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1 2 

description of the illustrative embodiments when read in con­
junction with the accompanying drawings, wherein: 

DYNAMICALLY ADAPTING SOFTWARE FOR 
REDUCING A THERMAL STATE OF A 

PROCESSOR CORE BASED ON ITS 
THERMAL INDEX 

FIG. 1 depicts a pictorial representation of a network of 
data processing systems in which aspects of the illustrative 

5 embodiments may be implemented; 
BACKGROUND 

1. Field of the Invention: 

FIG. 2 depicts a block diagram of a data processing system 
is shown in which aspects of the illustrative embodiments 
may be implemented; 

The present application relates generally to use of thermal 
profiles. Still more particularly, the present application relates 
to a computer implemented method, data processing system, 
and computer usable code for dynamically adapting software 
for optimal thermal performance. 

FIG. 3 is an exemplary diagram of a cell broadband engine 
10 chip in which the illustrative aspects may be implemented in 

accordance with an illustrative embodiment; 

2. Description of the Related Art: 

FIG. 4 illustrates an exemplary cell broadband engine chip 
thermal management system in accordance with an illustra­
tive embodiment; 

FIG. 5 illustrates the temperature and the various points at 
which interrupts and dynamic throttling may occur in accor­
dance with an illustrative embodiment; 

FIG. 6 is a flow diagram depicting the operation for ana­
lytical generation of software thermal profiles in accordance 

20 with an illustrative embodiment; 

The first-generation Cell processor is a multi-core chip 15 

comprised of a 64-bit Power PC® processor core and eight 
synergistic processor cores, capable of massive floating point 
processing, optimized for compute-intensive workloads and 
broadband rich media applications. A high-speed memory 
controller and high-bandwidth bus interface are also inte­
grated on-chip. Cell's breakthrough multi-core architecture 
and ultra high-speed communications capabilities deliver 
vastly improved, real-time response, in many cases ten times 
the performance of the latest PC processors. Cell is operating 
system neutral and supports multiple operating systems 25 

simultaneously. Applications for this type of processor range 
from a next generation of game systems with dramatically 
enhanced realism, to systems that form the hub for digital 
media and streaming content in the home, to systems used to 
develop and distribute digital content, and to systems to accel- 30 

erate visualization and supercomputing applications. 
Today's high performance multi-core processors are fre­

quently limited by thermal considerations. Typical solutions 
include cooling and power management. Cooling may be 

35 
expensive and/or difficult to package. Power management is 
generally a coarse action, "throttling" much if not all of the 
processor in reaction to a thermal limit being reached. Other 
techniques such as thermal management help address these 
coarse actions by only throttling the units exceeding a given 

40 
temperature. Even with the improvement of thermal manage­
ment, it would be beneficial to control selective portions of 
resources to avoid and not just react to thermal limits. Some 
current solutions to resource control are the selection of a 
processor without regard to thermal characteristics or an 

45 
attempt to balance thermal load by shuffling software 
amongst processor cores. 

SUMMARY 

50 
The different aspects of the illustrative embodiments pro­

vide a method, data processing system, and computer usable 
code for optimizing thermal performance of a computer sys­
tem. A set of system resources associated with the computer 
system are identified and a thermal index is requested for each 55 
of the set of system resources to form a set of thermal indexes. 
An action is identified from a set of actions to reduce resource 
utilization and the action is implemented to reduce a thermal 
state of the computer system. 

FIG. 7 is a flow diagram depicting the operation for gen­
eration of software thermal profiles by run-time execution in 
a simulated environment in accordance with an illustrative 
embodiment; 

FIG. 8 is a flow diagram depicting the operation for gen­
eration of software thermal profiles by run-time execution on 
a multi-core processor and measuring processor activity in 
accordance with an illustrative embodiment; 

FIG. 9 is a flow diagram depicting the operation for gen­
eration of software thermal profiles by run-time execution on 
a multi-core processor using thermal sampling in accordance 
with an illustrative embodiment; 

FIG. 10 is a flow diagram depicting the operation for gen­
eration of a hardware thermal profile for a multi-core proces­
sor in accordance with an illustrative embodiment; 

FIG. 11 is a flow diagram depicting the operation for gen­
eration of a software thermal profile for optimal power and 
performance in a multi-core processor system in accordance 
with an illustrative embodiment; 

FIG. 12 is a flow diagram depicting the operation for the 
selection of processor cores for optimal thermal performance 
of a computer system in accordance with an illustrative 
embodiment; 

FIG. 13 is a flow diagram depicting the operation for opti­
mizing thermal performance using feed-back directed opti­
mization in accordance with an illustrative embodiment; 

FIG. 14 is a flow diagram depicting the operation for opti­
mizing a computer systems thermal state using thermal flow 
analysis in accordance with an illustrative embodiment; and 

FIG. 15 is a flow diagram depicting the operation for 
dynamically adapting software for optimal thermal perfor­
mance in accordance with an illustrative embodiment. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

The illustrative embodiments relate to dynamically adapt 
software for optimal thermal performance on a computer 
system. FIGS. 1-2 are provided as exemplary diagrams of 

BRIEF DESCRIPTION OF THE DRAWINGS 

The novel features believed characteristic of the illustrative 
embodiments are set forth in the appended claims. The illus­
trative embodiments themselves, however, as well as a pre­
ferredmode of use, further objectives and advantages thereof, 
will best be understood by reference to the following detailed 

60 data processing environments in which the illustrative 
embodiments may be implemented. It should be appreciated 
that FIGS. 1-2 are only exemplary and are not intended to 
assert or imply any limitation with regard to the environments 
in which aspects or embodiments may be implemented. Many 

65 modifications to the depicted environments may be made 
without departing from the spirit and scope of the illustrative 
embodiments. 
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3 

With reference now to the figures, FIG.1 depicts a pictorial 
representation of a network of data processing systems in 
which aspects of the illustrative embodiments may be imple­
mented. Network data processing system 100 is a network of 
computers in which the illustrative embodiments may be 5 

implemented. Network data processing system 100 contains 
network 102, which is the medium used to provide commu­
nications links between various devices and computers con­
nected together within network data processing system 100. 
Network 102 may include connections, such as wire, wireless 10 

communication links, or fiber optic cables. 
In the depicted example, server 104 and server 106 connect 

to network 102 along with storage unit 108. In addition, 
clients 110, 112, and 114 connect to network 102. These 
clients 110, 112, and 114 may be, for example, personal 15 

computers or network computers. In the depicted example, 
server 104 provides data, such as boot files, operating system 
images, and applications to clients 110, 112, and 114. Clients 
110, 112, and 114 are clients to server 104 in this example. 
Network data processing system 100 may include additional 20 

servers, clients, and other devices not shown. 
In the depicted example, network data processing system 

100 is the Internet with network 102 representing a world­
wide collection of networks and gateways that use the Trans­
mission Control Protocol/Internet Protocol (TCP/IP) suite of 25 

protocols to communicate with one another. At the heart of 
the Internet is a backbone of high-speed data communication 
lines between major nodes or host computers, consisting of 
thousands of commercial, government, educational and other 
computer systems that route data and messages. Of course, 30 

network data processing system 100 also may be imple­
mented as a number of different types of networks, such as for 
example, an intranet, a local area network (LAN), or a wide 
area network (WAN). FIG. 1 is intended as an example, and 
not as an architectural limitation for different illustrative 35 

embodiments. 

4 
example, an integrated drive electronics (IDE) or serial 
advanced technology attachment (SATA) interface. Super I/O 
(SIO) device 236 may be connected to south bridge and I/O 
controller hub 204. 

An operating system runs on processing unit 206 and coor­
dinates and provides control of various components within 
data processing system 200 in FIG. 2. As a client, the oper­
ating system may be a commercially available operating sys­
tem such as Microsoft® Windows® XP (Microsoft and Win­
dows are trademarks of Microsoft Corporation in the United 
States, other countries, or both). An object-oriented program-
ming system, such as the Java™ programming system, may 
run in conjunction with the operating system and provides 
calls to the operating system from Java programs or applica­
tions executing on data processing system 200 (Java is a 
trademark of Sun Microsystems, Inc. in the United States, 
other countries, or both). 

As a server, data processing system 200 may be, for 
example, an IBM eServer™ pSeries® computer system, run­
ning the Advanced Interactive Executive (AIX®) operating 
system or LINUX operating system ( eServer, pSeries and 
AIX are trademarks oflnternational Business Machines Cor­
poration in the United States, other countries, or both while 
Linux is a trademark of Linus Torvalds in the United States, 
other countries, or both). Data processing system 200 may be 
a symmetric multiprocessor (SMP) system including a plu-
rality of processors in processing unit 206. Alternatively, a 
single processor system may be employed. 

Instructions for the operating system, the object-oriented 
programming system, and applications or programs are 
located on storage devices, such as hard disk drive 226, and 
may be loaded into main memory 208 for execution by pro­
cessing unit 206. The processes for the illustrative embodi­
ments are performed by processing unit 206 using computer 
usable program code, which may be located in a memory such 
as, for example, main memory 208, read only memory 224, or 
in one or more peripheral devices 226 and 230. 

Those of ordinary skill in the art will appreciate that the 
hardware in FIGS. 1-2 may vary depending on the implemen-

With reference now to FIG. 2, a block diagram of a data 
processing system is shown in which aspects of the illustra­
tive embodiments may be implemented. Data processing sys­
tem 200 is an example of a computer, such as server 104 or 
client 110 in FIG. 1, in which computer usable code or 
instructions implementing the processes for illustrative 
embodiments may be located. 

40 tation. Other internal hardware or peripheral devices, such as 
flash memory, equivalent non-volatile memory, or optical 
disk drives and the like, may be used in addition to or in place 
of the hardware depicted in FIGS. 1-2. Also, the processes of 
the illustrative embodiments may be applied to a multipro-In the depicted example, data processing system 200 

employs a hub architecture including north bridge and 
memory controller hub (MCH) 202 and south bridge and 
input/output (I/O) controller hub (ICH) 204. Processing unit 
206, main memory 208, and graphics processor 210 are con­
nected to north bridge and memory controller hub 202. 
Graphics processor 210 may be connected to north bridge and 50 

memory controller hub 202 through an accelerated graphics 
port (AGP). 

45 cessor data processing system. 

In the depicted example, local area network (LAN) adapter 
212 connects to south bridge and I/O controller hub 204. 
Audio adapter 216, keyboard and mouse adapter 220, modem 55 

222, read only memory (ROM) 224, hard disk drive (HDD) 
226, CD-ROM drive 230, universal serial bus (USB) ports 
and other communications ports 232, and PCI/PCie devices 
234 connect to south bridge and I/O controller hub 204 
through bus 238 and bus 240. PCI/PCie devices may include, 60 

for example, Ethernet adapters, add-in cards and PC cards for 
notebook computers. PCI uses a card bus controller, while 
PCie does not. ROM 224 may be, for example, a flash binary 
input/output system (BIOS). 

Hard disk drive 226 and CD-ROM drive 230 connect to 65 

south bridge and I/O controller hub 204 through bus 240. 
Hard disk drive 226 and CD-ROM drive 230 may use, for 

In some illustrative examples, data processing system 200 
may be a personal digital assistant (PDA), which is config­
ured with flash memory to provide non-volatile memory for 
storing operating system files and/or user-generated data. 

A bus system may be comprised of one or more buses, such 
as bus 238 or bus 240 as shown in FIG. 2. Of course the bus 
system may be implemented using any type of communica­
tions fabric or architecture that provides for a transfer of data 
between different components or devices attached to the fab­
ric or architecture. A communications unit may include one or 
more devices used to transmit and receive data, such as 
modem 222 or network adapter212 of FIG. 2. A memory may 
be, for example, main memory 208, read only memory 224, or 
a cache such as found in north bridge and memory controller 
hub 202 in FIG. 2. The depicted examples in FIGS. 1-2 and 
above-described examples are not meant to imply architec-
tural limitations. For example, data processing system 200 
also may be a tablet computer, laptop computer, or telephone 
device in addition to taking the form of a PDA. 

FIG. 3 is an exemplary diagram of a cell broadband engine 
chip in which aspects of the illustrative embodiments may be 
implemented in accordance with an illustrative embodiment. 

Petitioner Samsung Ex-1007, 0011



US 7,552,346 B2 
5 

Cell broadband engine chip 300 is a single-chip multiproces­
sor implementation directed toward distributed processing 
targeted for media-rich applications such as game consoles, 
desktop systems, and servers. 

6 
301 may also directly access any synergistic processor unit's 
local store using an effective address. 

The memory flow controller direct memory access data 
transfer commands always use one local store address and 

5 one effective address. The local store address directly 
addresses the local store memory of the associated synergistic 
processor unit 310, 311, or 312 corresponding to the memory 
flow controller command queues on which the direct memory 
access command request is placed. However, the effective 

Cell broadband engine chip 300 may be logically separated 
into the following functional components: Power PC® pro­
cessor element (PPE) 301, synergistic processor units (SPU) 
310, 311, and 312, and memory flow controllers (MFC) 305, 
306, and 307. Although synergistic processor elements and 
Power PC® processor elements are shown by example, any 
type of processor element may be supported. Exemplary cell 
broadband engine chip 300 implementation includes one 
Power PC® processor element 301 and eight synergistic pro­
cessor elements, although FIG. 3 shows only three synergistic 
processor elements (SPEs) 302,303, and 304. The synergistic 15 

processor element (SPE) of a CELL Processor is a first imple­
mentation of a new processor architecture designed to accel­
erate media and data streaming workloads. 

10 address may be arranged to access any other memory storage 
area in the system, including local store areas 313, 314, and 
315 of the other synergistic processor elements 302,303, and 
304. 

Each synergistic processor element includes one synergis-
tic processor unit (SPU) 310, 311, or 312 with its own local 20 

store (LS) area 313,314, or 315 and a dedicated memory flow 
controller (MFC) 305, 306, or 307 that has an associated 
memory management unit (MMU) 316, 317, or 318 to hold 
and process memory protection and access permission infor­
mation. Once again, although synergistic processor units are 25 

shown by example, any type of processor unit may be sup­
ported. Additionally, cell broadband engine chip 300 imple­
ments element interconnect bus (EIB) 319 and other I/O 
structures to facilitate on-chip and external data flow. 

Element interconnect bus 319 serves as the primary on- 30 

chip bus for Power PC® processor element 301 and syner­
gistic processor elements 302, 303, and 304. In addition, 
element interconnect bus 319 interfaces to other on-chip 
interface controllers that are dedicated to off-chip accesses. 
The on-chip interface controllers include the memory inter- 35 

face controller (MIC) 320, which provides two extreme data 
rate I/O (XIO) memory channels 321 and 322, and cell broad­
band engine interface unit (BEI) 323, which provides two 
high-speed external I/O channels and the internal interrupt 
control for the cell broadband engine 300. The cell broadband 40 

engine interface unit 323 is implemented as bus interface 
controllers (BIC0 & BICl) 324 and 325 and I/O interface 
controller (lOC) 326. The two high-speed external I/O chan­
nels connected to a polarity ofRRAC interfaces providing the 
flexible input and output (FlexIO_0 & FlexIO_l) 353 for the 45 

cell broadband engine 300. 
Each synergistic processor unit 310, 311, or 312 has a 

corresponding local store area 313,314, or 315 and synergis-
tic execution units (SXU) 354, 355, or 356. Each individual 
synergistic processor unit 310, 311, or 312 can execute 50 

instructions (including data load and store operations) only 
from within its associated local store area 313, 314, or 315. 
For this reason, all required data transfers to or from storage 
elsewhere in a system is performed using memory flow con­
troller direct memory access operations via synergistic pro- 55 

cessor unit's 310, 311, and 312 dedicated memory flow con­
trollers 305, 306, and 307. 

A program running on synergistic processor unit 310, 311, 
or 312 only references its own local store area 313, 314, or 
315 using a local store address. However, each synergistic 60 

processor unit's local store area 313, 314, or 315 is also 
assigned a real address (RA) within the overall system's 
memory map. This allows privileged software to map a local 
store area to the effective address (EA) of a process to facili­
tate direct memory access transfers between the local store of 65 

one synergistic processor unit and the local store of another 
synergistic processor unit. Power PC® processor element 

Main storage is shared by Power PC® processor unit 308, 
the power processor element (PPE) 301, synergistic proces­
sor elements (SPEs) 302, 303, and 304, and I/O devices in a 
system. All information held in this level of storage is visible 
to all processors and devices in the system. Programs refer­
ence this level of storage using an effective address. Since the 
memory flow controller synergistic processor unit command 
queue and the memory flow controller proxy command queue 
and control and status facilities are mapped to the effective 
address space, it is possible for power processor element 301 
to initiate direct memory access operations involving a local 
store area associated with any of synergistic processor ele­
ments (SPEs) 302, 303, and 304. 

A synergistic processor unit program accesses main stor-
age by generating and placing a direct memory access data 
transfer command, with the appropriate effective address and 
local store address, into its memory flow controllers (MF Cs) 
305, 307, or 307 command queue for execution. When 
executed, the required data are transferred between its own 
local store area and main storage. Memory flow controllers 
(MFCs) 305, 306, or 307 provide a second proxy command 
queue for commands generated by other devices such as the 
power processor element (PPE) 301. The proxy command 
queue is typically used to store a program in local storage 
prior to starting the synergic processor unit. Proxy commands 
can also be used for context store operations. 

The effective address part of the data transfer is much more 
general, and can reference main storage, including all syner­
gistic processor unit local store areas. These local store areas 
are mapped into the effective address space. The data trans­
fers are protected. An effective address is translated to a real 
address through a memory management unit. The translation 
process allows for virtualization of system memory and 
memory protection. 

Power PC® processor element 301 on cell broadband 
engine chip 300 consists of 64-bit Power PC® processor unit 
308 and Power PC® storage subsystem 309. Power PC® 
processor unit 308 contains processor execution unit (PXU) 
329, level 1 (Ll) cache 330, memory management unit 
(MMU) 331 and replacement management table (RMT) 332. 
Power PC® storage subsystem 309 consists of cacheable 
interface unit (CIU) 333, non-cacheable unit (NCU) 334, 
level 2 (L2) cache 328, replacement management table 
(RMT) 335 and bus interface unit (BIU) 327. Bus interface 
unit 327 connects Power PC® storage subsystem 309 to the 
element interconnect bus 319. 

Synergistic processor unit 310, 311, or 312 and memory 
flow controllers 305, 306, and 307 communicate with each 
other through unidirectional charmels that have capacity. The 
channel interface transports messages to and from memory 
flow controllers 305, 306, and 307, synergistic processor 
units 310,311, and 312. Bus interface units 339,340, and341 
connect memory flow controllers 305, 306, and 307 to ele-
ment interconnect bus 319. 
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Memory flow controllers 305, 306, and 307 provide two 
main functions for synergistic processor units 310, 311, and 
312. Memory flow controllers 305, 306, and 307 move data 
between synergistic processor unit's 310, 311, or 312 local 
store area 313, 314, and 315 and main storage. Additionally, 5 

memory flow controllers 305, 306, and 307 provide synchro­
nization facilities between synergistic processor units 310, 
311, and 312 and other devices in the system. 

Memory flow controllers 305, 306, and 307 implementa­
tion has four functional units: direct memory access control- 10 

lers (DMAC) 336, 337, and 338, memory management units 
(MMU) 316,317, and 318, atomic units (ATO) 342,343, and 
344, replacement management tables (RMT) 345, 346, and 
347, and bus interface units (BIU) 339, 340, and 341. Direct 
memory access controllers 336, 337, and 338 maintains and 15 

processes memory flow controller command queues (MFC 
CMDQs ), which consist of a memory flow controller syner­
gistic processor unit command queue (MFC SPUQ) and a 
memory flow controller proxy command queue (MFC 
PrxyQ). The sixteen-entry, memory flow controller synergis- 20 

tic processor unit command queue handles memory flow 
controller commands coming from the synergistic processor 
unit channel interface. The eight-entry, memory flow control-
ler proxy command queue processes memory flow controller 
commands coming from other devices through memory 25 

mapped input and output (MMIO) load and store operations. 
A typical direct memory access command moves data 
between the local store and the main storage. The main stor­
age is addressed by the effective address direct memory 
access command operand. The local store is addressed by the 30 

local store address (LSA) direct memory access command 
operand. 

In a virtual mode, memory management units 316, 317, 
and 318 provides the address translation and memory protec­
tion facilities to handle the effective address translation 35 

8 
acknowledges commands in its configured address range(s), 
corresponding to the memory in the supported hubs. 

Bus interface controllers 324 and 325 manage data transfer 
on and off the chip from element interconnect bus 319 to 
either of two external devices. Bus interface controllers 324 
and 325 may exchange non-coherent traffic with an I/0 
device, or it can extend element interconnect bus 319 to 
another device, which could even be another cell broadband 
engine chip. When used to extend the element interconnect 
bus, coherency is maintained between caches in the Cell 
Broadband Engine and caches in the external device attached. 

I/0 interface controller 326 handles commands that origi­
nate in an I/0 interface device and that are destined for the 
coherent element interconnect bus 319. An I/0 interface 
device may be any device that attaches to an I/0 interface 
such as an I/0 bridge chip that attaches multiple I/0 devices 
or another cell broadband engine chip 300 that is accessed in 
a non-coherent manner. I/0 interface controller 326 also 
intercepts accesses on element interconnect bus 319 that are 
destined to memory-mapped registers that reside in or behind 
an I/0 bridge chip or non-coherent cell broadband engine 
chip 300, and routes them to the proper I/0 interface. I/0 
interface controller 326 also includes internal interrupt con­
troller (IIC) 349 and I/0 address translation unit (I/0 Trans) 
350. 

Although specific examples of how the different compo­
nents may be implemented have been provided, this is not 
meant to limit the architecture in which the aspects of the 
illustrative embodiments may be used. The aspects of the 
illustrative embodiments may be used with any multi-core 
processor system. 

During the execution of an application, the temperature of 
areas within the cell broadband engine chip may rise. Left 
unchecked, the temperature could rise above the maximum 
specified junction temperature leading to improper operation 
or physical damage. To avoid these conditions, the cell broad-
band engine chip's digital thermal management unit monitors 
and attempts to control the temperature within the cell broad­
band engine chip during operation. The digital thermal man-

request from direct memory access controllers 336, 337, and 
338 and send back the translated address. Each synergistic 
memory management unit maintains a segment lookaside 
buffer (SLB) and a translation lookaside buffer (TLB). The 
segment lookaside buffer translates an effective address to a 
virtual address (VA) and the translation lookaside buffer 
translates the virtual address coming out of the segment 
lookaside buffer to a real address. 

40 agement unit consists of a thermal management control unit 
(TMCU) and ten distributed digital thermal sensors (DTSs). 

Atomic units 342, 343, and 344 provide the level of data 
caching necessary for maintaining synchronization with 
other processing units in the system. Coherency with other 
caches in the system is maintained. Atomic direct memory 
access commands provide the means for the synergist proces­
sor elements to request synchronization with other units. 

One sensor is located in each of the eight synergistic pro­
cessor elements, one is located in the Power PC® process 
element, and one is adjacent to the linear thermal diode. The 

45 linear thermal diode is an on-chip diode that calculates tem­
perature. These sensors are positioned adjacent to areas 
within the associated unit that typically experience the great­
est rise in temperature during the execution of most applica­
tions. The thermal control unit monitors feedback from each 

The main function of bus interface units 339, 340, and 341 50 

is to provide the synergistic processor elements 302, 303, and 
304 with an interface to the element interconnect bus. 

of these sensors. If the temperature of a sensor rises above a 
programmable point, the thermal control unit can be config­
ured to cause an interrupt to the Power PC® process element 
or one or more of the synergistic processor elements and 
dynamically throttle the execution of the associated Power 

Element interconnect bus 319 provides a communication 
path between all of the processors on cell broadband engine 
chip 300 and the external interface controllers attached to 
element interconnect bus 319. 

Memory interface controller 320 provides an interface 
between element interconnect bus 319 and one or two of 
extreme data rate I/0 cell memory channels 321 and 322. 
Extreme data rate (XD R ™) dynamic random access memory 
(DRAM) is a high-speed, highly serial memory provided by 
Rambus. The extreme data rate dynamic random access 
memory is accessed using a macro provided by Rambus, 
referred to in this document as extreme data rate I/0 cell 
memory channels 321 and 322. 

Memory interface controller 320 is only a slave on element 
interconnect bus 319. Memory interface controller 320 

55 PC® process element or synergistic processor element(s). 
The throttling is accomplished by stopping and running the 

Power PC® process element or synergistic processor element 
for a programmable number of cycles. The interrupt allows 
for privileged software to take corrective action while the 

60 dynamic throttling is a hardware device that attempts to keep 
the temperature within the broadband engine chip below a 
programmable level without software intervention. Privi­
leged software sets the throttling level equal to or below 

65 

recommended settings. 
If throttling the Power PC® process element, synergistic 

processor elements, or privileged software does not effec­
tively manage the temperature and the temperature continues 
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In addition, a second programmable interrupt temperature 
can cause the assertion of an attention signal to a system 
controller. If the temperature is equal to or above the throttling 
point, thermal management control unit 402 throttles the 

to rise, the cell broadband engine chip's clocks are stopped 
when the temperature reaches a thermal overload temperature 
defined by the configuration data. The thermal overload fea­
ture protects the cell broadband engine chip from physical 
damage. Recovery from this condition requires a hard reset. 
Note: The temperature of the region monitored by the digital 
thermal sensors is not necessarily the hottest point within the 
associated Power PC® process element or synergistic proces­
sor element. 

5 execution of a Power PC® process element or an synergistic 
processor element by starting and stopping that Power PC® 
process element or synergistic processor element dynami­
cally. Software can control the ratio and frequency of the 

FIG. 4 illustrates an exemplary cell broadband engine chip 
10 

throttling using the dynamic thermal management registers. 

FIG. 5 is a graph of temperature and the various points at 
which interrupts and dynamic throttling may occur in accor­
dance with an illustrative embodiment. In FIG. 5, line 500 
represents the temperature for the Power PC® process ele­
ment or if the synergistic processor element is running nor-

15 mally; there is no throttling in the regions marked with an 
"N". When the temperature reaches the throttle point, the 
thermal management control unit starts throttling the execu­
tion of the associated Power PC® process element or syner­
gistic processor element. The regions in which the throttling 

thermal management system provided through pervasive 
logic unit 351 of FIG. 3 in accordance with an illustrative 
embodiment. Cell broadband engine chip thermal manage­
ment is split between ten distributed digital thermal sensors 
(DTSs ), for simplicity only digital thermal sensors 404, 406, 
408, and 410 are shown, and thermal management control 
unit (TMCU) 402. Each of digital thermal sensors 404 and 
406, which are in synergistic processor unit sensors (SPU) 
440, digital thermal sensor 408, which is in Power PC® 
processor unit sensor 442, and digital thermal sensor 410, 
which is in sensor 444 that is adjacent to the linear diode, 
provide a current temperature detection signal, indicating that 
the temperature is equal to or below the current temperature 
detection range set by thermal management control unit 402. 

25 
Thermal management control unit 402 uses the state of the 
signals from digital thermal sensors 404,406,408, and410 to 
continually track the temperature of each Power PC® process 
element's or synergistic processor element's digital thermal 
sensors 404,406,408, and 410. As the temperature is tracked, 

30 
thermal management control unit 402 provides the current 
temperature as a numeric value that represents the tempera­
ture within the associated Power PC® process element or 
synergistic processor element. Internal calibration storage 
428 is set in manufacturing to calibrate the individual sensors. 

35 
In addition to the elements of thermal management control 

unit 402 described above, thermal management control unit 
402 also contains multiplexers 446 and 450, work registers 
448, comparators 452 and 454, serializer 456, thermal man­
agement (TM) control state machine 458, and data flow (DF) 
unit 460. Multiplexers 446 and 450 combine various outgoing 
and incoming signals for transmission over a single medium. 
Work registers 448 are used for holding the results of multi­
plications performed in thermal management control unit 
402. Comparators 452 and 454 provide a comparison func­
tion of two inputs. Comparator 452 is a greater than or equal 

20 occurs are marked with a "T". When the temperature of the 
Power PC® process element or synergistic processor element 
drops below the end throttle point, the execution returns to 
normal operation. 

If, for any reason, the temperature continues to rise and 
reaches a temperature at or above the full throttle point, the 
Power PC® process element or synergistic processor element 
is stopped until the temperature drops below the full throttle 
point. Regions where the Power PC® process element or 
synergistic processor element is stopped are marked with an 
"S". Stopping the Power PC® process element or synergistic 
processor elements when the temperature is at or above the 
full throttle point is referred to as the core stop safety. 

In this exemplary illustration, the interrupt temperature is 
set above the throttle point; therefore, software is notified if 
the Power PC® process element or synergistic processor 
elements is ever stopped for this condition; provided that the 
thermal interrupt mask register (TM_ISR) is set to active, 
allowing the Power PC® process element or synergistic pro-

40 cessor element to resume during a pending interrupt. If 
dynamic throttling is disabled, privileged software manages 
the thermal condition. Not managing the thermal condition 
can result in an improper operation of the associated Power 
PC® process element or synergistic processor element or a 

45 
thermal shutdown by the thermal overload function. 

to comparator. Comparator 454 is a greater than comparator. 
Serializer 456 converts low-speed parallel data from a source 
into high-speed serial data for transmission. Serializer 456 
works in conjunction with deserializers 462 and 464 on syn- 50 
ergistic processor unit sensors 440. Deserializers 462 and 464 
converts received high-speed serial data into low-speed par­
allel data. Thermal management control state machine 458 is 
used to start the internal initialization of thermal management 
control unit 402. Data flow unit 460 controls the data to and 55 

Returning to FIG. 4, the thermal sensor status registers 
consist of thermal sensor current temperature status registers 
412 and thermal sensor maximum temperature status regis­
ters 414. These registers allow software to read the current 
temperature of each digital thermal sensor, determine the 
highest temperature reached during a period of time, and 
cause an interrupt when the temperature reaches a program­
mable temperature. The thermal sensor status registers have 
associated real address pages which may be marked as hyper­
visor privileged. 

from thermal management control state machine 458. 
Thermal management control unit 402 may be configured 

to cause an interrupt to the Power PC® process element, using 
interrupt logic 416, and dynamically throttle the execution of 
a Power PC® process element or a synergistic processor 
element, using throttling logic 418. Thermal management 
control unit 402 compares the numeric value representing the 
temperature to a progranimable interrupt temperature and a 
programmable throttle point. If the temperature is within the 
programmed interrupt temperature range, an external inter­
rupt is generated to the Power PC® process element, if 
enabled. 

Thermal sensor current temperature status registers 412 
contain the encoding for the current temperature of each 
digital thermal sensor. Due to latencies in the sensor's tem­
perature detection, latencies in reading these registers, and 

60 normal temperature fluctuations, the temperature reported in 
these registers is that of an earlier point in time and might not 
reflect the actual temperature when software receives the 
data. As each sensor has dedicated control logic, all sensors 
are sampled in parallel. The contents of these registers are 

65 updated at the beginning of the next sample period. The 
length of a sample period is controlled by a SenSampTime 
configuration field. 
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Thermal sensor maximum temperature status registers 414 
contain the encoding for the maximum temperature reached 
for each sensor from the time of the last read of these registers. 
Reading these registers causes thermal management control 
unit 402 to copy the current temperature for each sensor into 
the register. After the read, thermal management control unit 
402 continues to track the maximum temperature starting 
from this point. Each register's read is independent. A read of 
one register does not affect the contents of the other. Each 
sensor has dedicated control logic, so all sensors are sampled 
in parallel. The contents of these registers are updated at the 
beginning of the next sample period. The length of a sample 
period is controlled by a SenSampTime configuration field. 

Thermal sensor interrupt registers in interrupt logic 416 
control the generation of a thermal management interrupt to 
the Power PC® processor element. This set of registers con­
sists of thermal sensor interrupt temperature registers 420 
(TS_ITRl and TS_ITR2), thermal sensor interrupt status reg­
ister 422 (TS_ISR), thermal sensor interrupt mask register 
424 (TS_IMR), and the thermal sensor global interrupt tem­
perature register 426 (TS_GITR). Thermal sensor interrupt 
temperature registers 420 and the thermal sensor global inter­
rupt temperature register 426 contain the encoding for the 
temperature that causes a thermal management interrupt to 
the Power PC® processor element. 

When the temperature encoding in thermal sensor current 
temperature status registers 412 for a sensor is greater than or 
equal to the corresponding sensor's interrupt temperature 
encoding in thermal sensor interrupt temperature registers 
420, the corresponding status bit in thermal sensor interrupt 
status register 422 (TS_ISR[Sx]) is set. When the temperature 
encoding in thermal sensor current temperature status regis­
ters 412 for any sensor is greater than or equal to the global 
interrupt temperature encoding in thermal sensor global inter­
rupt temperature register 426, the corresponding status bits 
thermal sensor interrupt status register 422 (TS_ISR[Gx]) are 
set. 

If any thermal sensor interrupt temperature status register 
422 bit (TS_ISR[Sx]) is set and the corresponding mask bit in 
the thermal sensor interrupt mask register 424 (TS_IMR 
[Mx]) is also set, a thermal management interrupt signal is 
asserted to the Power PC® processor element. If any thermal 
sensor interrupt status register 422 (TS_ISR[Gx]) bit is set 
and the corresponding mask bit in the thermal sensor interrupt 
mask register 424 (TS_IMR[Cx]) is also set, a thermal man­
agement interrupt signal is asserted to the Power PC® pro­
cessor element. 

To clear the interrupt condition, privileged software should 
set any corresponding mask bits in thermal sensor interrupt 
mask register to 'O'. To enable a thermal management inter­
rupt, privileged software ensures that the temperature is 
below the interrupt temperature for the corresponding sensors 
and then perform the following sequence. Enabling an inter­
rupt when the temperature is not below the interrupt tempera­
ture can result in an immediate thermal management inter­
rupts being generated. 

1. Write a '1' to the corresponding status bit in the thermal 
sensor interrupt status register 422. 

2. Write a '1' to the corresponding mask bit in the thermal 
sensor interrupt mask register 424. 

The thermal sensor interrupt temperature registers 420 
contain the interrupt temperature level for the sensors located 

12 
The results of these comparisons are used to generate a ther­
mal management interrupt. Each sensor's interrupt tempera­
ture level is independent. 

In addition to the independent interrupt temperature levels 
5 set in the thermal sensor interrupt temperature registers 420; 

the thermal sensor global interrupt temperature register 426 
contains a second interrupt temperature level. This level 
applies to all sensors in the cell broadband engine chip. The 
encoded global interrupt temperature level in this register is 

10 compared to the current temperature encoding for each sen­
sor. The results of these comparisons are used to generate a 
thermal management interrupt. 

The intent of the global interrupt temperature is to provide 
an early indication to a temperature rise in the cell broadband 

15 engine chip. Privileged software and the system controller 
may use this information to start actions to control the tem­
perature, for example, increasing the fan speed, rebalancing 
the application software across units, and so on. 

Thermal sensor interrupt status register 422 identifies 
20 which sensors meet the interrupt conditions. An interrupt 

condition refers to a particular condition that each thermal 
sensor interrupt status register 422 bit has that, when met, 
makes it possible for an interrupt to occur. An actual interrupt 
is only presented to the Power PC® processor element if the 

25 corresponding mask bit is set. 
Thermal sensor interrupt status register 422 contains three 

sets of status bits-the digital sensor global threshold inter­
rupt status bit (TS_ISR[Gx]), the digital sensor threshold 
interrupt status bit (TS_ISR[Sx]), and the digital sensor glo-

30 bal below threshold interrupt status bit (TS_ISR[Gb]). 
Hardware sets the status bit in thermal sensor interrupt 

status register 422 (TS_ISR[Sx]) when the temperature 
encoding for a sensor in thermal sensor current temperature 
status registers 412 is greater than or equal to the correspond-

35 ing sensor's interrupt temperature encoding in thermal sensor 
interrupt temperature registers 420 and the corresponding 
direction bit thermal sensor interrupt mask register 424, 
TM_IMR[Bx ]='O'. Additionally, hardware sets thermal sen­
sor interrupt status register 422, TS_ISR[Sx], when the tem-

40 perature encoding for a sensor in thermal sensor current tem­
perature status registers 412 is below the corresponding 
sensor's interrupt temperature encoding in thermal sensor 
interrupt temperature registers 420 and the corresponding 
direction bit thermal sensor interrupt mask register 424, 

45 TM_IMR[Bx ]=' 1'. 
Hardware sets thermal sensor interrupt status register 422, 

TS_ISR[Gx], when any participating sensor's current tem­
perature is greater than or equal to that of thermal sensor 
global interrupt temperature register 426 and thermal sensor 

50 interrupt mask register 424, TS_IMR[BG], is set to 'O'. The 
individual thermal sensor interrupt status register 422, 
TS_ISR[Gx], bits indicate which individual sensors meet 
these conditions. 

Hardware sets thermal sensor interrupt status register 422, 
55 TS_ISR[Gb ], when all of the participating sensors in thermal 

sensor interrupt mask register 424, TS_IMR[Cx ], have a cur­
rent temperature below that of thermal sensor global interrupt 
temperature register 426 and the thermal sensor interrupt 
mask register 424, TS_IMR[BG], is set to '1 '. Since all par-

60 ticipating sensors have a current temperature below that of the 
thermal sensor global interrupt temperature register 426, only 
one status bit thermal sensor interrupt status register 422 
(TS_ISR[Gb]) is present for a global below threshold inter-in the synergistic processor elements, Power PC® processor 

element, and adjacent to the linear thermal diode. The 
encoded interrupt temperature levels in this register are com- 65 

pared to the corresponding interrupt temperature encoding in 
the thermal sensor current temperature status registers 412. 

rupt condition. 
Once a status bit in the thermal sensor interrupt status 

register 422 (TS_ISR[Sx], [Gx], or [Gb]) is set to '1', this 
state is maintained until reset to 'O' by privileged software. 
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Privileged software resets a status bit to 'O' by writing a' 1' to 
the corresponding bit in thermal sensor interrupt status reg­
ister 422. 

The thermal sensor interrupt mask register 424 contains 
two fields for individual sensors and multiple fields for global 5 

interrupt conditions. An interrupt condition refers to a par­
ticular condition that each thermal sensor interrupt mask reg­
ister 424 bit has that, when met, makes it possible for an 
interrupt to occur. An actual interrupt is only presented to the 
Power PC® processor element if the corresponding mask bit 10 

is set. 
The two thermal sensor interrupt mask register digital ther­

mal threshold interrupt fields for individual sensors are 
TS_IMR[Mx] and the TS_IMR[Bx]. Thermal sensor inter­
rupt mask register 424, TS_IMR[Mx], mask bits prevent an 15 

interrupt status bit from generating a thermal management 
interrupt to the Power PC® processor element. Thermal sen­
sor interrupt mask register 424, TS_IMR[Bx], directional bits 
set the temperature direction for the interrupt condition above 
or below the corresponding temperature in thermal sensor 20 

interrupt temperature registers 420. Setting thermal sensor 
interrupt mask register 424, TS_IMR[Bx], to '1' sets the 
temperature for the interrupt condition to be below the corre­
sponding temperature in thermal sensor interrupt temperature 
registers 420. Setting thermal sensor interrupt mask register 25 

424, TS_IMR[Bx], to 'O' sets the temperature for the interrupt 
condition to be equal to or above the corresponding tempera­
ture in thermal sensor interrupt temperature registers 420. 

14 
are both set to '1'. Additionally, a thermal management inter­
rupt is presented to the Power PC® processor element when 
thermal sensor interrupt mask register 424, TS_IMR[Cgb], 
and thermal sensor interrupt status register 422, TS_ISR[Gb], 
are both set to ' 1'. 

The dynamic thermal management registers in throttling 
logic 418 contain parameters for controlling the execution 
throttling of a Power PC® processor element or a synergistic 
processor element. Dynamic thermal management registers 
is a set of registers that contains thermal management control 
registers 430 (TM_ CRl and TM_ CR2), thermal management 
throttle point register 432 (TM_TPR), thermal management 
stop time registers 434 (TM_STRl and TM_STR2), thermal 
management throttle scale register 436 (TM_TSR), and ther­
mal management system interrupt mask register 438 (TM_ 
SIMR). 

Thermal management throttle point register 432 sets the 
throttle point for the sensors. Two independent throttle points 
can be set in thermal management throttle point register 432, 
ThrottlePPE and ThrottleSPE, one for the Power PC® pro­
cessor element and one for the synergistic processor ele-
ments. Also contained in this register are temperature points 
for exiting throttling and stopping the Power PC® processor 
element or synergistic processor elements. Execution throt­
tling of a Power PC® processor element or a synergistic 
processor element starts when the temperature is equal to or 
above the throttle point. Throttling ceases when the tempera­
ture drops below the temperature to exit throttling (TM_ TPR 
[EndThrottlePPE/EndThrottleSPE]). If the temperature 
reaches the full throttle or stop temperature (TM_TPR 
[FullThrottlePPE/FullThrottleSPE]), the execution of the 
Power PC® processor element or synergistic processor ele­
ment is stopped. Thermal management control registers 430 
are used to control the throttling behavior. 

Thermal management stop time registers 434 and thermal 
management throttle scale register 436 are used to control the 
frequency and amount of throttling. When the temperature 
reaches the throttle point, the corresponding Power PC® 
processor element or synergistic processor element is stopped 

Thermal sensor interrupt mask register 424 fields for the 
global interrupt conditions are TS_IMR[Cx], TS_IMR[BG], 30 

TS_IMR[Cgb], and TS_IMR[A]. Thermal sensor interrupt 
mask register 424, TS_IMR[Cx], mask bits prevent global 
threshold interrupts and select which sensors participate in 
the global below threshold interrupt condition. Thermal sen­
sor interrupt mask register 424, TS_IMR[BG], directional bit 35 

selects the temperature direction for the global interrupt con­
dition. Thermal sensor interrupt mask register 424, TS_IMR 
[Cgb ], mask bit prevents global below threshold interrupts. 
Thermal sensor interrupt mask register 424, TS_IMR[A], 
asserts an attention to the system controller. 

Setting thermal sensor interrupt mask register 424, 
TS_IMR[BG], to '1' sets a temperature range for the global 
interrupt condition to occur when the temperatures of all the 
participating sensors set in thermal sensor interrupt mask 
register 424, TS_IMR[Cx], are below the global interrupt 45 

temperature level. Setting thermal sensor interrupt mask reg­
ister 424, TS_IMR[BG], to 'O' sets a temperature range for 
the global interrupt condition to occur when the temperature 

40 for the number of clocks specified by the corresponding scale 
value in thermal management throttle scale register 436. The 
Power PC® processor element or synergistic processor ele­
ment is then allowed to run for the number of clocks specified 

of any of the participating sensors is greater than or equal to 
the corresponding temperature in thermal sensor global inter- 50 

rupt temperature register 426. If thermal sensor interrupt 
mask register 424, TS_IMR[A], is set to '1 ', an attention is 
asserted when any thermal sensor interrupt mask register 424, 
TS_IMR[Cx], bit and its corresponding thermal sensor inter­
rupt status register 422 status bit (TS_ISR[Gx]) are both set to 55 

'1'. Additionally, an attention is asserted when thermal sensor 
interrupt mask register 424, TS_IMR[Cgb ], and thermal sen­
sor interrupt status register 422, TS_ISR[Gb ], are both set to 
'1'. 

A thermal management interrupt is presented to the Power 60 

PC® processor element when any thermal sensor interrupt 
mask register 424, TS_IMR[Mx], bit and its corresponding 
thermal sensor interrupt status register 422 status bit (TS_ISR 
[Sx]) are both set to '1 '. A thermal management interrupt is 
also generated when any thermal sensor interrupt mask reg- 65 

ister 424, TS_IMR[Cx], bit and its corresponding thermal 
sensor interrupt status register 422 status bit, TS_ISR[Gx], 

by the run value in thermal management stop time registers 
434 times the corresponding scale value. This sequence con­
tinues until the temperature falls below the exit throttling 
(TM_TPR[EndThrottlePPE/EndThrottleSPE]). 

Thermal management system interrupt mask register 438 
is used to select which interrupts exit throttling of the Power 
PC® processor element while the interrupt is pending. 

Thermal management control registers 430 set the throt­
tling mode for each Power PC® processor element or syner­
gistic processor element independently. The control bits are 
split between two registers. Following are the five different 
modes that may be set for each Power PC® processor element 
or synergistic processor element independently. 

Dynamic throttling disabled (including the core stop 
safety). 

Normal operation (dynamic throttling and the core stop 
safety are enabled). 

Power PC® processor element or synergistic processor 
element is always throttled ( core stop safety is enabled). 

Core stop safety disabled ( dynamic throttling enabled and 
the core stop safety are disabled). 

Power PC® processor element or synergistic processor 
element is always throttled and core stop safety disabled. 
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Privileged software should set control bits to normal opera­
tion for Power PC® processor element or synergistic proces­
sor elements that are running applications or operating sys­
tems. If a Power PC® processor element or a synergistic 
processor element is not running application code, privileged 5 

software should set the control bits to disabled. The "Power 

16 
(x)/32). The actual number of clocks (NClks) that a Power 
PC® processor element or a synergistic processor element 
stops and runs is controlled by the thermal management 
throttle scale register 436. 

Thermal management throttle scale register 436 controls 
the actual number of cycles that a Power PC® processor 
element or a synergistic processor element stops and runs 
during the thermal management throttle state. The values in 
this register are multiples of a configuration ring setting 

PC® processor element or synergistic processor element is 
always throttled" modes are intended for application devel­
opment. These modes are useful to determine if the applica­
tion can operate under an extreme throttling condition. 
Allowing a Power PC® processor element or a synergistic 
processor element to execute with either the dynaniic throt­
tling or core stop safety disabled should only be permitted 
when privileged software actively manages the thermal 
events. 

10 TM_Config[MinStopSPE]. The actual number of stop and 
run cycles is calculated by the following equation: 

15 

Thermal management system interrupt mask register 438 
controls which Power PC® processor element interrupts 
cause the thermal management logic to temporarily stop 
throttling the Power PC® processor element. Throttling is 
temporarily suspended for both threads while the interrupt is 20 

pending, regardless of the thread targeted by the interrupt. 
When the interrupt is no longer pending, throttling can 
resume as long as throttle conditions still exist. Throttling of 
the synergistic processor elements is never exited based on a 
system interrupt condition. The Power PC® processor ele- 25 

ment interrupt conditions that can override a throttling con­
dition are as follows: 

External 
Decrementer 

Synergistic processor element Run and Stop Time: 

SPE_StopTime~(TM_STRl [StopCore(x) ]*TM_ Con­
fig[MinStopSPE])*TM_ TSR[ScaleSPE] 

SPE_RunTime~(32-TM_STRl [StopCore(x) ])*TM_ 
Config[MinStopSPE])*TM_TSR[ScaleSPE] 

Power PC® element Run and Stop Time: 

PPE_StopTime~(TM_STR2[StopCore(8)]*TM_Con­
fig[MinStopPPE])*TM_TSR[ScalePPE] 

PPE_RunTime~(32-TM_STR2[StopCore(8)])*TM_ 
Config[MinStopPPE])*TM_TSR[ScalePPE] 

The run and stop times can be altered by interrupts and 
privileged software writing various thermal management reg­
isters. 

Although the following descriptions are directed to one 
instruction streani and one processor, the instruction stream 

Hypervisor Decrementer 
System Error 
Thermal Management 
Thermal management throttle point register 432 contains 

the encoded temperature points at which execution throttling 
of a Power PC® processor element or a synergistic processor 
element begins and ends. This register also contains encoded 
temperature points at which a Power PC® processor 
element's or a synergistic processor element's execution is 
fully throttled. 

30 may be a set of instruction streams, and the processor may be 
a set of processors. That is, a set may be just a single instruc­
tion streani and single processor or two or more instructions 
streams and processors. 

FIG. 6 is a flow diagram depicting the operation for ana-
35 lytical generation of software thermal profiles in accordance 

with an illustrative embodiment. A software thermal profile 
may also be called a software thermal index. A software 
thermal profile is a data structure containing information 
about the thermal characteristics of the hardware and/or soft-

The values in the thermal management throttle point reg- 40 

ister are used to set three temperature points for changing 
between the three thermal management states: normal run 
(N), Power PC® processor element or synergistic processor 
element throttled (T), and Power PC® processor element or 
synergistic processor element stopped (S). Independent tern- 45 

perature points are supported for the Power PC® processor 
element and the synergistic processor elements. 

When the encoded current temperature of a sensor in ther­
mal sensor current temperature status registers 412 is equal to 

ware. 
As the operation begins, a compiling, building, or post­

processing of a program or application executing on a set of 
processors is performed (step 602). The instruction streani of 
the compiling, building, or post-processing program is ana­
lyzed in order to estimate the cycles-per-instruction (CPI) 
efficiency of the compiling, building, or post-processing pro-
gram (step 604). Compilers need to understand the details of 
the micro-architecture to optimize the object code. With this 
knowledge, the compiler gives each instruction a fixed 
cycles-per-instruction (CPI) based on the instruction type and 
operand dependencies. The estimated cycles-per-instruction 
is an approximation of the performance efficiency which can 
be used to determine the thermal profile or thermal index. The 
cycles-per-instruction for the program are stored for a prede­
termined time within a data structure (step 606). The prede­
termined time may be any time set prior to analyzing the 
instruction stream of the program. The data structure may be 
any type of data structure, such as a register or database. 

A thermal index is then generated based on the stored 

or greater than the throttle temperature (ThrottlePPE/Throt- 50 

tleSPE), execution throttling of the corresponding Power 
PC® processor element or synergistic processor element 
begins, if enabled. Execution throttling continues until the 
encoded current temperature of the corresponding sensor is 
less than the encoded temperature to end throttling 55 

(EndThrottlePPE/EndThrottleSPE). As a safety measure, if 
the encoded current temperature is equal to or greater than the 
full throttle point (FullThrottlePPE/FullThrottleSPE), the 
corresponding Power PC® processor element or synergistic 
processor element is stopped. 

Thermal management stop time registers 434 control the 
amount of throttling applied to a specific Power PC® proces­
sor element or synergistic processor element in the thermal 
management throttled state. The values in thermal manage­
ment stop time registers are expressed in a percentage of time 65 

that a Power PC® processor element or a synergistic proces­
sor element is stopped versus the time that it is run ( core-stop 

60 values of the cycles-per-instruction (step 608). The genera­
tion of the thermal index is described in steps 610-616. Fist, a 
stored cycles-per-instruction value is retrieved from storage 
(step 610). The value is processed such that the retrieved 
value is proportional to the inverse of the cycles-per-instruc­
tion (step 612). The processed value is saved as a thermal 
index (step 614).A determination is made as to whether there 
are any additional unprocessed stored values ( step 616). If at 
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formed, the types and frequency of the hardware operations 
that are being performed on the processor(s) are analyzed 
(step 704). In this illustrative aspect of a cycle based simulator 
is used to more accurately generate the cycles-per-instruction 

step 616, there are additional stored valued that need to be 
processed, the operation returns to step 610, otherwise the 
operation ends. In this illustrative aspect, the thermal index is 
proportional to the inverse of the cycles-per-instruction 
(1/CPI). Programs with lower cycles-per-instruction values 
use more machine resources, and, thus, have a higher impact 
on the system's thermal environment ( e.g. the temperature of 
the processor is increased with lower CPis ). Although cycles­
per-instruction of the information stream are used in this 
illustrative embodiment, other metrics may also be user to 
calculate a thermal index, such as cycles-per-byte transferred 
of an execution units or data flow units. 

5 (CPI). An example would be post-processing the object code 
generated by the compiler. The instruction sequence is simu­
lated using a cycle based simulator to determine the number 
of cycles required to execute the instruction stream. The CPI 
is an approximation of the performance efficiency which can 

10 be used to determine the thermal profile or thermal index. 

The thermal index generated for the program in steps 608-
616 may be generated by a compiler. In a simple form in these 
examples, the thermal index may be a single number or a 15 

weighted sum of the analyzed information representing the 
intensity of various execution units and data flow units. Alter­
natively, a vector of values for each of the processor's execu­
tion units and data flow units might also be used. A thermal 
index is generated for an application. The hardware also has a 20 

thermal index which is based on implementation of the core. 
Thermal maps, thermal efficiency of the core, location on the 
die, etc. may be used to generate this thermal index. The two 
thermal indexes may then be used together to more accurately 
represent the thermal characteristics of an application run- 25 

ning on a selected core. In an illustrative embodiment, the 
thermal index would include standard deviation information 
in order to more accurately represent software's peak, and not 
just average, thermal impact on the system. The thermal index 
may be included with the program header information, such 30 

as an ELF-note. 

Simulators need to understand the details of the micro­
architecture to simulate the operation of the processor. With 
this knowledge, the simulator can estimate the cycles-per­
instruction based on the instruction type and operand depen­
dencies. The estimate is more accurate than can be generated 
by a compiler. The estimated cycles-per-instruction is an 
approximation of the performance efficiency which can be 
used to determine the thermal profile or thermal index. The 
analyzed information for the software simulation is stored for 
a predetermined time within a data structure (step 706). The 
predetermined time may be any time set prior to analyzing the 
instruction stream of the running program. The data structure 
may be any type of data structure, such as a register or data­
base. Based on the knowledge of the thermal characteristics 
of the analyzed hardware, a software thermal index is gener­
ated (step 708). The generation of the thermal index is 
described in steps 610-616 of FIG. 6. 

As an example, cycles-per-instruction indicate the inten­
sity which the software simulation uses a micro-processor's 
internal execution pipelines; in this case, a lower cycles-per­
instruction value indicates a higher intensity on the execution 
pipelines. Likewise, cycles-per-byte indicates the intensity 
which software utilizes a micro-processor's data flow units. 

An exemplary implementation of the process in FIG. 6 is as 
follows. A compiler is used to generate object code for an 
application. During the compilation, the compiler can exam­
ine the instruction sequence. Using detailed know ledge of the 
micro-architecture, an estimated CPI is generated for the 
object code. The inverse of the CPI is then stored in a data 
structure. The contents of the data structure can then be used 

35 
An exemplary implementation of the process in FIG. 7 is as 

follows. A compiler is used to generate object code for an 
application. After compilation, the object code is executed on 
a cycle based simulator. As part of the simulation of the object 
code, an accurate cycle count for the instruction sequence of by a loader to determine the best core for which to run the 

application. The loader can also combine the application ther­
mal index with the core's thermal index to further optimize 
the thermal impacts of the application on the system's ther­
mal environment. 

The advantage approach in this illustrative embodiment 
versus empirically measuring temperature, processor activity 

40 
the application is recorded. The number of cycles is then 
divided by the number of instruction in the sequence to deter­
mine the CPI. During the simulation, the simulator can exam­
ine the instruction sequence. Using detailed know ledge of the 
micro-architecture, an estimated CPI is generated for the 

45 
object code. The inverse of the CPI is then stored in a data 
structure. The contents of the data structure can then be used is that the empirical measurement couples the resulting soft­

ware thermal index to a particular multi-core processor chip 
and workload level, where this approach represents an ideal 
value for the software. Additionally, this illustrative embodi­
ment is not tied to a particular chip or system workload level. 50 

Software compiling, building, and/or post processing on 
microprocessor architecture will utilize a set of machine 
resources. Through careful analysis of the software, coupled 
with detailed knowledge of the micro-processor architecture, 
it is possible to estimate how efficiently the software will use 55 

the machine's resources. Resource efficiency (intensity) 
would be an indicator of the software's thermal impact. 

FIG. 7 is a flow diagram depicting the operation for gen­
eration of software thermal profiles by run-time execution in 

by a loader to determine the best core for which to run the 
application. The loader can also combine the application ther­
mal index with the core's thermal index to further optimize 
the thermal impacts of the application on the system's ther­
mal environment. 

The advantage to this method versus empirically measur­
ing temperature and processor activity on a multi-core pro­
cessor is that the empirical measurement couples the resulting 
software thermal index to a particular multi-core processor 
chip, where this method represents an ideal value for the 
software and is not tied to a particular chip. This, in turn, can 
be fed back to a compiler in order to optimize software for a 
particular multi-processor chip and system workload. 

FIG. 8 is a flow diagram depicting the operation for gen­
eration of software thermal profiles by run-time execution on 
a multi-core processor and measuring processor activity in 
accordance with an illustrative embodiment. As an illustrative 

a simulated environment in accordance with an illustrative 60 

embodiment. As an illustrative aspect, it is possible to use 
thermal management control unit 402 of FIG. 4 to generate a 
thermal profile using run-time execution in a simulated envi­
ronment. aspect, it is possible to use thermal management control unit 

65 402 of FIG. 4 to generate a thermal profile using run-time 
execution on a multi-core processor and measuring processor 
activity. 

As the operation begins, a software program or application 
executing on a set of processors is executed on a software 
simulator (step 702). As the software simulation is per-
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As the operation begins, various workloads, such as pro­
grams or applications, are executed on one or more of the 
processors (step 802). Using the application gives a more 
accurate indication of the thermal index for a specific appli­
cation. While workloads are less accurate, they cover a 
broader range of applications, which eliminates the need to 
perform the analysis for each specific application. Workloads 
are chosen to represent the type of code typically executed by 
the target market segments for the system. A workload is a 
small code segment which represents the computational 
aspects of an application space. It is possible to have several 
thermal index values, one for each market segment. As an 
example, a Fast Fourier Transform (FFT) workload would be 
chosen to represent the typical computational intensive work 
performed in the Geo-science market segment (signal analy­
sis). Workloads will have varying effects on the thermal state 
of a multi-core processor. While the workloads are being 
executed, sampling the type and frequency of operations 
through use of instrumentation built into the multi-core pro­
cessor is performed (step 804). In this illustrative aspect, 
performance monitoring capability of the processor is used to 
monitor the activity of an application. One example is to 
record the number of instruction stalls due to cache misses or 
operand dependencies. The result is a measure of how effi­
cient the workload or application runs on the hardware. The 
inverse of the number of stalls is proportional to the applica­
tions utilization of the core and thus can be used as a thermal 
index. The sampling performed in step 804 may be any type 
of sampling such as discussed with relation to thermal sensor 
current temperature status registers 412 in FIG. 4. Possible 
measurements may include, for example instruction stalls or 
activity, cache activity, bus activity, and memory accesses, for 
each core. The information obtained from the sampling and 
knowledge of the thermal characteristics of the processor are 
then stored for a predetermined time within a data structure 
(step 806). The predetermined time may be any time set prior 
to analyzing the instruction stream of the running program. 
The data structure may be any type of data structure, such as 
a register or database. The stored information may then used 

20 
As the operation begins, various workloads, such as pro­

grams or applications, are executed on one or more of the 
processors (step 902). Using the application gives a more 
accurate indication of the thermal index for a specific appli-

5 cation. While workloads are less accurate, they cover a 
broader range of applications, which eliminates the need to 
perform the analysis for each specific application. Workloads 
will have varying effects on the thermal state of a multi-core 
processor. While the workloads are being executed, sampling 

10 is performed of the thermal state of the multi-core processor 
(step 904). In this illustrative aspect, thermal management is 
used. The thermal sensors in the processor are read as the 
workloads are executed. The result is a thermal graph of the 
application over time. One example is the temperature graph 

15 in FIG. 5, where temperature is represented on the y-axis and 
time is represented on the x-axis. The information obtained 
from the sampling of the processor are then stored for a 
predetermined time within a data structure (step 906). The 
predetermined time may be any time set prior to analyzing the 

20 instruction stream of the running program. The data structure 
may be any type of data structure, such as a register or data­
base. The stored information may then used to generate a 
software thermal index for the software module to predict the 
thermal effect on the multi-core processor ( step 908), with the 

25 operation ending thereafter. There are many ways to generate 
the thermal index for a sampling of temperature while run­
ning an application. One example is to take the mean of the 
recorded temperatures and add the standard deviation or 2 
sigma of the variation in the temperature from the mean. 

30 Other examples may be the generation of the thermal indexes 
as described in steps 610-616 of FIG. 6. 

The advantage to this method versus analytic estimation is 
that the empirical measurement couples the resulting soft­
ware "thermal index" to a particular multi-processor chip, 

35 system workload and thermal environment. This, in tum, can 
be fed back to a compiler in order to optimize software for this 
environment. 

to generate a software thermal index for the software module 40 

to predict the thermal effect on the multi-core processor (step 
808), with the operation ending thereafter. The generation of 
the thermal index is described in steps 610-616 of FIG. 6. 

FIG. 10 is a flow diagram depicting the operation for gen­
eration of a hardware thermal profile for a multi-core proces­
sor in accordance with an illustrative embodiment. A hard­
ware thermal profile is a data structure containing 
information about the thermal performance of the hardware 
or system. Some cores on a processor may have better thermal 
characteristics due to the cores location relative to other cores One example of how the information stored in the data 

structure is converted to a thermal index is to use a weighted 45 

sum of the information. For example, as the number of cache 
misses increase, the overall activity of the process is lower 
and will have a lower thermal effect on the processor. In this 
case, the actual weighting of cache misses may be negative. 
The weights will depend on the information stored in the data 50 

structure. This all assumes that the thermal index is a measure 

and the system's cooling solution. A hardware thermal profile 
may be thought of as a baseline of how the processor responds 
to thermally intense workloads. This baseline may change 
based on the environment of the system, (i.e. system is in 
Texas in the summer, runs very hot.) Thermal maps, thermal 
efficiency of the core, location on the die, etc., maybe used to 
generate this thermal index. The hardware thermal index may 

of the thermal effects of an application on the processor. The 
higher the thermal index the more potential for the application 
to raise the temperature of the processor. 

The advantage to this method versus analytic estimation is 
that the empirical measurement couples the resulting soft­
ware "thermal index" to a particular multi-processor chip and 
system workload. This, in tum, can be fed back to a compiler 
in order to optimize software for a particular multi-processor 
chip and system workload. 

FIG. 9 is a flow diagram depicting the operation for gen­
eration of software thermal profiles by run-time execution on 
a multi-core processor using thermal sampling in accordance 
with an illustrative embodiment. As an illustrative aspect, it is 
possible to use thermal management control unit 402 of FIG. 
4 to generate a thermal profile using run-time execution on a 
multi-core processor using thermal sampling. 

be quite complicated or very simple, such as just the thermal 
map of the processor. As an illustrative aspect, it is possible to 
use thermal management control unit 402 of FIG. 4 to gen-

55 erate a thermal profile using run-time execution on a multi­
core processor using thermal sampling. 

As the operation begins, various workloads, such as pro­
grams or applications, are executed on one or more of the 
processors (step 1002). Workloads will have varying effects 

60 on the thermal state of a multi-core processor. While the 
workloads are being executed, sampling of the thermal state 
in the multi-core processor is performed (step 1004). For a 
hardware thermal profile, workloads are selected to represent 
the maximum thermal operation of the processor. The tem-

65 perature is sampled by reading the current or maximum tem­
perature registers periodically while the application is run­
ning and storing the information into a data structure. In the 
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cell broadband engine, the sampling may be performed in 
hardware or software. The information obtained from the 
sampling of the processor are then stored for a predetermined 
time within a data structure (step 1006). The predetermined 
time may be any time set prior to analyzing the instruction 
stream of the running program. The data structure may be any 
type of data structure, such as a register or database. At this 
point, a selection is made of one or more previously gathered 
and stored software thermal profiles of the power and/or 
performance of the multi-core system (step 1008). The selec­
tion may be based on the type of application being loaded 
and/or executed. The stored information from the sampling of 
the thermal state of the multi-core processor in combination 
with the selected software thermal profiles is utilized to opti­
mally manage the multi-core system (step 1010), with the 
operation ending thereafter. The thermal index generated 
from the sampled thermal data is used to select which core is 
best for running the application on, or even if the application 
should be scheduled at the current time. Likewise, software 
may use other means for throttling an application which has 
too high of a thermal index for the current thermal state of the 
processor. The generation of the thermal index is described in 
steps 610-616 of FIG. 6. 

FIG. 11 is a flow diagram depicting the operation for gen­
eration of a software thermal profile for optimal power and 
performance in a multi-core processor system in accordance 
with an illustrative embodiment. In this illustrative aspect, all 
the previous thermal indexes and profile information 
described in FIGS. 6, 7, 8, 9, and 10 are utilized to optimize 
the scheduling of the various threads of an application or 
group of applications. The thermal index of the hardware is 
combined with the thermal index of the software. The sched­
uling is then optimized to reach the minimum impact of the 
application running on the system's thermal environment. As 
an illustrative aspect, it is possible to use thermal manage­
ment control unit 402 of FIG. 4 to generate of a software 
thermal profile for optimal power and performance in a multi­
core processor system. 

As the operation begins, the process detects when a pro­
gram has been initialized (step 1102). Prior to the program 
being initialized, the thermal index or set of thermal indices 
are generated using one of the previous methods in FIGS. 6, 
7, 8, 9, or 10. Steps 1104 and 1106 are an example using the 
analytical generation of a software thermal index. The 
instruction stream of the running program is analyzed in order 
to estimate the cycles-per-instruction (CPI) efficiency of the 
running program (step 1104). The cycles-per-instruction for 
the running program are stored for a predetermined time 
within a data structure (step 1106). The predetermined time 
may be any time set prior to analyzing the instruction stream 
of the running program. The data structure may be any type of 
data structure, such as a register or database. At this point, a 
selection is made of one or more previously gathered and 
stored hardware and software thermal profiles of the power 
and/or performance of the multi-core system (step 1108). The 
selection is made based on the type of application, if multiple 
thermal indexes are provided. A user may either have the 
thermal profile or index of the application, or the user may 
have a thermal index or profile for a set of workloads which 
represent the classification of the application. 

22 
cycles-per-instruction (1/CPI). Programs with lower cycles­
per-instruction values use more machine resources, and, thus, 
have a higher impact on the system's thermal state. Although 
cycles-per-instruction of the information stream are used in 

5 this illustrative embodiment, other metrics may also be user to 
calculate a thermal index, such as cycles-per-byte transferred 
of an execution units or data flow units. 

The thermal index generated for the program in step 1110 
may be generated by a compiler. In a simple form, the thermal 

10 index might be a single number or a weighted sum represent­
ing the intensity of various execution units and data flow 
units. Alternatively, a vector of values for each of the proces­
sor's execution units and data flow units might also be used. 
In an illustrative embodiment, the thermal index would 

15 include standard deviation information in order to more accu­
rately represent software's peak, and not just average, thermal 
impact on the system. The thermal index may be included 
with the program header information, such as an ELF-note. 

Once a thermal index has been created using one or more of 
20 the operations depicted in FIGS. 6, 7, 8, 9, 10, or 11, a 

particular processor core or resource may be selected in order 
to optimize the thermal performance of the computer system. 
Corrective measures may be taken for the selected processor 
core before the execution of an application or program, such 

25 as the modification of software's instruction stream to reduce 
thermal impact or reducing bandwidth allocation to avoid 
hardware "throttling". Thus, the state of the computer system 
is controlled to avoid and not just react to thermal limits. 

FIG. 12 is a flow diagram depicting the operation for the 
30 selection of processor cores for optimal thermal performance 

of a computer system in accordance with an illustrative 
embodiment. As the operation begins, the processor cores of 
a computer system are identified (step 1202). The processor 
cores may be identified by an operating system such as the 

35 operating system described in FIG. 2. More specifically, the 
processor cores may be identified by a module within the 
operating system, such as a kernel scheduler. A thermal index 
for each of the processors is then requested (step 1204). The 
thermal index may be generated using one or more of the 

40 processes described in FIGS. 6, 7, 8, 9, 10, or 11. 
The processor cores are then ranked based on optimal 

performance using the generated thermal index (step 1206). 
The processor cores may be ranked by an operating system 
such as the operating system described in FIG. 2. More spe-

45 cifically, the processor cores may be ranked by a module 
within the operating system, such as a kernel scheduler. Then, 
software is mapped for execution to the most optimal proces­
sor core using the ranking of the processor cores (step 1208). 
The software may be mapped by an operating system such as 

50 the operating system described in FIG. 2. More specifically, 
the processor cores may be mapped by a module within the 
operating system, such as a kernel scheduler. At this point, the 
operation returns to step 1202 where the operation will be 
repeated as one of the processors is now performing the 

55 function of executing the software and its thermal index has 
changed. Thus, the process is dynamically changing and any 
new software execution will be directed to the most optimal 
processor. Additionally, since software may now be execut­
ing, that executing code may change the thermal balance of 

60 the system, so it may be necessary to "shuffle" workloads 
around to improve the thermal environment performance 
even further. 

A thermal index is then generated based on the stored 
values of the cycles-per-instruction and the hardware and 
software profiles to optimally manage the power and perfor­
mance within the system's thermal limitations, such as sched­
uling the execution of the applications or programs (step 65 

1110), with the operation ending thereafter. In this illustrative 
aspect, the thermal index is proportional to the inverse of the 

An exemplary implementation of the operation described 
in FIG. 12 is as follows. Considering a system that has eight 
processor cores, four processor cores of which require "throt­
tling" when running software with maximum thermal inten-
sity due to an issue such as physical constraints, manufactur-
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ing defects, etc. When considering the mapping of four 
software programs with maximum thermal intensity onto this 
system, there are seventy different combinations for selection 
four processor cores from the eight possible processor cores. 
Sixty-nine of the possible seventy processor core combina­
tions would map at least one software program to a core that 
requires "throttling." Only one combination of processor 
cores maps all four software programs onto the four processor 
cores that do not require some type of"throttling." The exem­
plary illustrative embodiment described in FIG. 12, obtains a 
thermal index for each of the processor cores, ranks the pro­
cessor cores optimally based on the thermal index and would 
map the four software programs to the four most optimal 
processor cores. This operation guarantees optimal mapping 
of a software program each time. 

Software running on a micro-processor architecture may 
utilize a set of machine resources. Using analysis of software 
execution, coupled with detailed knowledge of the micropro­
cessor architecture, an estimation or measurement may be 
made as to how efficiently software will use a machine's 
resources. Resource efficiency may be an indicator of the 
software's thermal impact on a computer system. A soft­
ware's thermal index may be used by a compiler to optimize 
the thermal performance of software that is executed on a 
computer system. In conjunction with a predetermined ther­
mal constraint value, a compiler may use a determined ther­
mal index to produce compiler code that will utilize the 
machine's resources in a way as not to exceed the thermal 
constraint value. 

24 
analysis in accordance with an illustrative embodiment. As 
the operation begins, the processor cores of a computer sys­
tem are identified (step 1402). The processor cores may be 
identified by an operating system such as the operating sys-

5 tern described in FIG. 2. More specifically, the processor 
cores may be identified by a module within the operating 
system, such as a kernel scheduler. A thermal index for each 
of the processor cores is then requested (step 1404). The 
thermal index may be generated using one or more of the 

10 processes described in FIGS. 6, 7, 8, 9, 10, or 11. 
Proximity and conductive property information for each of 

the processor cores are then loaded (step 1406). The proxim­
ity and conductive property information may be loaded by an 
operating system such as the operating system described in 

15 FIG. 2. More specifically, the proximity and conductive prop­
erty information may be loaded by a module within the oper­
ating system, such as a kernel scheduler. Software is then 
mapped to a processor based on the thermal index, proximity 
information and the conductive property information ( step 

20 1408). The software may be mapped by an operating system 
such as the operating system described in FIG. 2. More spe­
cifically, the software may be mapped by a module within the 
operating system, such as a kernel scheduler. 

Thus, a particular processor core may be selected in order 
25 to minimize the thermal impact on the remainder of the sys­

tem. Corrective actions may also be implemented before 
execution of software, such as, modification of the software 
instruction stream to reduce thermal impact or the reduction 
of bandwidth allocation to avoid hardware throttling. 

In ideal situations, each manufactured processor chip 
would be capable of running software with maximum thermal 
intensity on each processor core simultaneously. However, 
due to manufacturing flaws, a certain percentage of multi­
core processors may not be able to run such workloads with-

FIG. 13 is a flow diagram depicting the operation for opti- 30 

mizing thermal performance using feed-back directed opti­
mization in accordance with an illustrative embodiment. As 
the operation begins, the resources of a computer system are 
identified (step 1302). The resources identified may be iden­
tified by a compiler. A thermal index for each of the resources 35 out throttling in response to thermal limits. Using software 

and hardware thermal indexes and characteristics, conditions 
where throttling may occur may be recognized. Then soft­
ware may be dynamically adapted to execute with optimal 

is then requested (step 1304). The thermal index may be 
generated using one or more of the processes described in 
FIGS. 6, 7, 8, 9, 10, orll.Apredetermined thermal constraint 
is then loaded ( step 1306). A compiler then compiles software thermal performance without throttling. 
in a manner so as not to exceed the predetermined thermal 40 

constraint using the thermal indexes of the system resources 
(step 1308). The thermal constraint is imposed by the com­
piler such that the compiled code does not exceed the thermal 
index that has been determined for the computer system. An 
example of an instance where a thermal index may be 45 

exceeded is where a software programs with lower cycles­
per-instruction values use more machine resources. In tum, 
the use of more machine resources causes a higher impact on 
the computer system's thermal state. The exemplary embodi­
ment would use metrics such as cycles-per-instruction to 50 

determine a thermal index and use this thermal index in 

FIG. 15 is a flow diagram depicting the operation for 
dynamically adapting software for optimal thermal perfor­
mance in accordance with an illustrative embodiment. As the 
operation begins, the system resources of a computer system 
are identified (step 1502). The system resources may be iden­
tified by an operating system such as the operating system 
described in FIG. 2. More specifically, the system resources 
may be identified by a module within the operating system, 
such as a kernel scheduler. A thermal index for each of the 
system resources is then requested (step 1404). The thermal 
index may be generated using one or more of the processes 
described in FIGS. 6, 7, 8, 9, 10, or 11. 

compiling code so as not to exceed a thermal constraint. 
Metrics other than cycles-per-instruction may also be used 
such as cycles-per-byte transferred. 

In a high performance multi-core processor system, soft­
ware executing on one processor core may have a thermal 
impact on not just that processor core but also on other pro­
cessor cores in the system as well. This thermal impact may 
be due to several factors including the proximity of the pro­
cessor cores to one another and the conductive properties of 
the material used in manufacturing the processor cores. The 
thermal state of a computer system may be though of as a 
dynamic system with each processor core contributing in a 
non-linear fashion to the thermal state of the entire computer 
system. 

FIG. 14 is a flow diagram depicting the operation for opti­
mizing a computer system's thermal state using thermal flow 

Using the thermal indexes of the system resources, correc­
tive actions are identified that will reduce resource utilization 
(step 1506). The corrective actions may be identified by an 

55 operating system such as the operating system described in 
FIG. 2. More specifically, the corrective actions may be iden­
tified by a module within the operating system, such as a 
kernel scheduler. The corrective action is them implemented 
to reduce the system's thermal state (step 1508). The correc-

60 tive action may be implemented by an operating system such 
as the operating system described in FIG. 2. More specifi­
cally, the corrective action may be implemented by a module 
within the operating system, such as a kernel scheduler. As an 
example, programs with lower cycles-per-instruction values 

65 use more machine resources. The higher use of machine 
resources has an impact on the system's overall thermal state. 
Simple modifications may be made to a software program's 
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instruction stream that may be mad to reduce resource utili­
zation. An exemplary modification may be the insertion of 
"no-op" or "branch mispredict" instructions at strategic 
points within the software. Another exemplary modification 
may be reducing the bandwidth for programs with a high data 5 

transfer rate. 
The illustrative embodiments can take the form of an 

entirely hardware embodiment, an entirely software embodi­
ment or an embodiment containing both hardware and soft­
ware elements. The illustrative embodiments are imple- 10 

mented in software, which includes but is not limited to 
firmware, resident software, microcode, etc. 

Furthermore, the illustrative embodiments can take the 
form of a computer program product accessible from a com­
puter-usable or computer-readable medium providing pro- 15 

gram code for use by or in connection with a computer or any 
instruction execution system. For the purposes of this 
description, a computer-usable or computer readable medium 
can be any tangible apparatus that can contain, store, com­
municate, or transport the program for use by or in connection 20 

with the instruction execution system, apparatus, or device. 
The medium can be an electronic, magnetic, optical, elec­

tromagnetic, infrared, or semiconductor system ( or apparatus 
or device). Examples of a computer-readable medium include 
a semiconductor or solid state memory, magnetic tape, a 25 

removable computer diskette, a random access memory 
(RAM), a read-only memory (ROM), a rigid magnetic disk 
and an optical disk. Current examples of optical disks include 
compact disk-read only memory (CD-ROM), compact disk­
read/write (CD-R/W) and DVD. 30 

A data processing system suitable for storing and/or 
executing program code will include at least one processor 
coupled directly or indirectly to memory elements through a 
system bus. The memory elements can include local memory 
employed during actual execution of the program code, bulk 35 

storage, and cache memories which provide temporary stor­
age of at least some program code in order to reduce the 
number of times code is retrieved from bulk storage during 
execution. 

Input/output or I/O devices (including but not limited to 40 

keyboards, displays, pointing devices, etc.) can be coupled to 
the system either directly or through intervening I/O control­
lers. 

Network adapters may also be coupled to the system to 
enable the data processing system to become coupled to other 45 

data processing systems or remote printers or storage devices 
through intervening private or public networks. Modems, 
cable modem and Ethernet cards are just a few of the currently 
available types of network adapters. 

The description of the illustrative embodiments have been 50 

presented for purposes of illustration and description, and is 
not intended to be exhaustive or limited to the illustrative 
embodiments in the form disclosed. Many modifications and 
variations will be apparent to those of ordinary skill in the art. 
The embodiment was chosen and described in order to best 55 

explain the principles of the illustrative embodiments, the 
practical application, and to enable others of ordinary skill in 
the art to understand the illustrative embodiments for various 
embodiments with various modifications as are suited to the 
particular use contemplated. 

What is claimed is: 
1. A computer implemented method for reducing a thermal 

state of a computer system, the computer implemented 
method comprising: 

60 

identifying a processor core associated with the computer 65 

system; 
requesting a thermal index for the processor core; 

26 
measuring an instruction stall value, a cache activity, a bus 

activity, and a memory access for the processor core; 
generating the thermal index using the instruction stall 

value, the cache activity, the bus activity, and the 
memory access; 

responsive to receiving the thermal index for the processor 
core, identifying an action based on the thermal index; 
and 

implementing the action to reduce the thermal state of the 
processor core. 

2. The computer implemented method of claim 1, wherein 
the thermal index is a thermal efficiency for a system 
resource. 

3. The computer implemented method of claim 1, wherein 
the thermal index is generated by a compiler. 

4. The computer implemented method of claim 1, wherein 
the thermal index is a single number. 

5. The computer implemented method of claim 1, wherein 
identifying the action is performed by an operating system. 

6. The computer implemented method of claim 1, further 
comprising: 

when an application has been initiated, sampling the ther­
mal state of each processor core to obtain a thermal state 
information; and 

utilizing the thermal state information and the thermal 
index associated with the processor core to determine if 
the processor core is a best processor core to reduce the 
thermal state for running the application. 

7. The computer implemented method of claim 6, further 
comprising: 

analyzing an instruction stream of the application to esti­
mate a cycles-per-instruction efficiency of the processor 
core; and 

generating a new thermal index for the processor core 
based on the cycles-per-instruction efficiency. 

8. The computer implemented method of claim 7, further 
comprising: 

before running the application, requesting the new thermal 
index for the processor core; 

loading a proximity information and a conductive property 
information for the processor core; 

using the new thermal index, the proximity information, 
and the conductive property information to determine if 
the best processor core is still the best processor core to 
reduce the thermal state; and 

implementing an action before the application runs, 
wherein the action modifies the instruction stream or 
reduces a bandwidth allocation. 

9. A data processing system comprising: 
a bus system; 
a communications system connected to the bus system; 
a memory connected to the bus system, wherein the 

memory includes a set of instructions; and 
a processing unit connected to the bus system, wherein the 

processing unit executes the set of instructions to per­
form steps comprising: 
identifying a processor core associated with the com­

puter system; 
requesting a thermal index for the processor core; 
measuring an instruction stall value, a cache activity, a 

bus activity, and a memory access for the processor 
core; 

generating the thermal index using the instruction stall 
value, the cache activity, the bus activity, and the 
memory access; 
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responsive to receiving the thermal index for the proces­
sor core, identifying an action, based on the thermal 
index; and 

implementing the action to reduce a thermal state of the 
processor core. 5 

10. The data processing system of claim 9, wherein the 
thermal index is a thermal efficiency for the system resource. 

11. The data processing system of claim 9, wherein the 
thermal index is generated by a compiler. 

12. The data processing system of claim 9, wherein the 10 

thermal index is a single number. 
13. The data processing system of claim 9, wherein iden­

tifying the action is performed by an operating system. 
14. A computer program product comprising: 
a memory containing a plurality of instructions for opti- 15 

mizing a thermal performance of a computer system, the 
plurality of instructions adapted to cause a processor of 
a computer to perform steps comprising: 

identifying a processor core associated with the computer 
system; 

28 
requesting a thermal index for the processor core; 
measuring an instruction stall value, a cache activity, a bus 

activity, and a memory access for the processor core; 
generating the thermal index using the instruction stall 

value, the cache activity, the bus activity, and the 
memory access; 

responsive to receiving the thermal index for the processor 
core, identifying an action based on the thermal index; 
and 

implementing the action to reduce a thermal state of the 
processor core. 

15. The computer program product of claim 14, wherein 
the thermal index is a thermal efficiency for a system 
resource. 

16. The computer program product of claim 14, wherein 
the thermal index is generated by a compiler. 

17. The computer program product of claim 14, wherein 
the thermal index is a single number. 

* * * * * 
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