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COMPUTER PROCESSOR PIPELINE WITH
SHADOW REGISTERS FOR CONTEXT
SWITCHING, AND METHOD

BACKGROUND

[0001] Most modern computer processors, or central pro-
cessing units (CPUs), employ a pipelined architecture in
which the data execution path is divided into multiple stages.
On each clock cycle, each stage performs an operation or
executes an instruction on the data stored at that stage, and
then passes the data to the next stage for more processing.
New data may be loaded into the pipeline while the older
data is still in the pipeline. In this manner, a pipeline
architecture facilitates the use of higher clock frequencies,
and increases the throughput of the processor. A pipeline
architecture does however increase the latency when per-
forming data operations since data must pass through several
stages before the operation is complete.

[0002] A basic pipeline architecture comprises a register
file, a set of registers connected together and to the register
file, and other logic such as an arithmetic logic unit (ALU)
for performing bitwise and mathematical operation on data
as it passes between stages. In one example of an instruction
performed by a pipelined processor, the values of two
integers are added and stored. To execute the instruction
rl<—r2+r3, the following is executed at each stage of an
exemplary processor pipeline:

[0003] RA: addresses of r2 and r3 are given to the register
file.

[0004] RL: the values of r2 and r3 are looked up by the
register file.

[0005] BY: the values of r2 and r3 are latched in two BY
stage registers.

[0006] EX: the ALU performs the addition and the sum,
rl, is latched in an EX register.

[0007] WRB: The sum is written back into the register file
and into a WB stage register.

[0008] Computer processor pipelines may have many
more stages than those in the above example. However, the
fundamental concept of pipelining remains the same, and the
more stages in the pipeline, the greater the latency.

[0009] Software is more accurately referred to as a pro-
cess. A process is comprised of a multiplicity of instructions
which are executed in the pipeline of the processor as a
series of simpler instructions. Each process has associated
with it a context. A context is all of the data and register
values that completely describe the process’s current state of
execution.

[0010] Computers execute many processes. The action of
switching between processes is called context switching.
While processes seemingly run in parallel, at the processor
pipeline level, one process is executed while the others are
halted. Even in processors with more than one pipeline,
there are always processes that must be halted in order to run
other processes. Processes, for the most part, are therefore
run in series and switched between each other at very high
speeds, providing the illusion of simultaneous operation.

[0011] Processors switch between processes on a context
switch signal. A context switch signal is generated on an
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exception, or when a running process requests a context
switch, or when the context switch signal is explicitly
generated by an instruction, such as a return from exception
(RFE) instruction. Examples of exceptions are, the time
allotted a process has expired, a more system critical process
must be run, the user started another process, an error
occurred, a currently running process launches a new pro-
cess, and the like. When a context switch signal is received,
the context information of the currently executing process
must be stored in memory, the context information of the
next process to be executed read from memory, and then
loaded into the pipeline.

[0012] Context switching is very costly in terms of pro-
cessor throughput and efficiency. Many clock cycles are
wasted in saving a current context to memory and loading
the next context from memory and into the processor
pipeline. The longer the pipeline, the more clock cycles
wasted; a longer pipeline contains more data, and thus
requires more clock cycles to save and load the data on each
context switch.

[0013] One common way to help reduce context switching
penalties is to place a high speed memory, such as SRAM,
on the CPU itself so that at least some context data can be
stored locally without having to store it on comparatively
slow off-chip DRAM. This, however, is far from optimal
since it typically requires at least one clock cycle for the data
at each pipeline stage register to be written to or read from
SRAM, plus the clock cycles needed to set-up the reading or
writing. Another common way to help reduce context
switching penalties is to use parallel register files, or larger
register files, able to store context data associated with more
than one process. By storing more than one context, clock
cycles can be saved on a context switch simply by pointing
to the register file, or sets of registers in the register file,
containing the next process.

[0014] In both the SRAM and register file solutions, the
problem remains that longer pipelines require more clock
cycles to save and restore context data when an exception
occurs. For example, for a pipeline having 15 stages, it will
take at least 15 clock cycles, plus set-up cycles, to write the
current process to memory, and then at least another 15
clock cycles, plus set-up cycles, to read the next process
from memory. All processes are effectively halted during
this time, causing the overall processor performance to be
reduced.

[0015] Thus, the speed at which a processor context
switches is fundamentally limited by the hardware itself, the
length of the pipeline, the need to save and load data at each
level of the entire pipeline, and the limitation that context
data is stored in a memory that requires many clock cycles
to read from and write to.

[0016] Thus a need presently exists for a system and
method for almost instantaneous context switching without
the penalties incurred by prior art solutions.

SUMMARY

[0017] The present invention provides a computer proces-
sor pipeline with shadow registers for context switching, and
method. A register file is connected to a plurality of pipe
stages. The register file stores working data associated with
a running process, and shadow data associated with a halted
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process. Each of the pipe stages comprises a working
register, a shadow register, and a means for swapping data
between the working register and the shadow register. The
working registers are connected together to form a working
pipe. The shadow registers are connected together to form a
shadow register chain. The working pipe receives and stores
working data associated with a process from the register file.
The working data is processed in the working pipe, thereby
executing the process. The shadow register chain stores
shadow data associated with the halted process. When a
context switch event occurs, the working data are swapped
with the shadow data. The swap is completed within one
clock cycle. Upon swapping, the process that was running
prior to the context switch event is halted and stored in the
shadow chain, and the context of the halted process that was
swapped to the working pipe resumes execution. A pointer
selects between the working data and shadow data in the
register file. A context cache is connected to the shadow
register chain and the register file. Data stored in the shadow
register chain and register file may be written to the context
cache, and data stored in the context cache may be read from
the context cache and written to the shadow register chain
and register file. Reading between the context cache, shadow
register chain, and register file occurs while a process is
running in the working pipe. Thus, on a context switch
event, the context of the next process is fully stored in the
shadow register chain and register file, and upon the context
switch signal, it can be fully restored to the working pipe,
and execution resumed, within one clock cycle. The context
cache also communicates with a memory, such as a system
memory, an L1 cache, or an 1.2 cache. Additional logic such
as multiplexers, arithmetic logic units, data caches, and the
like may be connected between pipe stages.

[0018] The foregoing paragraph has been provided by way
of general introduction, and it should not be used to narrow
the scope of the following claims. The preferred embodi-
ments will now be described with reference to the attached
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1 is a computer processor pipeline with
shadow registers of the present invention.

[0020] FIG. 2 is a working register/shadow register swap-
ping circuit for each pipe stage of the computer processor
pipeline.

[0021] FIG. 3 is a computer processor pipeline with
shadow registers and including an arithmetic logic unit of
the present invention.

[0022] FIG. 4 is a context switching method of the present
invention.

DETAILED DESCRIPTION OF THE
PRESENTLY PREFERRED EMBODIMENTS

[0023] FIG. 1 shows a computer processor pipeline of the
present invention. A register file 10 provides data to the pipe
comprising stages 12, 14 and 16. The register file 10
comprises a plurality of write ports, 22, 24, and 26, and a
plurality of read ports 28 and 30. There may be more or less
read and write ports than those shown. In one example, the
register file is 128x64bits and has 3 write ports and 5 read
ports.
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[0024] The registers of the register file comprise a plural-
ity of register sets. Each register set may store data associ-
ated with a different process. The register set storing data for
the currently running process is designated the working
register file register set. A register set storing data for another
process that is not running is designated a shadow register
file register set. There may be one or more shadow register
file register sets.

[0025] Any of the register sets can be selectively con-
nected to any of the write ports and any of the read ports. A
pointer, for example, selects which register set of the plu-
rality of register sets is the working register file set. In this
way, the data set for the next process can be quickly
switched to simply by modifying a pointer value. Pointer
values can be modified in one clock cycle, and it should be
clear to those of ordinary skill in the art how to build a
register file such as the one described.

[0026] The pipe comprising pipe stages 12, 14 and 16 is
connected to the register file 10. Each pipe stage comprises
a working register W, and a shadow register S. Each stage
has a working input and output, Win and Wout, and a
shadow input and output, Sin and Sout. The working reg-
isters of each stage are connected together to form a working
pipe. In FIG. 1, the working pipe comprises the W portion
of each stage 12, 14, and 16. Win of 12 is connected to
register file read port 28. Wout of stage 12 is connected to
Win of stage 14, and Wout of stage 14 is connected to Win
of stage 16. While only three stages are shown, those skilled
in the art will readily appreciate that more stages can be
added.

[0027] Each pipe stage also comprises a Context Switch
(CS) input. The CS input receives a switch signal when an
context switch event occurs. A context switch event is a
hardware exception, a software exception, a context switch
triggered by a running process, or an explicit instruction,
such as a return from exception (RFE) instruction. It is well
understood how to create such signals upon the occurrence
of a context switch event. When the CS signal is received,
the data contents of the working register W and the shadow
register S at each stage are swapped with each other.
Concurrently, a different register file set is selected as the
working register file register set.

[0028] In one example, the working pipe is operating on
data, corresponding to a first process. On each clock cycle,
the data moves down the pipe from stage 12, to stage 14, to
stage 16, and so on, and the register file (the working register
file register set) provides more data for the current process
to the working pipe at stage 12. When a first context 5 switch
event occurs, a CS signal causes the data in W and S to be
swapped at each pipe stage. Upon swapping, the data, or
context, associated with the first process is stored in the S
portion of each stage, and that process is halted. Also, the
working register file register set (the register file data for the
first process) is switched to the shadow register file register
set The data in all stages are swapped simultaneously and in
one clock cycle, 10 and therefore a context switch is
completed in one clock cycle.

[0029] Continuing the example, after the swap effected by
the first context switch event, the register file provides new
data (from a different register file register set) for a second
process to the working pipe. While the second process is
executing, the context of the first process remains stored in
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the shadow pipe, with data in each respective shadow 15
register remaining there. On a second context switch event,
the CS signal again causes the data contents of the working
pipe (the context associated with the second process) to be
swapped with the data stored in the shadow pipe. Concur-
rently, the shadow register file register set is selected as the
new working register file register set.

[0030] Recall, the data stored in the shadow pipe and in
the shadow register file register 20 set is the context of first
process at the time of the first context switch event. Thus, the
working pipe is restored with the context associated with the
first process and can immediately resume the execution of
the first process. As before, the swap occurs in one clock
cycle and all stages perform the swap simultaneously, so the
entire context switch operation requires only one cycle. Of
course, on each context switch event, the register 25 file set
corresponding to the process swapped to the working pipe is
pointed to as the working resister file register set. It is
understood herein that any example or description of context
switching and register swapping includes pointing to a
corresponding register file set.

[0031] FIG. 2 shows the working register/shadow register
swapping circuit at each pipe 30 stage of the computer
processor pipeline. The swapping circuit comprises a work-
ing input Win, a working output Wout, a shadow input Sin,
a shadow output Sout, and a CS control input.

[0032] Two multiplexers, 32 and 34, are connected to CS.
The output of multiplexer 32 is connected to the input of
register 36, the working register W. The output of multi-
plexer 34 is connected to the input of the register 38, the
shadow register S. Working register 36 supplies Wout, and
shadow register supplies Sout. The active low input of
multiplexer 32 in connected to the Win, and the active high
input of multiplexer 32 is connected to Sout. The active low
input of multiplexer 34 is connected to Sin, and active high
input of multiplexer 34 is connected to Wout. In one
example the working register W and shadow register W are
64 bits wide and clock-edge triggered.

[0033] In operation, when CS is low (0) Win is latched by
working registers 36 on each clock cycle. Similarly Sin is
latched by shadow register 38 on each clock cycle. When CS
is high (1), as is the case on a context switch event, the
output of working register 36 is connected to the input of
shadow register 38 through multiplexer 34, and the output of
shadow register 38 is connected to the input of working
register 36 through multiplexer 32. On the next clock cycle,
and within exactly one clock cycle, the data stored in W 36
and S 38 are swapped. That is, the S data is moved to W, and
the W data is moved to S.

[0034] In some instances it may be desirable to prevent
Sin from being latched by the shadow register on every
clock cycle when CS=0. In those cases the clock to shadow
register 38 can be gated. When the clock is gated, the data
stored in register 38 remains stored in the register, while Win
is latched by working register 36 on each clock cycle. Other
techniques that have the equivalent effect as clock gating,
such as feeding the output of the S register back to its input,
may be used. Clock gating and the like is well understood by
those skilled in the art.

[0035] Turning back to FIG. 1, the shadow registers S of
each stage 12, 14, and 16, are connected to each other in
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series to form a shadow register chain. Specifically, Sout of
stage 12 is connected to Sin of stage 14, and Sout of stage
14 is connected to Sin of stage 16. If the pipeline comprises
more stages, the additional S portions of each stage are
similarly connected.

[0036] The computer processor pipeline also includes a
context cache 18 having a read port and a write port. One
shadow register of the chain, Sin of stage 12, is connected
to the read port of context cache 18, and one shadow register
of the chain, Sout of stage 16, is connected to the write port
of the context cache 18 through multiplexer 20, or an
equivalent switching means. The context cache also includes
an interface to a memory, such as a system memory, or a
CPU cache, such as an L1 cache, or an L2 cache. The
context cache is a high speed memory such as SRAM. For
example, the context cache may be 12kbytes in size, with a
64 bit data bus, and operable to read or write 64 bits on every
clock cycle. While the context cache is shown as a dedicated
cache, it may be a shared cache such as an [.1 cache, an [.2
cache, or another type of cache, commonly built into CPUs.

[0037] Multiplexer 20, or an equivalent switching means,
also connects read port 30 of the register file 10 to the
context cache 18. This allows the context cache to store data
from the register file. Depending on the specific processor
pipeline requirements, such functionality may be considered
unnecessary, in which case multiplexer 20 can be eliminated
and the shadow register chain can be connected directly to
the write port of the context cache. Multiplexer 20 is
controlled by signal SEL which is a control signal managed
by the CPU, and is incidental to the present invention. Such
control signals are well understood in the art. Also, the
context cache may include multiple write ports, and the
multiplexer may be included as part of the context cache,
enabling multiple write ports, as denoted by the dotted line
of FIG. I enclosing context cache 18 and multiplexer 20.

[0038] The context cache, in conjunction with the shadow
register chain, stores multiple contexts, and loads contexts
into the shadow registers. The context cache also, in con-
junction with the register file, stores multiple contexts, and
loads contexts into the register file register sets. So, for a
particular context, the context cache stores all of the data in
the shadow register chain and all of the data in the shadow
register file register set. Recall, on a CS, the context from a
process can be restored to the working pipe within one clock
cycle, and the shadow register file register set can be made
the working register file register set within one clock cycle.

[0039] So, in one example, process 1 is executing in the
working pipe (and is the working register file register set),
process 2 is stored in the shadow register chain (and in the
shadow register file register set), and the context cache
stores the contexts of four more processes, processes 3, 4, 5,
and 6. On a context switch event, process 4 will need to be
executed. In this case, during the execution of process 1, the
contents of the shadow register chain are optionally written
to the context cache, and the data associated with the context
of process 4 is read from the context cache and loaded into
the shadow registers. Also, during the execution of process
1, the contents of the shadow register file register set are
written to the context cache, and the data associated with the
context of process 4 is read from the context cache and
loaded into the shadow register file register set.

[0040] On the context switch event, the working and
shadow registers are swapped within one clock cycle, and












