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7 [1. Field of the Invention
This invention relates generally to computer processor memory storage
systems and more particularly to self managing memory systems that
vertically slice the storage hierarchy for increased virtual memory
giving the appearance of an extended secondary cache to the processor. |

(E1H%E5~1017)

(HFTR: 1. FADORFH

COHEBAF, BMLT, aVE2—42TAEYYDAEYVRL—DURTA

12, KUHICIK, oy HIcx L THRIZIRF v v 20N EEE5 X HHEM
ENFREAETIDR ML —VBEZEEMICASIARTLECDEEAETY Y
ATLIZET 5, )

A4 T[In the case of a TLB miss, the CPU 12 sends a virtual address
with a get_pt_entry request to the memory system 30 that has a page
table 64 for that process. The memory system 30 fielding that process
checks the corresponding page table entry 66 and 68 to determine if
the page is in main memory, and if so, the entry is returned to the
CPU 12 as data. [f the page table entry 68 indicates that the page is
not in main memory, a “wait” message is returned to the CPU 12 by the
memory and disk control 76, since data has to be read from the disk 44.
At this point the CPU may decide to switch to another task. The
programmable system control 70 instructs the memory and disk control
76 to read from the disk 44, updates the page table entry 68 and sends
an “access done” message to the CPU 12. The CPU 12 can then update the
TLB location 54 and resume the paused process. The programmable
system control 70 handles all the page fault handling, management of
the page table 64, cache control 60 and disk control 76. This
immediate read/write control of the disk control 76 allows the system
to perform a high level of power management of the memory resources
The disk control 76 will only start the disk 44 when needed and be
able to keep the start-up time as transparent as possible to the
application. ] (¥ 3#%E 4 3~651T)
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™y [ The mapping in the page table 64 from virtual to physical is
fully associative. Each program that is run has its own page table 64
and page table register 56 that points to the current page table 54 in
use. A valid bit in the page table entry 66 indicates that the page
is in primary memory. If the bit is off for a referenced page, apage
fault occurs. If the bit is on, the entry contains the physical page
number. No tags are required since there is an entry for every
virtual page. For example, 1M page table entries and a 4 KB page size
would be required for a total of 4 GBytes virtual space for each
process to handle a 20 bit virtual paged number and a 12 bit offset.
The page table, program counter, register and page register specify
the program state and therefore must be saved upon a context switch to
a different process. ] (F4WEE7~2 017)
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T [In a page fault case, the memory system must now look up the page
table using the virtual address to find the location of the referenced
page on the disk and choose a physical page to replace. It informs
the CPU via a return “wait” message (124) that the miss is in fact a
page fault and will require a disk access. If the physical page is
dirty, i.e. the memory has already been modified, it must be written
out to disk first. Then the memory system starts a read for the
referenced page from the disk (126) in to the chosen physical page.

In processing the page fault, the present invention must decide where
to put the page it reads from disk in main memory. This is done using
a Least Recently Used (LRU) scheme. A reference bit is added to the
page table entry. When this page gets accessed, the reference bit
gets set. The memory system periodically checks and clears these bits,
maintaining a count of the bits set, i.e. pages being used. The pages
with the low counts would then be subject to the disk reads. | (% 5##
¥£39~5717)
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[ [0012] A memory scanning system may be used to manage the location
of items stored in memory. The memory scanning system may scan items
in memory by periodically scanning metadata about the memory items to
determine which memory pages have been accessed since the last scan
The periodic scanning may be used to classify the pages based on the
frequency the pages were accessed over the time period of the scans
as well as other criteria. ]
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[ [0050] The scan engine 148 may scan memory pages by scanning those
pages associated with processes. As part of an operating system, each
process may be allocated memory and given a set of virtual addresses
for the allocated memory. The process may address the memory pages
using the virtual memory addresses, while a page table may map those
memory pages to a physical address. Each process may have a working
set list that contains the virtual addresses of the memory pages
assigned to the process
[0051] The scan engine 148 may use the working set list for each
process to scan each memory page associated with the process. During
the scan, the scan engine may update various bitmaps and counters for
the memory pages, and then use the bitmaps and counters to determine
how frequently the memory page is accessed. |
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[ [0084] Embodiment 400 is an example of a method that may scan a
memory page for either read or write access and may keep a separate
counter for read and write operations. The scanning mechanism may use
a hardware or software bit or bits that may be toggled by hardware or
software whenever a memory page is accessed. Some embodiments may
include only a single bit that may indicate that an access occurred,
but not differentiate between read and write access
Y
[0086] Embodiment 400 may use counters that count up for each scan
where an access has occurred. In many such embodiments, several full
scans may be performed in succession, and then the counters may be
analyzed to identify those memory pages that are highly used, those
that are lightly used, and possibly those memory pages that are used
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at some intermediate level. After the analysis, the counters may be
reset for another analysis pass
[0087] Other embodiments may use different tracking and counting
mechanisms. For example, some embodiments may use counters that
increment when a memory page has not been accessed. In some cases, a
countermay be set to an initial value then decremented on each
successivescan when a memory page is unused or used. The embodiment
400 is merely one mechanism that may be used to scan memory pages. |
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[ [0005] The memory manager operates to provide pages associated with
a virtual address in physical RAM when those pages are needed. The
set of pages in the virtual address space that currently reside in RAM
is known as the “working set.” When contents of a particular virtual
page is needed, but that page is not stored in the RAM, the memory
manager may retrieve that data from non-volatile memory and make it
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available in the RAM. Conversely, when a process requires more memory
than is free in the RAM, the memory manager may “trim” pages from the
working set by removing the contents of one or more pages in RAM and
ensuring that the contents is stored in the non-volatile storage.
Trimming pages frees up space in the RAM for other pages to be brought
into RAM.

[0006] To perform paging operations, page tables are used to store a
mapping between virtual and physical addresses. In addition to the
mapping, page table entries (PTEs) often include a page offset, and
information which details use of the page. This information may be in
the form of an access bit, which indicates whether the page has been
accessed during an interval since the access bit was reset. In
addition to an access bit, an age count provides information that
details the use of the page. The age count is often stored in a
working set list entry (WSLE), and indicates the number of successive
intervals during which the page was not accessed. This information is
used by the memory manager to determine which pages to trim when the
amount of available RAM becomes so |imited that the most frequently
accessed pages are kept in RAM and the less frequently accessed pages
are paged out to make more RAM available. The age count is set by the
memory manager through an operation called “aging.” Aging tracks
access history of pages in a working set by periodically checking
whether each page has been accessed during an interval since access to
the page was last checked. Such a check may be performed by
periodical ly checking whether the access bit for the page is set. If
so, thepage has been accessed and the age count for the page is reset.
The access bit is also reset. If not, the age count for the page may
be increased, up to some maximum count established by the number of
bits in the WSLE (or PTE) allocated for holding the age count. The
age count allows the memory manager to select pages that can be
trimmed with low likelihood that performance of the computer system
will be impacted by removing from the working set a page that is
actively being used. |
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