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METHOD AND APPARATUS FOR TRANSFERRING DATA BETWEEN A

REGISTER STACK AND A MEMORY RESOURCE

FIELD OF THE INVE N

The present invention relates generally to the architectural
state of a microprocessor. Specifically, the present invention relates to a
method and apparatus for transferring data between a register stack and a
backing store defined in the memory of the microprocessor.
BACKGROUND OF THE INVENTION

A register stack may comprise a number of general registers of a
microprocessor, which have been designated for the storage of data required
by, and pertaining to, procedures of a stored program being executed by the
microprocessor. Specifically, upon execution of a particular procedure, a

stack frame associated with that procedure is created within the register

stack. The stack frame includes saved registers (containing variables local to
relevant procedure), an activation record and a frame marker. When a
procedure calls a further procedure, the called procedure in turn creates a

further stacked frame on top of the stacked frame for the calling procedure.

Accordingly, for a program in which a number of nested procedures are
being executed, the register stack may include a corresponding number of
stack frames.

A register stack accordingly allows multiple procedures to effectively
share a large register file by stacking associated stack frames in on-chip
registers. The call/return patterns of typical programs exhibit high
call/return frequencies with small amplitudes. A register stack significantly
reduces the number of stores (i.e. register saves) at procedures calls and
loads (i.e. register restores) at procedure returns, and thus provide a "cache"
of information pertinent to nested procedures. As processor operating
frequencies are increasing faster than the access times to memory resources
(e.g. RAM) are decreasing, reducing the number of memory accesses
performed by a program, as a result of procedure calls and returns, provides
a performance advantage. This advantage is becoming increasingly
significant in view of the popularity of modular and object-oriented
programming, and the use of dynamically linked libraries.

As a register stack has a limited size, it will be appreciated that in a
deeply nested procedure call sequence, the capacity of the register stack may
be exceeded in what is termed a "spill". In such situations, it is necessary to
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transfer some of the registers of previous stack frames from the register
stack to a backing store in order to create capacity within the register stack.
Similarly, as the register stack empties on procedure returns, it is desirable
to restore registers of previous stack frames which have been stored in the
backing store to the register stack. The transfer of stack frames between the
register stack and the backing store may be problematic where the number
of bits contained in a register of the register stack is not a multiple of the
addressing scheme employed to address the memory resource where the
backing store resides.

SUMMARY OF THE INVENTION

According to the invention there is provided an apparatus for
transferring data from a register stack to a memory resource or storage
device. The apparatus includes a temporary storage facility and transfer
logic. The transfer logic transfers N bits of the contents of a first register in
the register stack to a first location in the memory resource, and also
transfers M bits of the contents of the first register to a first location in the
temporary storage facility. When a predetermined number of data transfers
between the register stack and the memory resource have occurred, the
transferred logic transfers the accumulated contents of the temporary
storage facility to a second location in the memory resource.

Other features of the present invention will be apparent from the
accompanying drawings and from the detailed description which follows.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example and not
limitation in the figures of the accompanying drawings, in which like
references indicate similar elements and in which:

Figure 1 is a schematic representation of a computer system in which
the present invention may be implemented and exercised.

Figure 2 is a schematic representation of a processor in which the
present invention may be implemented and exercised.

Figure 3 is a schematic representation of apparatus, according to one
embodiment of the invention, for transferring data between a register stack
and a memory resource.

Figure 4 is a flow chart illustrating a method, according to the present
invention, of storing the contents of a register in a memory resource.
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Figure 5 is a flow chart illustrating a method, according to the
invention, of restoring the contents of a register from a memory resource.

Figure 6 is a schematic representation of a backing store, according to
the present invention, as constructed in main memory.

DETAILED DESCRIPTION

A method and apparatus for transferring data between a register and
a memory resource within an integrated circuit are described. In the
following description, for purposes of explanation, numerous specific
details are set forth in order to provide a thorough understanding of the
present invention. It will be evident, however, to one skilled in the art that
the present invention may be practiced without these specific details.

Computer System And Microprocessor Overview
Referring to Figure 1, an overview of a computer system 10, which

may be used in conjunction with any one of the described embodiments of
the present invention, is shown in block diagram form. It will be
understood that, while Figure 1 is useful for providing an overall
description of a computer system, a number of details of the system are not
shown. As necessary for disclosure of the present invention, further detail
is set forth with reference to other figures provided with the specification.
Further, the present invention is described with reference to exemplary
embodiments. Alternative embodiments which may be conceived by one
of ordinary skill in the art are considered within the scope of the invention.
As illustrated in Figure 1, the computer system 10 comprises a processor bus
12 for communicating information between a processor 14 and a bus bridge
16. The processor 14 is also coupled via a dedicated bus to a Level Two (L2)
cache memory 18. The processor 14 communicates with the rest of the
computer system 10 via the bus bridge 16, to which are coupled a Level
Three (L3) cache memory 20 and a main memory 22, which is typically a
Random Access Memory (RAM). A systems bus 24 is also coupled to the
bus bridge 16, and which facilitates communication between a number of
peripheral devices, the processor 14 and the main memory 22. A number of
dedicated input/output (I/O) ports 26 are coupled between the systems bus
24 and associated peripheral devices. The peripheral devices include a
display unit 28, (such as Cathode Ray Tube (CRT) or a Liquid Crystal Display
(LCD)), an alpha-numeric input device 30 (such as a keyboard), a cursor
control device 32 (such as a mouse or other pointing device), a hard copy
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device 34, (such as a printer or plotter for providing visual representations
of computer images), and a signal generation device 36 (such as a
microphone or loudspeaker). The computer system 10 also includes a mass
storage device 38, such as a magnetic disk and associated drive unit, which
is coupled to the systems bus 24 via a dedicated I/O port 26.

Referring now to Figure 2, a more detailed representation of the
processor 14 of Figure 1 is shown in block diagram form. The processor 14
comprises a bus interface unit 40, which provides an interface between the
microprocessor 14 and the system bus 12. The bus interface unit 40 is
coupled to allow a prefetcher 42 to access main memory 22 of the computer
system 10 via an instruction cache 44. The prefetcher 42 retrieves
instructions, indexed by an instruction pointer, from the instruction cache
44 or from main memory 22 via the bus interface unit 40. A branch
prediction unit 46 provides speculative predictions for branch instructions
retrieved by the prefetcher 42, and also outputs an instruction pointer,
indexing either a sequential memory address or a target memory address,
depending on whether a branch is predicted as being taken or not taken. In
a Complex Instruction Set Computing (CISC) architecture, the prefetcher 42
propagates instructions to a decoder 48 for decoding into a set of micro-
operations for down-stream processing. A control read-only-memory
(ROM) 50 is coupled to the decoder 48, and receives entry-points from the
decoder 48. The decoder 48 and the control ROM 50 supply micro-
operations to a control unit 52. It will be appreciated that, in a Reduced
Instruction Set Computing (RISC) embodiment, the instruction decoder 48
and the control ROM 50 may be omitted from the processor architecture.

The control unit 52 supplies an integer execution unit 54 and a
floating point execution unit 56 with integer and floating point instructions,
respectively, for execution. The integer execution unit 54 and the floating-
point execution unit 56 have access to a data cache 58 when executing
instructions. Micro-operations are also supplied from the control unit 52 to
an address generation unit 60, which generates and translates address
information.

Figure 3 is a schematic representation of a set of general registers 80, a
main memory 82, and transfer apparatus 84, according to one exemplary
embodiment of the invention, for facilitating the transfer of information
between the general registers 80 and the main memory 82.

Register Stack And Backing Store
4
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Of the general registers, a subset thereof is designated for use as a
register stack 86. For example, of 128 general registers, 96 of them may be
designated as cﬁfftf)rising the register stack 86, As a program is executing,
each procedure thereof may allocate a certain number of registers in the
register stack 86 as a local stack frame. Referring to Figure 3, the register
stack 86 is accordingly shown to include stack frames 88, 90 and 92,
associated with procedures A, B and C respectively. Each of the stack frames
88, 90 and 92 comprises a predetermined number of registers having a
specific bit-length. In the embodiment illustrated in Figure 3, each register
in the register stack has bit-length of 65 bits.

Each stack frame is automatically preserved as another procedure is
called. For example, the stack frame 88 for procedure A is preserved when
procedure A calls procedure B. Similarly, the stack frame 90 for procedure B
is preserved in the register stack when procedure B calls procedure C.
When a return from procedure occurs, the relevant stack frame is then
removed from the register stack. For example, on a return from procedure
C to procedure B, the stack frame 92 is removed from the register stack 86.

It will be appreciated that the register stack 86 is of a fixed and limited
capacity. In the event of a large number of consecutively called procedures,
the register stack 86 may have insufficient capacity to accommodate stack
frames for all called procedures, and the register stack may overflow or
“spill”. In this situation, it becomes necessary to save some of the older
stack frames to a section of main memory 82 designated as a backing store
94. In the event of the procedure call stack in the register stack 86 becoming
too deep, it may thus become necessary to save some of the stack frames 88,
90 and 92 to the backing store 94, as illustrated in Figure 3. )

Similarly, as stack frames for procedures subsequent to procedures A,
B and C are removed from the register stack 86, it again becomes desirable
for the stack frames 88, 90 and 92 to reside in the register stack 86.
Accordingly, when capacity becomes available in the register stack 86,
portions of the stack frames 88, 90 and 92 can then again be incrementally
transferred from the backing store 94 to the register stack 86.

Attribute Information

In advanced processor architectures, it may be desirable to associate
attribute information with certain data. For example, in processors capable
of speculative instruction execution, it may be desirable to defer exceptions
generated by such speculative instructions until the relevant instruction
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becomes non-speculative. In order to implement this deferred handling of
exceptions generated by speculatively-executed instructions, the
embodiment of the invention illustrated in Figure 3 proposes that each 64-
bit general register 80 be augmented with a 65th bit termed an attribute bit.
An exemplary register 96, is thus shown to include (64) data bits 98 and a
single attribute bit 100. The attribute bit 100 is used to indicate the success or
failure of a series of speculative load operations targeting the relevant
register. If the load instruction to a particular memory address would have
generated a fault, a speculative load instruction will set the attribute bit 100,
associated with the target register, to a logical one (1). In this way, handling
of the fault is deferred until a program attempts, if ever, to use the result of
the load operation. Accordingly, compilers are able to issue load
instructions earlier than would otherwise have been possible.

The creation of a general register having a 65-bit length, while being
advantageous from an exception handling view point, may give rise to
certain inefficiencies in the saving of data from the register stack 86 to the
backing store 94. As main memory 82 is addressed in terms of 8-bit bytes,
one method of storing the contents of a register to the backing store 94
proposes using 9 bytes for the storage of each general register. However, this
would result in a wastage of seven bits per register, as the Most Significant
Bit (MSB) would be the only bit occupying the final 9th byte transferred to
the main memory 82. This inefficiency is exasperated when memory is
addressed in terms of 16-bit bytes.

Referring specifically to Figure 3, the transfer apparatus 84 comprises
a register stack engine 102, a pair of address registers 104 and 106, and a pair
of collection registers 108 and 110. The register stack engine 102 is
responsible for transferring stack frames from the register stack 86 to the
backing store 94 (spills), and also for transferring stack frames back from the
backing store 94 to the register stack 86 (fills). The register stack engine 102
spills and fills the register stack 86 without explicit program intervention,
and concurrently and asynchronously with respect to instruction execution.
This allows the register stack engine 102 to take advantage of unused
memory band-width to dynamically perform register spill and fill
operations in a preemptive manner. For example, the register stack engine
102 can preempt a register stack 86 overflow by transferring stack frames to
the backing store 94 when it anticipates a register stack overflow may occur.
Similarly, the register stack engine 102 may preemptively transfer stack
frames from the backing store 94 to the register stack 86 prior to the stack
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frame actually being required. By performing these spill and fill operations
in an asynchronous manner, and using spare memory cycles, processor
performance is enhanced.

The register stack engine 102 is coupled to the store and load address
registers 104 and 106. The store address register 104 is a 64-bit register, and
contains the address of the location in the backing store 94 into which the
next 64-bit value, retrieved from the register stack 86, will be saved. The
store address register 104 is used by the register stack engine 102 when
saving general registers, and the address contained therein may be required
to be 8-byte aligned. Similarly, the load address register 106 is a 64-bit
register, and contains the address of the location (8 bytes deeper) in the
backing store 94 from which the next 64-bit value will be retrieved for
transfer back to the register stack 86. This address may similarly be required
to be 8-byte aligned.

The store and load collection registers 108 and 110 are dedicated to the
temporary storage of attribute bits 100 when data associated with these
attribute bits is transferred between the register stack 86 and the backing
store 94. The operation of these storage registers 108 and 110 will be
described below with reference to Figures 4 and 5. Each of the collection
registers 108 and 110 is a 64-bit register. The store collection register 108
contains the attribute bits 100 of up to 63 of the registers most recently saved
to the backing store 94. Similarly, the load collection register 100 contains
the attribute bits 100 of up to 63 of the next registers to be restored.

Methodolo
Methods by which data is transferred between the register stack 86

and the backing store 94, as performed by the transfer apparatus 84, will now
be described with reference to the flow charts shown in Figures 4 and 5. A
method 120 of storing the contents of a general register 96 to a designated
location in the backing store 94, according to one exemplary embodiment of
the invention, is illustrated in Figure 4.

In summary, the exemplary method 120 proposes saving general
registers to the backing store 94 in groups of sixty-three registers, and
concurrently collecting the attribute bits 100 for each these registers in the
store collection register 108. It will be appreciated that the invention is not
limited to groups of sixty-three registers, and register groups of any size
could be transferred. After each group of sixty-three general registers has
been transferred to the backing store 94, the method 120 then proposes

-7~



WO 99/17207

- -

PCT/US98/20746

saving the collection of attribute bits 100, now contained in the register 108,
to the backing store 94 as a 64-bit doubleword. More specifically, the method
120 commences at decision box 126, where a determination is made as to
whether the collection register 108 has reached a predetermined maximum
capacity. In the illustrated embodiment, a determination is made as to
whether the collection register 108 contains 63 attribute bits. If the collection
register 108 has not reached the predetermined capacity, then steps 122 and
124 are performed with respect to the sequentially next general register in
the register stack 86. Specifically, step 122 requires saving bits [63:0] (i.e. data
bits 98) of a general register N to the next available 64-bit location in the
backing store 94. At step 124, bit [64] (i.e. attribute bit 100) of the general
register N is saved to the next available location in the store collection
register 108. Alternatively, should the maximum capacity of the collection
register 108 have been reached, the method 120 proceeds to step 128, and the
contents of the store collection register 108 are saved at the next available 64-
bit location in the backing store 94. The contents of the store collection
register 108 now having been emptied, the method 120 is repeated with
respect to the next group of sixty-three general registers in the register stack
86.

The determination at step 126 as to whether the store coliection
register 108 contains the predetermined number of attributes 100 may be
performed in a number of different ways. In one embodiment, a simple
counter (not shown) may be provided which maintains a count of the
number of register transfers between the register stack 86 and the backing
store 94. In another embodiment, the register stack engine 102 may simply
examine a specific sequence of bits of the address contained in the store
address register 104. In the illustrated embodiment, bits [8:3] of the store
address register 104 provide a count of the number of register transfers from
the register stack 86 to the backing store 94. Accordingly, should the bits [8:3]
in the store address register 104 not be all one's (1’s), this indicates that the
store collection register 108 has not reached its predetermined capacity, and
that steps 122 and 124 should be performed with respect to the next
sequential general register. On the other hand, should the bits [8:3] of the
stored address register 104 be all one's (1’s), this indicates that sixty-three
attribute bits 100 have been saved to the store collection register 108, and
that step 128 should be performed.

Figure 6 shows a more detailed view of the backing store 94, and
provides an illustrative example of how batches 130 of data are stored to
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main memory 82, Each batch is shown to comprise the contents of a group
of sixty-three general registers followed by an assembled attribute bit
collection 132 comprising the attribute bits associated with the preceding
general register content.

Referring now to Figure 5, there is shown a flow chart illustrating a
method 140, according to one embodiment of the present invention, of
restoring the contents of a series of general registers 86 from the backing
store 94 in the main memory 82. In essence, the method 140 comprises
loading an attribute bit collection 132, having a bit-length of 64 bits, from a
location in the backing store 94 into the load collection register 110.
Thereafter, the content of each of sixty-three general registers is paired with
an associated attribute bit, now contained in the load collection register 110,
and the resulting 65-bit data and attribute assembly is transferred to the next
available general register 96 in the register stack 86. This procedure is
performed with respect to each of the sixty-three general register contents
associated with the attribute bits stored in the load collection register 110.
On completion of the transfer of the contents of the sixty-three general
registers, the Joad collection register 110 is loaded with the attribute bits for
the next sixty-three registers, and the above procedure is repeated. Referring
now specifically to Figure 5, the method 140 commences at decision block
146, where a determination is made as to whether all attribute bits stored in
the load collection register 110 have been saved to appropriate general
registers. If not, the method proceeds to step 142 and the contents of the
next sequential register are restored from the backing store 94 and the load
collection register 110. Specifically, step 142 requires storing bits [63:0] of a
backing store entry (N) to bits [63:0] of the next 65-bit general register 96. At
step 144, bit (N) (i.e. the attribute bit associated with the bits [63:0]) is saved to
bit [64] of the same general register 96 to which the save was made at step
142. Accordingly, the sixty-four data bits 98 and the single attribute 100 are
again assembled in a general register. as described above. On the other
hand, should it be determined at decision block 146 that the lIoad collection
register 110 has been exhausted, the register 110 is then again filled, at step
148, with the attribute bit collection 132 for the next sixty-three general
registers to be restored.

The determination at decision block 146 as to whether the load
collection register is exhausted may be performed by reference to a simple
counter, which maintains a count of the number of transfers between the
backing store and the register stack. In the embodiment of the invention
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illustrated in Figure 3, bits [8:3] of the load address register 106 provide a
count of the number of transfers that have occurred from the backing store
to the register stack. Accordingly, by referencing these bits [8:3], the register
stack engine 102 is able to determine if the load collection register 110 has
been exhausted. Specifically, if bits [8:3] of the load address register 106 are
not all one's (1’s), this indicates that the load collection register 110 has not
been exhausted. Alternatively, should bits [8:3] be all one's (1’s), the double
word (i.e. the 64-bit attribute collection 132) at the location designated by the
address in the load address register 106 is loaded from the backing store 94
into the load collection register 110. In this way, the attribute bits for the
next group sixty-three registers to be restored are available in the register
110.

It could further be noted that, in one embodiment, the same
mechanism which is used to determine whether the attribute collection
register is full is also used to determine which bit of the attribute collection
register is added to the N data bits of the restored register.

Thus, a method and apparatus for transferring data between a register
and a memory.resource have been described. Although the present
invention has been described with reference to specific exemplary
embodiments, it will be evident that various modifications and changes
may be made to these embodiments without departing from the broader
spirit and scope of the invention. Accordingly, the specification and
drawings are to be regarded in an illustrative rather than a restrictive sense.
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LAIM
What is claimed is:

1. A method of storing the contents of a register in a memory
resource, the method including the steps of:

storing N bits of the contents of a first register at a first location in the
memory resource;

storing M bits of the contents of the first register to a collection
storage facility;

determining whether the collection storage facility contains a
predetermined number of bits of stored information; and

if the collection storage facility contains the predetermined number
of bits of stored information, then storing the contents of the
collection storage facility at a second memory location in the memory
resource.

2. The method of claim 1 wherein, if the collection storage facility
does not contain the predetermined number of bits of stored information,
then storing N bits of the contents of a second register at the second location
in the memory resource, and storing M bits of the contents of the second
register to the collection storage facility.

3. The method of claim 1 wherein the first and second memory
locations are sequential memory locations in the memory resource.

4. The method of claim 1 wherein the first register has a capacity
of N+M bits, the first location in the memory resource has a capacity of N

bits, and the predetermined number of bits of stored information comprises
N bits.

5. The method of claim 1 wherein the first register comprises a
general purpose register of a register stack, and the memory resource
comprise a Random Access Memory (RAM).
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6. The method of claim 1 wherein the collection storage facility
comprises a register.
7. The method of claim 1 wherein N+M is not an integral

multiple of a bus width employed by the memory resource.

8. The method of claim 1 wherein the M bits comprise attribute
information concerning the N bits.

9. The method of claim 1 wherein the attribute information
indicates whether data comprising the N bits is valid or invalid.

10. A method of restoring the contents of a register from a
memory resource, the method including the steps of:

storing N bits from a first location of the memory resource in a first
register;

storing M bits from a temporary storage facility in the first register;

determining whether a predetermined number of bits of information
from the temporary storage facility have been stored in registers; and

if so, then storing the contents of a second memory location of the
memory resource in the temporary storage facility.

11.  The method of claim 10 wherein, if a predetermined number
of bits of information from the temporary storage facility have not been
stored in registers, then storing N bits of the contents of the second location
in the memory resource in a second register, and storing M bits from the
temporary storage facility in the second register.

12 The method of claim 10 wherein the first register has a capacity
of N+M bits, the first location in the memory resource has a capacity of N
bits, and the predetermined number of bits of information comprises N bits.

13.  The method of claim 10 wherein the first and second memory
locations are sequent1a1 locations in the memory resource.
e T -12-
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14.  The method of claim 10 wherein the first register comprises a
general purposé régister of a register stack, arid the memory resource
comprise a main memory of an integrated circuit.

15.  The method of claim 10 wherein the M bits comprise attribute
information concerning the N bits.

16.  Apparatus for transferring data from a register stack to a
memory resource, the apparatus comprising:

a temporary storage facility; and

transfer logic configured to transfer N bits of the contents of a first
register in the register stack to a first location in the memory
resource, to transfer M bits of the contents of the first register to a first
location in the temporary storage facility, and to transfer the contents
of the temporary storage facility to a second location in the memory
resource after a predetermined number of data transfers between the
register stack and the memory resource.

17.  The apparatus of claim 16 including a counter for maintaining
a count of the number of data transfers from the register stack to the
INemory resource.

18.  The apparatus of claim 17 wherein the counter comprises an
address register indexing a location in the memory resource.

19.  The apparatus of claim 16 wherein the first register in the
register stack has a bit length of N+M bits and the first location in the
memory resource has a bit length of N bits.

20.  The apparatus of claim 16 wherein N+M is not an integral
multiple of a bus width employed by the memory resource.

21.  The apparatus of claim 16 wherein the transfer logic is
configured, if a predetermined number of data transfers between the
registers stack and the memory resource has not occurred, to transfer N bits
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from the contents of a second register in the register stack to the second
location in the memory resource and to transfer M bits of the contents of
the second register to a second location in the temporary storage facility.

22.  The apparatus of claim 16 wherein the first and second storage
locations in the memory resource are consecutive storage locations.

23.  The apparatus of claim 16 wherein the M bits comprise
attribute information concerning the N bits.

24.  Apparatus for transferring data from a memory resource to a
register stack, the apparatus comprising:

a temporary storage facility; and

transfer logic configured to transfer N bits from a first location in the
memory resource, and M bits from a first location in the temporary
storage facility, to a first register in the register stack, and to transfer
the contents of a second location in the memory resource to the
temporary storage register after a predetermined number of data
transfers between the register stack and the memory resource.

25.  The apparatus of claim 24 including a counter for maintaining
a count of the number of transfers between the register stack and the
memory resource.

26.  The apparatus of claim 25 wherein the counter comprises an
address register indexing a location in the memory resource.

27.  The apparatus of claim 24 wherein the first register in the
register stack has a bit length of N+M bits and the first location in the
memory resource has a bit length of N bits.

28.  The apparatus of claim 24 wherein N+M is not an integral
multiple of a bus width employed by the memory resource.
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29.  The apparatus of claim 24 wherein the transfer logic is
configured, if a predetermined number of data transfers between the
registers stack atid the memory resource has not occurred, to transfer N bits
from the second location in the memory resource, and M bits from a second
location in the temporary storage facility, to a second register in the register
stack.
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