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Description
Technical Fisld

The present invention relates to a hierarchical
memory organization utilizing a unique cache ar-
chitecture having separate caches for storing
instructions and data. The hierarchical memory or-
ganization is particularly adapted for use with very
high speed modern electronic computing systems
where it is specifically desired to sliminate or mini-
mize time lost by CPU while waiting for data to be
accessed from or stored into the memory.

Background Art

Modern high speed electronic data processing
systems often comprise a processor or GPU and a
hierarchical memory system including a high ca-
pacity relatively low spsed memory whose cycle
time is much less than the cycle time of the
processor and a relatively low capacity high speed
memory, conventionally known as a cache, which
has a memory cycle ime comparable to the cycle
time of the processor. Such cache memory sys-
tems are well known In the art for reducing effec-
five memory accass time at a more or less reason-
able cost. When information Is required by the
CPU, it is read from the main memory, provided to
the processor and written into the cache memory.
If the same information is required subseguently by
the processor, it may be read directly from the
cache memory to avoid the time delay which would
normally be encountered when reading the main
memory.

However, if the cache memory is filled, the
required information must be obtained from the
main memory and the storage location In the cache
memory must be identified for storing this new
information. Howsver, before the old location can
be used for storing the new data, a determination
must be mads to see if the data currently in the
cache has beon modified by the program and if so,
it must be stored back into the main memory in
order that the main memory will properly reflect the
current state of the data (if required). Most current
cache architectures require such store back; how-
ever it would obviously be advantageous to delete
this store back function if the data, in its modified
form, will not again be needed by the program or if
the data were never modified.

Another commeon feature present in most exist-
ing cache architectures is that they are essentially
transparent to the system software. That is, the
system software including compilers, operating
systems efc. utilize memory fetch and store oper-
ations as though the cache did not exist. In such
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systems the hardware of the cache in essence
interposes itsolf between the CPU and the main
memory. In such system the existence of the
cache greatly speeds up sffective memory access
fime however many of the benefits which could be
derived from such & high speed storage are lost
due to the architectures and conventions used.

An article entitied "The 801 Minicomputer,” by
George Radin, published In the ACM SIGPLAN
Notices, Vol. 17, No 4, April 1982, pages 39-47, is
an overview of an experimental minicomputer
which incorporates a hierarchical memory organiza-
tion Including separate cache memories for instruc-
tions and data utilizing the teachings of the present
invention and describes the use of separate data
and instruction caches to allow a synchronous
fetching of data and instruction at the backing
store. The article also states that the only program
that modifies instructions is the one that loads
programs into memory as general Instructions are
not modified. The use of explicit instructions for
cache management to reduce unnecessary store
cycles and loads on cache lines..

EP. A 16,687 describes a cache memory sys-
tem comprising two separately addressable sec-
tions dedicatsd to storing operands and Instruc-
tions. The instruction cache holds blocks of un-
modified Instructions whiie the operand cache hold
blocks of operands and modified instructions.

U.S. Patent 4,142,234 assigned to the same
assignee as the present invention; an article en-
titled "Cache Memory with Prefetching Data Prior-
ity," by B. Benneft et al in the IBM Technical
Disclosure Bulletin, Val. 18, No. 12, May 1976; and
U.S. Patent 4,056,844 all generally disclose hierar-
chicai memory organizations Including cache
memorias wherein the cache memories are nsither
subdivided into separate data and instruction sec-
tions nor do they contain special control flelds
accessible to the program for contralling the opera-
tion of the memory system.

U.S. Patent 4,161,024 and U.S. Patent
4,195,342 both describe EDP systems which in-
clude direct CPU fo cache interfaces as are gen-
erally known in the art.

U.S. Patent 4,070,706 discloses a cache mem-
ory system in which the cache is dlvided into a
data section and an address section (not a direc-
tory) but not into data and instruction sections.

U.S. Patent 4,245,304 describes a split cache
system which divides the operation into two half
cycles which enables the accessing of instructions
from the cache or writing data into the cache
during the same half cycle. This patent neither
discloses nor suggests special control bits in the
cacha directory for controlling cache/main memory
operations. :

U.8. Patent 4,075,686 describes a cache stor-




age system which selectively bypasses the cache
in accordance with the coding of a particular in-
struction bit in a memory access operation thereby
shortening execution time for certain types of oper-
ations.

U.S. Patent 4,142,234 discioses a cache sys-
tam which eliminates particular interrogations of the
cache directory to reduce the size of the spec.

U.S. Patent 3,618,041 and an article entitled
"split Cache with Variable Interleave Boundary”, by
G. C. Driscoll et al in the IBM Technical Disclosure
Bulletin, Vol. 22, No. 11, April 1980, page 5183,
both broadly disclose the basic concept of splitting
a cache subsystem into separate Instruction and
data sactions and providing complex operating sys-
tem support for the overlapped operation of the two
separate caches.

.8. Patent 4,197,580 broadly discloses a sin-
gle cache subsystem which utilizes a special valid-
ity bit and a “tag" which is used to control certain
read-write operations. This bit is used to avoid
unnecessary cache cycles rather than main mem-
ory cycles which latter result is the intent of the
present invention.

Summary ﬂ Objects

The invention provides a hierarchical memory
system for use with a high speed data processing
system including a large relatively slow main mem-
ory and a smaller high speed cache memaory sub-
system, said cache memory subsystem compris-
ing; two separately addressable sections dedicated
for storing data and instructions respectively each
said section having a directory including an addres-
sable storage location therein for every line stored
in its associated cache, for accessing the desired
cache directory utilizing the "line" fisld of the main
memory address, each sald storage location in
both directories including means for storing the
higher order bits of the main memory address of
the information stored in the respective cache line,
means for comparing said high order bits stored in
the accessed cache directory storage location with
the high order bits of a requested address to
determine if the information at the requested ad-
dress in the associated cache is present, each said
directory also containing at least one control bit
associated with each line sfored in the said cache
accessible under system control for indicating that
the associated line of data stored in the cache is
invalid, and means for interrogating such bit for
indicating that a main memory fetch must occur
even though the requested address is present, and
means for prohibiting the store back of any line
stored in the instruction cache portion of said
cache subsystem to the maln storage at any time,
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characterised by including at least one "modified”
bit in sald data cache directory associated with
each line of main storage data stored therein for
indicating that the particular cache line pointed to
by a particular address stored in the address stor-
age location of the directory has been modified by
a previous CPU operation means under program
condrol for storing the line of data currently in the
data cache back into main memory before the line
is replaced in the cache, and means for setting the
validity bit at a particular instruction cache directory
addrass to “invalid" under program control when it
js determined that a modification to an instruction
must be mads.

Preferred embodiments of the invention pro-
vide such a cache subsystem wherein temporary
data storage space may be provided for scratch
pad memory and the like without necessitating any
reforrals to main storage.

Praferred embodiements of the Invention may
also provide such a cache subsystem wherein all
mass control is controiled by the system software
and no controls are necessary. for informing the
instruction cache when changes have been made
to data stored In the data cache.

Briof Description of the Drawings

FIG. 1 comprises a high level organizational
diagram of the present hierarchical memory or-
ganization.

FIGS. 2.1 and 2.2 comprise a functional block
diagram of the storage hierarchy set forth in FIG. 1
showing detalls of the data flow and functional
hardware organizaton.

FIGS. 3.1 and 3.2 comprise a functional block
diagram of the details of the data cache addressing
showing the essential elements of the cache direc-
tory and its assoclated control elements.

FIG. 4 comprises a tabular description and
summary of the cache addressing, the directory
entries and the cache parameters for three different
cache sizes (4K, 8K and 16K).

FIG. 5 is a tabular synopsis of the operations
which occur in the cache subsystem during the
operation of the Instruction Cache Fetch Hardware.

FIG. 6 is a tabular synopsis of the aperations
which occur In the cache subsystem during the
operation of the Data Cache Fetch Hardware.

FIG. 7 is a tabular synopsis of the operations
which occur in the cache subsystem during the
operation of the Data Cache Store Hardware.

FIG. 8 is a tabular synopsis of the operations
which acecur in the cache subsystem hardware dur-
ing the operation of the. Invalidate Instruction or
Data Cache Lins. :

FIG. 9 is a tabular synopsis of the operations

+
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which occur in the cache subsystem hardware dur-
ing the operation of the Load Data Cache Line.

FIG. 10 is a tabular synopsis of the operations
which occur in the cache subsystem hardware dur-
ing the operation of the Set Data Cache Line.

FIG. 11 is a tabular synopsis of the operations
which occur in the cache subsystem hardware dur-
ing the operation of the Store Data Cache Line.

FIG. 12 comprises a detalled flow diagram of
the operations which occur in the cache subsystem
hardware during the performance of the "Invalildate
Cache Line" Instruction.

FIG. 13 comprises a detailed flow diagram of
the operations which occur In the cache subsystem
hardware during the performance of the
"instruction Cache Fetch™ Instruction.

FiG. 14 comprises a detailed flow diagram of
the operations which occur in the cache subsystem
hardware during the performance of the "Data
Cache Fetch" Instruction.

FIG. 15 comprises a detailed flow diagram of
the operations which occur in the cache subsystem
hardware during the performance of the "Data
Cache Store” Instruction.

FIG. 16 comprises a detailed flow diagram of
the operations which occur in the cache subsystem
hardware during the performance of the "Load Data
Cache Line" instruction,

FIG. 17 comprises a detailed flow diagram of
the operations which occur In the cache subsystem
hardware during the performance of the "Set Data
Cache Line" Instruction.

FIG. 18 comprises a detailed flow dlagram of
the operations which occur In the cache subsystem
hardware during the performance of the "Store
Data Cache Line" Instruction.

DESCRIPTION OF THE PREFERRED EMSBODI-
MENT

General Description of the Storage Hierarchy

The performance of systems (CPUs) which are
extremely fast operating out of the cache is heavily
dependent on the storage subsystem performance.
Present technologies permit the production of
caches having 60 nanosecond access times and
backing stores bring access times about 1/5 as fast
or approximately 300 nanoseconds. Improvements
in the storage subsystem performance have very
good payoffs in terms of fotal system performance.
The present invention Is directed towards improv-
Ing cache subsystem performance in two areas of
operation. The first is improving the cache hit ratlo
or increasing the percentage of storage references
which are found in the cache and consequently do
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not require access to main store and its attended
delay. Second is improving the time to access a
line from backing store when a cache reference
misses.

Considering the first objective it may be ob-
served that quite often accesses to the backing
store are unnecessary for correct execution. They
occur because the hardware cannot guess the in-
tent of the software. Generally, this unnecessary
reference to backing store falls into two classes.

The first is that the program wants a block of
new store, This can occur when a procedure is
called and needs temporary (Le. AUTOMATIC)
storage, when a First Levsl Interrupt Handler needs
a register save area, or when an Access Method
needs a buffer, when a program Issues a GET-
MAIN request, etc. What is similar about all of
these cases Is that the program does not care
about the old contents of the storage, it just wants
some space. However, the majority of current stor-
age subsystems will on first reference to such
storage, fetch the old line from the backing store to
cache. It will do this because the first reference will
be at most, to one word in the line (since that is the
unit of access between the CPU and the cache)
and the subsystem cannot tell that subsequent
requests will ask for other words in the line bafore
they are newly updated.

The second case is that the program no longer
needs the block of storage, even though its con-
tents have been modified, This can occur on return
from a procedure when the temporary storage is
freed, when a buffer is freed, generally when a
program issues FREE MAIN, etc. No currently
available storage subsystems are known to exist in
the art which have the facllities for determining that
such store-backs of modified lines are not neces-
sary.

The value of present invention is contingent
upon a CPU which will provide hardware primitives
{in the form of instructions) by which software can
give such information to the hardware and thus to
the cache control mechanisms. Particularly, two
instructions are defined for execution by the
present cache control hardware which genarally
allow such software control of the cache oper-
ations. They ara defined as:

1) SET DATA CACHE LINE and
2) INVALIDATE DATA CACHE LINE

These instructions are issued by the control
program, and generated by the compiler for ap-
plication programs. These instructions then ensure
that such unnecessary backing store accessss are
not made. In fact, since the temporary storage
needed by a procedure is managed in a stack and
since even supervisor calls are CALLED as re-
quired, the backing store will not be accessed for a
dispatched process's data unless this data is per-
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sistent (i.e., STATIC) or the stack depth gets large
compared to the cache size. Thus the backing
store begins to play a role which is similar to that
played by secondary storage (i.., a file space and
a paging area). With such a strategy, the CPU
activity on interrupt is no more than that performed
by “priority level interrupt" systems at their high
end. They alsc must store their internal registers in
high speed memory (i.e. registers space). The dif-
farence in the previously described CPU organiza-
tion is that it does not dedicate high speed mem-
ory for this purpose and is thus able 1o save cost.
Such an architectured CPU may find a cache miss
on 'redispatch’, but that is not in the response-
critical part of the path.

The CPU, as in most systems, is fetching
instructions from cache in anticipation of their ex-
ecution. It has a "prefetch buffer” (in the presently
disclosed system a buffer of three words is as-
sumed} which it attempts to keep filled. Sometimes
filling this buffer results in a cache miss and thus
initiates a fetch from the backing stors. But it may
be that the instructions being feiched follow a
branch instruction which is already in the buffer but
not yet executed. In the present architecture it is
assumed that the CPU prefetch mechanism scans
op codes and inhibits such unnecessary backing
store fetches. In fact, while scanning op codes for
this purpose it is also able to recognize and elimi-
nate NO OP'S, which thus take zero execution
time.

The second way of improving the storage sub-
system performance in accordance with the teach-
ings of the present invention involves making the
backing store access faster.

When a word is required from the storage
subsystem, whether data or instruction, which re-
sults in a cache miss, the backing store is acces-
sed for the required line beginning with the needed
word. This word is then sent directly to the CPU,
bypassing the cache, and the CPU continues ex-
ecution while the line is being stored into the
cache. Thus, for instance, to complete load Instruc-
tion which results in a cache miss may take as little
as 340 nanoseconds (minus whatever instructions
can be overlapped with the load).

Because it has been found that the instruction
prefetch mechanism is essentially asynchronous
with respect to the data fetch mechanism it has
been found advantageous to split the cache into
two separate sections, one for instructions the other
for data. This results in an ability to access the
backing store by each cache independently and in
an overlapped manner. This feature when the par-
ticular instruction stream being executed permits,
can, in effect, doubls the access speed. There are
other advantages possible with such an overall
cache subsystem architecture.
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The present cache subsystem is so architected
and defined that modification of an instruction in
the instruction cache is not permitted. Therefore
fetching an instruction tine will never require stors
back and atiend out delay on an instruction cache
MISS.

Each cache portion (instruction and data) is
designed to be two-way set associative. Thus some
of the benefits of four-way set assoclativity can be
obtalned without the cost. A special control bit or
field referred to hereinafter as the LRU bit {least
recently used) allows the present two-way set as-
sociative cache to have a regular replacement pro-
cedure which determines which of the two lines at
the addressed area of the cache is to be replaced
after a miss.

Separate cache characteristics such as overall
size, depth, line size and other physical parameters
may be chosen to suit the individual caches to the
particular purpose for which they are intended lLe.,
instructions or data. Similarly separate replacemsnt
algorithms can be employed, taking advantage of
different access characteristics or patterns of
instructions versus data. In a prototype of the
present system similar replacement algorithms
were utilized for both caches with satlsfactory re-
sults however it was noted that certain improve-
ments would have accrued from tatloring the al-
gorithms to the particular cache.

As stated previously in the "prior art™ section,
split caches have been known in the art for a
number of years; however their implementation
with conventional architectures, has caused serious
problems. Since instructions can legally be modi-
fiad in the data cache, and then be branched to, afl
modifications must be broadcast to the Instruction
cache, and it must insure that It invaildates any
modified line. But In fact, instructions are almost
never modified in today's more sophisticated sys-
ters, it was accordingly determined that this func-
tlon i.e., the modification of instructions was one
which could be performed much more efficiently in
software (whenever necessary) than by providing a
mechanism for performing this function repeatedly,
on every data modification, in hardware.

As stated praviously in the present system, it is
assumed that software is provided for placing an
Instruction in the data cache and treating it as data
when modification is necessary. As will be appar-
ent this may be sffected easily. However, the data
cache does not broadcast changed lines to the
Instruction cache. Thus, these changes wiil not be
reflected in the next branch to the modified instruc-
tion. To accomplish such control, the hersin dis-
closed split cache subsystem architscture provides
an instruction called
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INVALIDATE INSTRUCTION CACHE LINE

which software must Issue to flush out the old
instruction, and another Instruction called

STORE DATA CACHE LINE

which is used to ensure that the modified in-
struction is reflected into the backing store. When
program meodification occurs because of a load
from disk, by far the most common case, only the
first instruction must be issued.

An additional advantage of the present cache
subsystem architecture is that, because of the split
and Independently operating caches, It Is possible
to naturally support separate virtual memories for
instructions and data. This aliows software strat-
sgies in which a single reentrant copy of, for exam-
ple an APL INTERPRETER, can sxecute for many
different user areas with a minimum of bus time
with recurrent memory operations.

The architecture does noct allow shared pages
between virtual memories. This restriction provides
significant simplifications from both the hardware
and software standpoint. Primarily it allows the
caches to be operated in the virtual mode. in other
words the cache may be accessed with a virtual
rather than a real address. As is apparent, this
results in absolutely no lost time or degradation
" dus to performing a relocate algorithm when the
lins is found in the cache (over 90% of the time).

Conventional relocate systems dedicate signifi-
cant amounts of high speed storage for look aside
tables {DLAT'S) on Page Tables. The storage is
generally the same technology as a cache and is
accordingly quite expensive. In the present archi-
tecture Page Tables may be accessed normally
through the cache and due to their expected high
fraquency of use generally result in a very high
probability of a cache hit. Thus, with no additional
cost, It is possible to approximate the performance
DLAT'S. Thus, a normal investment In DLAT'S may
either be appropriately diverted to increasing the
size of the cache or deleted altogether without in
any way significantly effecting system perfor-
mance.

Before proceeding with a defailed description
of the hardware embodiment, the special hardware
instructions provided therefor, and the various op-
arations performable within the present cache sub-
system, there will follow a brief description of the
FIGURES and how they relate to each other. FIG. 1
is an overall organizational diagram of the hierar-
chical memory organization clearly showing the
relationship between the CPU, the instruction
cache, the data cache and the main store. A direct
memory adaptor (DMA) is also shown as heing
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dirsctly connected to the Main Store. As stated
previously in most cache based systems O would
proceed through the cache subsystem in order to
be stored in main store with the attendant degrade-
tion In system throughput. In the present system
/0 is prohibited from going through the cache and
in fact most go through the DMA dirsctly. In fact,
as will be described later, provision is made for
preventing an VO operation from interrupting a
cache initiated store and read which would be
occasioned by cache miss "with store through”
type of operation. It will also be noted in referring
to the FIGURE that there Is a data flow Hne from
the data cache to the main store whereas none
exist from the instruction cache to the main store.
This will be remembered because instruction modi-
fication is not permitted in the Instruction cache,
hence no need exists for "store through™ for this
portion of the cache.

FIG. 2 (2.1 and 2.2) comprises an expansion of
FIG. 1 illustrating the data paths between the main
store, caches and CPU in greater detail. The mui-
tiplexers (MUX) shown are conventional logic cir-
cuits which perform gating functions for the various
types of data transfer that have been provided in
this hardware embodiment. Note that one parity bit
per byte of data Is carried through the I/Q, the main
store and both caches, but parity bits are not
transmitted to or recelved from the GPU.

FIG. 2 illustrates the word by-pass mechanism
which provides a direct data path for the 4 byte
targst data word from the main store to the CPU.
The basic size of data transter between the caches
and the main stora Is a line of 32 bytes. This data
is received from the main store as a series of 4
double words of 8 bytes each, and the storage
architecture insures that the first double word re-
celved will always contain the target word, which is
by-passed to the CPU simultaneous with its stor-
age in the cache. Note that a path for storage of
data from the cache back to the main store is
provided for the data cache only, as a serles of 8
words of 4 bytes each via the storeback mul-
tiplexer.

Referring 1o the instruction cache and the data
cache, respectively in FIG. 2, it will be noted that
the existence of two subsets A-and B s shown. As
described previously, the existence of the two sub-
sets is a requirement of the two-way set associativ-
ity of the addressing architecture.

A brief description of the data flow diagram of
FIG. 2 will now follow. Referring to the figure, the
data flow is essentially from the top to the bottom
of the figure. The instruction cache 10 and the data
cache 12 may both receive data from the main
store 14. However, only the data cache may re-
celve data from the CPU. This was described pre-
viously. This is because the present architecture

i
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allows no modification of instructions in the instruc-
tion cache and accordingly the output of the in-
struction cache only goes to the CPU. Similarly,
since instructions in the cache may not be modi-
fied by the CPU directly, it is only necessary that
the instruction cache be connected to the main
store 14 for loading purposes via fetch latch 20 and
input multiplexor 22. Thus, to store an instruction in
the instruction cache 10 a line of instruction data is
caused to be transferrad through the fetch latch 20,
and finally into the selected section (lins) of the
instruction chache. Similarly, to transfer an instruc-
tion from the instruction cache into the CPU a word
of data is read out from the selected section of the
instruction cache to the output multiplexor 16 and
the bypass multiplexor 18.

The assoclated direciories 11 and 13 (shown in
greater detail in FIG. 3 (3.1 an 3.2) for the instruc-
tion and data caches 10 and 12 respectively are
indicated as being (functionally) attached to the
caches. It shouid be understood that they abra-
sively are not involved in the cache data flow
paths, but that they are closely relaied physically
to the operation of the caches. As will be explained
more fully subsequently, for a given cache access
the same line determined for the D fisld of the
address causes the same line of both cache sub-
sets and the associated directory eniry to be ac-
cessed in parallel, Further this access causes data
for both cache subsets A and B to be made avail-
able to the system.

The directories would normally be built as sep-
arate extremely fast memories in an appropriate
high speed circuit family such as emitter coupled
logic. In the disclosed embodiment the directories
had an access time of approximately 12 n secs
compared with an access time of 30 n secs for the
cache. This is to allow the logic decisions which
must be made based on the directory entry to be
ready when the two subsets of data from the cache
are available.

As stated previously, the data cache may be
loaded from either the main store 14 or the CPU
30. In the event that a line of data is to be stored
from the main store 14 the data flow is through the
fetch latch 20, which serves both caches and then
through the byte input multiplexor 48 for the data
cache and then into the data cache 12 itsself. If a
line of data is to be transferred from the CPU 30
the data path proceeds through the byte input
multiplexcr 48 and thence inio the data cache 12
as indicated in the figure. In order to transfer data
from the data cache 12 to the CPU, data passes
through the output multiplexor 32, bypass mul-
tiplexor 34 into the CPU data registers.

In the event of a data cache miss, assuming
that the line is both valid and indicates a modifica-
tion (thus ragaining a store back) this line of data in
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the data cache must be stored back to the memory
14 before a new line of data can be lvaded into the
specified line of the data cache. In order to do this,
store back latch/ multiplexor 52 would be ener-
gized.

The byte selects 49 and byte write gates 50
control the storage of data into the data cache.

On a CPU load op with a dirsctory MISS, the
byte selects 49 gate only the doublewords of main
store data through the byte input multiplexor 48
and ali byte write gates 50 are activated.

On a CPU store op with a directory HIT, the
byte selects 49 gate only CPU data words through
the byte input multipiexor 48 and the write gates 50
are used to conirol the number of bytes to be
stored in the subset of the data cache. The CPU
architecture allows for the store of one, two or three
bytes of data.

On a CPU store op with a directory MISS, the
byte selects 49 cause ong, two ot three bytes of
CPU data to be merged into the first miss
doubleword from the main store and passed
through the byte input multiplexor 48. All four byte
write gates 50 are actlvated. For the remaining
three doublewords of the missed line, the byte
selects 49 allows only the main store doublewords
to pass through the byte input muttiplexor 48.

It will be noted that both caches have a bypass
mechanism wherein upon a fetch request to either
of the caches which causes a cache miss, when
the data becomes available from the main store it
may be sent concurrently to the cache and to the
CPU via the word selact multiplexors 38 or 40 for
the instruction and data caches, respectively. In
this way the CPU nead not be held up whils
walting for the data (or instructlon) to first be com-
pletely starad in the caches. :

As will be described more fully subsequently
only ihe target word of the instruction or data line
is bypassed directly to the CPU.

It may thus be seen that the overall architec-
ture of the prasent split cache subsystem is essen-
tially conventional in nature. Thus, data paths are
provided for loading both the instruction and data
cache from the main store. Additional means load
the data cache from the CPU. Similarly, both
caches may transfer instructions. and data respec-
fively to the CPU and the data cache must also be
able to store data back into the maln store. Finally,
a bypass mechanism Is provided for both caches
whergby the addressed word in a line is imme-
diately sent to the CPU whils the line is being
concurrently stored in the cache to minimize CPU
delay. Thus, it will be appreciated that the actual
hardware configuration of the present spliit cache
subsystem is quite straightforward In nature. it Is
the actual use of the cache and the unique or-
ganization of the cache directory and special con-

1
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trol bits provided therein which result in the en-
hanced functions of the herein disclosed cache
subsystern.

Returning briefly to FIG. 2, it will be noted that
both of the caches are broken into two subsections
A and B by separate line selact mechanisms as
shown. This will be appreciated more fully from the
subsequent description. The present cache sub-
system is two-way set associative. Any time a
given line in the cache directory is addressed, one
word from each of two lines of data are actually
addressed within the cache bslonging to two dif-
ferent pages (A and B). The line finally selected will
be determined by a comparison of the target page
address Pt with the two page references PA and
PB contained in the cache directory, as will be
explained subsequently. The addressed word from
the selected line is gated by output multiplexors 16
or 32 fo the CPU.

It will also be noted In referring to FIG. 2 that
the various multibit cables connecting the units of
the cache subsystem are shown as containing 32
or 36 bits. The difference between the 32 and 36
bit cables is that within the present embodiment, a
36 bit cable includes 32 data bits and 4 parity bits.
In general, the 4 parity bits are stripped off or
deloted when transferring data (or instructions)
from the cache subsystem to the CPU. It will also
be noted that the cable between maln store 14 and
fatch latch 20 contains 72 bits. As will be appre-
ciated, this cable merely contains two 36 bit words,
as the main store is organized to read out and
transfer doublewords.

This completes the general description of the
overall split cache subsystem hardwars. It is be-
lieved that the general organization and operation
of this hardware is completely straightforward and
well known in the art.

Referring again to FIG. 3 (3.1 and 3.2), a de-
tailed functional block diagram of a 18K byte data
cache directory and its associated iogic and control
circultry is shown. In the hereln disclosed embodi-
ment a 24 bit CPU address Is assumed which is
placed in register 80. Of this overall 24 bit address
the 11 leftmost bits (Pt) comprises the page ad-
dress of the memory reference. The D fisld con-
sisting of 8 bits comprises the line address of the
particular memory reference within the designated
page. It is noted that this address is utilized to
actually address one of the 256 lines in the cache
directory (and also within the cache itself). Finally
the rightmost 5 bits comprising the W field is the
word or byte offset in an overall line of 32 bytes,
which address, segment as will be understood, is
actually utilized to address the desired byte point-
ed to by the overall address.

As clearly shown in the FIGURE the cache
direciory contains 256 entries, (0-255) each of
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which entries comprise a total of seven information
fislds PA, PB, VA, VB, MA, MB, and LRU. As will
be explained more fully subsequently PA, VA, and
MA refer to a raspective line 'within the cache
belonging to subset A whils the elements PB, VB
and MB relate to subset B. The LRU bit indicates
which of the two subset lines was most recently
accessed and thus controls the replacemsnt of a
particular line (in either subset A or B) within the
cache.

In operation, when a cache access is to be
made, a particular line pointed to by the D field in
the CPU address causes one of the 266 entrles
within the directory to be accessed. Next it must
be determined if either of the pages PA, or PB
matches the target page address Pt In the CPU
address. This comparison is effected in the two
compare circuits 62 and 64, If either of the page
addresses PA or PB match Pt, the "hit £ A" or "hit
t B" lines will be activated. Next, the appropriate
validity and modified bits V, M are intsrrogated to
see if the access will be permitted to continue. The
details of this operation will also be set forth more
completely subsequently. In the event neither of
the two page addresses PA or PB compare with Pt,
NAND circuit 88 will cause the "miss” fine to be
activated and the directory update logic 68 will
indicate to the system that a "miss" has occurred
and that a new line of data must be brought into
the cache system. Which of the two subset lines
will be replaced will be determined by the LRU bit.
The seven (7} bit line indicated as "write strobes”
as will be understood, allows new data to be en-
tered into selectad fields or bit positions of a par-
ticular entry of the cache directory as will be more
clearly explained subsequently. Just which bits will
be altered and when a new page address will be
inserted into the PA or PB fields Is of course
determined by the particular instruction balng de-
coded by CPU instruction decode mechanism 70.

The operation and organization of the cache
directory and its assoclated controls is belleved to
be very straightforward and would be readily sus-
ceptible of implementation by persons skilled in the
computer arts provided with the herein disclosed
functional description and block diagrams.

FIG. 4 comprises a serles of tables illusirating
the cache subsystem addressing and structure. In
addition the FIGURE illustrates the effect of the
size of the cache subsystem on various parameters
such as addressing fields etc. In essence, three
different cache sizes are hypothesized 4K, 8K and
16K. It will be noted that the directory entry con-
tains two page Identifiers Pa and Pb as well as the
five special control bits Va, Vb, Ma, Mb, and LRU.
The specific way In which these particular conirol
bits are utifized will be explained in detall subse-
guently.
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The addressing of the directory in the cache is
also clearly shown in the upper part of the FIGURE
whersin the 24 bit CPU target address comprises
the three fields P (page), D (line) and W (byte)
fields. As is apparent from the diagram the cache
itself is addressed using the D and W fields where-
as the directory is addressed ufllizing only the D
field with such a two-way set associative cache. As
will be understood by those skilled in the art, the
directory is accessed and it is then determined If
the P fleld of the target address matches elther of
the directory entries Pa or Pb. This FIGURE will
also be described in further detail subsequently.

FIGS. 5-11 each constitute a synopsis In tab-
ular form of the operations which occur within the
hardware of the cache subsystem as a result of the
specified hardware operations. The expression
‘hardware procedure' is intended to mean a listing
of the things which occur in the system as a
consequence of the operation of the cache sub-
system hardware.

FIGS. 12-18 are all flow charts and are closely
related to the various cache subsystem operations
set forth in FIGS. 5-11 as indicated by the labsls
accompanying each of these FIGURES. In other
words there is a flow chart for each of the enu-
merated hardware procedures for example, the
data cache fetch hardware procedure of FIQ. & is
shown in much greater detail in FiG. 14. Thus in
these flow charts the detailed testing and branching
operations are clearly set forth as weli as the
particular operations which occur in the various
enumerated blocks as one proceeds along the var-
ious branches. These operations are dascribed in
greater detail subsequently, however they are be-
lieved to be essentially self-explanatory of the op-
eration of the cache subsystem.

The events which occur In such a cache sub-
system, as well as the function and the purpose of
all of the hardware components specifically shown
in FIGS. 2 and 3 is belisved to be well known in
the art. A person skilled in the art utilizing the
overall cache subsystem organization as set forth
in FIGS. 2 and 3 and the detailed flow charts would
have no difficulty building the cache subsystem of
the present invention.

Detailed Description of the Operation of the Stor-
age Hierarchy

The following description applies to a version
of a minicomputer in which the hierarchical mem-
ory of the present invention has particular utility. It
provides 24-bit addressing into said hierarchical
storage system which contains up to 16 megabytes
of real main storage. The 24-bit host CPU architec-
ture is not critical to the present invention other
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than that # must supply the propsr memory
instrugtions which are set forth in detall herein.

The disclosed embodiment of the Storage Hier-
archy consists of a Cache Subsystemn containing
dual 18K high speed bipolar caches operating at
the CPU speed and an FET Maln Store of 186
megabytes maximum, operating at one fifth the
CPU speed.

The GPU communicates directly with the
Cache Subsystem which, in turn, communicates
with the Main Store (ses FIG. 1). IO data can be
directed to the Main Store via a direct memory
adapter (DMA), but can not be communicated di-
rectly to the Cache Subsystem.

The unit of data transfer between the CPU and
the Cache Subsystem is a 4 byte word. The unit of
transfer between the Maln Store and the Cache
Subsystem Is a 32 byte line. Line transfers take
place via four 8 byte doublewords from the Main
Store or via sight 4 byte words to the Main Store
{see FIG. 1). /O data transfers to/from the Main
Store are via 4 byte words under control of the
DMA adapter.

Note that one parity bit per data byte is carried
throughout the storage hierarchy. Parity bits are not
transmitted to or received from the CPU.

CACHE MANAGEMENT

The herein disciosed hisrarchical memory sub-
system assumes an underlying system architecture
designed to minimize CPU idle time caused by
references to the Storage Hierarchy. Since the
memory architecture is designed for use with a
CPU that can utilize a new instruction every cycls,
the use of a separate Instruction Gache matched to
the CPU speed allows instruction fetches to pré-
ceed indspendently of data fetches in the Storage
Hierarchy. Also, the architecture prohibits /0 com-
munication directly with the Cache Subsystem and
therefore preciudes the possibilily of a CPU lockout
due to /O interference. Similarly, to avoid perfor-
mance degradation due to excessive references to
the Main Stors, all stores are directed to the Data
Cache and are not automatically “stored through™
to the Main Store.

Because of this type of architecture, modifica-
tions to the contents of the Main Store by IO
operations may not be immediately known to the
CPU and modifications performed by the CPU to
the contents of the Data Cache may not be imme-
diately known to the /O or the Instruction Cache.

However, the host system architecture provides
for a limited set of cache management Instructions
that allow programs to control the relationship be-
tween the contents of Main Store and the Cache
Subsystem. These management instructions deal
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with the cache lines of 32 bytes only and enable
the system to avoid unnecessary cache referances
to the slower Main Store. For example, when a
temporary storage area is no longer needed, use of
the instruction INVALIDATE DATA CACHE LINE
will prevent unneccesary storebacks to the Main
Store, even if the line in the cache had been
modified by a prior CPY siore.

THE CACHE SUBSYSTEM

The Cache Subsystem consists of a 16K In-
struction Cache and a 18K Data Cache. Each
cache Is organized as two-way set associative.
Hence, each cache consists of an 8K subset A and
an 8K subset B. One cache can contain a maxi-
mum of 512 lines of 32 bytes: 256 lines in subset
A and 2586 lines in subset B.

The Directory

Each cache has en associated directory. The
dirsctory is contained In a very high speed bipolar
random access memory that has an access time of
about one fifth the total cache cycle time.

Each entry in the directory describes the exis-
tence and the status of two possible cache lines,
one in each associative subset. The directory must
therefors be large enough to contain as many
entries as the maximum number of lines that can
physically exist in one cachs subset. Since each
cache subset can contain up to 256 lines, the
directory must contain 256 entries. This configura-
tion is clearly shown in FIG. 2.1,

Address Fields

For purposes of the present embodiment, it is
assumed that the host system ufilizes a 24-bit
address. Conceptually, the address can be sub-
divided into three fields: a page address, the ad-
dress of a line in the page and the address of a
byte in the line. These subfields are referred to
herein as P, D and W, respectively. This organiza-
tion is set forth In detail in FIG. 3. The table of FIG.
3 also glves a range of cache sizes (4K 16K) and
the offect size has on the various parameters in the
cache and the directory. _

Each directory entry has. two address fields
containing the page addresses of the lines stored
in the two cache subsets (Pa, Pb) and a control bit
field that directs the hardware algorithm for the
cache instruction bsing processed. The directory is
addressed by the line address subfield of the tar-
get address. Note, that if the size of the cachse is
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reduced, the size of the line address subfield de-
creases while the size of the page address subfield
increases (see the table in FIG. 3). In effect, this
creates a larger number of pages of smaller size
(fewer lines per page).

Control Bit Fields

The Instruction Cache directory contains three
controb bits for each entry and the Data Cache
directory contalns five. Each entry-of both cache
directortes contains two VALID bits (Va, Vb), one
for each of the two subsets and a LEAST RE-
CENTLY USED bit (LRU). Additionally, the Data
Cache directory contains two MODIFIED bits (Ma,
Mb), one for each of the two subsets (see FiQ. 3).

The VALID bits are used to control the relation-
ship between the contents of the cache and Main
Store. They are set to "ons" whenever the line in
the cache has been replaced by the version cur-
rently residing in the Main Stors. The VALID bit for
a line can be turned off by a cache management
instruction from the processor. Any references by
the pragram to a line that has been invalidated
(v =0) forces the Invalid line to be replaced by its
current version existing in the Main Store,

The LRU bit determines which subset will re-
ceive a replacement line from the Main Store. The
state of the LRU bit is controlled by the cache
hardware procedure and cannot be managed by
the processor under program control. The lsast
recently used replacement procedure is based on
the premise that an officient strategy to follow,
when It becomes necessary to replace a ing in the
cache by a new line from the Main Store, is to
replace the line in the least recently used associ-
ative set. Since the caches are just two-way sst
assoclative, a single control bt can be used to
make this decision and "least” recently used re-
duces to "last" recently used.

The MODIFIED bits in the Data Cache direc-
tory are set to "one" whenever a processor STORE
instruction takes place. This indicates to the cache
control hardware that the version of the line in the
cache has been updated and must be stored back
into the Main Store whenever this line has to be
replaced. However, Storeback will be inhibited if
the line has been invalidated (V= 0). {t wili again be
noted that thers is no store back possible in the
instruction cache,

Prototype Implementation

The storage hierarchy described above has
been implemented in a prototype. The Main Store
was designed using 1.0 megabytes of FET storage
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with a 300 nanosscond cycle time. The dual
caches were each designed using 18K bytes of
bipolar storage with a 60 nanosecond cycle time,
matching the CPU cycle time. Each cache contains
256 lines in each of two associative sets or a
maximum of 512 lines. Furthermore, each cache
can be manually reduced in maximum size to
gither 8K or 4K bytes, thersby reducing the total
contents to 256 lines or 128 lines, respectively (see
the table in FIG. 3).

Physical Package

The cache arrays for both the instruction and
Data caches were packaged on eight cards utilizing
bipolar transistor storage technology. Each card
contains 2K x 18 bits and there were four cards per
cache. The herein described embodiment of the
prototype Is for illustrative purposes only. The gen-
eral construction of such a cache is belleved to be
well known 10 those skilled in the art following the
architectural definitions, controi functions and in-
struetion formats described herein.

Gache QOrganization

The cachs interface to the CPU is 32 bits (one
word) wide and the interface to the Main Store is
72 bits {a doubleword with parity) wide for fetches
ot 36 bits for stores. For an initial fetch, it is
desirable to be able to access both the A and B
subsets simultaneously, at the target address. Var-
jous cache memory organizations are possible,
provided that a word at the target address can be
read from both associative subsets simultaneously.

This is done because the subset in which the
target resides is not known until later in the cache
cycle, when the directory access provides that in-
formation. Because of this reason and to save time,
the directory and the cache are accessed simulta-
neously.

If the diractory access indicates that the target
does not exist in either the A or B subset (MISS),
then the data from the cache access is ignored and
the Main Store is accessed for the line containing
the target data. A data cache miss may also re-
quire a storeback of the line currently residing in
the cache, prior to its reptacement by a new line
from the main store.

If the target page address matches the direc-
tory entry for either the A or B subsets (MIT), the
correct subset is immediately known and the target
data from the cache can be gated directly from the
hit subset to the CPU. Using this strategy mini-
mizes the total time required to provide data to the
CPU.
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Main store accesses dus to cache misses pro-
duce a line of 32 bytas which line Is multiplexed to
the cache as a sequential serles of four
doublewords. The storage system architecture
specifies that, on any cache miss, the doubleword
containing the target word is the first to be returned
by the storage control. The remaining three
doublewords are returned from the ssquentially ad-
Jacent addresses produced by Incrementing the
target address by doublewords until all four
doublewords contained in the line have been re-
turned. .
in the Data Cache, a store MISS is handled by
merging the CPU data into the first double word
from the Main Stors, since this first double word
will always contain the target word.

INSTRUCTION CACHE FETCH

The flow chart for the Instruction Cache Fetch
hardware operational sequence Is illustrated in FIG.
13 and is summarized in tabular form in FIG. 5. A
block diagram of the data flow for both caches is
illustrated in FiG. 2.1,

An Instruction Cache Fetch reguest initlates an
access of the cache array and-the directory. The
directory access Is overlapped with the cache ac-
cess. Both caches are organized so that the target
word of a fetch will be accessed from both the A
and the B subsets simultaneously. This Is done
without knowing in which particular subset the tar-
get data may resids, or even if the target exists at
all, in either subset.

HIT

When the target address matches the directory
entry for either the A or B subset, the directory
access results In a HIT. The correct subsst is
immediately known and, if the line is valid, the
target data can merely be gated from the hit subset
to the CPU, No additional time penalty is incurred
for a cache array access. The LRU bit for that
directory entry is then switched to the opposite
subset. The LRU bit may, of course, already have
pointed to the opposite subset as the result of a
previous operation. .

Miss or Invalid HIT

When the target address does not match the
directory entry for either the A or B subset, the
directory access results in a MISS. The data that
has been accessed from the cache array is ignored
and a fetch request (along with the target address)
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is transmitted to the Main Store which returns a
line of 32 bytes in four 8-byte double words. The
first double word returned will always contain the
specific 4-byte word pointed to by the target ad-
dress {as described previously). For speed, this
word {or words) will be bypassed to the CPU at the
same time the double word is being stored into the
cache. This data path is clearly shown in FIG. 2.1.
The next three double words will be returned, in
sequence, from the Main Store and stored In the
cache as they arrive.

it is possible that the first double word returned
by the Main Store, contatning the target, is actually
the last double word in the line. In this case, the
remaining three double words of the line wili still be
returned in sequence, but starting at the beginning
of the line. Thus, regardless of which double word
arrives first, the other three will be received In
sequence.

It should also be noted that the line feiched
from the Main Store contains as data a series of
instructions for the CPU. The CPU is assumsed to
contain a prefetch stack four levels deep, which is
constantly sending fetch requests to the instruction
Cache In an attempt to keep itself filled, thus pro-
viding a new Instruction each machine cycle in
accordance with the requirements of the overall
CPU architecture. In the case of an Instruction
Cache MISS, more than one of these prefetch
levels may be empty. The cache will continue to
bypass data to the CPU as the new line arrives
from the Main Store, unifl the end of the cacha fine
is reached or until the GPU prefetch mechanism
becomes full and halts the bypass action. The
number of words by-passed to the CPU in this
fashion can be anywhere from a minimum of one
word to a maximum of all 8 words in the line.

Directory Update

After a MISS, the directory Is updated with the
new target address (Pt), the VALID bit for the
subset into which the new line was stored is set to
*one" and the LRU bit is switched to the opposite
subset.

If the target address is matched by a directory
entry that is invalid (V=0) , the result is an IN-
VALID HIT and the hardware action is the same as
if a MISS had occurred, with two exceptions. First,
the new line would go into the matched subset,
regardless of the state of the LRU bit and second,
the addrass in the dirsctory would not be updated.
This is because the address produced a valid
match but the data is invalid and must be replaced.
Following the load of the new line, the directory
LRU bit is switched to the opposite subset and the
VALID bit for the stored subset Is set on {to a "1").
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It should be noted again that the only way the
"VALID™ bit (V, Or Vp) can be a " zero” Is via the
CPU, using an "lnvalidate Instruction Cache Line™
instruction.

FIG. 5 summarizes the just described Instruc-
tion Cache Fetch hardware operational sequence.

DATA CACHE FETCH

The flow chart for the Data Cache Fetch hard-
ware operational sequence is {llustrated in FIG. 14
and ts summarized in FIG. 8. The overall data flow
diagram can be seen In FIG. 2.1

HIT

The Data Cache Fetch procedure for a valid hit
is identical to the Instruction Cache Fetch proce-
dure, described above and need not be repeated.

MISS or Invalid HIT

The Data Cache Fetch operational sequence
for a MISS or an INVALID HIT is similar to the
Instruction Cache Fetch sequence described
above, with two exceptions.

First, on a MISS, valid lines that have been
modifled by CPU stores must be stored back into
the Main Store before they are replaced. Second,
unlike the Instruction Cache which, on a MISS, can
bypass up to 8 words to the CPU prefetch stack,
the Data Cache bypasses only one word to the
GPU on a MISS.

When a fetch MISS occurs, a check is made
on the MODIFIED and VALID bits for the line to be
replaced. Which subset, A or B is to be replaced is
determined by the LRU bit. If the line is Invalid or If
it has not been modified, no storsback takes place
and a fetch request for the target line is sent to the
Main Store. The first double word of the line re-
turned by the Main Store will contain the target
word and the cache hardware strips out this word
and bypasses it directly to the CPU, at the same
time that the first double word is bsing stored In
the cache. Following the store of the new line, the
directory is updated as described for Instruction
Cache Fatch.

Storsback

If the line to be replaced is both VALID and
MODIFIED, it must be stored back Into the Main
Store before a felch request is issued for the
replacement fine. The page address of the line to
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be stored back is contalned in the directory entry
and this is the address supplied to the Main Store
tor the storeback. The cache takes four cycles to
read out the four double words of the storeback
line and a multiplexer 52 separates these info a
series of eight words for transmission to the Stor-
age Input Register (SIR) of the Main Store (see
FIG. 2.1).

Ordinarily, it would be possible for the IO fo
gain access to the Main Store between a storeback
and the issuance of the fetch request for the new
lne, thereby hoiding up the Data Cache during the
I/0 operation. To prevent this from happening, a
spacial high priority fetch request can be issued by
the Data Cache to the Main Store, specifically for
the case of a Data Cache MISS with storeback.
The effect of this high priority request Is to force
the Main Store to initiaie an automatic fetch of the
new line, while loading the old (storeback) line into
the SIR. This produces back-to-back Main Store
cycles dedicated to the Data Cache and allows the
Main Store fetch for the new line to take place
befare the store of the old line, which is temporarily
saved in the SIR.

To implement this strategy, the Data Cache is
accessed for the first doubleword of the line to be
stored back and the Data Cache control sends the
Main Store the storeback address, the first
storeback word and the high priority request. As
soon as the Main Store acknowledges recsipt of
the request, the Data Cache begins fetching the
remalning three double words of the old line and
changes the address to the Main Store from the
old (storeback) address to the new (target) address.
The storeback line is transmitted to the Main Store
SIR one word at a time. When the Main Store
returns the new ling data, a series of four double
word stores is initiated In the Data Cache and the
target data is bypassed to the CPU, while the new
line is being stored. The directory information is
then updated.

FIG. 6 as stated previously summarizes the
Data Cache Fetch hardware operational sequence
and FIG. 14 specifies the sequential details of the
operation in flow chart form.

DATA CACHE STORE

The flow chart for the Data Cache Store hard-
ware operational sequence Is fllustrated in FIG. 15
and is summarized in FIG. 7. For the data flow
diagram, reference should again be made to FIG.
2.1.

A brief comparison of the flow charts in FIG. 14
and FIG. 15 revesls that the Data Cachs fetch and
store algorithms are quite similar. The primary dif-
ference is simply the direction of data flow betwesn
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the CPU and the cache. The following discussion
of the store process assumes famillarity with the
fetch process and highlights the differences be-
twaen the two.

Unlike a fetch request, a store request to the
Data Cache doas not automatically Initiate an ac-
cess of the cache array. Both subsets of the cache
array can be read simultaneously for a fetch opera-
tion, but only one subset can be written for a store
operation. Therefors, a store operation can not be
initiated untll the rasuits of the directory access
indicate whether the target exists In the cache and,
if 80, in which subset it resides. Since the cache
array access cannot be overlapped with the direc-
tory access, as in a fetch operation, all store oper-
ations require an extended cache cycle. The store
cycls must be extended by fifty percent (50%) to
accommodate the required sequential accessing of
the directory and the cache array.

Storage is organized as & sequence of 32-bit
words. Each word can be subdivided into two 16-
bit halfwords or four 8-bit characters. Processor
store instructions operate on entities of either one,
two or three characters. These three types of pro-
cessor stores are differentiated by the cache hard-
ware as three distinct store commands: STORE 8
{1 byte), STORE 16 (2 bytes) and STORE 24 (3
bytes). The flow chart for Data Gache Stors in FiG.
14 applies to all three store commands. The CPU
always supplies a 32 bit data word with each store
command and prealigns the byte(s) to be written,
within the word. The two least significant bits of the
store target address plus the specific type of store
command provides the Data Cache control hard-
ware with sufficient information to determine which
of the four byte write gates (50 in FIG. 2.1} {(Wo-
W3} to activate.

HIT

if the store target address exists in the direc-
tory, the subset to be written is identified and the
cache cycle is extended to accommodate the
store. The 32-bit store data word plus generated
parity (4 bits) is applied simultaneously to all array
cards. The intersection of the byte write gates with
a subset selection determines which bytes are writ-
ten. Following the stora, the directory |s updated by
turning on the MODIFIED bit for the hit line and
switching the LRU bit to the opposite subsset.

MISS or Invalid HIT
If the store target line is invalid or is not in the

cache, the cache cycle is not extended and the line
must be retrieved from the Main Store. If the line to



25 EP 0 115 036 B1 26

be replaced is both VALID and MODIFIED, a
storeback is required and the storeback mecha-
nism operates exactly as described for a Data
Cache Fetch,

The Data Cache has an input byte multiplexer
48 {see FIG. 2.1) capable of insarting bytes any-
where within an 8 byte double word. On a MISS,
the multiplexer is set up to merge the data from
the CPU into the fetch data returned by the Main
Store. Since the targst of the store will be con-
tainad in the first double word of line data returned
by the Maln Store, the merge of CPU data takes
place only on the first of four double word stores
into the cachs. The three subsequent double words
and all bytes of the first double word not selected
by the CPU are switched by the inpuf multiplexer
io the Maln Store fetch data path. During the four
double word stores, all byte write gates are turned
on and one subset Is selected. Hence, the bytes
that will be modified by the store are controlled
exclusively by the input multiplexer and subsst
salsction.

Following a store MISS (or INVALID HIT), the
directory is updated the same as for either an
Instruction or Data Cache Fetch, except that the
MODIFIED bit is turned on for the replacement line
that receivéd the store.

FIG. 7 summarizes the Data Cache Store hard-
ware procedure.

INVALIDATE CAGHE LINE

The flowchart for the hardware Invalidate oper-
ational sequence, which applies to aither cache,
can be seen in FIG. 12 and Is summarized in FIG.
8.

The Instruction Cache control hardware (shown
in FIGS. 2.1 and 2.2) is designed to respond te one
cache management instruction from the processor.
This Instruction is called INVALIDATE INSTRUC-
TION CACHE LINE (INICL) and its purpose is to
sot the VALID bit in the directory to zero for the
line Identifled by the target address. If an instruc-
tion is modified in the main store, the line must be
invalidated to force the cache to access the main
store for the updated information. The Data Cache
responds in an identical way to the INVALIDATE
DATA CACHE LINE {INDCL) cache management
instruction. The cache arrays are not accessed,
since only the directory is involved with this man-
agement instruction.

It shouid be noted that the target address wiil
identify a single line only, which may axist in cache
subset A or B, but not bath. Hence, only one of the
two VALID bits in the directory entry for the target
address will be affected. Thus only V, or Vy, will be
affected.
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The invalidate instruction allows the program to
force the replacement of a line in the cache with its

most recent version from the Main Stors. The LRU
bit will be forced by the hardware to point to the
subset containing the invalidated line, so the re-
placement iine will go into the same cache location.

MISS

It is possible that the page address subfteld of
the target does not exist in the directory for sither
cache subset A or B. This is defined as a cache
MISS, which must be handled by the hardware
procedure. In the case of sither (data or instruction}
invalidate cache line Instruction, a MISS obviates
the need for modifying any VALID bits and the
hardware simply doas nothing.

FIG. 8 summarizes the INICL and INDCL hard-
ware operational sequences.

LOAD DATA CACHE LINE

The flow chart for the Load Data Cache Line
(LDCL} cache management instruction can be seen
in FIG. 16 and is summarized In FIG, 8. The
purpose of this instruction is solely to load a line
into the cache from the Main Store, if it is not
already In the cache. No data is bypassed to the
CPU during the load.

HIT

If the line is already in the cache and is valid,
no load takes place and the directory LRU bit is
switched to the opposite subset.

MISS or Invalid HIT

On a MISS or an INVALID HIT, this instruction
behaves as described above for a Data Cache
Fetch. A fetch raquest for the missing line is trans-
mitted to the Main Store. If there was a MISS and
the line to be replaced is both VALID and MOD}
FIED, a storeback takes place first The line re-
turned from the Main Store Is loaded into the cache
but no data is bypassed to the CPU. Following the
load of the new line, the VALID bit for the stored
subset is set "on," (i.e. to "1"} the MODIFIED bit is
set "off" (Le. to a "0") and the LRU bit is switched
to the opposite subset. If the new line was loaded
due to a MISS, the directory Is also updated with
the new line's page address.

FIG. 9 summarizes the Load Data Cache Line
hardware procedure.
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SET DATA CACHE LINE

The flow chart for the Set Data Cache Line
{SETDCL) cache management instruction can be
seen in FIG. 17 and is summarized in FIG. 10. The
purpose of this instruction is to establish a direc-
tory entry for the line, if it is not already thers, but
not to load the line into the cache from the Main
Store. It can be used to prevent unnecessary
fetches from the Main Store when lines are to be
modified by subsequent stores.

HIT

If the line already exists In the cache, its direc-
tory entry is updated by setting the VALID bit "on™
and the MODIFIED tit “off."

MISS

On a MISS, if the currently restdent line is both
VALID and MODIFIED, this instruction will force a
storeback. Following a MISS (with or without a
storeback), the directory is updated with the new
target page address, the VALID bit is set on, the
MODIFIED bit is set off and the LRU bit is switched
o the opposite subset. No data transfer takes
place, unless a storeback is required.

FIG. 10 summarizes the Set Data Cache Line
hardware operattonal sequence.

STORE DATA CACHE LINE

The flow chart for the Store Data Cache Line
{STDCL) cache management instruction can be
seen in detail in FIG. 18 and is summarized in FIG.
11. The purpose of this instruction is to force the
storaback of a line that is both VALID and MODI-
FIED, so that the Main Store will reflect the fatest
version of the line. As will be apparent this storing
of the Data Cache Line is not the result of a normal
"fetch” or "store" opsration.

HIT

if the line is in the cache and is both VALID
and MODIFIED, a storeback takes place and the
directory is updated by turning the MODIFIED bit
off. The line is stii retained in the cache for future
use.

MISS or Invalid HIT
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If the line is not in the cachs or, if it exists in
the cache but is either not VALID or not MODI-
FIED, the hardware does not perform the storeback
and the procedure Is exited.

It shall be noted that this instruction may not
complete in time for the line stored back to the
Main Store to be available for subsequent /O
instructions or Instruction Cache misses. A speclal
synchronized version of the instruction Is avallable
for this purpose and Is described below.,

FIG. 11 summarizes the Store Data Cache Line
hardware operational sequence.

STORE AND SYNCHRONIZE DATA CACHE LINE

This instruction (STSDCL) operates in the
cache exactly as Store Data Cache Line (STDCL)
described above. However, the processor waits un-
til this instruction has completed before it proceeds
in the instruction siream. Hence, any IO or Instruc-
tion Cache actlvity that takes place after this in-
struction executes will have the newest version of
the line available in the Main Store.

CONCLUSIONS

To synopsize, the herein disclosed cache sub-
system architecture is unigue bscause of Its ability
to minimize CPU Idle time caused by references to
storage. The novelty lies in the use of a number of
specialized cache management instructions and
several special control bits in the cache diractory
that can be used in a unique manner to minimize
such refarences to the main store.

The cache management Instructions and the
directory control bits aliow software to control the
relationship between the contents of the cache
subsystem and the contenis of the main store.
Because of this ability, the sffective cache hit ratto
has been improved thereby enabling the system to
avoid unnecessary references to the slower main
store.

Additionally, the architecture of the cache sub-
systermn is novel because of its ability to improve
the access time when references to the main store
are unavoidable. This ability is derived from the
unique use of separate caches for instructions and
data that can access the main store independently
and overlapped and by the use of a cache bypass
mechanism to speed the flow of target information
from the main store to the CPU.

The ability to aflow Instruction fetches to pro-
ceed independsntly of data fetches in the storage
hierarchy, the prohibiting of automatic "siore-
through” from the CPU to the main store and the
software use of special cache management instruc-
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tions processed by the cache hardware all combine
to Improve system performance by allowing hard-
ware and software functions to interact harmonious-
ly in a novel way.

Claims

1. A hierarchical memory system for use with a
high speed data processing system including a
large relatively stow main memory (14) and a
smaller high speed cache memory subsystem
{10,12), sald cache memory subsystem com-
prising; two separately addressable saections
dedicated for storing data and instructions re-
spectively each said section having a directory
(11,13} including an addressable storage loca-
tion therein for every line stored in its asso-
ciated cache, for accessing the desired cache
directory utilizing the "line" field of the main
memory address, each said storage location in
both directories including means for storing the
higher order bits of the main memory address
of the information storsd in the respective
cache line, means for comparing said high
order bits stored in the accessed cache direc-
tory storage location with the high order bits of
a requested address to determine if the in-
formation at the requested address in the as-
sociated cache is present, each said directory
also containing at least one control bit (Va, Vb)
associated with each line stored in the said
cache accessible undsr system control for in-
dicating that the associated line of data stored
in the cache is invalid, and means for inter-
rogating such bit for indicating that a main
memory fetch must occur even though the
requested address is present, and means for
prohibiting the store back of any fine stored in
the instruction cache portion of said cache
subsystern to the main storage at any time,
characterised by including at least one
"modified” bit (Ma,Mb) in sald data cache di-
rectory associated with each line of main stor-
age data stored therein for indicating that the
particular cache line pointed to by a particular
address stored in the address storage location
of the directory has been modified by a pre-
vious CPU operation means under program
control for storing the line of data currently in
the data cachs back (12) into main memory
before the line is replaced in the cache, and
means for setting the validity bit (va,Vb) at a
particular instruction cache directory address
to "invalid" under program control when it is
determined that a modification to an instruction
must be made.
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3.

A hierarchical memory system and associated
cache subsystem (12,10} as set forth in Claim

1 wherein said instruction cache (10) is pro-
vided with a "write" data path from the main
memory but not from the CPU whereby modi-
fication of an instruction cache fine by the CPU
is not possible.

A hierarchical memory system and associated
cache subsystemn (12,10) as set forth in Claim
1, including means operable upon a determine~
tlon that a particular requested line of informe-
tion Is not resident In the cache subsystem
(12,10) to cause a cache "miss” determination
to be made, and means (DMA) for fetching the
raquested information from main memory and
for concurrently passing the requested unit of
information directly to the CPU and to the
cache subsystem for storage therein whereby
the CPU is not required to wait while the
information is first stored at the proper address
in the cache subsystem.

A hierarchical memory system and associated
cache subsystem (12,10} as set forth in Claim
1, including means for accessing said data
cache (12) and instruction cache (10) concur-
rently whereby an instruction and data fetch
may occur substantially concurrently and
means to allow only one of sald caches to
access main memory at a time when a cache
"miss" occurs In both caches.

A hierarchical memory system and associated
cache subsystem (12,10) as set forth in Claim
4, including means associated with said data
cache subsystem for preventing the setting of
said "modified" bits (Ma,Mb) when data in the
cache is modifled by the CPU In those situ-
ations where it Is not desired to retain the data
in main memory.

A hierarchical memory system and associated
cache subsystem (12,10) as set forth in Claim
5, wherein each of said caches (12,10) Is ca-
pable of storing up to two pages of main
storage information ({data and instruction)
wherein each said cache and its assoclated
directory {13,11) is organized to be a two-way
set associative whereby when a given line ad-
dress is accessed in the directory and cache
the specific line belonging to two different
pages (P. and Py) Is accessed, means for
determining if the particular requested page
address (Pt} is stored at the particulat line
addrass in the cache and, if not, initiating a line
replacement procedure and means for writing
a new line of data from the main memory into
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the specified line of the cache pointed to by a
LBU bit in the directory for sach line palr
stored in the cache subsystem which assures
that the least recently used of the two lines of
information in the cache pointed to by the line
address is replaced as a result of the replace-
ment procedurs.

A hierarchical memory systemn and associated
cachs subsystem (12,10) as set forth in Claim
6, including means for setting the LRU bit to
point {o the other member of the line palr in
the event of either a cachs "hit" for the par-
ticular line or when a particular new line of data
is stored in the cache and forwarded to the
CPU.

A hierarchical memory system and assoclated
cache subsystem (12,10) as set forth in Claim
7, including means for writing new high order
address bits (page address) in the associated
address storage location of the directory when-
ever a new line of data is written into one of
the two subssts of the instruction or data
cache and means for inhibiting the rewriting of
said page address when a main memory ac-
cess occurs as the rasult of an "invalid" hit.

A hierarchical memory system and associated
cache subsystem (12,10} as set forth in Claim
8 wherein said cache diractory is a separate
enlity with respect to its associated- cache
memory and has an access time significantly
shorier than the access time of said cache.

Revendications

1.

Systtme de mémoire hiérarchique utilisable
avec un systdme de traitement de données &
grande vitesse comprenant une meémoire prin-
cipale (14) de grande dimension et relative-
ment lente et un sous-systdme d'antémémoire
{10,12) plus petit et de grande vitesse, ladit
sous-systéme  d'antémémoire  comprenant
deux sections séparédment adressables affec-
tdes au stockage de données et d'instructions
respectivement, chaque dite section ayant un
répertoire (11,13} comportant un emplacement
de stockage adressable pour chaque ligne en-
registrée dans son antémémoire associée,
pour accéder au répertoire d'antémémoire dés-
ird au moyen du champ de “ligne" de |'adres-
se de mémoire principale, chague dit emplace-
ment de stockage dans les deux répertoires
comprenant des moyens de stockage des bits
de poids fort de I'adresse de mémoire princi-
pale de [information enregistrée dans la ligne
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d'antémémoire respective, des moyens de
comparaison des dits bits de poids fort stockés
dans I'smplacement de stockage accédé du
répertolre  d'antémémoire avec les bits de
poids fort d'une adresse demandée afin de
déterminer si Vinformation & 'adresse deman-
dée dans I'antémémoire associde ast présents,
chaque dit répertoire contenant également au
moins un bit de commande (Va, Vb) associé &
chaque ligne enregistrée dans ladite antémé-
moire et accessible sous la commande du
systdme pour indiquer que la ligne associée
de donndes enregistrde dans (‘antémémocire
n'est pas valable, ot des moyens d'interroga-
tion d'un tel bit pour indiquer qu'une extraction
de mémoire principale doit avolr lisu méme sl
l'adresse demandée est présente, et dos
moyens d'interdiction du réenregistrement de
toute ligne enragistrée dans la partle d'antémeé-
moire d'instructions dudit sous-systdme d'an-
témémoire vers la mémoire principale & tout:
instant, caractérisé en ce qu'au molns un bit
"modifié" (Ma,Mb) est inclus dans ledit réper-
toire d'antémémolre de donnédes et est associé
3 chaque ligne de données de mémoire princi-
pale stockde dans ['antémémoire pour indiquer
que ia ligne d'antémémoire particullére pointde
par une adresse particulidre stockée dans
I'smplacement de stockage d'adresse du ré-
pertoire a &té modifidée par une opération de
CPU précédente, des moyens sous commande
de programme sont prévus pour ré-enregistrer
la ligne de données, présentement dans I'anté-
mémoire de donnges (12), dans la mémoire
principale avant que la ligne soit rempiacée
dans I'antémémoire, ot des moyens d'établls-
sement du bit de validité (Va,vb} & une adres-
se particulidre du répertoirs d'antémémoire
d'instructions & I'dtat "non valable™ sous com-
mande de programme lorsqu'on détermine
qu'une modification doit §tre apportée & une
instruction.

Systtme de mémoire hiérarchique et sous-
systtme d'antémémoire associé (12,10) sui-
vant la revendication 1, dans lequel ladite ants-
mémoire d'instructions (10) comporte un che-
min de données pour "dcriture” & partir de la
mémoire principale mais non & partir du
CPU,de sorte gque la modification d'une ligne
d'antémémoire d'instructions par le CPU n'est
pas possible.

Systéme de mémoire hiérarchique et sous-
systtme d'antémémolre associé (12,10) sui-
vant la revendication 1, comprenant des
moyens qui agissentlors d'une détermination
qu'une ligne d'information demandée parti-
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culidre ne se trouve pas dans le sous-systéme
d'antémémoire (12,10), de maniére & entrainer
une détermination "d'insuccéds" d'antémémoi-
re, et des moyens (DMA) pour extraire Vinfor-
mation demandée de la mémoire principale et
pour transmetire simultanément 'unité d'infor-
mation demandde directerent au CPU et au
sous-systdme d'antémémoire pour stockage
dans celui-ci, de sorte que le CPU n'a pas
besoln d'attendre pendant que I'information est
d'abord enregistrée 4 I'adresse correcte dans
le sous-systéme d'antémémoire.

Systdtme de mémoire hiérarchique et sous-
systéme d'antémémoire associé (12,10) sui-
vant la revendication 1, comprenant des
moyens d'accds & ladite antémémoire de don-
nées (12) et & 'antémémaoire d'instructions {10)
simultanément, de sorte gqu'une extraction
d'instruction et une extraction de données peu-
vent avolr lieu sensiblement simultanément, et
des moyens qul permettent & une seule desdi-
tes antémémoires d'accéder & la mémaire
principale 2 un instant donné, lorsqu'un
“insuccds” d'antémémoire se produit dans les
deux antémémoires.

Systéme de mémoire hidrarchiqus et sous-
systtme d'antémémoire associé (12,10} sui-
vant la revendication 4, comprenant des
moyens associés au dit sous-systdme d'anté-
mémoire de donndes pour empécher I'établis-
sement desdits bits "modifié" (Ma, Mb) lors-
que des données dans I'antémémoire sont mo-
difiées par !¢ CPUdans les cas ol on ne
désire pas conserver les données dans la meé-
moire principale.

Systdme de mémoire hiérarchique et sous-
systdme d'antémémoire associé (12,10) sui-
vant la revendication 5, dans lequel chacune
desdites antémémoires (12, 10} est capable de
stocker jusqu'd deux pages d' information de
mémoite principale (données et instructions),
chague dite antémémoire et son répertoire as-
socié (13, 11) étant organisés en associativité
d'ensembls 4 deux voles de sorte que, lors-
qu'on accéde & une adresse de ligne parti-
culidre dans le répertoire et I'antémémoire, on
accdde 3 la ligne spécifique appartenant
deux pages difiérentes (Pa et Pb), des moyens
sont prévus pour déterminer si l'adresse de
page demandée particulidre (Pt) est stockée &
Iadresse de ligne particulidre dans I'antémé-
moire et, si ce n'est pas le cas, pour déclen-
cher une procédure de remplacement de lignse,
st des moyens sont prévus pour écrire une
nouvelle ligne de données venant de la mé-
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moire principale dans la ligne spécifiée de
rantémémeire polntée par un bit LRU dans le
répertoire pour chaque paire de lignes stoc-
kées dans le sous-systéme d'antémémoire,ce
qui assure que la moins récemment utilisée
des deux lignes d'information dans I'antémé-
moire pointées par |'adresse de ligne est rem-
placée comme résultat de la procédure de
remplacement,

Systdme de mémoire hiérarchique et sous-
systdme d'antémémoire assoclé (12,10) sui-
vant Ja revendication 10, comprenant des
moyens d'établissement du bit LRU pour poin-
ter 2 l'autre ligne de la paire de lignes dans le
cas d'un "succds” d'antémémoire pour la ligne
particulldre ou lorsqu'une nouvelle iigne partl-
cullere de donndes est stockée dans I'antémé-
moire et transmise au CPU,

Systéme de mémoire hiérarchique et sous-
systtme d'antémémoire associé (12,10) sul-
vant la revendication 7, comprenant des
moyens d'écriture de nouveaux bits d'adresse
de poids fort {adresse de page) dans Fempla-
cement de stockage d'adresse associé du ré-
pertoire chaque fois gu'une nouvelle kgne de
données est écrite dans 'un des deux sous-
ensembles de l'antémémoire d'instructions ou
de donndes, et des moyens pour inhiber la
ré-criture de ladite adresse de page lorsqu'un
accés A la mémoire principale a lisu comme
tésultat d'un succés “"non valable™.

Systdme de mémoire hiérarchique et sous-
systdme d'anémémoire assoclé (12,10} sui-
vant Ia revendication 8, dans lequel ladit réper-
toire d'antémémoire est une entité séparée par
rapport & son antémémoire associde et il a un
temps d'accés sensiblement plus court que e
temps d'accés de ladite aniémémoire.

Anspriiche

1.

Hierarchisches Speichersystem fUr die Ver-
wendung mit einem Datenverarbeitungssystem
mit hoher QGeschwindigkeit, einen verhiltnis-
m#Big langsamen Hauptspeicher (14) und ein
kieineres Untersystem (10, 12) sines Puffer-
speichers mit hoher Geschwindigkeit enthal-
tend, wobei das besagte Pufferspeicher-Unter-
system zwei adressierbare Teile enthilt, die
fur dle Abspelcherung von Daten beziehungs-
weise von Anweisungen bestimmt sind, und
jeder Abschnitt ein Inhaltsverzeichnis (11, 13)
besitzt, das eine adressierbare Speicherstelle
fir jede in dem zugehdrigen Pufferspeicher
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gespeicherte Zaile enthilt, wobei fiir den Zug-
riff zum gewiinschten Inhaltsverzeichnis des
Pufferspeichers das gewiinschte "Zellen"-Feld
der Hauptspsicheradresse verwendst wird, und
jede besagte Speicherstelle in beiden Ver-
zeichnissen Mittel fir die Speicherung der hé-
herwertigen Bits der Hauptspeicheradresse der
in der jewsiligen Pufferspeicherzeile abgeleg-
ten Information, Mittel fiir ¢den Vergleich der
besagten hherwertigen Bits an der angespro-
chenen Speicherstelle des Pufferspelichers mit
den hbherwertigen Bits einer angeforderten
Adresse, um zu ermitteln, ob die Information
an der angsforderten Adresse im zugsordneten
Pufferspeicher anwesend ist, wobei jedes In-
haltsverzeichnis auch mindestens ein Kontroll-
bit (Va, Vb) enthdli, das jeder im besagten
Pufferspeicher abgelagten Zeile zugeordnet ist,
die unter der Systemkontrolle zugénglich Ist,
um anzuzeigen, daf die im Pufferspeicher ab-
gelegte zugeordnete Datenzeile ungiilig ist,
und Mittel zum Abfragen eines soichen Bits
auf die Anzeige, daf ein Aufruf aus dem
Hauptspeicher notwendig ist, auch wenn die
angeforderts Adresse anwesend ist, und Mittel,
die verhindern, daB eine im Anwsisungsab-
schnitt des Pufferspeichers-Untersystems ab-
gelegte Zeile zu irgendeiner Zsit in den Haupt-
speicher zurlickgespeichert wird, dadurch ge-
kennzeichnet, daf mindestens ain
"modifiziertes” Bid (Ma, Mb) im Inhaltsver-
zeichnis des besagten Pufferspeichers einer
jeden Zeile der darin abgelegten Hauptspei-
cherdaten zugeordnet ist, um anzuzeigen, dafi
die jeweilige Pufferspeicherzeils, auf die von
einer bestimmien an der Adrefispeicherstslle
des  Inhaltsverzeichnisses  gespeicherten
Adresse durch einen vorangehenden Arbeits-
gang der Zentraleinheit gedndert wurde, Mittel
unter Programmkontrolle flir die Speicherung
der Datenzeile, die sich gerade im Pufferspei-
cher befindet, zurlick (12} in den Hauptspei-
cher, bevor die Zeile im Pufferspeicher ersstzt
wird, und Mittel zum Setzen des GUltigkeitshits
(Va, Vb) bei einer besonderen Adresse des
Inhaltsverzeichnisses des Anweisungs-Puffer-
speichers, um unter Programmkontrolle "aufer
Kraft zu setzen™, wenn feststeht, daB eine An-
weisung gedndert warden muf.

Hierarchisches Speichersystem und zugeord-
netes Pufferspeicher-Untersystem (12, 10) ge-
m#f Anspruch 1, wobsi der besagte
Anwelsungs-Pufferspeicher (10) mit einem
"Schreib"-Datenweg vom Hauptspeicher, aber
nicht von der Zentraleinheit geliefert wird, so
daf die Anderung einer Anweisungszeilo im
Pufferspeicher durch die Zentraleinheit nicht
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mdglich ist.

Hierarchisches Speichersystem und zugeord-
netes Pufferspeicher-Subsystem (12, 10) ge-
mip Anspruch 1, Mittel enthaltend, die betétigt
werden k&nnen, wenn festgestellt wird, daf
elne bestimmte angeforderte Informationszelle
im Pufferspeicher-Untersystem (12, 10) nicht
resident ist, um eine Feststeliung "fehlt im
Putferspeicher” auszugeben, und Mittel (DMA)
zum Aufsuchen der angeforderten Information
aus dem Hauptspeicher und zum gleichzeltl-
gen Durchgeben der angeforderten Informa-
tionseinheit direkt an die Zentraleinheit und an
das Pufferspeichersystem zum Speichern dar-
in, so daf die Zentraleinheit nicht zu warten
braucht, wihrend die Information zuerst an der
richtigen Adresse im Pufferspeicher-Untersy-
stem gespelchert wird.

Hierarchisches Speichersystem und zugeord-
netes Pufferspeicher-Untersystem (12, 10) ge-
mé&f Anspruch 1, Mittel flir den gleichzeitigen
Zugriff zum besagten Datenpufferspeicher (12)
und zum Anweisungspufferspeicher {10) ent-
haltend, wodurch Daten und sine Anwelsung
praktisch gleichzeitig aufgerufen werden kOn-
nen, und Mittel, die dafilr sorgen, dafi nur einer
der besagten Pufferspeicher Zugriff zum
Hauptspeicher srhélt, wenn gerade in beiden
Pufferspeichern ein "Daten fehlen" auftritt.

Hierarchisches Speichersystem und zugeord-
netes Pufferspeicher-Untersystem (12, 10) ge-
méR  Anspruch 4, einschlieflich  dem
Pufferspeicher-Untersystem zugeordnete Mit-
tel, die verhindern, daB die besagten
"modifizierten Bits" {Ma, Mb) gesetzt werden,
wenn im Pufferspeicher Daten durch die Zen-
traleinheit verdndert werden, in den Lagen, In
denen nicht gewiinscht wird, die Daten im
Hauptspeicher festzuhalten.

Hierarchisches Speichersystem und zugeord-
netes Pufferspeicher-Untersystem (12, 10) ge-
méf# Anspruch 5, in dem jeder der besagten
Pufferspelcher {12, 10) fahig ist, bis zu zwei
Selten der Information des Hauptspeichers
(Daten und Anwelsungen) zu speichern, worin
jeder besagte Pufferspeicher und sein zuge-
ordnetes Inhaltsverzeichnis (13, 11) so ange-
legt ist, daf es auf zweierlsi Art assoziatlv ist,
wodurch, wenn eine gegebene Zeilenadresse
im Inhaltsverzeichnis und Im Pufferspeicher
aufgerufen wird und die spezifische Zeile ver-
deckt, die zwel verschiedenen Seiten (P, und
Py) angehdren, Mitte! flir die Bestimmung, ob
die spezifische angeforderte Seitenadresse (Pt)
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an der im Pufferspeicher angegsbenen spezifi-
schen Zeilenadresse gespeichert ist, und,
wenn nicht, Auslésen einer Zellenwechsslpro-
zedur und Mittel zum Schretben siner neuen
Datenzeile aus dem Haupispeicher in die spe-
zifizierte Zeile des Pufferspeichers, angezeigt
durch ein LRU-Bit im Inhaltsverzeichnis fUr je-
des im Puffsrspsicher-Untersystem abgelegte
Zsilenpaar, was gewihrleistet, daf die zuletzt
benutzte von den zwei Informationszeilen Im
Pufferspeicher, die von der Zsilenadresse an-
gezeigt werden, als Ergebnis der Wechselpro-
zedur ersetzt wird,

Hierarchisches Speichersystem und zugeord-
netes Untersystem (12, 10) gem#f Anspruch
8, sinschileflich Mittel zum Setzen des Blts
der LRU, um das andere Glied des Zsilen-
paars anzuzeigen, wenn entweder gin
Pufferspseicher-Sirsignal flir dis besonders
Zeoile auftritt oder wenn eine besonders neue
Datenzeile im Pufferspeicher abgelsgt und an
die Zentraleinheit weitergegeben wurde.

Hisrarchisches Speichersystem und zugeord-
netes Pufferspeicher-Untersystem (12, 10} ge-
m#8 Anspruch 7, einschlieflich Mittel zum
Schrelben neuer hdherwertiger Adrefbits
(Seltenadresse) in der zugehdrigen AdreBspei-
cherstelle des Inhaltsverzeichnisses, immer
wenn eine neue Datsnzeile in eine der beiden
Putferspeicherteile fiir Anweisungen oder Da-
ten geschrieben wird, und Mittel, das Uber-
schreiben der besagten Seitenadresse zu ver-
hindern, wenn ein Hauptspeicherzugriff als Er-
gebnis elner Stormeldung "ungliltig” erfolgt.

Hierarchisches Speichersystem und zugeord-
netes Pufferspeicher-Untersystemn (12, 10) ge-
m4B Anspruch 8, worin besagtes Pufferspei-
cherinhattsverzelchnis eine getrennte Einheit
ist, was seinen zugeordneten Pufferspsicher
betrift, und eine wesentlich kilrzere Zugriffs-
zeit aufweist als die Zugangszeit des besagten
Pufferspsichers.
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