the operating system 
perspective (e.g., may execute different operating systems) or 
from the hardware perspective (e.g., may implement different 
instruction sets/architectures). 

Multiprocessor hardware designs, such as those discussed 
above with reference to FIGS. 1 and 2, may include multiple 
processor cores of different capabilities inside the same pack 
age, often on the same piece of silicon. Symmetric multipro 
cessing hardware includes two or more identical processors 
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10 
connected to a single shared main memory that are controlled 
by a single operating system. Asymmetric or “loosely 
coupled multiprocessing hardware may include two or more 
heterogeneous processors/cores that may each be controlled 
by an independent operating system and connected to one or 
more shared memories/resources. 

FIG.3 illustrates an exemplary asymmetric multi-core pro 
cessor system on a chip (SoC) 300 that illustrates a multi-core 
processor configuration Suitable for implementation with the 
various aspects. The illustrated example multi-core processor 
300 includes a first central processing unit A (CPU-A)304, a 
second central processing unit (CPU-B) 306, a first shared 
memory (SMEM-1) 308, a second shared memory (SMEM 
2) 310, a first digital signal processor (DSP-A)312, a second 
digital signal processor (DSP-B) 314, a controller 316, fixed 
function logic 318 and sensors 320-326. The sensors 320-326 
may be configured to monitor conditions that may affect task 
assignments on the various processor cores, such as CPU-A 
304, CPU-B 306, DSP-A 312, and DSP-B 314, and which 
may affect operation on the controller 316 and fixed function 
logic 318. An operating system (OS) scheduler 305 may 
operate on one or more of the processors in the multi-core 
processor system. The scheduler 305 may schedule tasks to 
run on the processors based on the relative power and perfor 
mance curves of the multiprocessor system across the pro 
cess, Voltage, temperature (PVT) operating space, as 
described in more detail below. 

Each of the cores may be designed for different manufac 
turing processes. For example, core-A may be manufactured 
primarily with a low voltage threshold (lo-Vt) transistor pro 
cess to achieve high performance, but at a cost of increased 
leakage current, where as core-B may be manufactured pri 
marily with a high threshold (hi-Vt) transistor process to 
achieve good performance with low leakage current. As 
another example, each of the cores may be manufactured with 
a mix of hi-Vt and lo-Vt transistors (e.g., using the lo-Vt 
transistors in timing critical path circuits, etc.). 

In addition to the processors on the same chip, the various 
aspects may also be applied to processors on other chips (not 
shown). Such as CPU, a wireless modem processor, a global 
positioning system (GPS) receiver chip, and a graphics pro 
cessor unit (GPU), which may be coupled to the multi-core 
processor 300. Various configurations are possible and within 
the scope of the present disclosure. In an aspect, the chip 300 
may form part of a mobile computing device. Such as a cel 
lular telephone. 
As mentioned above, the various aspects provide improved 

methods, systems, and devices for conserving power and 
improving performance in multicore processors and systems 
on-chip. The inclusion of multiple independent cores on a 
single chip, and the sharing of memory, resources, and power 
architecture between cores, gives rise to a number of power 
management issues not present in more distributed multipro 
cessing systems. Thus, a different set of design constraints 
may apply when designing power management and Voltage/ 
frequency scaling strategies for multicore processors and sys 
tems-on-chip than for other more distributed multiprocessing 
systems. 
As discussed above, in conventional multiprocessor sys 

tems, each processor/core generally implements a dynamic 
clock frequency/voltage Scaling (DCVS) scheme that scales 
the frequency/voltage of the processor/core independently, 
i.e., without regards to the other processors/cores. This con 
ventional configuration can lead to problems because a single 
thread may execute operations on more than one processor 
core, causing the DCVS module to incorrectly conclude that 
the cores are idle or operating below their actual capacity. As 
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a result, the DCVS module may incorrectly scale the fre 
quency/voltage of the processor core. For example, if a single 
thread is shared amongst two processor cores (e.g., a CPU and 
a GPU), each core may appear to the system as operating at 
50% of its capacity. Existing DCVS implementations view 
Such cores as being underutilized and/or as having too much 
Voltage allocated to them, and in response, may reduce the 
frequency/voltage of the cores in an attempt to conserve 
energy. However, in actuality, these cores may be performing 
operations in cooperation with one another (i.e., cores are not 
actually underutilized), and the perceived idle times may be 
wait, hold and/or resource access times. Consequently, in 
such situations conventional DCVS implementations 
improperly reduce the frequency/voltage of the cooperating 
processors. Additionally, since reducing the frequency/volt 
age of these processors does not result in the cores appearing 
any more busy/utilized (i.e., the cores are still bound by the 
wait/hold times and will continue to appear as operating at 
50% capacity), existing DCVS implementations may further 
reduce the frequency/voltage of the processors until the sys 
tem slows to a halt or reaches a minimum operating state. 
Therefore, conventional DCVS methods may result in a num 
ber of unintended/undesirable consequences, such as slowing 
down the processing and/or improperly reducing the Voltage 
of the processors/cores. 
The various aspects overcome these and other problems 

with conventional DCVS schemes by consolidating the 
DCVS schemes of the various processors/core in a multipro 
cessor System. The various aspects evaluate the performance 
of each processor core to determine if there exists a correla 
tion between the operations of two or more cores, and scale 
the frequency/voltage of an individual core only when there is 
no identifiable correlation between the processor operations. 
Various aspects correlate the workloads (e.g., busy versus idle 
states) of two or more processor cores, and scale the fre 
quency/voltage of the cores to a level consistent with the 
correlated processes such that the processing performance is 
maintained and maximum energy efficiency is achieved. Vari 
ous aspects determine which processors should be controlled 
by the consolidated DCVS scheme, and which processors 
should have their frequencies/voltages scaled independently. 
For example, the various aspects may consolidate the DCVS 
schemes of two CPUs and a two-dimensional graphics pro 
cessor, while operating an independent DCVS scheme on a 
three-dimensional graphics processor. 

FIG. 4 illustrates logical components and information 
flows in a computing device 400 implementing a consolidated 
dynamic clock frequency/voltage Scaling (DCVS) scheme in 
accordance with the various aspects. The computing device 
400 may include a hardware unit 402, a kernel software unit 
404, and a user space software unit 406. The hardware unit 
402 may include a number of processors/cores (e.g., CPU 0. 
CPU 1, 2D-GPU 0, 2D-GPU 1, 3D-GPU 0, etc.), and a 
resources module 420 that includes hardware resources (e.g., 
clocks, power management integrated circuits (PMIC), 
scratchpad memories (SPMs), etc.) shared by the processors/ 
COCS. 

The kernel software unit 404 may include processor mod 
ules (CPU 0 Idle stats, CPU 1 idle stats, 2D-GPU 0 driver, 
2D-GPU 1 driver,3D-GPU 0 driver, etc.) that correspond to 
at least one of the processors/cores in the hardware unit 402, 
each of which may communicate with one or more idle stats 
device modules 408. The kernel unit 404 may also include 
input event modules 410, a deferred timer driver module 414, 
and a CPU request stats module 412. 
The user space software unit 406 may include a consoli 

dated DCVS control module 416. The consolidated DCVS 
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12 
control module 416 may include a software process/task, 
which may execute on any of the processor cores (e.g., CPU 
0, CPU 1, 2D-GPU 0, 2D-GPU 1, 3D-GPU 0, etc.). For 
example, the consolidated DCVS control module may be a 
process/task that monitors a port or a socket for an occurrence 
of an event (e.g., filling of a data buffer, expiration of a timer, 
state transition, etc.) that causes the module to collect infor 
mation from all the cores to be consolidated, synchronize the 
collected information within a given time/data window, deter 
mine whether the workloads are correlated (e.g., cross corre 
late pulse trains), and perform a consolidated DCVS opera 
tion across the selected cores. 

In an aspect, the consolidated DCVS operation may be 
performed Such that the frequency/voltages of the cores 
whose workloads are not correlated are reduced. As part of 
these operations, the consolidated DCVS control module 416 
may receive input from each of the idle stats device modules 
408, input event modules 410, deferred timer driver module 
414, and a CPU request stats module 412 of the kernel unit 
404. The consolidated DCVS control module 416 may send 
output to a CPU/GPU frequency hot-plug module 418 of the 
kernel unit 404, which sends communication signals to the 
resources module 420 of the hardware unit 402. 

In an aspect, consolidated DCVS control module 416 may 
include a single threaded dynamic clock and Voltage scaling 
(DCVS) application that simultaneously monitors each core 
and correlates the operations of the cores, which may include 
generating one or more pulse trains and correlating the gen 
erated pulse trains. The correlated pulse trained may be used 
to determine an optimal Voltage/frequency for each core. For 
example, each of the processors/cores may provide an input 
stream to the dynamic clock and Voltage scaling (DCVS) 
module/process of the consolidated DCVS control module 
416 via the idle stats device modules 408. The consolidated 
DCVS control module 416 may use the input streams to 
produce a correlated pulse train for each core. The correlated 
pulse train may be used to determine the appropriate Voltage/ 
frequency for each core individually, or for all the selected 
cores collectively. In an aspect, Voltage/frequency changes 
may be applied to each core simultaneously, or at approxi 
mately the same point in time, via the CPU/GPU frequency 
hot-plug module 418. 

In an aspect, the correlation may be performed in real-time 
on each busy to idle and/or idle to busy transition so that the 
process does not require the generation and monitoring of 
pulse chains. In another aspect, pulses may be generated and 
processed on the fly Such that the system does not use explicit 
pulse chains. 

Unlike existing DCVS solutions, the various aspects pro 
vide a single threaded DCVS process that may be performed 
on any one of the multiple processors/cores. Also unlike 
existing solutions, idle, and busy periods of selected cores 
may be evaluated, pulse trains may be generated from the 
input streams, and input streams from multiple cores may be 
synchronized and cross-correlated to provide a consolidated 
DCVS scheme. The synchronization of the pulse trains and 
the correlation of the workloads allows for determining 
whether the cores are performing operations that are co 
operative and/or dependent on one another. 

In an aspect, the frequency of the processor cores may be 
adjusted based on a calculated probability that the cores are 
performing operations that are cooperative and/or dependent 
on one another. The synchronization of the pulse trains and 
the correlation of the workloads across two or more selected 
cores are important and distinguishing elements that are gen 
erally lacking in existing multiprocessor DCVS Solutions. 
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FIG. 5 illustrates an aspect method 500 for dynamically 
correlating information sets of the idle and busy periods 
across some or all processing cores within a multiprocessor 
system in order to determine a suitable frequency/voltage 
condition appropriate for all processor cores in view of pro 
cesses occurring across more than one processor core. The 
aspect method 500 may be implemented, for example, as a 
consolidated dynamic clock and Voltage scaling (DCVS) 
task/process operating in the user space of a computing 
device having a multicore processor. 

In block 502 of method 500, busy, idle, wait time, and/or 
frequency information sets may be received from a first pro 
cessing core in a pulse trainformat and analyzed in a consoli 
dated DCVS module/process (or an operating system com 
ponent). In block 504, the time synchronized pulse trains (or 
information sets) may be received from a second processing 
core by the consolidated DCVS module (or an operating 
system component). The pulse trains received from the sec 
ond processing core may be synchronized in time by tagging 
or linking them to a common system clock, and collecting the 
data within defined time windows synchronized across all 
monitored processor cores. In block 506, the information sets 
(i.e., busy/idle/wait data) from both the first and second cores 
may be delivered to a consolidated DCVS module for analy 
sis. In determination block 508 the consolidated DCVS mod 
ule may determine if there are more processing cores from 
which to gather busy/idle/wait information sets. If so (i.e., 
determination block 508-"YES), the processor may con 
tinue to receive busy/idle/wait information sets from the other 
processors/cores to the consolidated DCVS module in block 
506. Once all busy/idle/wait information has been obtained 
from all selected processor cores, (i.e., determination block 
508="NO”), the processor may correlate the idle, busy, wait, 
and/or input/output (I/O) periods across the processors/cores 
in block 510. 
The analysis of the pulse trains for each of the processor 

cores may be time synchronized to allow for the correlation of 
the idle, busy, and wait states information sets among the 
cores during the same data windows. Within identified time/ 
data windows, the processor may determine whether the 
cores are performing operations in a correlated manner (e.g., 
there exists a correlation between the busy and idle states of 
the two processors). In an aspect, the processor may also 
determine if threads executing on two or more of the proces 
Sor cores are cooperating/dependent on one another by “look 
ing backward” for a consistent interval (e.g., 10 milliseconds, 
1 second, etc.). For example, the pulse trains relating to the 
previous ten milliseconds may be evaluated for each proces 
Sor core to identify a pattern of cooperation/dependence 
between the cores. 

In time synchronizing the pulse trains to correlate the States 
(e.g., idle, busy, wait, I/O) of the cores within a time/data 
window, the window may be sized (i.e., made longer or 
shorter) dynamically. In an aspect, the window size may not 
be known or determined ahead of time, and may be sized on 
the fly. In an aspect, the window size may be consistent across 
all cores (e.g., CPU 0, CPU 1, 2D-GPU 0, 2D-GPU 1, 
3D-GPU 0, etc.). 

Returning to FIG. 5, in block 512, the consolidated DCVS 
module may use the correlated information sets to determine 
the performance requirements for the system as a whole 
based on any correlated or interdependent cores or processes, 
and may increase or decrease the frequency/voltage applied 
to all processor cores in order to meet the system's perfor 
mance requirements while conserving power. In block 514, 
the frequency/voltage settings determined by the consoli 
dated DCVS module may be implemented in all the selected 
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14 
processor cores (e.g., CPU 0, CPU 1, 2D-GPU 0, 2D-GPU 1, 
3D-GPU 0, etc.) simultaneously. 

In an aspect, as part of blocks 510 and/or 512, the consoli 
dated DCVS module may determine whether there are any 
interdependent operations currently underway among two or 
more of the multiple processor cores. This may be accom 
plished, for example, by determining whether any processor 
core busy pulses and idle states are occurring in an alternating 
pattern, indicating some interdependency of operations or 
threads. Such interdependency may be direct, such that 
operations in one core are required by the other and vice 
Versa, or indirect, such that operations in one core lead to 
operations in the other core. 

It should be appreciated that various core configurations 
are possible and within the scope of the present disclosure, 
and that the processor cores need not be general purpose 
processors. For example, the cores may include a CPU, DSP 
GPU and/or other hardware cores that do not execute instruc 
tions, but which are clocked and whose performance is tied to 
a frequency at which the cores run. Thus, in an aspect, the 
voltage of a CPU may be scaled in coordination with the 
voltage of a GPU. Likewise, the system may determine that 
the voltage of a CPU should not be scaled in response to 
determining that the CPU and a GPU have correlated work 
loads. 

FIG. 6 is a high level schematic diagram 600 illustrating 
logical components and information flows involved in 
dynamically correlating the idle and busy periods across 
Some or all processing cores. In the example illustrated in 
FIG. 6, a multiprocessor dynamic clock and Voltage scaling 
(DCVS) driver 605 includes a polling component 635, a read 
statistical data component 640, a DCVS algorithm run block 
645, and a performance update block 650. The DCVS driver 
605 may wait for the occurrence of an event (e.g., an interrupt 
signal) to perform an analysis of the pulse train. In an aspect, 
events may include parameters, such as a transient timer 
expiration parameter, or a collection of a full event from a 
monitored core, or a collection of a nearly full event from a 
monitored core. A collection nearly full event may indicate 
that a buffer of pulses being collected by the kernel is nearly 
full and should be processed by user space to avoid overflow. 
Collection full event may indicate that a buffer of pulses being 
collected by the kernel has filled up and may start dropping 
pulses. Timer events may be used to perform periodic corre 
lation based on the current window size. Other events may be 
passed that are part of the DCVS processing but are not 
related to correlation (e.g. input events). 
Once awoken, the user space DCVS driver 605 may collect 

data needed to formulate a group/system wide frequency/ 
Voltage decision. This data may include at least one of a 
vector of time stamps, a time stamp for the start of each core 
busy period during the last query, a vector containing the 
duration of each busy period, and a vector containing the wait 
durations. In an aspect, the vector can be limited to a single 
pulse or even a single transition (from idle to busy or busy to 
idle) for each core. In an aspect, the wait duration is a time that 
a core is waiting on Some external processing to occur. The 
terms “wait” and "idle' may refer to different operating 
states. For example, the term "idle' may refer to a state in 
which all the work that needs to be done is complete, and the 
core will not have more work to perform until an external 
event (e.g., a key press, or a timer expiration) occurs. The term 
“wait” may refer to a state in which that more work is left to 
be done, but cannot be started until some external processing 
has been completed (e.g., a CPU waiting for a GPU to render 
a frame). Also, the terms wait and idle may refer to either the 
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actual state of the core or to an indication (e.g., a flag or state 
bit set in memory) of the state of the core. 

Returning to FIG. 6, the user space DCVS driver 605 may 
include a polling block 635 in which the processor polls 
performance data. In block 640, statistical data may be read 
from the processor cores. Once the data is collected, the user 
space DCVS driver 605 may use the busy/idle/wait pulse 
trains to correlate busy/idle/wait activity across two or more 
of the processing cores to produce a consolidated pulse train 
that is unique for each of the processing cores. The consoli 
dated pulse train may be used to set an individual perfor 
mance level for each core while maintaining the desired per 
formance levels. 

In block 645, a consolidated DCVS algorithm may be 
executed, and the optimum performance level of the proces 
sor cores may be updated in block 650. In the zeroth CPU core 
(CPU Core 0) 610, the statistical data may be read, the DCVS 
statistical structure may be obtained, the performance (FD) 
data may be signaled as full, and a new performance level 
(i.e., Voltage and/or frequency) may be applied to the core. 
Likewise, in the first CPU core (CPU Core 1) 615 and/or any 
of the other components 620-630, the statistical data may be 
read, the DCVS statistic structure may be obtained, the per 
formance data may be signaled, and a new performance level 
may be applied to the core. This may be repeated or per 
formed approximately simultaneously for all monitored pro 
cessor cores. In an aspect, statistical data may be read by 
select components (e.g., components 610-630) in response to 
the user space DCVS driver 605 reading performance data 
from all of the monitored cores in block 640. In an aspect, the 
new performance level may be applied to the various proces 
sor cores in response to the user space DCVS driver 605 
updating the optimum performance levels in block 650. 

FIGS. 7A-B illustrate busy/idle states analyzed by the con 
solidated DCVS algorithm in a situation in which interdepen 
dent operations (either a single thread passing between two 
processor cores or multiple threads exhibiting interdepen 
dence between two processor cores) can be recognized based 
upon the pattern of busy and idle periods within pulse trains. 
As discussed above, existing DCVS solutions would view 
idle pulses in a single processor core and Scale down the 
frequency/voltage of that processor core to save power with 
out consideration of the impact on other processor cores 
within the system. This would result in power savings for the 
one processor core; however, the time required to complete 
busy pulses would be increased. The various aspects alleviate 
this problem by recognizing interdependent processes. For 
example, FIG. 7A illustrates that the alternating busy/idle 
states of CPU 0, CPU 1 and GPU processor cores suggest 
that whatever processes are going on in these cores are inter 
dependent since overlaps or gaps between the alternating 
pulses are minimal when the pulse trains are viewed from a 
consolidated perspective. When such interdependent states 
are recognized, the consolidated DCVS algorithm generates 
consolidated DCVS pulse trains (Consolidated CPU0 Busy, 
Consolidated CPU1 Busy, Consolidated GPU Busy) for the 
interacting processor cores that reflect the interdependencies 
of the ongoing processes. By evaluating the opportunity for 
Scaling down frequency/voltage based upon the consolidated 
pulse trains, the consolidated DCVS algorithm can scale the 
frequency/voltage for either or both of the interacting proces 
Sor cores for the consolidated periods in a manner that is 
consistent with the work being accomplished by the cores. 

FIG. 7B illustrates an example situation in which the 
CPU 0 and CPU 1 processor cores are operating indepen 
dently (i.e., interdependency is not indicated). This is 
revealed by a pattern of pulse trains which feature overlap 
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ping idle periods, which occur when there is an overlap in the 
end of one busy period on a first processor core (CPU 0) with 
the start of the next busy period on another processor core 
(CPU 1). Overlapping idle periods (or busy periods) is one 
indication that the processes and operations occurring in each 
processor core are not interdependent or correlated to each 
other. 
The absence of interdependence can be revealed in con 

solidated pulse trains (Consolidated CPU0 Busy, Consoli 
dated CPU1 Busy, Consolidated GPU Busy) by the existence 
of consolidated idle periods, unlike the consolidated pulse 
trains of interdependent processes illustrated in FIG. 7A 
which have no or only brief idle periods. This illustrates how 
the frequency/voltage settings for each of the processor cores 
may be determined independently based upon the idle periods 
or busy-to-idle ratio observed in each processor core. The 
figures also illustrate how generating consolidated pulse 
trains may be used to adjust the frequency/voltage settings for 
individual processor cores dynamically to accommodate 
occasionally interdependent operations. In other words, the 
consolidated pulse trains may be used to adjust the frequency/ 
Voltage settings of individual processor cores in a manner that 
takes into account operations in one or more of the other 
processor cores. For example, using the consolidated pulse 
trains (Consolidated CPU0 Busy, Consolidated CPU1 Busy, 
Consolidated GPU Busy) the frequency/voltage setting for 
the CPU 0 processor core may be set higher than that of the 
GPU processor core due to the difference in idle durations. 
The various aspects may be implemented within a system 

configured to steer threads to CPUs based on workload char 
acteristics and a mapping to determine CPU affinity of a 
thread. A system configured with the ability to steer threads to 
CPUs in a multiple CPU cluster based upon each threads 
workload characteristics may use workload characteristics to 
steer a thread to a particular CPU in a cluster. Such a system 
may steer threads to CPUs based on workload characteristics 
such as CPI (Clock cycles Per Instruction), number of clock 
cycles per busy period, the number of L1 cache misses, the 
number of L2 cache misses, and the number of instructions 
executed. Such a system may also cluster threads with similar 
workload characteristics onto the same set of CPUs. 

In an aspect, the consolidated DCVS algorithm may be 
executed on any core processor which first begins or is trig 
gered to initiate a DCVS process. Thus, any processor core in 
a multi-core system may initiate and control the consolidated 
DCVS algorithm. 

In an aspect, the DCVS methods may be extended to 
include a virtualized busy/idle/wait pulse trains. 

FIG. 8 illustrates an aspect method 800 for determining a 
consolidated frequency/voltage setting for each of two pro 
cessor cores by correlating busy, idle, wait, time and/or fre 
quency of the two or more processor cores, with the consoli 
dated DCVS algorithm being performed in the first processor 
core detecting an opportunity for adjusting the frequency/ 
voltage settings. In method 800 at block 805, an indication 
may be received of a need to evaluate a frequency or Voltage 
setting in a first processor core. This indication may be detec 
tion of an event or trigger which may be tied to an idle or wait 
duration or an idle-to-busy duty cycle value exceeding a 
predetermined threshold. In block 810, that processor core 
may obtain a measure of busy, idle, wait, time and/or fre 
quency occurring in the processor core over a predefined 
preceding period of time. In block 815, the processor core 
may request measures of the busy, idle, wait, time and/or 
frequency from one or more other processor cores, and 
receives that busy, idle, wait, time and/or frequency informa 
tion for the same analysis interval in a synchronized manner 
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(i.e., with the busy, idle, wait, time and/or frequency infor 
mation time stamped to enable time synchronized correla 
tions). 

In block 820, the busy, idle, the consolidated DCVS algo 
rithm running in the first processor core may correlate wait, 
time and/or frequency of the two or more processor cores. In 
block 825, an appropriate frequency/voltage setting for two 
or more of the processor cores may be determined based on 
the correlated busy, idle, wait, time and/or frequency periods 
of the two or more processor cores. In block 830, the deter 
mined frequency/voltage settings may be implemented in 
each of the two processor cores. 
The various aspects provide a number of benefits, and may 

be implemented in laptops and other mobile devices where 
energy is limited to improve battery life. The various aspects 
may also be implemented in quiet computing settings, and to 
decrease energy and cooling costs for lightly loaded 
machines Reducing the heat output allows the system cooling 
fans to be throttled down or turned off, reducing noise levels, 
and further decreasing power consumption. The various 
aspects may also be used for reducing heat in insufficiently 
cooled systems when the temperature reaches a certain 
threshold. 

While the various embodiments are described above for 
illustrative purposes in terms of first and second processor 
cores, the embodiment methods, systems, and executable 
instructions may be implemented in multiprocessor Systems 
that include more than two cores. In general, the various 
embodiments may be implemented in Systems that include 
any number of processor cores in which the methods enable 
recognition of and controlling of frequency or Voltage based 
upon correlations among any of the cores. In such embodi 
ments, the operations of receiving sets of information from 
each processor core regarding frequency, time, busy periods, 
idle periods, and/or wait periods is performed for each of the 
processor cores, and correlating the information sets to iden 
tify interdependence relationships is performed among any 
combination of the processor cores. In Such embodiments, the 
operations of Scaling the frequency or Voltage may be per 
formed on each of the processor cores. 
The various aspects may be implemented in a variety of 

mobile computing devices, an example of which is illustrated 
in FIG. 9. The mobile computing device 900 may include a 
multi-core processor 901 coupled to memory 902 and to a 
radio frequency data modem 905. The multi-core processor 
901 may include circuits and structure similar to those 
described above and illustrated in FIGS 1-3. The modem 905 
may also include multiple processor cores, and may be 
coupled to an antenna 904 for receiving and transmitting 
radio frequency signals. The computing device 900 may also 
include a display 903 (e.g., touch screen display), user inputs 
(e.g., buttons) 906, and a tactile output surface, which may be 
positioned on the display903 (e.g., using E-SenseTM technol 
ogy), on a back surface 912, or another surface of the mobile 
device 900. 
The mobile device processor 901 may be any program 

mable multi-core microprocessor, microcomputer or mul 
tiple processor chips that can be configured by Software 
instructions (applications) to perform a variety of functions, 
including the functions and operations of the various aspects 
described herein. 

Typically, Software applications may be stored in the inter 
nal memory 902 before they are accessed and loaded into the 
processor 901. In some mobile computing devices, additional 
memory chips (e.g., a Secure Data (SD) card) may be plugged 
into the mobile device and coupled to the processor 901. The 
internal memory 902 may be a volatile or nonvolatile 
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memory, such as flash memory, or a mixture of both. For the 
purposes of this description, a general reference to memory 
refers to all memory accessible by the processor 901, includ 
ing internal memory 902, removable memory plugged into 
the mobile device, and memory within the processor 901. 
The various aspects may also be implemented on any of a 

variety of commercially available server devices, such as the 
server 1000 illustrated in FIG. 10. Such a server 1000 typi 
cally includes a processor 1001, and may include multiple 
processor systems 1011, 1021, 1031, one or more of which 
may be or include multi-core processors. The processor 1001 
may be coupled to volatile memory 1002 and a large capacity 
nonvolatile memory, such as a disk drive 1003. The server 
1000 may also include a floppy disc drive, compact disc (CD) 
or DVD disc drive 1006 coupled to the processor 1001. The 
server 1000 may also include network access ports 1004 
coupled to the processor 1001 for establishing data connec 
tions with a network 1005, such as a local area network 
coupled to other broadcast system computers and servers. 
The processors 901, 1001 may be any programmable micro 
processor, microcomputer or multiple processor chip or chips 
that can be configured by Software instructions (applications) 
to perform a variety of functions, including the functions of 
the various aspects described above. In some devices, mul 
tiple processors 901, 1001 may be provided, such as one 
processordedicated to wireless communication functions and 
one processor dedicated to running other applications. Typi 
cally, Software applications may be stored in the internal 
memory 902, 1002, and 1003 before they are accessed and 
loaded into the processor 901, 1001. 
The aspects described above may also be implemented 

within a variety of personal computing devices, such as a 
laptop computer 1110 as illustrated in FIG. 11. A laptop 
computer 1110 may include a multi-core processor 1111 
coupled to Volatile memory 1112 and a large capacity non 
volatile memory, such as a disk drive 1113 of Flash memory. 
The computer 1110 may also include a floppy disc drive 1114 
and a compact disc (CD) drive 1115 coupled to the processor 
1111. The computer device 1110 may also include a number 
of connector ports coupled to the multi-core processor 1110 
for establishing data connections or receiving external 
memory devices, such as a USB or FireWireR connector 
Sockets, or other network connection circuits for coupling the 
multi-core processor 1111 to a network. In a notebook con 
figuration, the computer housing includes the touchpad 1117. 
the keyboard 1118, and the display 1119 all coupled to the 
multi-core processor 1111. Other configurations of comput 
ing device may include a computer mouse or trackball 
coupled to the processor (e.g., via a USB input) as are well 
known. 
The processor 901, 1001, 1110 may include internal 

memory Sufficient to store the application Software instruc 
tions. In many devices the internal memory may be a volatile 
or nonvolatile memory, such as flash memory, or a mixture of 
both. For the purposes of this description, a general reference 
to memory refers to memory accessible by the processor 901, 
1001, 1110 including internal memory or removable memory 
plugged into the device and memory within the processor 
901, 1001, 1110 itself. 
The foregoing method descriptions and the process flow 

diagrams are provided merely as illustrative examples and are 
not intended to require or imply that the steps of the various 
aspects must be performed in the order presented. As will be 
appreciated by one of skill in the art the order of steps in the 
foregoing aspects may be performed in any order. Words Such 
as “thereafter,” “then,” “next, etc. are not intended to limit the 
order of the steps; these words are simply used to guide the 

Patent Owner Daedalus Prime LLC
Exhibit 2005 - Page 22 of 26



US 9,086,883 B2 
19 

reader through the description of the methods. Further, any 
reference to claim elements in the singular, for example, 
using the articles “a,” “an or “the' is not to be construed as 
limiting the element to the singular. 
The various illustrative logical blocks, modules, circuits, 

and algorithm steps described in connection with the aspects 
disclosed herein may be implemented as electronic hardware, 
computer software, or combinations of both. To clearly illus 
trate this interchangeability of hardware and software, vari 
ous illustrative components, blocks, modules, circuits, and 
steps have been described above generally in terms of their 
functionality. Whether such functionality is implemented as 
hardware or Software depends upon the particular application 
and design constraints imposed on the overall system. Skilled 
artisans may implement the described functionality in vary 
ing ways for each particular application, but such implemen 
tation decisions should not be interpreted as causing a depar 
ture from the scope of the present invention. 

The hardware used to implement the various illustrative 
logics, logical blocks, modules, and circuits described in 
connection with the aspects disclosed herein may be imple 
mented or performed with a general purpose processor, a 
digital signal processor (DSP), an application specific inte 
grated circuit (ASIC), a field programmable gate array 
(FPGA) or other programmable logic device, discrete gate or 
transistor logic, discrete hardware components, or any com 
bination thereof designed to perform the functions described 
herein. A general-purpose processor may be a microproces 
Sor, but, in the alternative, the processor may be any conven 
tional processor, controller, microcontroller, or state machine 
A processor may also be implemented as a combination of 
computing devices, e.g., a combination of a DSP and a micro 
processor, a plurality of microprocessors, one or more micro 
processors in conjunction with a DSP core, or any other Such 
configuration. Alternatively, Some steps or methods may be 
performed by circuitry that is specific to a given function. 

In one or more exemplary aspects, the functions described 
may be implemented in hardware, Software, firmware, or any 
combination thereof. If implemented in software, the func 
tions may be stored as one or more processor-executable 
instructions or code on a non-transitory computer-readable 
storage medium. The steps of a method or algorithm dis 
closed herein may be embodied in a processor-executable 
Software module which may reside on a tangible or non 
transitory computer-readable storage medium. Non-transi 
tory computer-readable storage media may be any available 
storage media that may be accessed by a computer. By way of 
example, and not limitation, such computer-readable media 
may comprise RAM, ROM, EEPROM, CD-ROM or other 
optical disk storage, magnetic disk storage or other magnetic 
storage devices, or any other medium that may be used to 
carry or store desired program code in the form of instructions 
or data structures and that may be accessed by a computer. 
Disk and disc, as used herein, includes compact disc (CD), 
laser disc, optical disc, digital versatile disc (DVD), floppy 
disk, and blu-ray disc where disks usually reproduce data 
magnetically, while discs reproduce data optically with 
lasers. Combinations of the above also can be included within 
the scope of non-transitory computer-readable media. Addi 
tionally, the operations of a method or algorithm may reside 
as one or any combination or set of codes and/or instructions 
on a non-transitory machine readable medium and/or non 
transitory computer-readable medium, which may be incor 
porated into a computer program product. 
The preceding description of the disclosed aspects is pro 

vided to enable any person skilled in the art to make or use the 
present invention. Various modifications to these aspects will 
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be readily apparent to those skilled in the art, and the generic 
principles defined herein may be applied to other aspects 
without departing from the spirit or scope of the invention. 
Thus, the present invention is not intended to be limited to the 
aspects shown herein but is to be accorded the widest scope 
consistent with the following claims and the principles and 
novel features disclosed herein. 

What is claimed is: 
1. A method of performing dynamic clock and Voltage 

Scaling on a multiprocessor system having two or more pro 
cessor cores, the method comprising: 

receiving a first set of information from a first processor 
core, the first information set including information 
regarding at least one of a frequency, time, busy periods, 
idle periods and wait periods of the first processor core: 

receiving a second set of information from a second pro 
cessor core, the second information set including infor 
mation regarding at least one of a frequency, time, busy 
periods, idle periods and wait periods of the second 
processor core; 

synchronizing the first and second information sets; 
correlating the synchronized first and second information 

sets to identify an interdependence relationship between 
operations of the first processor core and operations of 
the second processor core; and 

Scaling the frequency or a Voltage of the first processor core 
and scaling the frequency or a voltage of the second 
processor core according to a correlated information set 
when an interdependence relationship is identified 
between the operations of the first processor core and the 
operations of the second processor core, wherein scaling 
the frequency or the Voltage of the first processor core 
and Scaling the frequency or the Voltage of the second 
processor core according to the correlated information 
set comprises: 
determining an appropriate frequency or Voltage for the 

first processor core and an appropriate frequency or 
Voltage for the second processor core according to the 
correlated information set; and 

adjusting the frequency or the Voltage of the first pro 
cessor core and the frequency or the Voltage of the 
second processor core based on the determined appro 
priate frequency or Voltage for the first processor core 
and the determined appropriate frequency or Voltage 
for the second processor core. 

2. The method of claim 1, further comprising scaling the 
frequency or the Voltage of the first processor core and the 
frequency or the Voltage of the second processor core inde 
pendently when no interdependence relationship is identified 
between the operations of the first processor core and the 
operations of the second processor core. 

3. The method of claim 1, wherein the multiprocessor 
system comprises more than two processor cores, and corre 
lating the synchronized first and second information sets to 
identify a relationship between the operations of the first 
processor core and the operations of the second processor 
core comprises: 

correlating information sets among any combination of the 
processor cores; and 

Scaling a frequency or a Voltage of the processor cores 
according to any one or more of correlated information 
sets among any combination of the processor cores. 

4. The method of claim 1, wherein correlating the synchro 
nized first and second information sets to identify a relation 
ship between the operations of the first processor core and the 
operations of the second processor core comprises identify 
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ing a relationship in which the first processor core is busy 
when the second processor core is idle. 

5. The method of claim 1, wherein correlating the synchro 
nized first and second information sets to identify a relation 
ship between the operations of the first processor core and the 
operations of the second processor core comprises identify 
ing a relationship in which the first processor core is idle when 
the second processor core is busy. 

6. The method of claim 1, wherein correlating the synchro 
nized first and second information sets to identify a relation 
ship between the operations of the first processor core and the 
operations of the second processor core comprises overlaying 
a first busy pulse train on a second busy pulse train. 

7. The method of claim 1, wherein: 
the first and second information sets comprise pulse trains 

Selected from one of a busy pulse train, an idle pulse 
train, and a wait pulse train; and 

synchronizing the first and second information sets com 
prises synchronizing a first pulse train with a second 
pulse train. 

8. The method of claim 7, wherein a single thread executing 
on the multiprocessor System performs the dynamic clock 
and Voltage scaling operations. 

9. The method of claim 7, wherein correlating the synchro 
nized first and second information sets to identify a relation 
ship between the operations of the first processor core and the 
operations of the second processor core comprises producing 
a consolidated pulse train for each of the first and the second 
processor cores. 

10. The method of claim 9, wherein correlating the syn 
chronized first and second information sets to identify a rela 
tionship between the operations of the first processor core and 
the operations of the second processor core further comprises 
using the consolidated pulse train for each of the first and the 
second processor cores to determine a performance level of 
each of the first and second processor cores independently. 

11. A computing device, comprising: 
a memory; and 
two or more processor cores coupled to the memory, 

wherein at least one of the processor cores is configured 
with processor-executable instructions to cause the 
computing device to perform operations comprising: 
receiving a first set of information from a first processor 

core, the first information set including information 
regarding at least one of a frequency, time, busy peri 
ods, idle periods and wait periods of the first processor 
core; 

receiving a second set of information from a second 
processor core, the second information set including 
information regarding at least one of a frequency, 
time, busy periods, idle periods and wait periods of 
the second processor core; 

synchronizing the first and second information sets; 
correlating the synchronized first and second informa 

tion sets to identify an interdependence relationship 
between operations of the first processor core and 
operations of the second processor core; and 

Scaling the frequency or a Voltage of the first processor 
core and scaling the frequency or a Voltage of the 
second processor core according to a correlated infor 
mation set when an interdependence relationship is 
identified between the operations of the first processor 
core and the operations of the second processor core, 
wherein Scaling the frequency or the Voltage of the 
first processor core and Scaling the frequency or the 
Voltage of the second processor core according to the 
correlated information set comprises: 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

22 
determining an appropriate frequency or Voltage for 

the first processor core and an appropriate fre 
quency or Voltage for the second processor core 
according to the correlated information set; and 

adjusting the frequency or the Voltage of the first 
processor core and the frequency or the Voltage of 
the second processor core based on the determined 
appropriate frequency or Voltage for the first pro 
cessor core and the determined appropriate fre 
quency or Voltage for the second processor core. 

12. The computing device of claim 11, wherein at least one 
of the processor cores is configured with processor-execut 
able instructions to cause the computing device to perform 
operations further comprising Scaling the frequency or the 
Voltage of the first processor core and the frequency or the 
Voltage of the second processor core independently when no 
interdependence relationship is identified between the opera 
tions of the first processor core and the operations of the 
second processor core. 

13. The computing device of claim 11, wherein at least one 
of the processor cores is configured with processor-execut 
able instructions such that correlating the synchronized first 
and second information sets to identify a relationship 
between the operations of the first processor core and the 
operations of the second processor core comprises identify 
ing a relationship in which the first processor core is busy 
when the second processor core is idle. 

14. The computing device of claim 11, wherein at least one 
of the processor cores is configured with processor-execut 
able instructions such that correlating the synchronized first 
and second information sets to identify a relationship 
between the operations of the first processor core and the 
operations of the second processor core comprises identify 
ing a relationship in which the first processor core is idle when 
the second processor core is busy. 

15. The computing device of claim 11, wherein at least one 
of the processor cores is configured with processor-execut 
able instructions such that correlating the synchronized first 
and second information sets to identify a relationship 
between the operations of the first processor core and the 
operations of the second processor core comprises overlaying 
a first busy pulse train on a second busy pulse train. 

16. The computing device of claim 11, wherein the com 
puting devices comprises more than two processor cores, and 
wherein at least one of the processor cores is configured with 
processor-executable instructions to perform operations such 
that correlating the synchronized first and second information 
sets to identify a relationship between the operations of the 
first processor core and the operations of the second processor 
core comprises: 

correlating information sets among any combination of the 
processor cores; and 

Scaling a frequency or a Voltage of the processor cores 
according to any one or more of correlated information 
sets among any combination of the processor cores. 

17. The computing device of claim 11, wherein at least one 
of the processor cores is configured with processor-execut 
able instructions to cause the computing device to perform 
operations such that: 

the first and second information sets comprise pulse trains 
Selected from one of a busy pulse train, an idle pulse 
train, and a wait pulse train; and 

synchronizing the first and second information sets com 
prises synchronizing a first pulse train with a second 
pulse train. 

18. The computing device of claim 17, wherein at least one 
of the processor cores is configured with processor-execut 
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able instructions such that a single thread executing on the 
computing device performs the dynamic clock and Voltage 
Scaling operations. 

19. The computing device of claim 17, wherein at least one 
of the processor cores is configured with processor-execut 
able instructions such that correlating the synchronized first 
and second information sets to identify a relationship 
between the operations of the first processor core and the 
operations of the second processor core comprises producing 
a consolidated pulse train for each of the first and the second 
processor cores. 

20. The computing device of claim 19, wherein at least one 
of the processor cores is configured with processor-execut 
able instructions such that correlating the synchronized first 
and second information sets to identify a relationship 
between the operations of the first processor core and the 
operations of the second processor core further comprises 
using the consolidated pulse train for each of the first and the 
second processor cores to determine a performance level of 
each of the first and second processor cores independently. 

21. A computing device, comprising: 
means for receiving a first set of information from a first 

processor core, the first information set including infor 
mation regarding at least one of a frequency, time, busy 
periods, idle periods and wait periods of the first proces 
Sor core; 

means for receiving a second set of information from a 
second processor core, the second information set 
including information regarding at least one of a fre 
quency, time, busy periods, idle periods and wait periods 
of the second processor core; 

means for synchronizing the first and second information 
Sets: 

means for correlating the synchronized first and second 
information sets to identify an interdependence relation 
ship between operations of the first processor core and 
operations of the second processor core; and 

means for Scaling the frequency or a Voltage of the first 
processor core and Scaling the frequency or a Voltage of 
the second processor core according to a correlated 
information set when an interdependence relationship is 
identified between the operations of the first processor 
core and the operations of the second processor core, 
wherein the means for Scaling the frequency or the Volt 
age of the first processor core and Scaling the frequency 
or the Voltage of the second processor core according to 
the correlated information set comprises: 
means for determining an appropriate frequency or Volt 

age for the first processor core and an appropriate 
frequency or Voltage for the second processor core 
according to the correlated information set; and 

means for adjusting the frequency or Voltage of the first 
processor core and the frequency or the Voltage of the 
second processor core based on the determined appro 
priate frequency or Voltage for the first processor core 
and the determined appropriate frequency or Voltage 
for the second processor core. 

22. The computing device of claim 21, further comprising 
means for Scaling the frequency or Voltage of the first proces 
Sor core and the frequency or the Voltage of the second pro 
cessor core independently when no interdependence relation 
ship is identified between the operations of the first processor 
core and the operations of the second processor core. 

23. The computing device of claim 21, wherein the com 
puting devices comprises more than two processor cores, and 
wherein means for correlating the synchronized first and sec 
ond information sets to identify a relationship between the 
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24 
operations of the first processor core and the operations of the 
second processor core comprises: 
means for correlating information sets among any combi 

nation of the processor cores; and 
means for Scaling a frequency or a Voltage of the processor 

cores according to any one or more of correlated infor 
mation sets among any combination of the processor 
COCS. 

24. The computing device of claim 21, wherein means for 
correlating the synchronized first and second information sets 
to identify a relationship between the operations of the first 
processor core and the operations of the second processor 
core comprises means for identifying a relationship in which 
the first processor core is busy when the second processor 
core is idle. 

25. The computing device of claim 21, wherein means for 
correlating the synchronized first and second information sets 
to identify a relationship between the operations of the first 
processor core and the operations of the second processor 
core comprises means for overlaying a first busy pulse train 
on a second busy pulse train. 

26. The computing device of claim 21, further comprising 
means for selecting pulse trains such that the first and second 
information sets comprise pulse trains selected from one of a 
busy pulse train, an idle pulse train, and a wait pulse train, 
wherein means for synchronizing the first and second infor 
mation sets comprises means for synchronizing a first pulse 
train with a second pulse train. 

27. The computing device of claim 21, wherein means for 
correlating the synchronized first and second information sets 
to identify a relationship between the operations of the first 
processor core and the operations of the second processor 
core comprises means for identifying a relationship in which 
the first processor core is idle when the second processor core 
is busy. 

28. The computing device of claim 27, further comprising 
means for executing a single thread on the computing device 
Such that the single thread performs the dynamic clock and 
Voltage Scaling operations. 

29. The computing device of claim 27, wherein means for 
correlating the synchronized first and second information sets 
to identify a relationship between the operations of the first 
processor core and the operations of the second processor 
core comprises means for producing a consolidated pulse 
train for each of the first and the second processor cores. 

30. The computing device of claim 29, wherein means for 
correlating the synchronized first and second information sets 
to identify a relationship between the operations of the first 
processor core and the operations of the second processor 
core further comprises means for using the consolidated pulse 
train for each of the first and the second processor cores to 
determine a performance level of each of the first and second 
processor cores independently. 

31. A non-transitory processor-readable storage medium 
having stored thereon processor-executable software instruc 
tions configured to cause a processor to perform operations 
for performing dynamic clock and Voltage scaling on a mul 
tiprocessor system having two or more processor cores, the 
operations comprising: 

receiving a first set of information from a first processor 
core, the first information set including information 
regarding at least one of a frequency, time, busy periods, 
idle periods and wait periods of the first processor core: 

receiving a second set of information from a second pro 
cessor core, the second information set including infor 
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mation regarding at least one of a frequency, time, busy 
periods, idle periods and wait periods of the second 
processor core; 

Synchronizing the first and second information sets; 
correlating the synchronized first and second information 

sets to identify an interdependence relationship between 
operations of the first processor core and operations of 
the second processor core; and 

Scaling the frequency or a voltage of the first processor core 
and scaling the frequency or a Voltage of the second 
processor core according to a correlated information set 
when an interdependence relationship is identified 
between the operations of the first processor core and the 
operations of the second processor core, wherein scaling 
the frequency or the Voltage of the first processor core 
and scaling the frequency or the voltage of the second 
processor core according to the correlated information 
set comprises: 
determining an appropriate frequency or voltage for the 

first processor core and an appropriate frequency or 
Voltage for the second processor core according to the 
correlated information set; and 

adjusting the frequency or the voltage of the first pro 
cessor core and the frequency or the voltage of the 
second processor core based on the determined appro 
priate frequency or Voltage for the first processor core 
and the determined appropriate frequency or voltage 
for the second processor core. 

32. The non-transitory processor-readable storage medium 
of claim 31, wherein the stored processor-executable soft 
Ware instructions are configured to cause a processor to per 
form operations further comprising scaling the frequency or 
the voltage of the first processor core and the frequency or the 
Voltage of the second processor core independently when no 
interdependence relationship is identified between the opera 
tions of the first processor core and the operations of the 
second processor core. 

33. The non-transitory processor-readable storage medium 
of claim 31, wherein the stored processor-executable soft 
ware instructions are configured to be executed on at least one 
processor core of a computing device comprising more than 
two processor cores, and the stored processor-executable 
Software instructions are configured to cause the at least one 
processor core to perform operations such that correlating the 
synchronized first and second information sets to identify a 
relationship between the operations of the first processor core 
and the operations of the second processor core comprises: 

correlating information sets among any combination of the 
processor cores; and 

Scaling a frequency or a voltage of the processor cores 
according to any one or more of correlated information 
sets among any combination of the processor cores. 

34. The non-transitory processor-readable storage medium 
of claim 31, wherein the stored processor-executable soft 
ware instructions are configured to cause a processor to per 
form operations such that correlating the synchronized first 
and second information sets to identify a relationship 
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between the operations of the first processor core and the 
operations of the second processor core comprises identify 
ing a relationship in which the first processor core is busy 
when the second processor core is idle. 

35. The non-transitory processor-readable storage medium 
of claim 31, wherein the stored processor-executable soft 
ware instructions are configured to cause a processor to per 
form operations such that correlating the synchronized first 
and second information sets to identify a relationship 
between the operations of the first processor core and the 
operations of the second processor core comprises identify 
ing a relationship in which the first processor core is idle when 
the second processor core is busy. 

36. The non-transitory processor-readable storage medium 
of claim 31, wherein the stored processor-executable soft 
ware instructions are configured to cause a processor to per 
form operations such that correlating the synchronized first 
and second information sets to identify a relationship 
between the operations of the first processor core and the 
operations of the second processor core comprises overlaying 
a first busy pulse train on a second busy pulse train. 

37. The non-transitory processor-readable storage medium 
of claim 31, wherein the stored processor-executable soft 
ware instructions are configured to cause a processor to per 
form operations such that: 

the first and second information sets comprise pulse trains 
Selected from one of a busy pulse train, an idle pulse 
train, and a wait pulse train; and 

Synchronizing the first and second information sets com 
prises synchronizing a first pulse train with a second 
pulse train. 

38. The non-transitory processor-readable storage medium 
of claim 37, wherein the stored processor-executable soft 
ware instructions are configured to cause a processor to per 
form operations such that a single thread executing on the 
multiprocessor system performs the dynamic clock and volt 
age scaling operations. 

39. The non-transitory processor-readable storage medium 
of claim 37, wherein the stored processor-executable soft 
ware instructions are configured to cause a processor to per 
form operations such that correlating the synchronized first 
and second information sets to identify a relationship 
between the operations of the first processor core and the 
operations of the second processor core comprises producing 
a consolidated pulse train for each of the first and the second 
processor cores. 

40. The non-transitory processor-readable storage medium 
of claim 39, wherein the stored processor-executable soft 
ware instructions are configured to cause a processor to per 
form operations such that correlating the synchronized first 
and second information sets to identify a relationship 
between the operations of the first processor core and the 
operations of the second processor core further comprises 
using the consolidated pulse train for each of the first and the 
second processor cores to determine a performance level of 
each of the first and second processor cores independently. 
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