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METHOD AND APPARATUS FOR 
REGULATING POWER CONSUMPTION 

BACKGROUND OF THE INVENTION 

0001 1. Field of the Invention 
0002 This invention relates to integrated circuits, and 
more particularly, the monitoring and control of power con 
Sumption by integrated circuits. 
0003 2. Description of the Related Art 
0004 Microprocessors and other complex integrated cir 
cuits consume varying amounts of power during their opera 
tion. The amount of power consumed by a microprocessor 
can vary widely based on factors such as the type of applica 
tion and its corresponding processing load. For example, 
applications such a graphic-intensive games or complex 
mathematical modeling programs may have significantly 
greater processing loads than applications such as a word 
processors or web browsers, and thus consume greater 
amounts of power, while resulting in a greater amount of 
thermal output from the processor. 
0005 Computers and other complex electronic systems 
are typically designed with thermal and power budgets. 
Power consumption and thermal output must be held within 
certain limits. However, power consumption and thermal out 
put maximums are parameters that must be considered in 
context of system performance requirements. If power and 
thermal requirements are weighed too heavily in the design of 
a system, performance targets may become unreachable. 
Conversely, giving too much weight to performance may 
result in power and thermal targets to be exceeded. 
0006 Since the variance in required processing loads can 
result in a wide variance power consumption and thermal 
output, many processors have the capability of making 
adjustments to operating Voltage and operating clock fre 
quency. This allows for control over power consumption and 
thermal output, and may allow these parameters to meet 
design requirements. 

SUMMARY OF THE INVENTION 

0007. A method for controlling power consumption while 
maximizing processor performance is disclosed. In one 
embodiment the method includes, for a time interval of opera 
tion in a first operational state, determining an amount of 
power consumed by one or more cores of a processor and 
calculating, a power error based on the amount of power 
consumed in the time interval. The method further includes 
obtaining a power error term for the interval by adding the 
power error to a power error term from a previous time inter 
val, and comparing the power error term to at least a first error 
threshold. If the power error term for the time interval is 
outside a range defined at least in part by the first error 
threshold, the method exits the first operational state and 
enters a second operational state. If the power error term for 
the time interval is within the range defined at least in part by 
the first error threshold, operation continues in the first opera 
tional state, including repeating said determining, said calcu 
lating, and said adding for each Subsequent time interval of 
operation. 
0008. A processor is also disclosed. The processor 
includes one or more processor cores and a power control 
unit. The power control unit is configured to, for a time 
interval of operation in a first operational state, determine an 
amount of power consumed during by the one or more pro 
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cessor cores, calculate a power error based on the amount of 
power consumed in the time interval, add the power error for 
the time interval to a power error term from a previous time 
interval, and compare the power error term for the time inter 
val to a first error threshold. The power control unit is further 
configured to cause the processor to exit the first operational 
state and enter a second operational state when the power 
error term for the time interval is outside a range defined at 
least in part by the first error threshold. If the power error term 
for the time interval is within the range defined at least in part 
by the first error threshold, the power control unit is config 
ured to cause the processor to remain in the first operational 
State. 

0009. In some embodiments, only two operational states 
are present, a high performance state and a low power state. 
For these embodiments, the first error threshold represents a 
power error deficit when operating in the high performance 
state, and a power error Surplus when operating in the low 
power state. These values may be stored in a register, which 
accumulates the power error deficit or power error Surplus 
over successive time intervals. In this embodiment, when the 
power error surplus exceeds an error threshold for the low 
power state, the processor Switches operation to the high 
performance state. In some embodiments, the power error 
Surplus will be aged (reduced in magnitude after a fixed 
length of time) to avoid thermal issues. Similarly, when the 
power error deficit exceeds an error threshold for the high 
performance state, the processor will Switch operation to the 
low power state in this embodiment. 
0010. In other embodiments, more than two operational 
states may be present, including one or more intermediate 
states (i.e. between the highest performance state and the 
lowest power state). A register may be used to store a Surplus 
(positive) value or a deficit (negative) value. For each time 
interval of operation in an intermediate power state, compari 
sons are made with a surplus error threshold and a deficit error 
threshold. The surplus and deficit error thresholds define a 
range. If the comparisons determine that the power error term 
is within the range defined by the surplus and deficit error 
thresholds for a given interval, operation continues in the 
current state. If a comparison for a given time interval deter 
mines that the power error term is outside of the range (e.g., 
exceeds a power error deficit), operation from that state is 
exited and operation in a new state is entered. 
0011. In some embodiments, a residency timer is also 
included. The residency time may determine the amount of 
time spent in the present operational state. If a comparison of 
a power error term for a given time interval is out of the range 
defined by at least one error threshold (e.g., above a power 
error Surplus), a second comparison is made between the time 
indicated by the residency timer and a minimum time thresh 
old. If the processor has been operating in the current opera 
tional state for at least the minimum time indicated by the 
minimum time threshold, the processor can Switch to a new 
operational state. Otherwise, the processor may remain in the 
present operational state. The use of a residency timer and a 
comparison to a minimum time threshold may ensure that the 
processor does not change operational states too fast, and/or 
progress through a number of states too quickly in embodi 
ments having more than two operational states. 
0012 Changing operational states may include adjusting a 
Supply Voltage, changing a clock frequency, or any other 
parameter that may be changed to affect performance and/or 
power consumption. In one embodiment, entering a high 
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performance state from a low power state includes increasing 
a core Supply Voltage and/or a core clock frequency. Such 
parameters may be adjusted by a power control unit that is 
configured to monitor the power, determine a power error for 
a given time interval, compute the power error term for the 
given time interval, and compare the power error term to one 
or more error thresholds associated with the operational state. 
The power control unit may also be configured to cause the 
processor to change operational States based on the compari 
SOS, 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013. Other aspects of the invention will become apparent 
upon reading the following detailed description and upon 
reference to the accompanying drawings in which: 
0014 FIG. 1 is a block diagram of one embodiment of a 
processor having a processor core and a power control unit; 
0015 FIG. 2 is a block diagram of one embodiment of a 
power control unit; 
0016 FIG.3 is a state diagram illustrating operation of one 
embodiment of a power control unit; 
0017 FIG. 4 is a flow diagram of one embodiment of a 
method of controlling power consumption by a processor; 
and 
0018 FIG. 5 is a block diagram of one embodiment of a 
processor having a power control unit and a plurality of pro 
CSSO CO.S. 

0019 While the invention is susceptible to various modi 
fications and alternative forms, specific embodiments thereof 
are shown by way of example in the drawings and will herein 
be described in detail. It should be understood, however, that 
the drawings and description thereto are not intended to limit 
the invention to the particular form disclosed, but, on the 
contrary, the invention is to cover all modifications, equiva 
lents, and alternatives falling within the spirit and scope of the 
present invention as defined by the appended claims. 

DETAILED DESCRIPTION OF THE INVENTION 

0020 Turning now to FIG. 1, a block diagram of one 
embodiment of a processor having a processor core and a 
power control unit is shown. Processor 100 in this embodi 
ment is a microprocessor for a computer system, the micro 
processor being implemented on an integrated circuit. How 
ever, it should be noted that while the example given herein is 
directed to a microprocessor for a computer system, the dis 
closure is not so limited. The method and apparatus for regu 
lating power consumption may be implemented in virtually 
any type of electronic device having at least one core unit that 
comprises circuitry (e.g., logic circuitry) to perform its core 
functions. For example, the method and apparatus could be 
implemented in a digital signal processing IC, an application 
specific IC (ASIC), any type of IC configured to transmit, 
receive, and/or change data from one format to another, and 
so forth. It is further contemplated herein that the method may 
be applied to analog electronic devices as well as digital 
electronic devices. 
0021. In the embodiment shown, processor 100 includes a 
processor core 105, North Bridge 110 and power control unit 
150. Processor core 105 includes various logic circuitries 
Such as execution units, cache memories, registers, Schedul 
ers, branch prediction and out-of-order execution logic, and 
so forth. North Bridge 110 is a memory controller hub that 
provides an interface between processor core 105 and a com 
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puter system memory (not shownhere), as well as an interface 
between processor core 105 and a graphics processing unit 
(also not shown). In some embodiments, the power control 
unit 150 may be implemented within North Bridge 110. 
0022. In the embodiment shown, power control unit 150 is 
configured to regulate and control power consumption by 
processor 100. More particularly, power control unit 150 is 
configured to control the amount of power consumed by 
processor core 105 in order to keep the average power con 
Sumption, over time, within a predetermined limit. In this 
particular embodiment, power control unit is configured to 
control power consumption by core 105 by controlling a 
Voltage, controlling a clock frequency, or both. Power control 
unit is coupled to receive Voltage V from a source external to 
processor 100. Similarly, power control unit is coupled to 
receive an external clock signal, clk ext, from a source exter 
nal to processor 100. In turn, power control unit is coupled to 
provide a core Supply Voltage, V core, and a core clock 
frequency, clk core, to processor core 105. Thus, power con 
sumption by processor core 105 may be varied by varying the 
level of the core supply voltage or the frequency of the clock 
signal. 
0023 Power control unit 150 in the embodiment shown is 
configured to monitor the power consumed by processor core 
105 and to regulate power consumption. In the embodiment 
shown, one or more signals may be conveyed from processor 
core 105 to power control unit 150 via a power monitoring 
bus, pWr mon. The signals conveyed may include indications 
of various operating parameters of processor core 105. Such 
parameters may include, but are not limited to, processor core 
temperature, current consumption, processing load, bus 
activity (i.e. activity between North Bridge 110 and processor 
core 105) and so forth. Based on one or more of these param 
eters, power control unit 150 may adjust the core supply 
Voltage or the frequency of the core clock signal in order to 
control the power consumption of core 105, with the goal of 
balancing power consumption with processor performance. 
0024. In the embodiment shown, power control unit 150 is 
further coupled to receive external signals for programming 
its operation (via the signal lines labeled pgm). Through this 
external connection, power control unit 150 can be pro 
grammed with various limits for Switching between power 
states, and further, with direction as to what action or actions 
are to be taken when Switching between States (e.g., changing 
clock frequency, changing Voltage, etc.). 
0025. In balancing core power consumption with proces 
sor performance, power control unit 150 may be configured to 
cause processor 100 to operate in various power states. In one 
embodiment, power control unit 150 may cause processor 
100 to alternate between operating in a high performance 
state and a low power state. In the high performance state, the 
core Voltage and/or the clock frequency may be set by power 
control unit 150 to their maximum rated values. In the low 
power State, at least one (if not both) of the core Voltage and 
core clock frequency may operate at a reduced value. 
0026 FIG. 2 is a block diagram of one embodiment of a 
power control unit 150. In the embodiment shown, power 
control unit 150 includes a voltage control unit 205, a clock 
control unit 210, control logic 220, an accumulator register 
224, an error calculator 226, a residency timer 228, and a 
power monitoring unit 230. 
0027 Power monitoring unit 230 is coupled to receive one 
or more signals from processor core 105. These signals may 
provide information indicative of the amount of power con 
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Sumed by the core. For example, as noted above, the signals 
may include information regarding processor core tempera 
ture, current consumption, processing load, or any other 
information that may be indicative of power consumption by 
processor core 105. Power monitoring unit 230 may analyze 
this information in a manner that indicates power consump 
tion over time intervals. For example, power monitoring unit 
230 may determine the amount of current (e.g., total or aver 
age) consumed by processor core 105 over an interval of 1 
millisecond. This may be repeated for each consecutive time 
interval that occurs during operation of the processor. This 
information is then reported to control logic 220 by power 
monitoring unit 230. 
0028. Error calculator 226 is coupled to receive the inter 
Val power value (i.e. the power consumed for a given time 
interval) from power monitoring unit 230. Using this value, 
error calculator may perform calculations which can be used 
to determine if power control actions are necessary. The first 
of these calculations is the determination of an interval power 
error by subtracting the interval power from a power thresh 
old for that operational state. The value obtained from the 
Subtraction operation may then be added to a power error 
threshold value that is stored in accumulator register 224. The 
power error threshold may represent a power error deficit or 
Surplus that has been accumulated over one or more time 
intervals. When error calculator performs the addition of the 
power error term and the interval power error, it is thus cal 
culating a new power error term. This new power error term is 
stored in accumulator register 224 and is used for a similar 
calculation in the next interval. The power error term may 
represent an accumulated power error, which may be a deficit 
or a Surplus. 
0029. In addition to being stored in accumulator register 
224, the power error term calculated by error calculator 226 is 
also provided to control logic 220, which, in this embodiment 
is configured to determine whether a power control action is 
necessary based on the reported power consumption. Control 
logic 220 may include various hardwired logic circuits, firm 
ware, and/or other necessary circuitry in order to implement 
the functions provided therein. These functions include per 
formance of a power control algorithm which results in power 
control unit 150 changing operating states based on the 
reported power consumption. In an embodiment having only 
two operating states (a high performance state and a low 
power state), control logic 220 is configured to determine 
which of these is the proper operating state based on both 
present and past power consumption. In some embodiments, 
control logic 220 may be configured to implement an algo 
rithm to determine one of more than two operating states. 
Implementing two operational states may provide the sim 
plest algorithm and thus reduce the complexity of control 
logic 220. However, while embodiments implementing more 
than two operational states may require more complexity, a 
finer degree of control for balancing power consumption and 
performance of the processor may be possible. 
0030. In one embodiment, an algorithm for determining 
an operating state of processor 100 includes comparing the 
power error term with at least one error threshold. If processor 
100 is operating in a high performance state, the error thresh 
old may represent a power error deficit, and if this deficit is 
exceeded, a change of operational states may occur. If pro 
cessor 100 is operating in a low power state, the error thresh 
old may represent a power error Surplus, which, if exceeded, 
may also cause a change in operational States. If processor 
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100 is operating in an intermediate state (e.g., one or one or 
more states between a high performance State and a low 
power State), comparisons of a value stored in register 224 to 
two different error thresholds may be performed by control 
logic 220. If one of these values is exceeded (i.e. the power 
error term is outside the range defined by the error thresh 
olds), processor 100 may enter another operational state. If 
the power error term is within this range (e.g., neither a power 
error surplus nor a power error deficit threshold is exceeded), 
operation of processor 100 can continue in the present state. 
Various embodiments of algorithms for determining a pro 
cessor operating state will be discussed in further detail 
below. 

0031. In the embodiment shown, power control unit 150 
includes a residency timer 228 coupled to control logic 220. 
When first entering an operational state, control logic 220 
may reset residency timer 228 to Zero. After the reset, resi 
dency timer 228 may begin tolling the amount of time spent in 
the present operational state. If the compare operation of the 
power error term to one or more error thresholds indicates an 
out of range comparison (i.e., a power error Surplus or power 
error deficit has been exceeded), control logic 220 may com 
pare the amount of time tolled by residency timer 228 to a 
minimum residency time. If the amount of time spent in the 
present operational state exceeds the minimum residency 
time, control logic 220 may cause processor 100 to change 
operational states. However, if the minimum residency time 
has not been exceeded, then control logic 220 may cause 
processor 100 to continue operation in the present operational 
state for at least one more time interval. Thus, the use of 
residency timer 228 and the compare operation based on 
minimum residency time may prevent processor 100 from 
rapidly changing states in a manner that might otherwise 
cause unstable operation. 
0032 Control logic 220 in the embodiment shown is 
coupled to both a voltage control unit 205 and a clock control 
unit 210. Control of the operating state of processor 100 may 
be accomplished by control logic 220 through manipulating 
one or both of a core Supply Voltage (V core) or the frequency 
of a core clock signal (clk core). Control logic 220 may alter 
the operating state of processor 100 between the low power 
state by directing voltage control unit 205 to change the core 
supply voltage provided to processor core 105. Voltage con 
trol unit 205 may be implemented using adjustable voltage 
regulator circuitry, level shifter circuitry, or any other suitable 
circuitry configured to vary a Supply Voltage. An external 
voltage V may be received by voltage control unit 205 from a 
power supply via a motherboard to which processor 100 may 
be coupled. In one embodiment, control logic 220 may pro 
vide signals to Voltage control unit 205 that cause processor 
100 to enter the low power state by reducing the core supply 
Voltage, and may cause processor 100 to enter the high per 
formance state by increasing the core Supply Voltage. 
0033 Clock control unit 210 may be implemented using a 
phase locked loop (PLL), a delay locked loop (DLL), or other 
type of circuitry that can be used for adjusting the frequency 
of a clock signal. In the embodiment shown, an external clock 
signal, clk ext, is provided at a first frequency to clock control 
unit 210. A core clock signal, clk core, is provided by clock 
control unit 210 to processor core 105. Clock control unit 210 
is configured to vary the frequency of the core clock signal 
based on signals received from control logic 220. In one 
embodiment, control logic 220 may cause processor 100 to 
enter the low power state by directing clock control unit 210 
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to reduce the frequency of the core clock signal, and may 
cause the processor 100 to enter the high performance state by 
directing clock control unit to increase the frequency of the 
core clock signal. 
0034. It should be noted that embodiments of power con 

trol unit 150 having only one of a voltage control unit 205 or 
clock control unit 210 are possible and contemplated. Fur 
thermore, embodiments of a power control unit 150 are also 
possible and contemplated wherein entering the high perfor 
mance state includes increasing both the core Supply Voltage 
and the core clock frequency, and correspondingly, leaving 
the high performance state includes reducing the core Supply 
Voltage and core clock frequency. 
0035 Turning now to FIG. 3, a state diagram illustrating 
operation of one embodiment the power control unit is shown. 
More particularly, state diagram 300 illustrates operation of 
an embodiment of a power control unit 150 configured to 
switch the operation of processor 100 between a high perfor 
mance state and a low power state. 
0036 When operating in the high performance state in this 
embodiment, an interval power error is computed for each 
time interval of operation therein (arrow 1). This may be 
accomplished by determining the difference between the 
power consumed during the interval and a power threshold for 
that particular state. It should be noted that the difference may 
be a signed value, and thus may be negative. The interval 
power erroris then added to a power error term to obtain a new 
power error term, which may be stored in a register or other 
type of suitable memory (e.g. such as register 224 discussed 
above). Typically, when operating in the high performance 
state, the power error term represents an accumulated power 
deficit. For example, in a first interval, an interval power error 
may be -2 (indicating that the power consumed exceeded the 
power threshold by a value of 2), and may be stored as the 
power error term. In the next interval, if the interval power 
erroris -3, it is added to the power error term, resulting in a 
value of -5, which then becomes the new power error term. 
Thus, the deficit may accumulate from one interval to the next 
when operating in the high performance state. 
0037 For each interval of operation in the high perfor 
mance state of this embodiment, the power error term is 
compared to a deficit threshold, and a separate comparison 
may be made between a minimum residency time value and 
the amount of time spent in the high performance state (arrow 
2). If the power error term does not exceed the deficit thresh 
old, operation continues in the high performance state. If the 
power error term does exceed the deficit threshold (e.g., 
power error term=-11, deficit threshold=-10), then a deter 
mination is made as to whether the residency requirements 
have been met. If the minimum residency requirement has not 
been met, operation continues in the high performance state. 
A minimum residency requirement may be a requirement 
indicating an amount of time that must be spent in a given 
operational state before shifting operation to another state. 
Various embodiments may utilize residency requirements to 
further enhance stability of operation by preventing rapid 
Switching between operational States. 
0038. If the power error term exceeds the deficit threshold 
and the minimum residency requirements have been met, 
operation shifts from the high performance state to the low 
power state (arrow 3). Similar to when operating in the high 
performance state, the interval power is compared to a power 
threshold for that state (arrow 5) to produce an interval power 
error. The interval power erroris then added to the power error 
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term to obtain a new power error term. It should be noted that 
in this particular example, the interval power error for the first 
interval of operation in the low performance state (after shift 
ing from the high performance state) is added to the power 
error term from the last interval in the high performance state. 
0039. When operating in the low performance state, the 
power error term typically represents an accumulated power 
error surplus. The interval power error may be added to the 
power error term for each interval of operation in a manner 
similar to that for the accumulated power error deficit. How 
ever, in this particular embodiment, whereas the power error 
deficit typically accumulates in the negative direction, the 
power error Surplus will typically accumulate in the positive 
direction. For a given interval of operation, when the power 
error surplus does not exceed the surplus threshold for that 
state, operation will continue in the low power state for the 
next time interval. If the power error surplus does exceed the 
Surplus threshold, but minimum residency requirements are 
not met, operation may also continue in the low power State 
for the next time interval. However, if the power error term 
exceeds the surplus error threshold and the minimum resi 
dency requirements have been met, operation will then shift 
back to the high performance state (arrow 4). 
0040 Broadly speaking, one embodiment of the method 
described herein is implemented such that, over a number of 
intervals of operation in either one of the states, a condition 
will eventually be produced that causes operation to shift to 
the other state. This may be accomplished by accumulating a 
power error or a power deficit. In the high performance state, 
a power error deficit may be accumulated, and when the 
power error deficit exceeds a deficit threshold for the high 
performance State, operation may shift to the low power state. 
In the low power state, this may be accomplished by accu 
mulating a power error Surplus, and when the power error 
surplus eventually exceeds a surplus threshold for the low 
power state, operation may shift to the high performance 
State. 

0041 Alternating between the high performance state and 
the low power state may essentially result in the processor 
operating at a virtual operating point between these two 
states. The virtual operating point may be set to emphasize 
performance, emphasize power conservation, or to strike a 
balance between these two factors. The virtual operating 
point can be determined by choosing the maximum value for 
the first error term, as well as the value for the second error 
term. These terms may be set and locked into place perma 
nently, or may be adjustable over the life of the processor in 
which they are implemented. As noted in reference to FIG. 1, 
an external connection (pgm) may provide access for pro 
gramming information into power control unit 150, including 
the information regarding the maximum value of the first 
power error term and the second power error term. 
0042. In the embodiments discussed in reference to FIG. 
3, only two operational states are implemented. This may 
result in a simpler implementation. However, it may be desir 
able in some embodiments to implement one or more inter 
mediate states between the high performance state and the 
low power state. Table 1 below illustrates an example of one 
Such embodiment. 
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TABLE 1. 

State Clock Frequency/Supply Voltage 

High Performance High/High 
Intermediate High High/Medium 
Intermediate Low Medium Low 
Low Power Low Low 

0043. In the embodiment illustrated by Table 1, four dif 
ferent operational states are implemented, including a high 
performance state, a low power state, and two intermediate 
states. The states in this example are defined by the clock 
frequency and the core Supply Voltage, each of which may be 
adjusted from one state to the next. In providing such an 
implementation, additional error thresholds (for comparisons 
with a computed power error term) and different power 
thresholds (for interval error calculations) may be used. Com 
parisons in the intermediate States may be performed for 
multiple error thresholds to determine whether the power 
error term exceeds one of a power error deficit value or a 
power error threshold value. The number of intermediate 
states that may be implemented in Such an embodiment is 
limited only by the amount of complexity that is acceptable to 
the designer. A simple two state embodiment as previously 
discussed, is the simplest. Embodiments utilizing more than 
two states may provide a finer grained control of power con 
sumption and the balance with desired performance, but at the 
cost of increased complexity. Regardless of the number of 
operational states of a particular embodiment, a virtual opera 
tion point may be set based on the various thresholds that are 
used for power Surplus/deficit calculations and those that are 
used as the basis of comparison in order to determine whether 
to remain in the same operational State or Switch to a new one. 
0044 FIG. 4 is a flow diagram of one embodiment of a 
method of controlling power consumption by a processor. In 
the embodiment shown, method 400 begins with the deter 
mination of the power consumed for a time interval of opera 
tion in the current operational state (405). The current state 
may be one of a high performance State (highest performance 
with highest average power consumption), a low power State 
(lowest power consumption among the states, with less per 
formance than others), or one or more intermediate operating 
states in embodiments that have more than two. After deter 
mining the power consumption for that time interval (i.e. 
interval power), an interval power error is computed by 
determining the difference between the interval power and a 
power threshold (410). Each operational state may have an 
associated power threshold, which may be different from 
power thresholds for other operational state. A power thresh 
old may be a positive number, a negative number, or may be 
Zero. The interval power error may be a signed value, and may 
represent a power error surplus or a power error deficit for that 
time interval. For example, if the power threshold for a given 
operational state is 5, and the power consumed in the interval 
is 7, the difference is -2, i.e. a deficit of -2 for that particular 
interval. In another example, if the power consumed in an 
interval is 4, and the power threshold for the operational state 
is 5, the difference is +1, i.e. a power surplus of 1 for that 
particular interval. 
0045. Next, the interval power error is used to compute a 
power error term (415). More particularly, the interval power 
error is added to a power error term from a previous time 
interval to obtain a power error term for the present time 
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interval. This power error term may be stored in a register, and 
like the interval power error, may be a signed value. In gen 
eral, for each time interval the current power term is calcu 
lated by adding the interval power error to the power error 
term for the previous time interval, i.e. power error term 
(n) power error term (n-1)+interval power error (n). Thus, 
the power error term is a cumulative value, which can repre 
sent a power error deficit or a power error Surplus that has 
been accumulated over one or more time intervals. Further 
more, the power error term may be carried into Subsequent 
operational states. Thus, if an accumulated power error deficit 
causes operation to Switch to a lower power state, the power 
error term indicating the accumulated power error deficit will 
be the power error term for the first interval of operation in the 
lower power state. 
0046. As an example, consider a situation wherein the 
processor is operating in a high performance state, with the 
power error term starting at a value of Zero. In a first interval, 
the interval power error may be -2, which is stored into the 
register as the power error term (since the initial value was 0). 
In the next interval, the interval power error may be a -4. 
which is added to the power error term computed in the 
previous interval to obtain a value of -6, which is thus stored 
as the power error term. In the next interval after that, the 
interval power error may be -5, which is added to the power 
error term of -6 to produce a new power error term of -11. 
0047 Next consider a situation wherein operation of the 
processor has shifted from the high performance state as 
discussed in the previous paragraph, wherein the processor 
shifted into the low power state with a power error term 
having a value of -11. In the first interval of operation, the 
interval power error may be 4, which is added to the power 
error term of-11 to produce a new power error term of -7. In 
a next interval, the interval power error may have a value of 9. 
which is added to -7 to produce a value of 2. In the next 
interval following that, the error term may have a value of 9. 
which is added to the power error term value of 2 to produce 
a new power error term having a value of 11. Thus, from these 
examples it can be seen that the power error term represents a 
cumulative power error term that in this embodiment may rise 
(e.g., when a power error Surplus is accumulated) or fall (e.g., 
when a power error deficit is accumulated). 
0048. In some embodiments, a power surplus may be 
“aged in order to avoid thermal issues. This may be accom 
plished by dividing a power Surplus by a factor of N (e.g., 
N=2) during Successive intervals, or Subtracting a certain 
value during successive intervals. Aging a power Surplus 
causes the Surplus to diminish over time, and may avoid a 
thermal hot spot problem caused by consuming a huge power 
Surplus that causes a transition to a higher performance state 
long after that Surplus was actually accumulated. Thus, delay 
ing transition to a higher performance state may allow more 
time for the processor to cool and may prevent thermal hot 
spots from developing. 
0049. After computing the power error term for the current 
interval, one or more comparisons between one or more error 
thresholds and the power error term are made (420). If the 
comparison indicates that the power error term for a given 
interval is within a range defined by one or more error thresh 
olds (420, yes), operation continues in the present operational 
state (430). If the comparison indicates that the power error 
term for a given interval is not within the range defined by one 
or more error thresholds (420, no), a comparison is made to 
determine if minimum residency time requirements have 
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been established (422). The minimum residency time may be 
used in some embodiments to prevent the processor from 
changing states too fast, which could possibly cause instabil 
ity problems. Accordingly, in embodiments having a mini 
mum residency requirement, a residency timer is reset upon 
entry into an operational state, and Subsequent residency 
requirement comparisons are conducted by comparing the 
value indicated by the residency timer to a minimum resi 
dency time. If the minimum residency requirements have not 
been met (422, no), operation continues in the present opera 
tional state (430). If the residency requirements have been 
met (422, yes), the processor exits the current operational 
state and enters a new operational state (425). 
0050. In one embodiment, if operating in a high perfor 
mance state (i.e. an operational state intended to maximize 
processor performance, at the expense of greater power con 
Sumption), only a single comparison need be made, between 
a power error deficit and a error threshold for that state. If the 
power error deficit exceeds the error threshold for the high 
performance state, operation in that State is exited and opera 
tion commences in a lower performance operational state. As 
previously noted, the interval power error may be a signed 
term, and thus the power error term for a given time interval 
may also be a signed term. A power error deficit may be 
represented by a negative number (e.g., -10), while a power 
error Surplus may be represented by a positive number. Thus, 
if the power error term is -11, the power error deficit thus 
exceeds the error threshold in this example, thereby causing 
an exit from the high performance state to a lowerpower state 
(assuming residency requirements are met). If the power error 
term is -9, -8, -7, etc., the power error term does not exceed 
the error threshold in this example, and operation continues in 
the high performance state. 
0051. In another example of the comparison operation, the 
processor may be operating in a low power state (i.e. an 
operational state intended to conserve power and/or reduce 
thermal output, at the expense of performance). When oper 
ating in the low power state, the interval power error and the 
power error terms may indicate a power error Surplus. The 
error threshold for the low power state may indicate a surplus 
value in which the state is to be exited and operation com 
menced in a higher performance state. For example, if the 
error threshold for the low power state is 10, and the power 
error term for a given time interval is 8, then operation con 
tinues in the low power state. If, in the next time interval, the 
power error term is 10 or greater, the processor may exit the 
low power state and move to a higher performance state if 
residency requirements have also been met. 
0052. In yet another example of the comparison operation, 
the processor may be operating in an intermediate state, 
which is neither the highest performance state nor the lowest 
power state. The power error term for a given time interval 
may be compared to both a first error threshold and a second 
error threshold. The first error threshold may be used to deter 
mine if the power error term exceeds a power error Surplus, 
while the second error threshold may be used to determine if 
the power error term exceeds a power error deficit. In effect, 
the first and second terms define a range of values. If the 
power error term is within the range defined by these values, 
operation in the next time interval will be in the same state as 
the current time interval. If the power error term is outside of 
this range, and residency requirements have been met, opera 
tion may shift to a higher performance state or a lower power 
state, depending on where the excess occurred. Consider a 
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situation where the first error threshold is 10 and the second 
error threshold is -10. If a power error term indicates an 
accumulated power Surplus of 10 or greater, operation will be 
shifted from the present operational state to a higher perfor 
mance state if residency requirements have been met. If the 
power error term indicates an accumulated power error deficit 
of-10 or greater (greater being -11, -12, -13, and so on), 
then operation will be shifted from the present operational 
state to a lowerpower state, assuming residency requirements 
have been met. If the accumulated power error term is 
between these values (e.g., -9, 0.7, etc.), the operation in the 
next time interval will be in the same state as in the current 
time interval. 

0053 Turning now to FIG. 5, a block diagram of one 
embodiment of a processor having a power control unit and a 
plurality of processor cores is shown. In the embodiment 
shown, processor 500 is a dual core processor, having a first 
core 105A and a second core 105B. Processor 500 also 
includes a northbridge unit 110 and a power control unit 150, 
both of which are coupled to both processor cores 105A and 
105B. Power control unit 150 is configured to monitor the 
power of both processor cores 105A and 105B, and config 
ured to alternate operation of these cores between at least a 
high performance state and a low power state. As noted above, 
additional, intermediate operational states may be imple 
mented. Power control unit 150 may accomplish the switch 
ing between operational states of processor cores 105A and 
105B by changing the frequency of clock signals provided to 
the cores, changing Supply Voltages provided to the cores, or 
both. 

0054. In some embodiments, the operational state of cores 
105A and 105B are in conjunction with each other. That is, 
both processor cores 105A and 105B are operated in the same 
state. However, embodiments are possible and contemplated 
wherein the operational states of processor cores 105A and 
105B may be controlled independently of one another. For 
example, in Such an embodiment, processor core 105A may 
operate in the high performance state, while processor core 
105B operates in the low power state. Such a configuration 
may require that cores 105A and 105B have separate, inde 
pendent core Supply Voltage planes and/or are configured to 
receive separate, independently controlled core clock signals. 
In addition, embodiments are possible and contemplated 
wherein power control unit 150 is configured to monitor the 
processing workloads of each processor core 105A and 105B, 
and may change operational states of the cores by changing 
their respective processing workloads. 
0055 Another embodiment is contemplated wherein a 
multi-core processor includes multiple power control units, 
each of which is associated with a corresponding one of a 
plurality of processor cores. In Such an embodiment, each 
power control unit may separately control the states of opera 
tion of its corresponding core. The power control unit for each 
core may also monitor power consumption of the processor as 
a whole, which may be used, along with one or more power 
error terms, as a basis for determining the operational state of 
its corresponding processor core. 
0056. While the present invention has been described with 
reference to particular embodiments, it will be understood 
that the embodiments are illustrative and that the invention 
Scope is not so limited. Any variations, modifications, addi 
tions, and improvements to the embodiments described are 
possible. These variations, modifications, additions, and 
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improvements may fall within the scope of the inventions as 
detailed within the following claims. 
What is claimed is: 
1. A method comprising: 
for a current time interval of operation in a first operational 

state, determining an amount of power consumed during 
by one or more cores of a processor, 

calculating, a power error based on the amount of power 
consumed in the time interval; 

obtaining a power error term for the current time interval by 
adding the power error to a power error term from a 
previous time interval; and 

comparing the power error term for the current time inter 
val to at least a first error threshold; 

exiting the first operational state and entering a second 
operational state if the power error term for the current 
time interval is outside of a range defined at least in part 
by the first error threshold; 

continuing operation in the first operational state if the 
power error term for the current time interval is within 
the range defined at least in part by first error threshold; 
and 

repeating said determining, said calculating, and said add 
ing for each Subsequent time interval of operation of the 
processor. 

2. The method as recited in claim 1, wherein said calculat 
ing includes Subtracting the amount of power consumed from 
a first power threshold. 

3. The method as recited in claim 1, wherein the first 
operational state is a high performance state, and wherein the 
second operational State is a low power state. 

4. The method as recited in claim 3, further comprising, 
when operating in said second operational state, performing 
said determining, said calculating, and said adding, and fur 
ther comprising comparing the power error term for the cur 
rent time interval to a second error threshold, wherein the 
second error threshold represents a power error Surplus, and 
wherein the first error threshold represents a power error 
deficit. 

5. The method as recited in claim 1, wherein the first 
operational state is one of a high performance state or a low 
power state, and wherein the second operational state is an 
intermediate power state. 

6. The method as recited in claim 5, further comprising, 
when operating in said second operational state, performing 
said determining, said calculating, and said adding, and fur 
ther comprising comparing the power error term for the cur 
rent time interval to the first error threshold and a second error 
threshold, wherein the second error threshold represents a 
power error surplus, and wherein the first error threshold 
represents a power error deficit 

7. The method as recited in claim 5, further comprising, 
Subsequent to entering the second operational, comparing an 
amount of time spent in the second operational State mini 
mum time value; and 

preventing the processor from exiting the second opera 
tional state if the amount of time spent in the second 
operational state is less than the minimum time value. 

8. The method as recited in claim 1, wherein exiting the first 
operational State and entering the second operational state 
includes one or more of the following: 

changing a Supply Voltage provided to each of the one or 
more cores; 
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changing a frequency of a clock signal provided to each of 
the one or more cores. 

9. The method as recited in claim 1, further comprising 
storing the power error term in a register. 

10. A processor comprising: 
one or more processor cores; and 
a power control unit configured to: 
for a current time interval of operation in a first operational 

state, determine an amount of power consumed during 
by the one or more processor cores; 

calculate a power error based on the amount of power 
consumed in the current time interval; 

obtain a power error term for the current time interval by 
adding the power error to a power error term from a 
previous time interval; and 

compare the power error term for the current time interval 
to a first error threshold; 

wherein the power control unit is further configured to: 
cause the processor to exit the first operational state and 

entera second operational state if the power error term 
for the current time interval is outside of a range 
defined at least in part by the first error threshold; and 

cause the processor to continue operation in the first 
operational state if the power error term for the current 
time interval within the range defined at least in part 
by the first error threshold, wherein the power control 
unit is configured to, for each Subsequent interval of 
operation, repeat said determining, said calculating, 
said adding, and said repeating. 

11. The processor as recited in claim 10, wherein the power 
control unit is configured to calculate the power error by 
Subtracting the amount of power consumed from a first power 
threshold. 

12. The processor as recited in claim 10, wherein the first 
operational state is a high performance state, and wherein the 
second operational state is a low power state. 

13. The processor as recited in claim 12, wherein the power 
control unit is configured to, when the processor is in the 
second operational state, to perform said determining, said 
calculating, and said adding, and further configured to com 
pare the power error term for the current time interval to a 
second error threshold, wherein the second error threshold 
represents a power error surplus, and wherein the first error 
threshold represents a power error deficit. 

14. The processor as recited in claim 10, wherein the first 
operational state is one of a high performance state or a low 
power state, and wherein the second operational state is an 
intermediate power state. 

15. The processor as recited in claim 14, wherein the power 
control unit is configured to, when the processor is in the 
second operational state, to perform said determining, said 
calculating, and said adding, and further configured to com 
pare the power error term for the current time interval to a the 
first error threshold and a second error threshold, wherein the 
second error threshold represents a power error Surplus, and 
wherein the first error threshold represents a power error 
deficit. 

16. The processor as recited in claim 14, wherein the power 
control unit is further configured to Subsequent to entering the 
second operational, compare an amount of time spent in the 
second operational state minimum time value; and 

prevent the processor from exiting the second operational 
state if the amount of time spent in the second opera 
tional state is less than the minimum time value. 
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17. The processor as recited in claim 10, wherein the power 
control unit is configured to cause the processor to exit the 
first operational state and enter the second operational state 
by performing one or more of the following: 

changing a Supply Voltage provided to each of the one or 
more processor cores; 

changing a frequency of a clock signal provide to each of 
the one or more processor cores. 

18. The processor as recited in claim 10, wherein the power 
control unit is configured to store the power error term for the 
current time interval in a register. 

19. An apparatus comprising: 
first means for determining an amount of power consumed 

during by one or more cores of a processor during a 
current time interval of operation in a first operational 
state of the processor; 

second means for calculating a power error based on the 
amount of power consumed in the current time interval; 

third means for computing a power error term for the 
current time interval by adding the power error to a 
power error term from a previous time interval: 
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fourth means for comparing the power error term for the 
current time interval to a first error threshold; 

and fifth means for determining an operational state of the 
processor for a next time interval, wherein said fifth 
means causes the processor to exit the first operational 
state and enter a second operational state if the power 
error term is outside of a range defined at one end by the 
first error threshold, and wherein said fifth means causes 
the processor to continue operation in the first opera 
tional state if the power error term is within the range 
defined at one end by the first error threshold, and 
wherein said determining, said calculating, said adding, 
and said comparing is repeated for each Subsequent time 
interval of operation of the processor. 

20. The apparatus as recited in claim 19, wherein said 
calculating includes Subtracting the amount of power con 
sumed from a first power threshold. 

c c c c c 
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