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57 ABSTRACT

Methods and apparatus, including computer program prod-
ucts, implementing and uvsing techniques for reducing the
power consumption of a microprocessor. One or more signal
transitions in an instruction set of a microprocessor are pro-
filed. A probability of occurrence is assigned to each instnic-
tion in the instruction set. A binary operation code is assigned
to each instruction, based on the probability of occurrence for
the instruction. The instructions having the highest probabil-
ity of occurrence are assigned operation codes that require
fewer signal lransitions. As a result, the power consumplion
of the microprocessor is reduced.

16 Claims, 3 Drawing Sheets
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REDUCING POWER CONSUMPTION OF A
MICROPROCESSOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation application and claims
priority under 35 U.S.C. §120 of U.S. patent application Ser.
No. 11/251,586, filed Oct. 13, 2005 now U.S. Pat. No. 7,480,
809, issued Jan. 20, 2009, which claimed benefit under 35
U.S.C. §119(e) from U.S. Provisional Application No.
60/619,060 entitled “METHOD OF ASSIGNING
OPCODES IN AN ISA OF A MICROPROCESSOR FOR
REDUCING POWER CONSUMPTION,” filed Oct 15,
2004, the enlire disclosures of which are incorporated herein
by reference for all purposes.

BACKGROUND

This invention relates to reducing the power consumption
of a microprocessor.

Microprocessors used in computers and other types of
computing devices are typically power-sensitive compo-
nents. That is, due to the large number of operations that a
microprocessor performs, it is desirable to keep its power
consumption per operation as low as possible, in order to
reduce the energy usage of the device incorporating the
microprocessor. In a computer, operation codes (opcodes)
operate on registers, values in memory, values stored on the
stack, the 1/0 ports, the bus, and so on. The opcodes are used
to perform arithmetic operations and to move and change
values. The opcodes operate on operands. Microprocessors
convert the opcodes into sets of binary bits and perform
operations using these sets of bits. Each bit in a set can have
an on-state (typically represented as ‘1”) or an off-state (typi-
cally represented as ‘0’). Eight bits are usually referred to as
a byte on most conventional processors, and two bytes are
usually referred to as a word.

The basic set of commands, or instructions, that a micro-
processorunderstands is termed a command set, or an instruc-
tion set. Various types of microprocessors can have differ-
ently sized instruction sets, and this difference often
constitutes one of the main differences between the micro-
processors. For example, RISC (Reduced Instruction Set
Computer) microprocessors have relatively small instruction
sets, whereas CISC (Complex Instruction Set Computers)
processors have relatively large instruction sets.

When designing an Instruction Set Architecture (ISA) for a
microprocessor, little thought is typically given to how the
respective instructions in the opcode that is used in the micro-
processor are assigned to bit sets. The number of bits in an
opcode instruction typically depends on the total number of
instructions that can be carried out by the microprocessor, and
which bits are assigned ‘0’s and ‘1’s, respectively, is usually
arbitrarily determined. In most microprocessors, 6-8 bits cor-
respond to an opcode instruction. There is always a one to one
correspondence between a particular opcode instructionand a
set of bits forming a corresponding machine code instruction

One of the most common operations of a microprocessor is
to fetch instructions from a memory external to the micropro-
cessor for execution by the microprocessor. This is a power
intensive operation, as the number of signal transitions is
high. Thus, in order to reduce the power consumption of the
microprocessor, it would be desirable to construct the ISA in
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such a way that the number of signal transitions in its most
common operations is as low as possible.

SUMMARY

In general, in one aspect, the invention provides methods
and apparatus, including computer program products, imple-
menting and using techniques for reducing the power con-
sumption of a microprocessor. One or more signal transitions
in an instruction set of a microprocessor are profiled. A prob-
ability of occurrence is assigned to each instruction in the
instruction sel. A binary operation code is assigned lo each
instruction, based on the probability of occurrence for the
instruction. The instructions having the highest probability of
occurrence arc assigned operation codes that require fewer
signal transitions. As a result, the power consumption of the
microprocessor is reduced.

Advantageous implementations can include one or more of
the following features. The profiling step can include com-
piling a set of microprocessor instructions into an assembly
file, and execuling the assembly (ile through a pattern match-
ing software tool which calculates the occurrences of the
instructions. A histogram showing the signal transitions
occurring during operation of the microprocessor can be gen-
erated. The instruction with the highest probability of occur-
ring can be assigned a binary operation code consisting of
only zeros.

In general, in another aspect, the invention provides a
microprocessor. The microprocessor includes a set of regis-
ters, an arithmetic logic unit, and a control unit. The set of
registers stores tcmporarily data during operation of the
microprocessor. The arithmetic logic unit executes arithmetic
and logical operations of the microprocessor. The control unit
interprets instructions contained in a program that is executed
by the microprocessor. The instructions form a subset of the
microprocessor’s instruction set architecture, and each
instruction in the microprocessor’s instruction set architec-
ture has a binary operation code that is assigned to the instruc-
tion, based on the probability ot occurrence for the instruction
during operation of the microprocessor.

The invention can be implemented to include one or more
of the following advantages. By assigning opcodes in the ISA
of the microprocessor such that the most common opcodes
have the lowest number of signal transitions, the power usage
of the microprocessor can be significantly reduced at an
architectural level.

The details of one or more embodiments of the invention
are set forth in the accompanying drawings and the descrip-
tion below. Other features, objects, and advantages of the
invention will be apparent [rom the description and drawings,
and from the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 shows a schematic diagram of a computer incorpo-
raling a microprocessor in accordance wilh (he invention.

FIG. 2 shows a schematic diagram of a process for assign-
ing opcodes to instructions in a microprocessor at design
tume.

FIG. 3A shows an exemplary histogram illustrating the
number of occurrences of various opcode instructions in a
MICrOProCessor.

FIG. 3B shows an exemplary table illustrating the likeli-
hood of occurrences of various opcode instructions in a
microprocessor, corresponding to the histogram in FIG. 3A.
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Like reference symbols in the various drawings indicate
like elements.

DETAILED DESCRIPTION

Relerence will now be made in delail (o a parlicular
embodiment of the invention an example of which is illus-
trated in thc accompanying drawings. While the invention
will be described in conjunction with the particular embodi-
ment, it will be understood that it is not intended to limit the
invention to the described embodiment. To the contrary, it is
intended to cover alternatives, modifications, and equivalents
as may be included within the spirit and scope of the invention
as defined by the appended claims.

FIG. 1 shows a schematic block diagram o[ the functional
units of a computer (100). As can be seen in FIG. 1, the
computer (100) includes three main components: a micropro-
cessor (104), a memory (102), and an input/output (1/0) sys-
tem (112). The microprocessor (104) includes three main
parts: the arithmetic logic unit (ALU) (108) where all arith-
metic and logical operations take place, the registers (106)
where data is temporarily stored, and the control unit (110),
which interprets the instructions contained in the program
that is being executed by the microprocessor (104). The
memory (102) contains the program (i.e., a sequence of
instructions) and the data to be processed by the micropro-
cessor (104). The content in the memory (102) can be read as
well as modified by the microprocessor (104). The I/O unils
(112) are used by the computer (100) to communicate with
the outside world, as is well known by those of ordinary skill
in the art.

As was described above, the microprocessor (104) per-
forms operations using binary bits, and there is a one-to-one
correspondence between a particular bit combination and a
specific opcode instruction. That is, whenever a particular
instruction is to be performed, the microprocessor (104) typi-
cally must change the states of one or more of the 6-8 bits to
select the proper combination of zeroes and ones that form the
opcode instruction. This switching of bits consumes power.
Furthermore, in most conventional microprocessors, about
20% of the available instructions in the opcode set are per-
formed about 80% of the time. Thus, by assigning specific bit
combinations to the most common instructions, which
require as few switches of bits as possible, the power con-
sumplion ol the microprocessor (104) can be significantly
reduced. A process (200) for reducing the power consumption
of a microprocessor will now be described with reference to
FIG. 2. In the implementation shown in FIG. 2, the process
(200) is conducted at design time of the microprocessor.

As shown inFIG. 2, the process (200) starts by profiling the
number of signal transitions for the various operations in an
ISA (step 202). In an implementation for an existing micro-
processor, the profiling can be done by taking a sample set of
instructions that the microprocessor would execule when
executing a program. This code is compiled into an assembly
file, which is executed through a pattern matching software
tool. If no compiler is available for the processor architecture,
profiles are generated for other, similar, architectures. A his-
togram is then generated of the instruction usage of the micro-
processor (step 204), for example, using the pattern matching
software tool recited above, which calculates the occurrences
of the instructions and plots the histogram. An exemplary
histogram can be seen in F1G. 3A, where the number of
occurrences for cach opcode instruction in the microproces-
sor’s instruction set has been plotted. It should be noted that
the number of opcode instructions and the number of occur-
rences illustrated in F1G. 3A have been significantly reduced,
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in order to more clearly illustrate the principles of the inven-
tion. As can be seen in FIG 3A, the mosl common opcode
instructions are “BCC”, “CLR”, and “MOV.’

Returning now to FIG. 2, based on the histogram, a prob-
ability of occurrence is assigned to each instruction (step
206). FIG. 3B shows a (able corresponding (o (he histogram in
FIG. 3A, and where the probability has been calculated in the
right hand column. As can be scen in FIG. 3B, the probabili-
ties for the three most common instructions are 46.91% for
the “MOV” instruction, 28.14% for the “CLR” instruction,
and 13.33% for the “BCC” instruction. Again, it should be
noted that this is merely a hypothetical example illustrating
the principles of the invention In a situation where no com-
piler is available, the histogram is generated based on the
selected similar processor architectures and a first guess [or
opcode assignments is made as described below. Subse-
quently this guess can be refined when a compiler becomes
available on the new architecture.

Again returning to FIG. 2, in the last step of the process
(200) an opcode is assigned to each instruction set, based on
the probability for the instruction occurring (step 208), which
completes the process. For example, if the profiling in step
(202) shows that the “MOV" instruction has the highest like-
lihood of occurring, then the assigning step (206) will assign
bits ‘000000’ or ‘111111 to the ‘MOV” instruction, assuming
that the opcode range is 6 bits, since neither of these assign-
ments involve any signal transitions. The second most likely
instruction can be encoded using the bil assignment that was
not used by the most likely instruction, that is, ‘000000” or
‘111111, ’ respectively. The third most likely instruction can
be encoded such that only a single signal transitions occurs,
and so on.

As the person skilled in the art realizes, this architectural
solution may allow the power consuniption of the micropro-
cessor to be significantly reduced and can be implemented at
design time of the microprocessor. In another implementa-
tion, existing processors can be made compatible with the
invention by adding extra circuitry that converts the existing
bit assignments for the various instructions in the opcode set
into bit assignments in accordance with the present invention.

The invention can be implemented in digital electronic
circuitry, or in computer hardware, firmware, software, or in
combinations of them. An apparatus of the invention can be
implemented in a computer program product tangibly
embodied in a machine-readable slorage device lor execulion
by a programmable processor; and method steps of the inven-
tion can be performed by a programmable processor cxecut-
ing a program of instructions to perform functions of the
invention by operating on input data and generating output.
The invention can be implemented advantageously in one or
more computer programs that are executable on a program-
mable system including at least one programumable processor
coupled to receive data and instructions from, and to transmit
data and instructions (o, a dala storage syslem, al least one
input device, and at least one output device. Each computer
program can be implemented in a high-level procedural or
object-oriented programming language, or in assembly or
machine language il desired; and in any case, the language
can be a compiled or interpreted language. Suitable proces-
sors include, by way of example, both general and special
purpose microprocessors. Generally, a processor will receive
instructions and data from a read-only memory and/or a ran-
dom access memory. Generally, a computer will include one
or more mass storage devices for storing data files; such
devices include magnetic disks, such as internal hard disks
and removable disks; magneto-optical disks; and optical
disks. Storage devices suitable for tangibly embodying com-
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puter program instructions and data include all forms of non-
volatile memory, including by way of example semiconduc-
tor memory devices, such as EPROM, EEPROM, and flash
memory devices; magnetic disks such as internal hard disks
and removable disks; magneto-optical disks; and CD-ROM
disks. Any ol the foregoing can be supplemented by, or incor-
porated in, ASICs (application-specific integrated circuits).

To provide for interaction with a user, the invention can be
implemented on a computer system having a display device
such as a monitor or LCD screen for displaying information to
the user. The user can provide input to the computer system
through various input devices such as a keyboard and a point-
ing device, such as a mouse, a trackball, a microphone, a
touch-sensitive display, a transducer card reader, a magnetic
or paper lape reader, a lablet, a stylus, a voice or handwriting
recognizer, or any other well-known input device such as, of
course, other computers. The computer system can be pro-
grammed to provide a graphical vser interface through which
computer progranis interact with users.

Finally, the processor optionally can be coupled to a com-
puter or telecommunications network, for example, an Inter-
nel network, or an intranel network, using a network connec-
tion, through which the processor can receive information
from the network, or might output information to the network
in the course of performing the above-described method
steps. Such information, which is often represented as a
sequence of instructions to be executed using the processor,
may be received from and outputted to the network, for
example, in the form of a computer data signal embodied in a
carrier wave. The above-described devices and materials will
be familiar to those of skill in the computer hardware and
software arts.

A number of implementations of the invention have been
described. Nevertheless, it will be understood that various
modifications may be made without departing from the spirit
and scope of the invention. For example, a similar concept can
be applied to data and not only to instructions. For example,
if data represented by 16 bits, the frequency of use for all
possible bit combinations (i.e., 2°16 combinations) can be
studied in a similar fashion and be vsed to create various
power-saving data retrieval schemes. Furthermore, the inven-
tion has been described by way of example with respect to a
microprocessor and a memory, but it should be realized that
the inventive concept can be extended to any two semicon-
ductor devices that exchange a limited instruction set, for
which a frequency of use can be determined. Accordingly,
other embodiments are within the scope of the following
claims.

The invention claimed is:

1. A computer-implemented method, comprising:

profiling one or more signal transitions in an instruction set
of a microprocessor, the instruction set including a plu-
rality of instructions, wherein each instruction includes
a plurality of bits;

assigning a respective probability of occurrence to at least
two instructions in the instruction set; and

assigning a respective binary operation code to each of the
at least two instructions in the instruction set based on
the probability of occurrence for the instruction,
wherein the instruction having the highest probability of
occurrence is assigned a binary operation code compris-
ing fewer signal transitions betwcen adjacent bits.

2. The method of claim 1, wherein said profiling includes:

compiling a set of microprocessor instructions into an
assembly file; and
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executing the assembly file through a pattern matching
software tool which calculates the occurrences of the
instructions.

3. The method of claim 1, further comprising:

generating a histogram showing the signal transitions

occurring during operation of the microprocessor.

4. The method of claim 1, wherein the instruction having
the highest probability of occurrence is assigned a binary
operation code consisting of zeros but not ones or ones but not
Zeros

5. The method of claim 1, wherein the probability of occur-
rence is an absolute probability of occurrence

6. The article of manufacture of claim 1, wherein the prob-
ability of occurrence is an absolute probability of occurrence

7. An arlicle of manufacture including a computer-readable
medium having instructions stored thereon that, in response
to execution by a computing device, cause the computing
device to perform operations comprising:

profiling one or more signal transitions in an instruction set

of a microprocessor, the instruction set including a plu-
rality of instructions, wherein each instruction includes
a plurality of bits;

assigning a respective probability of occurrence to at least

two instructions in the instruction set; and

assigning a respective binary operation code to each of the

at least two instructions in the instruction set based on
the probability of occurrence for the instruction.
wherein the instruction of the at least two instructions
having the highest probability of occurrence is assigned
a binary operation code comprising fewer signal transi-
tions between adjacent bils.

8. The article of manufacture of claim 7, wherein the
instructions further cause the computing device to perform
operations comprising

compiling a set of microprocessor instructions into an

assembly file; and

executing the assembly file through a pattern matching

software tool which calculates the occurrences of the
instructions.

9. The article of manufacture of claim 7, wherein the
instructions further cause the computing device to perform
operations comprising:

generating a histogram showing the signal transitions

occurring during operation ol thie microprocessor.
10. The article of manufacture of claim 7. wherein the
instruction n the instruction set having the highest probability
of occurrence is assigned a binary operation code consisting
of zeros but not ones or ones but not zeros.
11. A computer, comprising:
a microprocessor including a control unit; and
a memory storing a program thereon, wherein the program
includes a set of instructions that are executable by the
microprocessor, the sel of instructions including a plu-
rality of instructions, wherein each instruction includes
a plurality of bits;

wherein the control unit of the microprocessor ts commu-
nicalively coupled (o the memory and configured (o
interpret the set of instructions contained in the program,
and wherein at least two instructions in the set of instruc-
tion are each assigned a respective binary operation code
that is based on a probability that the respective instruc-
tion will occur during operation of the microprocessot,
whercin the instruction of the at lcast two instructions
having the highest probability of occurrence is assigned
a binary operation code comprising fewer signal transi-
tions between adjacent bats.
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12. The computer of claim 11, wherein the instruction
having the highest probability of occurrence is assigned a
binary operation code that uses fewer bit transitions.

13. The computer of claim 12, wherein the instruction
having the highest probability of occurrence is assigned a
binary operation code consisting of zeros bul not ones or ones
but not zeros.

14. The microprocessor, comprising:

a control unit configured to interpret a plurality of instruc-
tions contained in a set of instructions that are executable
by the microprocessor, wherein each of the instructions
includes a plurality of bits;

wherein the control unit is further configured to assign
respective operation cades to each of the instructions in
the set of the instructions based on a probability that (he
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respective instructions will be executed by the micro-
processor during operation of the microprocessor; and

wherein instructions having a higher probability of being
executed by the microprocessor are assigned respective
operation codes that use fewer transitions between bits
(han instructions having a lower probabilily ol being
executed by the microprocessor.

15. The microprocessor of claim 14, wherein the control
unit is configured to assign an operation code consisting of
zeros but not ones or ones but not zeros to the instruction
having the highest probability of being executed by the
MICroprocessor.

16. The microprocessor of claim 14, wherein the probabil-
ity of occurrence is an absolute probability of occurrence.

* % * * *



