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Cache with Compressed Data and Tag

A cache is a memory for temporary storage of data in a data processing
apparatus. Commonly, a cache is a smaller, high-speed memory that stores
copies of a subset of data from a backing storage device. The backing storage
device is typically a larger, slower memory or data storage device. The data in
the cache is used by a cache client, such as a central processing unit (CPU).
Performance of the CPU is enhanced when often used data is available in the
cache, thus avoiding latency associated with reading data from the backing
storage device. Each entry in the cache includes the data itself together with a
tag associated with the location of the original data in the backing storage device,
a validity bit and, optionally, one or more status bits. The size of a cache is
determined by the need to store the tags, validity and status bits in addition to
the data itself.

For large caches, a large tag store is required. For example, for a large off-
chip DRAM cache the tag storage requirements can often exceed what can
practically be stored in on-chip SRAM. Storing the tags in DRAM itself, however,
has a big latency penalty as both tags and data need to be read from the DRAM,

and DRAM access is much slower than SRAM access.

The accompanying drawings provide visual representations which will be
used to more fully describe various representative embodiments and can be used
by those skilled in the art to better understand the representative embodiments
disclosed and their inherent advantages. In these drawings, like reference

numerals identify corresponding elements:

FIG. 1 is a block diagram of a data processing system, in accordance with

various representative embodiments;

FIG. 2 is a diagrammatic representation of a memory address;

FIG. 3 is a block diagram of a data processing apparatus, in accordance

with various embodiments of the disclosure;
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FIG. 4 is a diagrammatic representation of a cache line, in accordance with

the various embodiments;

FIG. 5 is a diagrammatic representation of a DRAM configured to store
cached data, in accordance with various embodiments;

FIG. 6 is a diagrammatic representation of a single cache line stored in in

a DRAM row, in accordance with various embodiments;

FIG. 7 is a diagrammatic representation of a cache line is stored in a DRAM

and an overflow memory region, in accordance with various embodiments;

FIG. 8 is a diagrammatic representation of direct mapping to locations in

an overflow data area, in accordance with various embodiments;

FIG. 9 is a block diagram of a data processing apparatus, in accordance

with various embodiments; and

FIG. 10 is a flow chart of a method for caching data in a DRAM cache, in

accordance with various embodiments.

While this invention is susceptible of embodiment in many different forms,
there is shown in the drawings and will herein be described in detail specific
embodiments, with the understanding that the present disclosure is to be
considered as an example of the principles of the invention and not intended to
limit the invention to the specific embodiments shown and described. In the
description below, like reference numerals are used to describe the same, similar

or corresponding parts in the several views of the drawings.

In this document, relational terms such as first and second, top and bottom,
and the like may be used solely to distinguish one entity or action from another
entity or action without necessarily requiring or implying any actual such
relationship or order between such entities or actions. The terms "comprises”,
"comprising", or any other variation thereof, are intended to cover a non-exclusive

inclusion, such that a process, method, article, or apparatus that comprises a list



10

15

20

25

30

35

WO 2018/002576 PCT/GB2017/051559
3

of elements does not include only those elements but may include other elements
not expressly listed or inherent to such process, method, article, or apparatus. An
element preceded by “comprises ...a"” does not, without more constraints, preclude
the existence of additional identical elements in the process, method, article, or
apparatus that comprises the element.

Reference throughout this document to "one embodiment", “certain
embodiments”, "an embodiment” or similar terms means that a particular feature,
structure, or characteristic described in connection with the embodiment is
included in at least one embodiment of the present invention. Thus, the
appearances of such phrases or in various places throughout this specification are
not necessarily all referring to the same embodiment. Furthermore, the particular
features, structures, or characteristics may be combined in any suitable manner

in one or more embodiments without limitation.

The term “or” as used herein is to be interpreted as an inclusive or meaning
any one or any combination. Therefore, “A, B or C” means “any of the following:
A;B; C,Aand B; Aand C; Band C; A, Band C”. An exception to this definition
will occur only when a combination of elements, functions, steps or acts are in

some way inherently mutually exclusive.

For simplicity and clarity of illustration, reference numerals may be
repeated among the figures to indicate corresponding or analogous elements.
Numerous details are set forth to provide an understanding of the embodiments
described herein. The embodiments may be practiced without these details. In
other instances, well-known methods, procedures, and components have not been
described in detail to avoid obscuring the embodiments described. The description
is not to be considered as limited to the scope of the embodiments described

herein.

Mobile devices with in-package, but off-chip dynamic random access
memory (DRAM) caches are becoming increasingly important. Moreover, future
system-on-chip (SoC) servers, mobile devices and other devices may use storage
class memory (SCM).
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Because of the latency of accessing SCM, it is likely that some or all of the
DRAM would be dedicated to caching the SCM data. SCM may be four or more
times as dense as DRAM, so maintaining all the required address tags in an on-

chip static random access memory (SRAM) would be difficult or expensive.

Possible ways for maintaining address tags for cached SCM data include:

(a) The SCM tags could be held in SRAM, but that might require 100’s
MB of SRAM for normal cache sized lines (e.g. 64 Bytes).

(b) The SCM could be cached at a larger granularity, but for sparsely

accessed data this would involve more data movement.

(c) The SCM tags and data could reside as separate data in DRAM, but
that would require two accesses (one for tag, followed by one for data) doubling

the time for a cache hit.

(d) The SCM could be cached in non-standard DRAM and both the tag
and data could be co-located, however this non-standard DRAM would not be a
commodity item and would incur a large carry cost if it is packaged with the central

processing unit (CPU).

Alternatively, the SCM could not be cached. However, the latency in
accessing the SCM may be as much as ten times longer than the latency for DRAM.
For frequently accessed data that does not fit in a lowest level cache (LLC) this

would be detrimental to performance.

The SCM could be cached at a page granularity and moved by the operating
system (0OS). However this would depend upon the OS having some mechanism
to identify ‘hot’ data as well as for moving entire pages of data. This is problematic
for any type of sparse data access and introduces a bookkeeping overhead to
identify the ‘hot’ data and periodically invoking the OS to ‘migrate’ the *hot’ data
from SCM to DRAM.
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Various embodiments of the present disclosure relate to method and
apparatus for caching data and associated address tags in a DRAM such that data
and address tag may be accessed in a single access. For example, data and
associated address tags may be cached in a traditional 64-bit x 8 burst DRAM such
that data and address tag may be accessed in a single access. For example, for
a 64-byte cache line in direct-mapped cache having 4K lines, approximately 46-
bits of storage are required for tag information, plus additional bits for status

information.

It has been shown that for DRAM caches, latency is more important that

hit-rate. A direct-mapped cache is the easiest way to reduce latency.

The embodiments discussed below described how data and associated
address tags are accessed from a DRAM cache. The embodiments balance access
latency with DRAM storage capacity overhead. Some embodiments are discussed
with reference to a 64-byte cache line, but other size cache lines may be used

without departing from the present disclosure.

In accordance with a first embodiment, a system is organized such that
each DRAM memory module has an extra DRAM device (‘chip’) that stores the
tags and status information for each cache-line region. When a cache-line is
fetched by a DRAM controller, it reads the cache-line data in 8 bursts over a 64-
bit wide double data rate (DDR) data bus structure. The DRAM controller
simultaneously reads the tag and status information from the extra chip possibly
using fewer burst on the data bus structure. This embodiment has the benefit of
simple implementation at the DRAM controller and guaranteed access of the data,
tag and status bits with a single DRAM access. However, unless this arrangement
becomes common place, the extra DRAM device may be more expensive than
commodity DRAM modules.

Herein, the address tag, together with associated status bits and any other
bits that relate to the data are termed ‘metadata’.

Certain embodiments relate to an apparatus for storing a plurality of cache

lines, where each cache line is configured to store data and metadata associated
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with the data, and where the metadata includes an address tag. The apparatus
includes a first memory region comprising a plurality of rows, each row of the
plurality of rows comprising one or more primary blocks and each primary block
sized to store data of a cache line. A first logic circuit is configured to compress
data of a first cache line or both data and metadata of the first cache line to
produce a compressed data block. When the compressed data block fits in a
primary block, the compressed data block is stored in the first primary block. A
second logic circuit is configured to decompress data retrieved from a second
primary block to recover data and metadata of a second cache line associated with

an address and determine if an address tag of the metadata matches the address.

The apparatus may also include a second memory region comprising a
plurality of overflow blocks, each overflow block associated with a primary block
of the plurality of primary blocks. The first logic circuit is further configured to
assert a 'Fits’ bit associated with a first primary block when the compressed data
block fits in a primary block and is stored in the first primary block. When the
compressed data block does not fit in a primary block, the ‘Fits’ bit associated with
the first primary block is de-asserted, a first portion of the data and metadata of
the first cache line is stored in the first primary block and a second portion of the
data and metadata of the first cache line is stored in an overflow block associated
with the first primary block. The second logic circuit is configured to decompress
data retrieved from a second primary block to recover data and metadata of a
second cache line associated with an address when a ‘Fits’ bit associated with a
second primary block is asserted. When the ‘Fits’ bit associated with the second
primary block is not asserted, a first portion of the data and metadata of the
second cache line is retrieved from the second primary block and a second portion
of the data and metadata of the second cache line is received from a second
overflow block, where the second overflow block is associated with the second

primary block.

An overflow block of the plurality of overflow blocks may be located in the
same memory row as the primary block with which it associated.

In certain embodiments, the size of an overflow block is insufficient to store

metadata of a cache line and the memory row is configured to store a
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‘RowOverflow’ bit. The apparatus then includes a third memory region of sufficient
size to store metadata of the plurality of cache lines in a plurality of third overflow
blocks and the first logic circuit is configured to store a first portion of the data
and metadata of the first cache line in the first primary block and store a second
portion of the data and metadata of the first cache line of the first cache line in a
third overflow block associated with the first primary block when a memory row is
not large enough to hold all of the compressed data associated with the memory
and assert the ‘RowOverflow’ bit of the memory row. The second logic circuit is
configured retrieve data from the second primary block and a third overflow block
to recover data and metadata of the first cache line, when the ‘RowOverflow’ bit
is asserted, where the third overflow block is associated with the second primary
block.

Each primary block of the first memory region may be associated with one

overflow block of the third memory region in a direct mapping.

An overflow block may be sized to store metadata of a cache line and each
primary block of the first memory region may be associated with one overflow

block of the second memory region.

The apparatus may include a memory controller that comprises the first and
second logic circuits, where the first memory region and the second memory
region are regions of a dynamic random access memory (DRAM) and where the

memory controller is coupled to the DRAM via a bus.

The first logic circuit may be configured to store the first and second
portions of the data and metadata of the first cache line in a compressed form
when the compressed data block does not fit in a primary block. Alternatively,
the first logic circuit may be configured to store the first and second portions of
the data and metadata of the first cache line in uncompressed form when the

compressed data block does not fit in a primary block.

The apparatus may include a backing storage device, such as a storage
class memory (SCM), where the address comprises an address in the backing

storage device.
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Instructions of a hardware language that define the apparatus may be

stored in a non-transient computer readable medium.

In accordance with certain embodiments, a method is provided for reading
a cache line containing cache line data and cache line metadata. The method
comprises locating a primary block in a first memory region, the primary block
associated with the cache line, and reading first data in the located primary block.
If a Yfits’ bit associated with the first data is asserted, the first data is
decompressed to obtain the cache line data and the cache line metadata. If the
‘fits’ bit associated with the first data is not asserted, an overflow block in a second
memory region is located, the overflow block associated with the located primary
block, second data held in the overflow block is read and the first and second data
are combined to obtain the cache line data and the cache line metadata.

The cache line may be identified from an address in a backing storage
device by identifying a first address tag from the address, comparing the first
address tag with a second address tag of the metadata, where the cache line is
associated with an address, the method further comprising, and reading the
backing storage device at the address if the first and second tags do not match.
The first memory region and the second memory region may be regions of a
dynamic random access memory (DRAM), in which case the first data is read by
accessing the DRAM via a data bus structure.

In accordance with certain further embodiments, a method is provided for
writing a cache line containing cache line data and cache line metadata to a
memory. The memory includes a first memory region configured as a plurality of
primary block and a second memory region configured as a plurality of overflow
blocks, each overflow block of the plurality of overflow block associated with a
corresponding primary block of the plurality of primary block. The method
comprises compressing the cache line data and the cache line metadata to produce
compressed data. If the compressed data fits within a primary block of the
plurality of primary blocks, a primary block associated with the cache line is
identified, the compressed data is written to the identified primary block; and a

fits’ bit associated with the identified primary block is asserted. If the compressed
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data does not fit within a primary block of the plurality of primary blocks, a primary
block associated with the cache line is identified, a first portion of the cache line
data and the cache line metadata is written to the identified primary block, an
overflow block associated with the cache line is identified, a second portion of the
cache line data and the cache line metadata is written to the identified overflow

block and a fits’ bit associated with the identified primary block is de-asserted.

The first memory region and the second memory region may be regions of
a dynamic random access memory (DRAM), in which case the first data is read by

accessing the DRAM via a data bus structure.

The disclosure is described in more detail below, with reference to the

figures.

FIG. 1 is a diagrammatic representation of a cache memory 100. Data is
stored in blocks 102 that are, at least conceptually, arranged as an array having
a number W of columns and a number of lines. The lines are conceptually grouped
as S sets of M lines. For ease of access, W = 2%, S = 25 and M=2" are often
selected to be powers of 2. In one example, each block 102 is a byte of data,
w=6, s=12 and m=0, so that W=64, S=4096, and M=1. The location of the
original data, of which blocks 102 are copies, is identified by tags 104 and by the
location of the data within the array. In addition, each cache line includes one or
more status bits 106. The status bits may indicate, for example, if the data in line
is valid or invalid, and permissions associated with the data. For example, status
bits 106 might indicate the MESI state of the data (i.e. whether the data is
Modified, Exclusive, Shared or Invalid). The tags 104 and status bits 106 are
herein termed ‘metadata’.

The tag and data structures may be separated into two, with conceptually
the same numbers of sets/ways, so a match found in a region of the tag array has
a corresponding region in the data array. The data RAM may comprise multiple
RAMs that can be individually accessed, so that, when a match is found in the tag

array, the correct data element can be accessed.
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FIG. 2 is a diagrammatic representation of an address 200 in a backing
storage device, such as a main memory. The address 200 has n bits. For
example, in some data processing systems, n=64. The lowest w bits 202 of the
address 200 may be used as a column offset that indicates which data column of
cache 100 could contain a copy of the data stored at that address in the backing
memory. The next s bits 204 of the address 200 comprise a set index that
indicates which set of cache lines could contain the copy of the data. The upper t
bits of the address are used as tag for the address, where r=n—s—w . When
M=1, the cache is directly mapped and a copy of the data is stored in the cache if
the tag matches the tag stored at the cache line indicated by the set index. When
M>1, a copy of the data is stored in the cache if the tag matches the tag stored
at any cache line in the set of lines indicated by the set index. If the tag does not

match any of the M tags in the set, the data is known to be not in the cache.

FIG. 3 is a simplified block diagram of a data processing apparatus 300 in
accordance with various embodiments of the disclosure. The apparatus includes
a cache client 302, such as one or more central processing units (CPU’s). A CPU
may include one or higher level caches. The apparatus 300 also includes random
access memory (RAM) 304, such as an dynamic RAM (DRAM) or static RAM
(SRAM) for example, and backing storage device 306. The backing storage device
306 may have a larger storage capacity than RAM 304, or a slower access time.
For example, backing storage device 308 may be a memory, a storage class
memory (SCM), flash memory, solid state memory, hard disk drive (HDD), other
type of storage, or a combination thereof. Backing storage device 306 may
provide non-volatile storage, volatile storage, or a combination thereof.

In this example, RAM 304 and backing storage device 306 are coupled to
the cache client 302 via a bus structure 308 and memory controller 310. For
example, the bus structure 308 may be a 64-bit wide DDR bus.

Commonly, the memory cells of RAM 304 are configured in rows 312. The
length of the rows and the bus structure are designed to work efficiently together.
The number of bits in each row of a DRAM may be a multiple of the bus width.
For example, a DRAM coupled to a 64-bit bus may have 2048 =32 x 64 bits in each

row. A row to be accessed may be stored in row buffer 314.
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In accordance with the present disclosure, RAM 304 is used as a cache to
speed data transfer between the cache client 302 and the backing storage device
306. In one embodiment, dynamic RAM (DRAM) is used. DRAM chips are

manufactured in very high numbers and, consequently, are inexpensive.

In one example, given above, a cache line comprises 64 bytes of data.
Since a byte comprises eight bits, a cache line can be read in eight bursts using a
64-bit bus.

In the embodiments described below, RAM 304 will be referred to a DRAM.
However, the disclosure is not limited to DRAM and the method may be used with

apparatus having other types of memory.

In a simple approach, the cache data is stored in one region of DRAM 304,
while the associated tags and status bits are stored in another region of the DRAM
304. In use, the tag associated with an address to be accessed is checked against
the tags in the M lines that might contain the data. This requires between 1 and
M DRAM accesses to retrieve the tags. If a match is found (termed a ‘cache hit’)
the data is then read. Thus, at least two DRAM accesses are required. This is
disadvantageous, since DRAM accesses are slower compared to other memory

commonly used for caches.

One aspect of the present disclosure is a method for tag checking and data
reading in a cache that, at least in some cases, requires only a single value to be

read.

In accordance with a second embodiment, a 64-byte cache line together
with the metadata are compressed into a compressed data block having a reduced
number of bits. The compressed data block corresponds to a compressed cache
line, A ‘Fits’ bit is stored that indicates if the compressed cache line fits into a 64-
byte location in DRAM. When the compressed cache line fits into 64-bytes, only
a single access is required to get the data and the metadata. This situation is
detected by the DRAM controller after reading whether the ‘Fits’ bit is asserted, or

not. If the 'Fits’ bit is asserted, a second DRAM access is not required and both
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the tag and data are available after decompressing the 64-byte data read. In this
approach, sufficient space is allocated per DRAM row such that there is always
enough space if the compression fails. This is done by allocating a distinct
overflow area at the end of the DRAM row for each cache block, for storing data
that did not fit into the 64-byte region. This overflow region must be wide enough
to store the metadata - although this information may be stored elsewhere. For
example, the metadata could be stored in the original block region so as to provide
an indication if an overflow read is required. If, after compression, the 64-bytes
of data and the metadata completely fit in 64-byte region, then the overflow area
is not used and ‘Fits’ bit is asserted. Otherwise, the *fits’ bit is de-asserted. The
metadata and data are stored in a combination of the 64-byte region for the cache
line and the designated overflow region. The data and metadata may be arranged
in various ways within the combined region. The ‘Fits’ bit may be stored in 64-
bytes region to enable a single access to be made. While the example above

depicts a 64-byte cache line, other sizes may be used.

In accordance with a further embodiment, only lines that fit after
compression are allocated.

It takes the DRAM controller two DRAM accesses, one to read the cache-
line, followed by another to read the appropriate overflow region, if needed. This
embodiment benefits from an ability to use commodity DRAM memory modules,
since the overflow area is implemented in the DRAM controller via address
mapping functions. In this embodiment, the additional amount of DRAM (the
‘overhead’) required for storing metadata used is not reduced compared with using
a separate DRAM device for the metadata, since extra memory is allocated for the
overflow region, whether it's used or not. In this embodiment, when the
compressed data and metadata do not fit in the 64-byte region, two memory

accesses are required to access it.

The data is compressed when written to the cache and decompressed when
read from the cache. The compression and decompression functions may be
performed by the memory controller when accessing the cache. A variety of data
compression techniques are known to those of ordinary skill in the art.
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For example, metadata comprising a 46-bit address tag and two status bits
uses 6 bytes of storage, thus the amount of memory required for storing metadata
is less than 10% of the memory required for the 64-bytes of data in the cache

line.

FIG. 4 is a diagrammatic representation of a single cache line 400 in
accordance with the various embodiments. A cache will likely contain many such
lines. In the example shown, the cache line 400 comprises address tag 104, one
or more status bits 106, a ‘fits’ bit 402 (discussed below), and a number (W) of
data entries 102 of. For example, the cache line may contain 64 data entries of
size one byte (8-bits). The address tag may contain, for example, 46-52 bits,
depending on how memory addresses are mapped to the cache. The cache line
contains metadata 104, 106 and 402 in addition to the data entries 102.

In accordance with various embodiment, the cache line is compressed to fit
into a region of DRAM smaller than the size of the uncompressed cache line.
Referring again to FIG. 4, each cache line 400 is compressed and stored in a
region 404 of DRAM memory row 312. For example, for 64 bytes of data, a 46-
bit address tag and 2-bit status field, the cache line contains 70 bytes for
compression into a 64-byte region. Thus, a relatively low level of compression is

required.

A variety of compression techniques are known to those of ordinary skill in
the art. For some of the techniques the amount of compression that can be
achieved is variable and depends upon patterns in the data, for example. Thus,
some cache lines may not be compressed sufficiently to fit into region 404. The
‘fits” bit 402 in each block 404 is asserted when the block 404 contains a complete,
compressed cache line. Otherwise, the fits’ bit is not asserted, a first portion of
the cache line 400 is stored in block 404 and a second portion, the remainder, is
stored in an overflow region 406, as depicted by the broken line in FIG. 4. For
the example given above, the block 404 contains 64 bytes and the corresponding
overflow region 406 contains up to 7 bytes.

In one embodiment, one overflow region 406 is provided for each block
404.
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When a compressed cache line does not fit, the line may be stored in

compressed or in uncompressed form.

The status bits may be compressed or uncompressed. However, the *fits’

bit is not compressed.

The data alone may be compressed or the combination of data and tag may
be compressed.

An advantage of the compression technique described above is that when
the compressed cache line fits in a single block 404, the block can be read
efficiently using a single DRAM access without a need for custom access logic,
custom DRAM, or a custom bus structure.

When the cache line does not fit, two DRAM accesses may be used to access
both the tag and the data.

FIG. 5 is a diagrammatic representation of a DRAM 500 configured to store
cached data in accordance with various embodiments. In the example shown, the
DRAM is organized into rows of 256 bytes (2K bits). Each row 312 contains three
primary blocks 404 of length 64 bytes each, three overflow blocks 406 of length
6 bytes each and free locations 502 length 46 bytes. The free locations 502 may
be used to store additional information such an error correction codes, or used for
general storage, for example. The DRAM rows may be organized in other ways.
Storing the metadata in the same DRAM row as the data itself has the advantage
that both data and metadata are placed together in the DRAM row buffer. This

reduces latency when a second DRAM access is required.

In accordance with a third embodiment, the amount of extra memory
required for storing metadata is reduced. In this embodiment an extra bit is stored
per DRAM row and far fewer bits are allocated for overflow.

FIG. 6 is a diagrammatic representation of how a single cache line 400 is

stored in in @a DRAM row 312, in accordance with the third embodiment. In this



10

15

20

25

30

WO 2018/002576 PCT/GB2017/051559
15

embodiment, each DRAM row 312 contains primary blocks 404 and overflow
blocks 602. However, the overflow blocks are of reduced size and are not
guaranteed to be of sufficient size to contain all of the overflow information in
every instance. As an example, only 6-8 extra bits may be allocated in each
overflow block 602 per 64-byte cache-line for the overflow bits. As a result, there
may be instances where insufficient overflow capacity is available in the DRAM
row to store the compressed metadata and data. To allow for such case, an
additional bit, denoted as ‘RowOverflow’ bit 604, is stored in each DRAM row. The
‘RowOverflow’ bit indicates when the allocated overflow region is not large enough,
even for a single 64-byte cache-line. The ‘RowOverflow’ bit is set even if a single
64-byte cache-line and its metadata cannot be compressed and accommodated in
the 64-byte cache-line and the extra 6-8 bits allocated per cache-line When a
DRAM row is read, the ‘RowOverflow’ bit is read by the memory controller. When
the ‘RowOverflow’ bit is asserted, 64-bytes read from the DRAM do not contain all
of the information. For example, the 64-bytes may contain only data. The
additional information is then read from a different memory location in a
subsequent DRAM access for all the 64-byte cache-lines that reside in a row with
the ‘RowOverflow’ bit set. This scheme reduces the storage overhead in the
common case where 64-bytes worth of storage is expected to contain all of the
data and other metadata in compressed form. However, while less memory is
required, a second access may be needed more frequently. This approach works

with commodity memory modules.

A fourth embodiment utilizes a standard DRAM together with a 72-bit wide
(x72) bus. These may conform to a standard such as the x72 standard of JEDEC™
Solid State Technology Association. The x72 JEDEC™ DRAM interface provides
enables both data and an associated error correcting code (ECC) to be read in a
single access. This interface is used in server memory systems, for example, to
increase the reliability of the system by eliminating errors related to corrupted
memory. The x72 interface is organized as x64+x8 where the 64-bits are data
bits stored in the memory (cache-line sized) and the remaining 8-bits are used for
storing the ECC values for the data bits. These 8-bits provide storage for error
detection and correction by the memory controller.
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In accordance with the fourth embodiment this claim, the entire 72-byte
cache-line (and its ECC value) will be compressed along with the metadata
described above. The compressed data is stored either in the 72-byte field, if it
fits, otherwise overflow bits will be stored in the overflow region at the end of the
DRAM row, as described above.

Note that the first and third embodiments described above can also be
implemented while accounting for ECC enabled and fault tolerant memory
systems.

For every cache line that is being stored in the DRAM, if the compression
fails to reduce the metadata to the nominal cache-line size (e.g. 64-bytes),
overflow data is stored elsewhere. In the embodiments two and four described
above the overflow data is co-located in the same DRAM row. This minimizes
latency for the case where the compression doesn't fit, since the second request
will hit in the DRAM row buffer. However, if the compression success rate is high,

this might only provide a small benefit.

In accordance with fifth embodiment of the disclosure the overflow data is
stored in an entirely different location in DRAM. FIG. 7 depicts how a cache line
400 is stored in a DRAM 312 and an overflow memory region 702. For example,
the overflow region 702 may be a reserved area of DRAM large enough to store
all of the potential overflow data in overflow blocks 406.

Locations in the cache may be direct-mapped to locations in the overflow
data area, as illustrated in FIG. 8, for example. In the example shown, each row
312 of the DRAM region 800 used to store four primary blocks 404 of length 64
bytes, while each row 702 of overflow DRAM region 802 is used to store four
overflow blocks of length 6 bytes (48 bits). In operation, a cache line index is
mapped to a primary block 404. If the primary block 404 was not sufficiently
compressible, as indicated by the 'Fits’ bit, the same index is used to identify the
associated overflow block 804 in the overflow region 802. For example, the index
could be multiplied by 6 (48-bits of data) and used to index into the overflow
region. This approach makes efficient use of available DRAM without a need to
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manage a list of free locations. In FIG. 8, arrows 806 and 808 indicate mappings

between primary blocks 404 and associated overflow blocks 804.

The mechanisms discussed above will also work seamlessly with fault
tolerant memory systems, such as the Chipkill™ enabled DRAM memory systems
of IBM Corporation, for example. Fault tolerant technology is used to prevent data
loss in DRAM main memory systems where an entire chip (DRAM device) failure
on the DRAM memory module can be tolerated via an extra chip. It also provides
the ability to correct multi-bit errors arising due to data corruption within a single
DRAM chip. For example, a fault tolerant memory system might have nine (9)
instead of eight (8) x8 DRAM chips. This extra chip is used to “spread” the 64-bit
data using a variety of encoding techniques that enable recovery of data due to a
single faulty chip in the memory system.

The compression technique may be implemented in memory controller 310,
for example, as depicted in FIG. 9. Compression logic circuit 902 and
decompression (expansion) logic circuit 904 is added to the memory controller
310 to compress data to be stored in the DRAM cache 304 and to decompress or
expand data read from the DRAM cache. As indicated, the data to be compressed
is read from backing storage device 306 and expanded data is written back to the
backing storage device 306. In addition, expanded data may be passed to cache
client 302 and data to be compressed may be received from the cache client 302.

Compression/Decompression logic circuits may be implemented at other
locations in the system. For example, the logic circuit may be implemented in the

system interconnect.

FIG. 10 is a flow chart 1000 of a method for caching data in a DRAM cache,
in accordance with various embodiments. Following start block 1002, a DRAM
cache line access is requested at block 1004. If the access is a write access, as
depicted by the *‘WRITE branch from decision block 1006, the cache line, including
data and the associated address tag, is compressed at block 1008. If the
compressed data fits within a single primary block, as depicted by the positive
branch from decision block 1010, the ‘Fits’ bit is set to 1 at block 1012 and the

compressed data is written to the primary block at block 1014. No further action
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is needed and the method terminates at block 1016. If the access is a read access,
as depicted by the ‘READ’ branch from decision block 1006, the primary block is
located in the DRAM cache at block 1022 using the address of the requested data.
Data in the primary block is read at block 1024. If the ‘Fits’ bit in the read data
is not set, as depicted by the negative branch from decision block 1026, the
corresponding overflow region is read at block 1028 to obtain the complete
compressed cache line. If the ‘Fits’ bit in the read data is set, as depicted by the
positive branch from decision block 1026, the corresponding overflow region does
not need to be read. The cache line is expanded or decompressed at block 1030
to recover the data and the associated tag. If cache hit occurs, as depicted by the
positive branch from decision block 1032, the tag matches the tag of the requested
data, and the read data is returned at block 1036. If the tag does not match the
tag of the requested data, as depicted by the negative branch from decision block
1032, the data is read from the backing storage device at block 1036 and the data
is returned at block 1034. The access is completed, and the process terminates
at block 1038.

The method described above may be implemented in logic in a memory
controller, in a separate logic located between the memory controller and DRAM
that communicates with the memory controller. The logic may be custom logic,
however, some or all elements of the method could be implemented in
configurable logic, such as programmable processor or field programmable gate
array (FPGA).

Those skilled in the art will recognize that the present invention may be
implemented using a programmed processor, reconfigurable hardware
components, dedicated hardware components or combinations thereof. Similarly,
general purpose computers, microprocessor based computers, micro-controllers,
optical computers, analog computers, dedicated processors and/or dedicated hard
wired logic may be used to construct alternative equivalent embodiments of the

present invention.

Further, the components of the data processing system described above
may be described by instructions of a Hardware Description Language. These

instructions may be stored on non-transient computer readable medium such as
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Electrically Erasable Programmable Read Only Memory (EEPROM); non-volatile
memory (NVM); mass storage such as a hard disc drive, floppy disc drive, optical
disc drive; optical storage elements, magnetic storage elements, magneto-optical
storage elements, flash memory, core memory and/or other equivalent storage
technologies without departing from the present invention. Such alternative

storage devices should be considered equivalents.

The various representative embodiments, which have been described in
detail herein, have been presented by way of example and not by way of limitation.
It will be understood by those skilled in the art that various changes may be made
in the form and details of the described embodiments resulting in equivalent
embodiments that remain within the scope of the appended claims.
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CLAIMS

1. An apparatus for storing a plurality of cache lines, where each cache line is
configured to store data and metadata associated with the data, and where the
metadata includes an address tag, the apparatus comprising:

a first memory region comprising a plurality of rows, each row of the
plurality of rows comprising one or more primary blocks and each primary block
sized to store data of a cache ling;

a first logic circuit configured to:

compress data of a first cache line or both data and metadata of the
first cache line to produce a compressed data block;

when the compressed data block fits in a primary block, store the
compressed data block in the first primary block; and

a second logic circuit configured to:

decompress data retrieved from a second primary block to recover
data and metadata of a second cache line associated with an address; and

determine if an address tag of the metadata matches the address.

2. The apparatus of claim 1, further comprising a second memory region
comprising a plurality of overflow blocks, each overflow block associated with a
primary block of the plurality of primary blocks,
where the first logic circuit is further configured to:
assert a ‘Fits’ bit associated with a first primary block when the
compressed data block fits in a primary block and is stored in the first
primary block; and
when the compressed data block does not fit in a primary block, de-
assert the ‘Fits’ bit associated with the first primary block, store a first
portion of the data and metadata of the first cache line in the first primary
block and store a second portion of the data and metadata of the first cache
line in an overflow block associated with the first primary block; and
where the second logic circuit is further configured to:
decompress data retrieved from a second primary block to recover
data and metadata of a second cache line associated with an address when
a 'Fits’ bit associated with a second primary block is asserted; and
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when the ‘Fits’ bit associated with the second primary block is not
asserted, retrieve a first portion of the data and metadata of the second
cache line from the second primary block and retrieve a second portion of
the data and metadata of the second cache line from a second overflow
block, where the second overflow block is associated with the second

primary block.

The apparatus of claim 2, where an overflow block of the plurality of

overflow blocks is located in the same memory row as the primary block with

which it associated.

4,

The apparatus of claim 3, where a size of the overflow block of the plurality

of overflow blocks is insufficient to store metadata of a cache line and where the

memory row is configured to store a ‘RowOverflow’ bit, the apparatus further

comprising:

a third memory region of sufficient size to store metadata of the plurality

of cache lines in a plurality of third overflow blocks;

5.

where the first logic circuit is configured to:

store a first portion of the data and metadata of the first cache line
in the first primary block and store a second portion of the data and
metadata of the first cache line of the first cache line in a third overflow
block associated with the first primary block when a memory row is not
large enough to hold all of the compressed data associated with the memory
and assert the ‘RowOverflow’ bit of the memory row; and
where the second logic circuit is configured:

retrieve data from the second primary block and a third overflow
block to recover data and metadata of the first cache line, when the
‘RowOverflow’ bit is asserted, where the third overflow block is associated

with the second primary block.

The apparatus of claim 4, where each primary block of the first memory

region is associated with one overflow block of the third memory region in a direct

mapping.
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6. The apparatus of any one of claims 2 to 5, where an overflow block of the

plurality of overflow blocks is sized to store metadata of a cache line.

7. The apparatus of any one of claims 2 to 6, where each primary block of the
first memory region is associated with one overflow block of the second memory

region.

8. The apparatus of any one of claims 2 to 7, further comprising a memory
controller that comprises the first and second logic circuits, where the first memory
region and the second memory region are regions of a dynamic random access
memory (DRAM) and where the memory controller is coupled to the DRAM via a
bus.

9. The apparatus of any one of claims 2 to 8, where the first logic circuit is
configured to store the first and second portions of the data and metadata of the
first cache line in a compressed form when the compressed data block does not

fit in a primary block.

10. The apparatus of any one of claims 2 to 9, where the first logic circuit is
configured to store the first and second portions of the data and metadata of the
first cache line in uncompressed form when the compressed data block does not

fit in a primary block.

11. The apparatus of any preceding claim, further comprising a cache client.

12. The apparatus of any preceding claim, further comprising a memory
controller that comprises the first and second logic circuits.

13. The apparatus of any preceding claim, further comprising a backing storage
device, where the address comprises an address in the backing storage device.

14. The apparatus of claim 13, where the backing storage device comprises a

storage class memory (SCM).
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15. A non-transient computer readable medium containing instructions of a

hardware language that define the apparatus of any one of claims 1 to 14.

16. A method of reading a cache line containing cache line data and cache line
metadata, the method comprising:
locating a primary block in a first memory region, the primary block
associated with the cache ling;
reading first data in the located primary block;
if a fits’ bit associated with the first data is asserted, decompressing the
first data, to obtain the cache line data and the cache line metadata;
if the *fits’ bit associated with the first data is not asserted:
locating an overflow block in a second memory region, the overflow
block associated with the located primary block;
reading second data held in the overflow block; and
combining the first and second data to obtain the cache line data and

the cache line metadata.

17. The method of claim 16, further comprising:
identifying the cache line from an address in a backing storage device;
identifying a first address tag from the address;
comparing the first address tag with a second address tag of the metadata;
where the cache line is associated with an address, the method further
comprising; and
reading the backing storage device at the address if the first and second

tags do not match.

18. The method of claim 17, where the backing storage device comprises a

storage class memory (SCM).

19. The method of any one of claims 16, 17 or 18, where the first memory
region and the second memory region are regions of a dynamic random access
memory (DRAM) and where reading the first data comprises accessing the DRAM

via a data bus structure.
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20. A method of writing a cache line containing cache line data and cache line
metadata to a memory comprising a first memory region configured as a plurality
of primary block and a second memory region configured as a plurality of overflow
blocks, each overflow block of the plurality of overflow block associated with a
corresponding primary block of the plurality of primary block, the method
comprising:
compressing the cache line data and the cache line metadata to produce
compressed data;
if the compressed data fits within a primary block of the plurality of primary
blocks:
identifying a primary block associated with the cache line;
writing the compressed data to the identified primary block; and
asserting a *fits’ bit associated with the identified primary block; and
if the compressed data does not fit within a primary block of the plurality of
primary blocks:
identifying a primary block associated with the cache ling;
writing a first portion of the cache line data and the cache line
metadata to the identified primary block;
identifying an overflow block associated with the cache line;
writing a second portion of the cache line data and the cache line
metadata to the identified overflow block; and

de-asserting a ‘fits’ bit associated with the identified primary block.

21. The method of claim 20, where the first memory region and the second
memory region are regions of a dynamic random access memory (DRAM) and
where reading the first data comprises accessing the DRAM via a data bus

structure.

22. A computer program comprising computer program code to, when executed
upon a suitable processor, perform the method according to any of claims 16 to
19.

23. A computer program comprising computer program code to, when executed
upon a suitable processor, perform the method according to claim 20 or 21.
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