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(57) Abstract: Providing location-based prefetching in processor-based devices is disclosed. In this regard, a processor-based device
comprises a location-based prefetcher circuit associated with a first cache memory device having a faster access time and a smaller
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prefetcher circuit then stores, in a prefetcher array entry of a prefetcher array, the first memory address as a trigger memory address,
and a set indicator and a way indicator of the set and the way, respectively, of the second cache memory device as a target identifier.
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PROVIDING LOCATION-BASED PREFETCHING IN PROCESSOR-BASED
DEVICES

FIELD OF THE DISCLOSURE
The technelogy of the disclosure relates to prefetching and storing data for a multi-level cache
nemory or structure, and, more particalarly, to more efficiently storing prefetched data.
BACKGROUND

Memory access latency in processor-based devices refers io an interval between the time a
processor initiates a memory access request for data (i.¢., by executing a memory load instruction),
ard the time the processor actually receives the requested data. Mentory access latency may
negatively affect processor performance if the time mterval is large enongh that the processor s
forced to stall further execution of instructions while waiting for the memory access request to be
fulfilled. One approach to minimizing the effects of memory access latency s the use of cache
memory, also referred to simply as “cache.” A cache is 3 memory device that has a smaller
capacity than system memory, but that can be accessed fasier by a processor due to the tvpe of
memory used and/or the physical location of the cache relative to the processor, The cache can be
used to reduce memory access latenicy by storing copies of data retrieved from frequently accessed
memory focations in the system memory or from another, higher-level cache (i.e., a cache further
from the processor).

Meodern processor-based devices employ a memory hicrarchy that includes system memory along
with multiple levels of cache memory located between the system memory and the processor.
Levels of cache memory that are closer to the processor {i.e., lower-level caches) have faster
access times and smaller storage capacities, while levels of cache memory that are further from
ihe processor have slower access times and larger storage capacities, When a memory access
request is received from the processor, the first level cache (i.e.. the smallest, fastest cache that is
located closest to the processor} is queried to see if the requested data Is stored therein. If not, the
memory aceess request 1 forwarded to the next higher cache level in the memory hierarchy (and
possibly to the system memory), which may result in increased memory access latency.

To miligate this scenaric, processor-based devices may emplov a prefetcher that attempis to feich
data from a higher-fevel cache {or from the system memory) and place it into a lower-level cache
memory before the data is actually requested by the processor, To accomplish this, conventional
prefetchers frack memory access patlerns to identify correlalions between a current memory
access request and previous MEMmMory access requests or processor activities. Once the preletcher
correlates a previously accessed memory address (i.¢., the “trigger”) with a memory address being

currently accessed (i.e., the “target™), subsequent cccurrences of memory access requests to the
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trigger address will cause the prefetcher to retrieve the data stored at the target memory address.
Prefetchers conventionally track triggers and targets using covresponding full or partial cache-line
addresses, which results in increased accuracy at the cost of significant storage space.
SUMMARY
Exemplary embodiments disclosed herein include providing location-based prefeiching in
processor-based devices. In this regard, in one exemplary embodiment, a processor-based device
provides a localion-based prefetcher circuit. As used herein, “location-based™ refers to the
location-based prefetcher circuit being configured 1o store a location of the dala corresponding to
a target memory address in a next-higher-fevel cache, instead of storing all or part of the target
memory address itself. Accordingly, the focation-based prefetcher cireuit comprises & prefetcher
array that stores a plurality of prefeleher array entries. Each of the prefeicher array entries stores
a trigger memory address and a target identifier that coniprises a set indicator and a way indicator
representing a set and a wayv, respectively, of a next-higher-level cache in which data
corresponding to the target memory address is stored. The location-based prefeicher civoutt is
associaied with a [irst cache memory device that has a fasier access time and a smaller capacity
than a second cache memory device (i.c., the next-higher-level cache).
I exemplary operation, the location-based prefeteher circuit populates the prefetcher array by
first identifying an association between a [irst memory address of a first memory aceess request
and a second memory address of a subsequent second memory access request. The location-based
prefetcher cireuit next determines a set and a way of the second cache memory device in which
data (c.g., a cache ling) corresponding to the sccond memory address is stored. Some embodiments
may provide that the sef and the way are determined by the location-based prefetcher circuif based
on location information provided by the second cache memory device when providing prefetched
data. The location-based prefeicher circuit then siores the first memory address as the frigger
memory address of a prefetcher array entry, and also stores a set indicator and a way indicator of
the set and the way, respectively, of the second cache memory device as the target identilier of
the prefetcher array entry. In some embodiments, the set indicator of cach larget identificr may
comprise a number N of bits, wherein N is the binary logarithm of a count of sets of the second
cache memory device, while the way indicator of each targei identifier may comprise a number
W of bits, whercin W 1s the binary logarithm of a count of ways of the sccond cache memory
device.
Because cach prefetcher array entry stores the set indicator and the way indicalor inslead of the
target memory address, cach prefeicher array entries requires fewer bits of data. This cnables the
location~based prefetcher have a larger capacity than conventional prefetchers while occupying

the same arca and consuming the same amount of power, or to have the same capacity as
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conventional prefetchers while occupying & smaller area and consuming less power. Moreover,
embodiments of the location-based prefeteher civeuit disclosed herein can achieve greater energy
elliciency ard can apply the approach described herein to any multi-level cache or data structure.
Some embodiments of the focation-based prefeteher eircuit may provide additional data structures
to further improve performance. For example, o some embodiments, the location-based
prefetcher circuit may provide a memory references history list, in which a plurality of memory
addresses corresponding to observed memory access requests are stored. The location-based
prefetcher circuit may populate the memory references history list as memory access requests are
observed and may subsequently use the memory references history list to identify an association
between a trigger memory address and a target memory address.

Some embodiments may [urther provide that the location-based prefeteher circult may perform
prefetching by {irst observing a subsequent memory access request to the first memory address,
and then deterniining that the first memory address corresponds to the trigger memory address of
a prefeteher array entry. The location-based prefetcher uses the set indicator and the way indicator
of the target wdentilier of the prefetcher array entry to prefetch data by retrieving the daia stored
in the set and the way of the second cache memory device identified by the set indicator and the
way indicator, respectively. The refrieved data in some embadiments may be stored 1n a prefetcher
buller entry of a prefetcher buffer of the location-based prefeteher circuit. In such embodiments,
when the location-based prefetcher circuit observes a subsequent memory access request to the
second memory address, the location-based prefeteher eircuit may promote the prefetcher buffer
cniry storing the retrieved data from the prefeicher butier to the first cache memeory device.

In some embodiments, each prefeicher array eniry of the prefetcher array may further include a
conlidence value that is incremented or decremented when the location-based prefetcher observes
positive or negative conlidence cvents, respectively, associated with the target memory address
corresponding to the prefeteher array entry. If the confidence value for a prefetcher array entry
falls below a confidence threshold, the location-based prefeteher cireuit in such embodiments may
delete the prefetcher array entry. Some embodiments of the location~based prefetcher circuit may
also comprise a prefeteher filter that tracks target locations of recent prefetches (e, a set
indicator and a way indicator for each recent prefeich). Before retrieving data from the second
cache memory device, the location-based prefetcher circuit consults the prefetcher filter to see iff
a target location corresponding to the target memory address is stored therein, and only performs
the data retrieval if the target location corresponding to the target memory address is not found in
the prefetcher filter,

According to some embodiments, the focation-based prefetcher cireuit further provides a throttling

counter that is incremented or decremented when the location-based prefetcher circuit observes
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events indicating negative cache performance or positive cache performance, respectively. If the
throttling counter exceeds a throitling threshold, the focation-based prefetcher cireuit in such
embodiments may throttle prefetching (e.g., by suspending prefetching operations of the location-
based prefetcher circuit for a specilied time interval),

In another exemplary embodimient, a processor-based device is provided. The processor-based
device coniprises a first cache memory device and a second cache memory device, wherein the
first cache memory device has a faster access e and a smaller capacity than the second cache
memory device. The processor-based device furiher comprises a location-based prefetcher circuit
assoctated with the first cache memory device, the location-based prefelcher circuit comprising a
prefetcher array comprising a plurality of prefetcher array entries, The plurality of prefetcher array
entries includes a comesponding plurality of trigger memory addresses and a corresponding
plurality of target identifiers, cach of which comprises a set indicator and a way indicator. The
{ocation-based prefetcher circuil 18 configured to identify an association between a first memory
address of a first memory access request and & second memory address of a subsequent second
memory access request. The location-based prefetcher circudl is further configured to deternvine a
set and a way of the second cache memory device in which data corresponding to the second
memory address is stored. The location-based prefetcher circult is also configured to store, in a
prefetcher array entry of the plurality of prefetcher array entries, the first memory address as a
trigger memory address prefetcher array entry, and a set indicator and a way indicator of the set
and the way, respectively, of the second cache memory device as the target identifier of the
prefetcher array eniry.

iy another exemplary embodiment, a method for providing location-based preteiching is provided.
The method comprises identifying, by a location-based prefetcher civcuil associated with a first
cache memory device of a processor-based device, an association between a first memory address
of a first memory access reguest and a second memory address of a subsequent seeond memory
access request. The method further comprises determining, by the location-based prefetcher
citcuit, a set and a way of a second cache memory device in which data corresponding to the
second memory address is stored, wherein the first cache memory device has a faster access tinwe
and a smaller capacity than the second cache meniory device. The method also comprises storing,
by the location-based pretfelcher circuit in a prefetcher amray entry ol a plurality of prefetcher array
entries of a prefeicher array of the location-based prefetcher circuit associated with the [irst
memory address as a trigger memory address of the prefelcher array entry, and a set indicator and
a way indicator of the set and the way, respectively, of the sccond ¢ache memory device as a target
identifier of the prefetcher array entry.

iy another exemplary embodiment, a non-transitory compuier-readable medivm having stored

4
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thereon computer~executable instructions is provided. The computer-executable instructions,
when executed by a processor, cause the processor to provide location-based prefetehing for a first
cache memory device by causing the processor to identify an association between a first memory
address of a first memory access request and a second memory address of a subsequent second
memory access requesl, The computer-executable instructions furlher cause the processor to
defermine a set and a way of a second cache memory device in which data corresponding to the
second memory address s stored, wherein the first cache memory device has a {aster access time
and a smaller capacity than the second cache memory device. The compuier-cxecuiable
mnstructions also cause the processor to store, in a prefetcher array entry of a plurality of prefetcher
array entries of a prefetcher array of a location-based prefetcher circuit, the first memory address
as a trigger memory address of the prefetcher array entry, and a set indicator and a way indicator
of the set and the way, respectively, of the second cache memory device as a target identifier of
the prefetcher array entry.
Those skilled in the arl will appreciate the scope of the present disclosure and realize additional
embodiments thereol afier reading the following delailled description ol the preferred
cmbodiments in association with the accompanying drawing figures.

BRIEF DESCRIPTION OF THE DRAWING FIGURES
The accompanying drawing fgures incorporated in and forming a part of this specification
itlustrate several entbodiments of the disciosure, and together with the description serve to explain
the principles of the disclosure.
Figure 1 is a block diagram iltustrating an exemplary processor-based device inclading a location-
based prefeicher circuit that is configured io provide location-based prefeiching;
Figure 2 provides a flowchart illustrating exemplary operations of the processor-based device of
Figure 1 for providing location-based prefeiching, according o some cabodinments;
Figures 3A and 3B provide a flowchart iftustrating further exemplary operations of the processor-
based device ol Figure 1 for retrieving data from a cache using location data stored in a prefetcher
array of the location-based prefetcher circuit of Figure 1, according to some embodiments;
Figure 4 provides a flowchart illustrating exemplary operations of the processor-based device of
Figure 1 for deteciing posifive and negative confidence events, and adjusiing a conflidence valhue
of a prefetcher array entry of the pretetcher array of the location-based prefeteher cirenit of Figure
1, according io some embodiments;
Figuare 5 provides a flowchart illustrating exemplary operations of the processor-based device of
Figure 1 for detecting positive and negative cache performance events, and adjusting a throtling
counter of the location-based prefelcher eircuit of Figure 1, according to some embodiments; and

Figure 6 is a block diagram of an exemplary processor-based device, such as the processor-based
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device of Figure 1, that is configured to provide iocation-based prefetching, according (o some
embodintents.

DETAILED DESCRIPTION
Exemplary embodiments disclosed herein include providing location-based prefetching in
procassor-based devices. In this regard, in one exemplary embodunent, a processor-based device
provides a location-based prefeicher circuif. As used herein, “location-based” refers io the
location-based prefetcher circuit betng conligored to store a location of the data corresponding to
a target memory address in a next-higher-level cache, instead of storing all or part of the target
memory address itsell, Accordingly, the location-based prefetcher circuit comprises a prefetcher
array that stores a plurality of prefetcher array entries, Each of the prefetcher array entries stores
a trigger memory address and a target identifier that comprises a sel indicator and a way indicator
representing a set and a way, respectively, of a next-higher-level cache in whick data
corresponding to the target memory address is stored. The location-based preleicher circuit is
associated with a first cache memory deviee that has a faster access time and a smaller capacity
ihan a second cache memory device {i.e., the next-higher-fevel cache).
In exemplary operation, the focation-based prefetcher cireuit popudates the prefetcher array by
first identifving an association between a first nemory address of a first memory aceess request
and a second memory address of a subsequent second memory access request. The location-based
prefetcher cireuit next deterntines a set and a way of the second cache memory device in which
daia {e.g., a cache line) corresponding to the second mentory address 13 stored. Some embodiments
may provide that the set and the way are determined by the location-based prefetcher circuit based
on location information provided by the second cache memory device when providing prefetched
data. The location-based prefetcher civeuit then stores the first memory address as the trigger
memaory address of a prefetcher arvay entry, and also stores a set indicator and a way indicator of
the set and the way, respectively, of the second cache memory device as the target identifier of
the prefetcher array entry, In some embodiments, the set mdicator of cach target identifier may
comprise a number N of bits, wherein N is the binary logarithm of a count of sets of the second
cache memory device, while the way indicator of cacli target identifier may comprise a number
W ol bits, wherein W is the binary logarithm of a couni of ways ol the second cache memory
device.
Because each prefetcher array entry stores the set indicator and the way indicalor insiead of the
target memory address, each prefetcher array entries requires fower bils of data. This enables the
location-based prefetcher have a larger capacity than conventional prefetchers while occupying
the same area and consuming the same amount of power, or (o have the same capacity as

conventional prefelchers while occupying & smaller area and consuming less power, Moreover,
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embodiments of the location-based prefetcher circuit disclosed herein can achieve greater energy
efliciency and can apply the approach described herein to any multi-level cache or data structure,
Some embodiments ol the location-based preletcher circult may provide additional data structures
to further improve performance. For example, in some embodiments, the location-based
pretetcher cireutt may provide a8 memoery reforences hislosy list, i which a plurality of memory
addresses corresponding to observed memory access requests are stored. The location-based
prefetcher circuil may populate the memory references history list as memory access requests are
observed and may subsequenily use the memory references history list io identify an association
between a trigger memory address and a target memory address.

Some entbodiments may further provide that the location-based prefeteher circuit may perform
prefetching by first observing a subsequent mentory access request to the first memory address,
and then determining that the [irst memory address corresponds to the trigger memory address of
a prefetcher array entry. The location-based prefeicher uses the set indicator and the way indicator
of the target wdentitier of the prefelcher array entry to prefetch data by retrieving the data stored
in the set and the way of the sccond cache memory device identified by the set indicator and the
way indicator, respectively. The retrieved data in some embodiments may be stored in a prefetcher
buffer entry of a prefetcher buffer of the location-based prefetcher circuit. In such embodiments,
when the location-based prefetcher circuit observes a subsequent memory access request to the
second niemory address, the location-based prefetcher circuit may promote the prefetcher buffer
eniry storing the retrieved data from the prefeteher buffer o the first cache memory deviee.

In some cmbodimenis, each prefetcher array eatry of the prefeicher arvay may further include a
confidence value that is incremented or decremented when the location-based prefetcher observes
positive or negative conlidence events, respectively, associated with the target memory address
corresponding to the prefeicher array entry. If the confidence value for a prefetcher array entry
falls below a confidence threshold, the location-based prefeicher circuit in such embodiments may
delete the prefetcher array eniry. Some embodiments of the location-based prefetcher circuit may
also comprise a prefetcher filter that tracks target locations of recent prefetches (e.g., a set
indicator and a way indicator for each recent prefeteh). Belore retrieving data from the second
cache memaory device, the location-based prefetcher circuit consults the prefetcher filter to see if
a target location corresponding to the target memory address is stored therein, and only performs
the data retrieval if the target location corvesponding to the target meniory address is not found in
the prefetcher filter.

According to some embodiments, the location-based prefetcher circuit further provides a throtiling
counter that is incremented or decremented when the location~based prefetcher circuit observes

events indicating negative cache performance or posttive cache performance, respectively, If the
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throttling counter exceeds a throttling threshold, the location-based prefetcher circuit in such
embodiments may throttle prefetehing (e.g., by suspending prefetching operations of the location-
based prefetcher cireutt for a specified time interval).

In this regard, Figure | illustrates an exemplary processor-based device 100 that provides a
proceassor 102 for providing location-based prefetching. The processor 102 in some aspects may
comprise a central processing unit {CPU) having one or more processor cores, and in some
exemplary aspects may be one of a plurality of similarly configured processors (not shown} of the
processor-based device 100, The processor 102 (s conmmunicalively coupled to an interconnect
bus 104, which in some embodiments may include additional constituent clements {e.g., a bus
controller cireuit and/or an arbitration circuit, as non-limiting examples) that are not shown in
Figure 1 for the sake of clarity. The processor 102 13 also communicatively coupled, via the
interconnect bus 104, to a memory controller 106 that controls access to a system memory 108
and manages the flow of data to and from the system memory 108, The system memory 108
provides addressable memory used for data storage by the processor-based device 100, and as
such may comprise synchronous dyramic random access memory (SDRAM), as a non-hmifing
example,

The processor 102 of Figure | further includes & menitory hicrarchy that comprises a cache
memory device 110 and a cache memory device 112, In the example of Figure I, the cache
memory device 110 comprises a [first-level cache that has a faster access speed and a smaller
capacily than the cache memory device 112, which represents a next-higher-level cache, The
cache memory device 110 and the cache memory device 112 each may be used to cache local
copies of frequently accessed daia within the processor 102 Tor quicker access (e.g., by a memory
access stage of an exgcution pipeline {not shown) of the processor 102},

Each of the cache memory device 110 and the cache memory device 112 provides a plurality of
cache lines (not shown) for storing frequently access data retrieved from the system memory 108,
As seen in Figure 1, the cache memory deviee 112 18 organized into a plurality of scis 1140}
114(8S), cach of which includes a pluralily of ways 116(0)-116(W), 116(0)-116°(W) in which a
cache line may be stored. Thus, in embodiments in which the cache memory device 112 has a
capacity of 32 kilobvtes (32K) and stores cache lines having a size of 64 byles, ihe cache memory
device 112 may be organized into 64 sets of eight (B) ways cach. It is to be understood that, while
rot shown in Figure 1, the cache memaory device 110 may be organized into a plurality of sets and
a plurality of ways in a manner similar to that showa for the cache memory device 112

The processor-based device 100 of Figure | and the constituent elements thereol may enconpass
any one of known digital logic elements, semiconductor cireuits, processing cores, and/or memory

structures, among other clements, or contbinations thereof. Embodiments described herein are not
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restricted to any particular arrangement of elements, and the disclosed techniques may be easily
extended lo various structures and lavouts on semiconductor sockets or packages. It is to he
understood that some embodiments of the processor-based device 100 may include more or fewer
clements than illustrated in Figure 1. For example, the processor 102 may further include one or
more [enctional units, instruction caches, unified caches, memory controliers, interconnect buses,
and/or additional memory devices, caches, and/or controller circuits, which arc omitted from
Figure 1 for the sake of clarity.
As noled above, when a memory access request is received, the cache memory device 110 is
gueried first to delermine whether the requested data is stored therein. If not, the memory access
request is forwarded to the cache memory device 112 (and possibly on to the system: memory
108), which may result in increased memory access latency. A conventional processor may
mitigate this scenario using a prefetcher that may attempt to fetch data from the cache memory
device 112 and place it into a cache memory device 110 before the data is actually requested by
the processor 102. Such a prefetcher tracks memory access paitemns to identify correlations
between a irigger memory address and a target memory address, which is stored using a
corresponding full or partizl cache-line address for the target memory address. While this
approach results it increased accuracy, conventional prefetchers require significant storage space
for the target memory addresses.
In this regard, the processor-based device 100 of Figure | provides a location-based prefetcher
circuit 118 that is configured to provide location-based prefetching. The location-based prefetcher
circuit 118 1s considered to be “location-based™ insofar as il is configured to store a location of
the data corvesponding to a larget memory address in a next-higher-level cache such as the cache
memory device 112, instead of storing all or part of the target memory addsess itself. Accordingly,
ihe location-based prefetcher circuit 118 comprises a prefetcher array 120 that includes a plurality
of prefelcher array entries (captioned as “PREF ARRAY ENTRY™ in Figure 1) 122(0)-122¢P).
As seen In Figure 1, the prefetcher array entry 122(0) stores a trigger niemeory address (captioned
as “TRIGGER MEM ADDR” in Figure 1) 124{0) that is used to reference the prefetcher arvay
entry 122{0), along with a target identifier {captioned as “TARGET” in Figure 1) 126(0), The
iarget identificr 126{0) comprises a set indicator (capiioned as “SET” in Figure 1} 128(0) and a
way indicator (captioned as “WAY™ in Figure 1) 130(0) that represent one of the sets 1 14(0)-
114(S) and one of the ways 116¢0)-116(W), 116'(03-116'(W), respectively, of the cache memory
device 112 in which data corresponding to a larget memory address is stored. Although not shown
in Figure 1 for the sake of clarily, it is to be understood that cach of the prefetcher array entries
122(0)-122(P} include trigger memory addresses and target identifiers that correspond to the

trigger memory address 124(0) and the target identifier 126{0) of the prefetcher array entry 122(0).
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Moreover, while Figure 1 shows that the location-based preletcher cireuit 118 is associated with
the cache memory device 110 and is configured to prefetch data from the cache memory device
112, 1t 18 to be understood that some embodiments may comprise location-based prefetcher circuits
{not shown) that operate in a sintilar fashion for other levels of the memory hierarchy shown in
Figare 1.

By using location-based prefletching, the location-based prefetcher circuit 118 can reduce the
storage costs assoctated with conventional prefeichers while offering comparable performance.
For example, a corventional prefetcher that operates in a systen: that uses 46-bii virtual memory
addresses and a cache line size of 64 bytes, and that prefetches cache lines from an eight-way, 32~
kilobyte cache memory device, would require 40 bits (i.e., 46 (the virtual nremory address size in
biis) minus 6 (the binary logarithm of the cache line size)) to store a targel memory address.
However, by storing the location of the data associaled with the target memory in the cache
memory device, the location-based prefetcher civcuit 118 in the same scenario would require a
total of only mine (9} bis: the set indicator 128{0} would require six {(6) bits (i.e., the binary
togarithm of 64, the number of sels in the cache memaory device), while the way indicator 130(0)
would require three (3) bits (i.e., the binary logarithm of cight (8), the number of ways in the cache
memory device),

In exemplary operation, the location-based prefetcher circuit 118 of Figure I populates the
prefetcher array 120 by first identifying an association between a fisst memory address (captioned
as “MEM ADDR” in Figure 1) 132(0) of a first memory access request {captioned as “MEM ACC
REQ” in Figure 1) 134(0) and a second memory address (captioned as “MEM ADDR” in Figure
1) 132(1) ol a subsequent second memory access request {captioned as “MEM ACC REQ” in
Figare 1) 134(}). In some embodiments, this association is identified by the locatlion-based
prefetcher circuil 118 using a memory references history list (captioned as *MEMORY REF
HISTORY LIST” in Figure 1) 136, in which a plurality of memory addresses (not shown)
corresponding to recently observed memory access requests such as the memory access requests
134{0y and 134(1) are stored. The location-based prefetcher circuit 118 may populate the memory
references history list 136 with memory addresses as the corresponding memory access requests
are observed and may subsequently use ithe memory relerences history Hst 136 to identify an
association between a trigger mamory address (e.g., the memory address 132(0) of Figure 1) and
a target memory address (e.g., the memory address 132(1) of Figure 1). For example, the memory
references history Bst 136 may be configured to store a specified number of the most recently
requested memory addresses and niay identify a trigger memory address and its corresponding
target memory address as memory addresses that are separated by a given correlation distance in

the memory references history list 136,
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The location-based prefetcher circuit {18 next determines a set (.2, the set 114¢0)) and a way
{e.g., the way 116(0)) of the cache memory device 112 in which data corresponding to the memory
address 132(1) 1s stored. The location-based prefetcher circuit 110 in some embodiments may
determine the set 114(0) and the way 116(0) based on ocation information (not shown} provided
by the cache memory device 112 (e.g., when providing prefetched data to the location-based
prefetcher circuit 118). The location-based prefetcher circuit 118 stores the memory address
132(0) as the trigger memory address [24(0) of a prefetcher array entry such as the prefetcher
array entry 122(0), and also stores the set indicaior 128{0) and the way indicator 130(0) of the set
114{0) and the way 116(0), respectively, of the cache memory device 112 as the target identifier
126{0) of the prefetcher array entry 122(0). As noted above, some embodinients may provide that
the set indicator 128(0) of the target identificr 126{0) may comprise a number N of bits, wherein
N is the binary logarithm of a courntt S of the sets 114{0)-114(S) of the cache memory device 112,
while the way indicator 130(0) of the target identifier 126(0) may comprise a number W of bits,
wherein W is the binary logarithm of a count W of ways 116{(0)-116{W), 116'((H-116'(W) of the
cache memory device 112,

I is to be understood that while Figure 1 illustrates the wrigger memory address 124(0) being
associaled with a single target identifier 126(0), sonwe entbodiments may provide that the trigger
memory address 124(0) may be associated with multiple target identifiers. Such embodiments
having multiple target identifiers associated with a single trigger memory address enable handling
of more complex control aceess patterns.

In some embodiments, the location-based prefetcher circuit 118 performs prefetching by first
observing a subsequent memory access request to the memory address 132(), such as a later
occurrence of the memory access request 134(0). The location-based prefetcher circnit 118 next
defermines that the memory address 132(0) corresponds to the trigger memory address 124(0) of
the prefetcher array entry 122(0). The location-based prefetcher circuit 118 then uses the set
mdicator 128(0) and the way tndicator 130(0} of the target identifier 12640} of the prefetcher array
entry 122¢0} to prefetch data by retrieving the data stored 1n the set 1140} and the way 116{0) of
the cache memory device 112 identified by the set indicator 128(0) and the way indicator 130(0),
respeciively.

In some embodiments, the retrieved data may be stored directly into the cache memory device
110. However, to avoid poliuting the cache memory device 110 with the prefetched data, the
location-based prefetcher circuit 118 in some embodiments may provide a prefetcher butfer 138
that stores prefetched data, and the corresponding target memory address fetched therewith, in one
of a plurality of prefetcher buffer entries {captioned as “BUF™ in Figure 1) 140(0)-140(B). Some

embodiments may provide that the prefetcher buffer entries 140(0)-140(B) may also store
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additional metadata (not shown} for the corresponding prefeiched data, such as a pointer o a
corresponding prefetcher array entry 122{(0)-122(P) of the prefetcher amay 120, In such
embodiments, the target memory address 132(1) and the retrieved data are stored in a prefetcher
buller entry such as the prefetcher buffer entry 140(0). When the location-based prefetcher eircuit
118 fater observes a subsequent memory aceess request to the targel memory address 132(1) {2.g.,
a later occarvence ol the memory access request 134(1)) that results in a hil on the prefeicher
bufter 138, the location-based prefetcher circuit 118 may promote the prefatcher buffer entry
140{0} ihat stores the retrieved data from the prefeicher buffer 138 to the cache memory device
110. Some embodiments may provide that when the prefetcher buffer 138 is full, the location-
based prefetcher circuit {18 may use an aging mechanism, operating in a First-In-First-Out (FIFO)
manner, to replace old prefetched data that has never been promoted with newly prefetched data.
According 1o some embodiments, the prefetcher array entries 122¢0)-122(P) of the prefetcher
array 120 may further include a confidence value, such as the conlidence value {captioned as
“CONF VALUE" ia Figure 1) 142(0) of the prefelcher array entry 122(0), 1o provide feedback on
ithe conlidence in the corresponding larget identifier 126(0) stored in the prefetcher array 120, The
location-based prefetcher circuit 118 v such embodiments may increment or decrement the
confidence value 142{0) when the location-based prefeicher circuit 118 observes a positive
confidence event or a negative confidence event, respectively. A positive confidence event may
comprise, as a non-timiting example, a promotion of a corresponding prefetcher buffer entry such
as the prefetcher buffer entry 140(0) to the cache memory device 110. A negative confidence event
may comprise, as non-limiting examples, removal of the prefeicher buffer entry 140{() from the
prefetcher bulter 138 without promotion to the cache memory device 110, or a memory access
request hit on both the cache memory device 110 and the prefetcher buffer 138, To link a positive
confidence or a negative confidence event with the prefetcher array entries 122(03-122(P), the
location~based prefetcher eircuit 118 may employ mietadata stored in the prefetcher buffer entries
14(0)-140(B) of the prefetcher buller 138, such as pointers associating the prefetcher buffer
entries 140¢0)-140(B) with corresponding preletcher array entries 122(0)-122(P). The location~
based prefetcher circuit 118 in such embodiments is further configured to determine whether the
conlidence value 142¢(0} for the prefetcher array eniry 122(0) falls below a confidence threshaold
144, 1f so, the location-based prefetcher cireuit 118 deletes the prefetcher array entry 122(0) from
the prefetcher array 120.

To aveoid needless generation of prefetches, the location-based prefetcher circuit 118 in some
embodinents may also comprise a prefetcher filter 146 that that tracks target locations (captioned
as “LOC™ in Figure 1) 148(0)-148(F) of recent prefetches (Le., a sel indicator and a way indicator

for cach prefetch), Such embodiments provide that the location-based prefetcher circuit 118
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populates the prefetcher filter 146 with target locations whenever a prefetch is performed. Later,
before prefetching data from the cache memory device 112, the location-based prefetcher cirenit
118 first determines whether the target location {e.g., a larget location corresponding to the
memory address 132(1)) is stored therein. The location-based prefetcher circuit 118 is configured
to perform the data retrieval only if target location corresponding to the memory address 132(1)
is nol found in the prefeicher fiilter 146.

Some embodinients of the location-based prefetcher circuit 118 may provide a throtling
mechanism to frack Hs own performance, and to throtte prefetching (e.g., by suspending
prefetching operations for a specified period of time) if performance declines. Thus, in such
embodiments, the [ocation-based prefetcher circuit 118 provides a throstling counter 150 that is
decremented or incremented when the location-based prefetcher eircuit 118 observes a positive
cache performance evert or a negative cache performance event, respectively. A positive cache
performance event may comprise, as non-limiting examples, a promotion {from the prefetcher
buller 138 to the cache memory device 114, or a memory access muss on both the cache memory
device 110 and the prefetcher butter 138, A negative cache performance event may comprise, as
non-limiting examples, a deletion without promotion frow the prefetcher buffer 138, a memory
access request it on both the cache memory device 110 and the prefetcher buffer 138, or a
memory access request hit on the prefetcher filter 146, The location-based prefetcher circuit 118
in such embodiments is further conligured to determine whether the throstling counter 150 exceeds
a throtiling threshold 132, If so, the location-based prefeteher cireuit 118 may throttle prefetching.
To illustrate exemplary operations of the processor-based device 100 of Figore 1 for providing
{ocation-based prefeiching according to some cmbodiments, Figure 2 provides a flowchart
iustrating exemplary operations 200, For the sake of clarity, elements of Figure 1 are referenced
i describing Figure 2, 1t 1s to be understood that some of the exemplary operations 200 illustrated
in Figure 2 may be performed in an order other than that illustrated herein or may be omitted. In
sone emboediments, the exemplary operations 200 may begin with a location-based prefetcher
citcuit, such as the location-based prefetcher circuit 118 of Figure 1, associaled with a first cache
memory device of a processor-based device {e.g., the cache memory device 110 of the processor-
based device 100 of Figure 1}, observing a plurality of memory requests (e.g., the memory access
requests 13403-134{1) of Figure 1) (block 202). The {ocation-based prefeicher circuut 118 in such
embodimenis then stores, in a memory references history list (e.g., the memory references hislory
list 136 of Figure 1), a corresponding memory address for each memory access request of the
plurality of memory access requests 134(0)-134(1) (block 204},

The location-based prefetcher circuit 118 identifies an agsociation between a first memory address

of a first memory access request and a second memeory address of a subsequent second memory
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access request {e.g., the memory address 132(0) of the memory access request 134(0) and the
memory address 132(1) of the memory access request 134(1), respectively, of Figure 1) (block
206). In some embodiments, the operations of block 206 for identifying the association between
the first memory address 132(0) of the first memory access reguest 134(0) and the second memory
address 132(1) of the subsequent second memory access request 134(1) are based on the memory
references history list 136 (block 208).

The location-based prefeteher civeuit 118 then deternuines a set and a way (e.g., the set 114(0) and
the way 116¢0), respeciively, of Figure 1) of a second cache memory device {e.g., the cache
memory device 112 of Figure 1) in which dala corresponding lo the second mentory address
132(1) is stored, wherein the first cache memory device 110 has a faster access time and a smalley
capacily than the second cache memory device 112 {block 210}, The location-based prefetcher
circuit 118 thenr stores, in a prefetcher array entry of a plurality of prefetcher array entries of a
prefetcher array (e.g., the prefeicher array entry 122(03 of the prefetcher array entries 122(0)-
122(P) of the prefetcher arcay 120 of Figure 1}, the frst memosy address 132(0) as a trigger
memory address (€.g., the trigger memory address 124(0) of Figure 1) of the prefetcher array entrey
122(0), and a st indicator and a way indicalor (e.g., the set indicator 128(0) and a way indicator
130(0) of Figure Py ofthe set 1 14(0) and the way 116(0)}, respectively, of the second cache memory
device 112 as a target identifier (e.g., the target identifier 12640} of Figure 1) of the prefetcher
array entry 122(0) (block 212),

Figures 3A and 3B provide a flowchart that ilustrates further exemplary operations 300 of the
processor-based device 100 of Figure 1 for retricving data from a cache memory device using
{ocation data siored in the preleicher array 120 of the location-based prefetcher circuit 118 of
Figare |, according to some embodiments, Elements of Figure 1 are referenced in describing
Figures 3A and 3B for the sake of clarity. Ii is to be understood that some of the exemplary
operations 300 ilfustrated in Figures 3A and 3B may be performed in an order other than that
iHustrated herein or may be omitted. The exemplary operations 300 begin in Figure 3A with the
location-based prefetcher eircuit 118 observing a third memory access request to the first memory
address 132(0) (e.g., a subsequent occurrence of the memory access reguest 134(0) of Figure 1)
(block 302}, The location-based prefetcher circuil 118 determines thai the first mentory address
§32(0) corresponds to the trigger memory address 12440) of the prefeicher array entry 122(0)
{(block 304)}. In embodiments ot the localion-based prefetcher circuit 118 thal provide a preletcher
filler such as the prefetcher filter 146 of Figure 1, the location-based prefetcher civowit 118
determines whether a target location corresponding 1o the second memeory address 132(1) is found
anong a plurality of target locations of a prefetcher filter (e.g., the plurality of target locations

148(0)-148(F) of the prefetcher filter 146 of Figure 1}, wherein the plurality of target locations
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corresponds to a plurality of recent prefetches (block 306). If so, then a prefetch has recently been
performed for the data at the second memory address 132(1), and thus another prefetch is not
necessary. Accordingly, processing continues in conventional fashion (block 308),

I the focation-based prefetcher cireuit 118 determines at decision block 306 that a target location
corresponding to the second memory address 132(1) is not found among the plurality of {arget
tocations 148(0)-148(F of the preleicher lilter 146, then the location-based prefeicher circuit 118
retrieves the set indicator 128(0) and the way indicator 13€6(0) of the target identifier 126(0) of the
prefetcher array eniry 122(00 (5.e., the prefeicher array entry that stores the first memory address
132{0) as the trigger memory address 124(0)) (block 310). The location-based prefetcher circuit
118 then retrieves, from the second cache memory device 112, the data corresponding to the
second memory address 132(1) stored in the set 114(0) and the way 116(0) of the second cache
memory device 112 identificd by the set indicator 128(0) and the way indicator 130{0),
respectively (block 312). The exemptlary operations 300 in some embodimenis confinue at block
314 or 318 of Figure 38.

Referring now to Figure 3B, in some embodiments, the location-based prefetcher carcuit 118
stores the second memory address 132(1) and the data corresponding to the second memory
address 132{1) in the first cache memory device 110 {(block 314). Processing then continues in
conventional fashion (block 316). Some embodiments may provide that, instead of storing the
second memory address 132(1) and the corresponding data in the first cache memory deviee 110,
the location-based prefetcher circuit 118 instead stores the second memory address 132(1) and the
data corresponding to the second memory address 132(1} in a prefeicher butfer entry of a plurality
of prefetcher buller entries of a prefoteher bulfer (e.g., the prefetcher butfer eniry 1400} of the
pluraiity of prefetcher buffer entries 140{0)-140¢B) of the prefeicher buffer 138 of Figure 1) {block
318). In such embodiments, the location-based prefetcher circuil |18 may then subsequenily
observe a fourth memory access request to the second memory address 132(1) (e.g., a subsequent
oceurrence of the memory access request 134(1) of Figure 1) (block 320). The location-based
prefetcher circuit 118 deterntines whether the second memory address 132(1) is stored in the
prefetcher bufter entry 140(0) of the plurality of prefetcher buffer entries {40(0)-140(B) of the
prefetcher buffer 138 (block 322). If not, processing conlinues in conventional fashion {block
316). However, 1f the location-based prefeicher circut 118 determines that the second memory
address 132(1}) is stored in the prefeicher buffer entry 140(0), the location-based prefetcher circuit
118 promotes the prefetcher buffer entry [40(0) from the prefetcher butfer 138 to the fisst cache
nermory device 110 (block 324), Processing then continues in conventional fashion at block 316,
To iHustrate exemplary operations of the processor-based device 100 of Figure 1 for detecting

positive and negative confidence events and adjusting confidence values in response according to
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some emboediments, Figure 4 provides a flowchart illustrating exentplary operations 400, For the
sake of clarity, elements of Figure | are referenced in describing Figure 4. In Figore 4, the
exemplary operations 400 begin with the {ocation-based prefetcher circuit 118 detecting a positive
confidence event or a negative confidence event (block 402). As described above, a positive
conlidence evenl may comprise a promotion of one of the prefeicher butfor entries 140((Y-140(13)
from the prefetcher butter 138 to the cache memory device 110, while a negative confidence event
may comprise one of removal of one of the prefetcher buffer entries 140(0)-140(B) from the
prefetcher bufler 138 without promotion, or & memory access request hit on both the cache
memory deviee 110 and the prefetcher buffer 138.

I the location-based prefetcher circuit 118 detects a positive confidence event, the location-based
prefetcher cirenit 118 increments the confidence value for the corresponding prefelcher array entry
{c.g., the conhidence value 142(0) for the prefetcher array entry 122(0) of Figure 1) (block 404).
Processing then continues in conventional lashion (block 406). If the location-based prefetcher
circuit 118 detecls a negative conlidence event, the location-based prefetcher cirenit 118
decrements the confidence value 142{0) for the prefetcher array entry 122(0) (block 408), The
location-based prefetcher civeutt 118 then deternunes whether the confidence value 142(0) for the
prefetcher array entry 122(0) is less than a confidence threshold, such as the confidence threshold
144 of Figure 1 (block 410). If not, processing continues in conventional fashion (block 406).
However, if the location-based prefetcher circuit 118 determines at decision block 416 that the
conlidence value 142(0) for the prefetcher array entry 122(0) is less than the confidence threshold
144, the location-based prefetcher circuit 118 deletes the prefeicher array entry 122(0Y (block 412).
Processing then continues in conventional fashion (block 406},

Figare 3 provides a Gowchart illusirating exemplary operations 300 of the processor-based device
100 of Figure | for detecting posilive and negative cache performance events, and, i response,
adjusting a throttiing counter of the location-based prefetcher eircuit 118 of Figure 1, according
to some embodiments. Elements of Figure | are referenced in deseribing Figure 5 for the sake of
clarity. The exemplary operation 500 begin with the location-based prefetcher circuit 118
detecting a positive cache performance event or a negative cache performance event (block 502).
According fo some embodimenis, a positive cache performance event may comprise one of a
promotion from the prefeteher buffer 138 to the cache memory device 110 or 3 memory access
request niiss on both the cache memory device 110 and the prefetcher buffer 138, A negative
cache performance event may comprise one of a deletion without promotion from the preletcher
buller 138, a memory access request hit on both the cache memory device 110 and the prefetcher
buffer 138, or a memory access request hit on the prefetcher filter 146,

If the location-based prefetcher circuit 118 detects a positive cache performance ovent, the
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location-based prefetcher circuit 118 decrements a throttling counter such as the throttling counter
150 of Figure 1 (block 504). Processing then continues in conventional fashion {block 506). If the
location-based prefetcher circuit 118 detects a negative cache performance event, the focation-
based prefetcher cireuit 118 increments the throttiing counter 150 (block 508). The location-based
pretetcher circuit 118 then determines whether the throttling counter 150 exceeds a throttling
threshold such as the throtihing threshold 152 of Figure 1 (block 5103, If not, processing continues
in conventional fashion {(block 306). However, if the location-based prefetcher circait 118
determines at decision block 510 that the throttling counier 50 exceeds the throttling threshold
152, the location-based prefetcher circuit 118 throtties prefetching by the location-based
prefetcher circuit 118 (block 312). Processing then continues in conventional fashion (block 506).
Figure 6 is a block diagram of an exemplary processor-based deviee 600, such as the processor-
based device 100 of Figure 1, that provides delivery of immediate values for program counter
(PC)-relative load instructions using teiched literal data. The processor-based device 600 may be
a circutt or circuits included in an electronic beard card, such as a printed circuit board (PCB), a
server, a personal computer, a desktop computer, a lapiop computer, a personal digital assistant
{PDA), a compuling pad, a mobile device, or any other device, and may represent, for example, a
server or a user’s computer, In this example, the processor-based device 600 includes & processor
602, The processor 602 represents one or more general-purpose processing circuils, such as a
nicroprocessor, central processing unit, or the like, and may correspond to the processor 102 of
Figure 1. The processor 602 is configured to exccute processing logic i instructions for
performing the operations and steps discussed herein, In this exampie, the processor 602 includes
an instruction cache 604 for femporary, fast access memory storage ol instructions and an
instraction processing circuit 610, Fetched or prefetched instractions from a memory, such as from
a system memory 608 over a sysiem bus 606, are stored in the insiruction cache 604. The
instruclion processing circuit 610 is configured to process instructions fetched into the instruetion
cache 604 and process the instructions for execution,

The processor 602 and the system memory 608 are coupled to the system bus 606 and can
tntercouple peripheral devices included in the processor-based deviee 600. As is well known, the
processor 602 communicates with these other devices by exchanging address, conirol, and daia
information over the system bus 606, For example, the processor 602 can communicate bus
transaction requests to a memory controller 612 in the systeny memory 608 as an example of a
peripheral device. Although not illustrated in Figure 6, multiple system buses 606 could be
provided, wherein cach system bus constitutes a different fabric. In this example, the memory
controller 612 is configured to provide memory access requests o a memory array 614 in the

system mentory 608, The mentory array 6 14 is comprised of an array of storage bit cells for storing
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data, The system memory 608 niay be a read-only memory (ROM), flash memory, dynamic
random access memory {(DRAM), such as synchronous DRAM (SDRAM), cle., and a static
memory {e.g., Dash memory, static random access memory {(SRAM), ctc.), as non-limiting
examples.

Other devices can be connected o the system bus 606, As dlustrated in Figure 6, these devices
can include the system memory 608, one or more input device(s) 616, one or more cutput device(s)
618, a modem 624, and one or more display controller(s) 620, as examples. The input device(s)
616 can include any type of input device, including, but not limited to, input keys, switches, voice
processors, ete, The owtput device(s) 618 can include any type of output device, including, bul not
timited to, audio, video, other visual indicators, ete. The modem 624 can be any device configured
to allow exchange of data to and from a network 626, The network 626 can be any type of network,
including, but not fimited to, a wired or wireless network, a private or public network, a local area
network (LAN), a wireless local area network (WILAN), a wide arca network (WAN), a
BLUETOOTH™ petwork, and the Internet. The modem 624 can be configured to support any
type of communications protocol desired. The processor 602 may also be conligured to access the
display coatroller(s) 62€ over the systen: bus 606 to control information sent to one or more
display{s} 622, The display(s) 622 can include any type of display, including, but not limited Lo, a
cathode ray tube (CRT), a liquid crystal display {LTD), a plasma display, etc.

The processor-based deviee 600 in Figure 6 may include a set of instructions 628 that may be
executed by the processor 602 for any application desired according to the mstructions. The
mstructions 628 may be stored tn the system memeory 608, processor 602, and/or instruction cache
604 as examples of non-transitory conmiputer-readable mediun 630. The instructions 628 may also
reside, completely or al least partially, within the system memory 608 and/or within the processor
602 during their execution. The instructions 628 may further be transmitied or received over the
network 626 via the modem 624, such that the network 626 includes the computer-readable
medium 630,

Wihife the compuler-readable medium 630 is shown in an exemplary embodiment to be a single
medium, the term “computer-readable medium” should be taken to include a single medium or
muitiple media {e.g., a centralized or disiribuied database, and/or associated caches and servers)
that store the onc or more sets of mstructions 628, The term “compuler-readable medium™ shall
also be laken to include any medium that is capable of storing, encoding, or carrying a set of
instractions for execution by a processing device and that cause the processing device to perform
arty onte or more of the methodologies of the embodiments disclosed herein, The tert “computer-
readable medinm”™ shall accordingly be taken to include, but not be limited to, solid-state

memories, optical medium, and magnetic medium,
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The embodiments disclosed herein include various steps. The steps of the enthodiments disclosed
herein may be formed by hardware components or may be embodied in machine-executable
mstructions, which may be used to cause a general-purpose or special-purpose processor
programmed with the instructions to perform the steps. Alternatively, the steps may be performed
by a combination of hardware and software process.

The embodiments disclosed herein may be provided as a computer program product, or software
process, that may include a machine-readable medium (or conmputer-readable medium) having
siored thereon instructions, which may be used fo program a computer system {or other electronic
devices) to perform a process according Lo the embodiments disclosed herein, A machine-readable
medium includes any mechanism for storing or transmitting information in a form readable by a
machine {(e.g., a compuler). For example, & machine-readable medium includes: a machine-
readable storage medium (e.g., ROM, random access memory (“RAM™), a magnetic disk storage
medium, an optical storage meduum, flash memory devices, eic.}, and the like.

Unless specifically stated olherwise and as apparent from the previous discussion, it is appreciated
ihat throughout the description, discussions wiilizing ferms such as “processing,” “computing,”
“determining,” “displaying,” or the kike, refer to the action and processes of a computer systaim,
or stmilar electronic computing device, that manipulates and transforms data and memories
represented as physical (electronic) quantities within the compuler system’s registers into other
data similarly represented as physical quantities within the computer system memories of registers
or other such information storage, transmission, or display devices,

The algorithms and displays presented herein are not inherently related Lo any particular compuier
or other apparatos. Various sysiems may be used with programs in accordance with the teachings
hercin, or it may prove convenient to construct more specialized apparatuses to perform the
required meihod steps. The required siructure for a variely of these sysiems will appear from the
description sbove. In addition, the embodinients described herein are not described with reference
lo any particular programming language. 1t will be appreciated that a variely of programming
languages may be used to implement the teachings of the embodiments as described herein,
Those of skill in the art will further appreciate that the various illustrative fogical blocks, modules,
circulis, and algorithms described in connection with the embodiments disclosed herein may be
mplemenied as clectronic hardware, instructions stored in memory or in another compuler-
readable medium and executed by a processor or other processing device, or comibinations ot both.
The components of the systems described herein may be employed in any circuii, hardware
conmponent, integrated circutt (1C), or 1C chip, as examples, Memory disclosed herein niay be any
type and size of memory and may be configured 1o store any type of information desired. To

clearly iHustrate this interchangeability, various illustrative componenis, blocks, modules,
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circuits, and steps have been described above generally in terms of their [unctionality, How such
functionality is implemented depends on the particular application, design cheices, and/or design
constraints imposed on the overall systent. Skilled artisans may implement the described
functionality in varying ways for cach particular application, but such implementation decisions
should not be intorpreted as causing a departure from the scope of the present embodiments.

The various illustrative logical blocks, modules, and circuits described in connection with the
cmbodiments disclosed herein may be implemented or performed with a processor, a Digital
Signal Processor (DSP), an Application Specific Integrated Circuit (ASIC), a Field Programmable
Gate Array (FPGA), or other programmable logic device, a discrete gale or transistor logic,
discrete hardware components, or any combination thereof designed to perform the functions
described herein. Furthermore, a controller may be a processor. A processor may be a
microprocessor, but in the alternative, the processor may be any conventional processor,
controller, niicrocontrolier, or state machine. A processor may also be implemented as a
combination of computing devices (e.g., a combination of a ISP and a microprocessor, a plurality
of MUCTOPrOCessors, OiC OF MOTe NMICroprocessors in conjunction with a DSP core, or any oiher
such configuration}.

The embodiments disclosed herein may be embodied in hardware and in instructions that are
stored 1n hardware, and may reside, for example, in RAM, (lash memory, ROM, Electrically
Programmable ROM (EPROM), Electrically Erasable Progranmmable ROM (EEPROM),
registers, a hard disk, a removable disk, a CD-ROM, or any other form ot computer-readable
medivm known in the art. An exemplary storage medium is coupled to the processor such that the
processor can read information from, and write information to, the storage medionm. In the
allernative, the storage medium may be integral to the processor. The processor and the storage
medium may reside in an ASIC, The ASIC may reside in a remotie station. In ihe alicrnative, the
processor and the storage medium may reside as diserete components in a remote station, base
station, ot server,

It i3 also noted that the operational steps deseribed in any of the exemplary embodiments herein
are described Lo provide examples and discussion, The operations deseribed may be performed in
numerous dilferent sequences other than the illusirated sequences. Furthermore, operations
described in a single operationat step may actually be performed in a number of different steps.
Additionally, one or more operational steps discussed in the exemplary embodintents may be
combined. Those of skill in the arl will also understand that information and signrals may be
represented using any of a variety of technologies and techniques, For example, data, instructions,
commands, information, signals, bits, symbols, and chips, that may be references throughout the

above description, may be represented by voltages, currents, electromagnetic waves, magnetic
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fields, or particles, optical fields or particles, or any combination thercol

Unless otherwise expressly stated, 1t is in no way intended that any method set forth herein be
construed as requiring that iy steps be performed in a speceific order. Accordingly, where a method
claim does not actually recite an order to be followed by its steps, or it s not otherwise specifically
stated in the claims or descriptions that the steps are to be himited to a specific order, it is 1n no
way Intended that any particular order be inferred.

B owill be apparent to those skilled in the ant that various modifications and variations can be made
withoui departing from the spirit or scope of the nvention. Since modilicatlions, combinations,
sub~combinations and varations of the disclosed embodiments incorporating the spirit and
substance of the invention may occur to persons skilled in the art, the invention should be

construed to include everything within the scope of the appended claims and their equivalents.
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CLAIMS
i, A processor-based device, comprising:
a first cache memory device and a second cache memory device, wherein the first cache
memory device has a faster access time and a smaller capacity than the second
cache memory device;
a location-based prefeicher circuit associated with the first cache memory device, the
location-based prefeicher circuit comprising a prefelcher array comprising a
plurality of prefetcher array entries;
the plurality of prefetcher array entries comprising a corresponding plurality of
trigaer memory addresses and a corresponding  plurality of target
identifiers:

cach target identifier of the plurality of target identifiers comprising a set indicator
and a way mdicator;
the location-based prefeteher cirenit configured to:
identily an association between a Hrst memory address of a [irst memory access
request and a second memory address of a subsequent second memory
acCess request;

determine a set and a way of the second cache memory deviee in which data
correspording to the second memory address is stored; and

store, in a prefetcher array entry of the plurality of prefetcher array entries, the first
memory address as a trigger memory address prefetcher array entry, and a
set indicator and a way indicator of the set and the way, respectively, of the
second cache memory device as the target identifier of the prefetcher array
Ty,

2 The processor-based device of ¢claim 1, wherein:
the set indicator comprises a number N of bits, wherein N g the binary logarithm of a
count of sets of the second cache memory device; and
the way indicator comprises a number W of bits, wherein W is the binary fogarithm of a
count of ways of the second cache memory device.
3 The processor-based device of claimy 1, wherein:
the location-based prefetcher circuit further comprises 8 memory relerences history list;
the location-based prefetcher cirenit is further configured io:
observe a plurality of mentory access requests; and
store, in the memory references history list, a corresponding memory address for

cach memory access request of the plurality of memory access requests;
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and
the location-based prefeteher cireuit is configured to identify the association between the
first memory address of the first memory access request and the sccond memory
address of the subsequent second memory access request based on the memory
relerences history list,
4, The processor-based device of claimy 1, wherein the location-based prefetcher circuit is
further configured to:
observe a third memory access request to the first memory address;
determine that the fist memory address corresponds to the tnigger memory address of the
prefetcher array entry; and
retrieve the set indicator and the way indicator of the target identifier of the prefetcher
array enltry,
retrieve, from the second cache memory device, the data corresponding to the second
memory address stored in the set and the way ol the second cache memory device
identified by fhe set mndicator and the way indicator, respectively.
5. The processor-based device of clainy 4, wherein:
the location-based prefetcher circuit further comprises a prefetcher buffer comprising a
plarality of prefetcher buffer entries; and
the location-based prefetcher circuit is further conligured to store the second memory
address and the data corresponding io the second menory address in a prefetcher
buflfer entry of the plurality of prefeicher butfer entrics ot the prefeicher buftfer.
6. The processor-based device of claim 3, wherein the location-based prefeicher circuit is
further configured to:
observe a fourth memory access request to the second memory address;
determine that the second memory address Is stored in the prefetcher buffer entry of the
pluraiity of prefeteher buffer entries of the prefetcher buffer; and
responsive to determining that the second menmory address s found in a prefetcher buffer
entry of the plurality of prefetcher buffer entries of the prefetcher buffer, promote
the prefeicher buifer entry from the prefeicher bufier to the first cache memory
device.
7. The processor-based device of claim 5, wherein:
the plurality of prefetcher array entries farther comprise a corresponding plarality of
confidence values; and
the location-based prefetcher circuil is further conligured to:

decrement a confidence value for the prefetcher array entry responsive to detection
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of a negative confidence event, wherein the negative confidence event
comprises one of:
removal ol the prefetcher buffer entry from the prefetcher buffer without
promotion to the first cache memory device; and
a memory access request hit on both the first cache memory device and the
prefetcher butter; and
increment & confidence value for the prefeicher buffer enivy responsive to detection
of a positive confidence eveni, wherein the positive confidence event
comprises promotion of the prefetcher buffer entry to the first cache
memory device,
8, The processor-based device of claim 7, wherein the location-based prefetcher cireuit is
further configured to:
determine that the confidence value for the prefetcher array entry is less than a confidence
threshold; and
responsive to determining that the conlidence value for the prefeicher array entry is less
than the confidence threshold, defeting the prefetcher array entry.
9. The processor-based deviee of claim 5, wherein:
the location-based prefetcher circuit further comprises a prefetcher filter comprising a
plurality of target locations corresponding to a plurality of recent prefeiches;
the location-based prefetcher cireuit s further configured to, prior to retrieving the data
corresponding o the second memory address, determying that a target location
corresponding to the second memory address is not found among the plurality of
larget locations of the prefelcher [ilter; and
the focation-based prefetcher circuit is configured to retrieve the data corresponding to the
second memory address responsive to determining that the target location
corresponding to the second memory address is not found among the plurality of
memory addresses of the prefetcher filter,
10, The processor-based device of claim 9, wherein:
the location-based prefetcher circuil further comprises a throtiling counter; and
the location-based prefetcher cirauit 1s further configured to:
decrement the throtiling counier responsive o detective of a positive cache
performance cvent, wherein the positive cache performance ovent
comprises one of:
a promotion from the prefetcher buffer to the first cache memory device;

and
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il

a memory access request miss on both the first cache memory device and

the prefelcher buffer; and
increment the throttling counter responsive to detection of a negative cache

performance event, wherein the negative cache performance event

comprises one of;

a deletion without promotion from the prefetcher buffer;

a memory access request hit on both the first cache memory device and the
prefetcher buffer; and

a menlory access request hit on the prefetcher filter.

The processor-based device of claim 1{), wherein the location-based prefetcher cireuit is

further configured to:

determine that the throttling counter exceeds a throttling threshold; and

responsive to determiining that the throttling counler exceeds the throtiling threshold,
lthrottie prefetching by the location-based prefetcher circust.

A method for providing location-based prefetching, comprising:

identifying, by a location-based prefetcher circuit associated with a first cache memory
device of a processor-based device, an association between a first memory address
of a first memory access request and a second memory address of a subsequent
second meniory access request;

determining, by the location-based prefetcher eircuit, a set and a way of a sccond cache
memory device in which data corresponding to the second memory address is
stored, wherein the tirst cache memory device has a faster access time and a smaller
capacity than the second cache memory device; and

storing, by the location-based prefetcher circuit in a prefetcher array entry of a plurality of
prefetcher array entries of a prefetcher array of the location-based prefetcher cirenit
associated with the first memory address as a trigger memory address of the
prefetcher array entry, and a set indicator and a way indicator of the set and the
way, regpectively, of the second cache memory device as a target identifier of the
prefetcher array entry.

The method of claim 12, further comprising:

observing, by the location-based prefeicher circuit, a third memory access requesi to the
first memory address;

determining, by the location-based prefetcher circuit, that the first memory address
corresponds to the trigger memory address of the prefetcher array entry;

retrieving, by the location-based prefetcher cireuit, the set indicator and the way indicator

2
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of the target identifier of the prefetcher array entry; and
retrieving, by the location-based prefetcher circuit from the second cache memory device,
the data corresponding to the second memory address stored in the set and the way
of the second cache memory device identified by the set indicator and the way
mdicator, respectively.
4. The method of claim 13, further comprising storing, by the location-based prefetcher
circuit, the second memory address and the data corresponding to the second menmwory address in
a prefetcher bufler entry of a plurality of prefetcher bufler eniries of a prefetcher bufTer.
15, The method of claim 14, further comprising:
observing, by the location-based prefetcher circuit, a fourth memory access request (o the
secord memory address;
determining, by the location-based prefetcher circuit, that the second memory address is
stored in the prefetcher butfer entry of the plurality of prefetcher bulfer entries of
lhe prefetcher butfer; and
responsive to determining that the second memory address is found in the prefetcher butfer
cuiry of the plurality of prefeicher buffer entrics of the prefetcher buffer,
promoting, by the location-based prefetcher circult, the prefetcher buffer entry

[rom the prefetcher bufler to the first cache memory device.

26



PCT/US2023/033772

WO 2024/112379

1/7

| OId

801 AMOW3IN WILSAS <> 301 YITIOHLNOD AHOWINW

:

07 SNd LOINNODHILNI
A
(r7eer waav waw| | | [o1zeT waav waw
(WET D4 00V Wan | |T0JFET D3y 00V Wl
| |
| | ZSTQIOHSTMHLONMLIONHL ||  OETLSITANOLSIH 4T AMOWIN |
Lo e ccccccccceccccecccee——me—m—ma e mmcccmmcc e ——————————— H
|
| 0GT YILNNOD ONITLLONHL |
(MWI3LT AYM | eee |(D)31T AVM leccmcccccccmmccccm——cm—————a JIZ2T AYLINT AVHNY 434d
SVIT 138 {TTTTTTomomeeommooooeoooooy .
: | V9T QIOHSTUHL JONIAIINOD | :
: > .r.........................................................._ T
(WY AVM] * [T0I977 AVM TG0 4 eee | 0T ANG 1| | | ek 1| OCETAVM )| OWCE
NI S A | UEATER
i 135 AT R S et
Z11 301A30 AYOW3W FHOVD _-_uululuuuuu...u.uuu.u..uu:---u..-...........uuululn Rttt
|| 18PL 007 ! *=» | (0871 007 !! (01227 AMLNT AVHYY 434d
S oA | 02T AVERIY 3HO 3
OLF 30IA30 AONIN SHOVD  [<-» 81T LINDYID ¥3HOL34T¥d A3SVE-NOILYOOT
20T ¥OSSID0¥d

00} 301A30 43Svd-40SS300Ud




WO 2024/112379 PCT/US2023/033772

2/7

v/—zoo
202

OBSERVE, BY A LOCATION-BASED PREFETCHER CIRCUIT (118) ASSOCIATED WITHA |
FIRST CACHE MEMORY DEVICE (110) OF A PROCESSOR-BASED DEVICE (100),A !
PLURALITY OF MEMORY ACCESS REQUESTS (134(0)-134(1)) !

STORE, BY THE LOCATION-BASED PREFETCHER CIRCUIT (118) IN A MEMORY E
REFERENCES HISTORY LIST (136), A CORRESPONDING MEMORY ADDRESS FOR EACH |
MEMORY ACCESS REQUEST OF THE PLURALITY OF MEMORY ACCESS REQUESTS E
(134(0)-134(1)) !

1 206

IDENTIFY, BY THE LOCATION-BASED PREFETCHER CIRCUIT (118), AN ASSOCIATION
BETWEEN A FIRST MEMORY ADDRESS (132(0)) OF A FIRST MEMORY ACCESS REQUEST
(134(0)) AND A SECOND MEMORY ADDRESS (132(1)) OF A SUBSEQUENT SECOND
MEMORY ACCESS REQUEST (134(1))

DETERMINE, BY THE LOCATION-BASED PREFETCHER CIRCUIT (118), A SET (114(0)) AND
AWAY (116(0)) OF A SECOND CACHE MEMORY DEVICE (112) IN WHICH DATA
CORRESPONDING TO THE SECOND MEMORY ADDRESS (132(1)) IS STORED, WHEREIN
THE FIRST CACHE MEMORY DEVICE (110) HAS A FASTER ACCESS TIME AND A SMALLER
CAPACITY THAN THE SECOND CACHE MEMORY DEVICE (112)

$ 212

STORE, BY THE LOCATION-BASED PREFETCHER CIRCUIT (118) IN A PREFETCHER
ARRAY ENTRY (122(0)) OF A PLURALITY OF PREFETCHER ARRAY ENTRIES (122(0)-
122(P)) OF A PREFETCHER ARRAY (120) OF THE LOCATION-BASED PREFETCHER
CIRCUIT (118): THE FIRST MEMORY ADDRESS (132(0)) AS A TRIGGER MEMORY ADDRESS
(124(0)) OF THE PREFETCHER ARRAY ENTRY (122(0)); AND A SET INDICATOR (128(0))
AND A WAY INDICATOR (130(0)) OF THE SET (114(0)) AND THE WAY (116(0)),
RESPECTIVELY, OF THE SECOND CACHE MEMORY DEVICE (112) AS A TARGET
IDENTIFIER (126(0)) OF THE PREFETCHER ARRAY ENTRY (122(0))

FIG. 2
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(—300
302

OBSERVE, BY THE LOCATION-BASED PREFETCHER CIRCUIT (118), A THIRD MEMORY
ACCESS REQUEST (134(0)) TO THE FIRST MEMORY ADDRESS (132(0))

# 304

DETERMINE, BY THE LOCATION-BASED PREFETCHER CIRCUIT (118), THAT THE FIRST
MEMORY ADDRESS (132(0)) CORRESPONDS TO THE TRIGGER MEMORY ADDRESS
(124(0)) OF THE PREFETCHER ARRAY ENTRY (122(0))

-t
- -
- -~
-
-
-

\~N
-

,,,,,,, CORRESPONDING TO SECOND MEMORY\“\,\
——————— ADDRESS (132(1)) FOUND AMONG A PLURALITY OF TARGET ~~~~~___ NO
~. LOCATIONS (148(0)-148(F)) OF A PREFETCHER FILTER (146), THE 23—
~~~~ PLURALITY OF TARGET LOCATIONS CORRESPONDING TOA -~~~
‘‘‘‘‘‘ PLURALITY OF RECENT PREFETCHES? .-~~~

-~

- -
S~ -
-
- -
- -
-~ -
- -
-~ -
- -
-~ -
~ -

e e e e e = = = = = = = ————

¢ 310

RETRIEVE, BY THE LOCATION-BASED PREFETCHER CIRCUIT (118), THE SET INDICATOR
(128(0)) AND THE WAY INDICATOR (130(0)) OF THE TARGET IDENTIFIER (126(0)) OF THE
PREFETCHER ARRAY ENTRY (122(0))

$ 312

RETRIEVE, BY THE LOCATION-BASED PREFETCHER CIRCUIT (118) FROM THE SECOND
CACHE MEMORY DEVICE (112), THE DATA CORRESPONDING TO THE SECOND MEMORY
ADDRESS (132(1)) STORED IN THE SET (114(0)) AND THE WAY (116(0)) OF THE SECOND
CACHE MEMORY DEVICE (112) IDENTIFIED BY THE SET INDICATOR (128(0)) AND THE
WAY INDICATOR (130(0)), RESPECTIVELY

TOBIN
FIG. 3B

FIG. 3A
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SECOND MEMORY ADDRESS (132(1)) AND

THE FIRST CACHE MEMORY DEVICE (110)

4/7

(—300

STORE, BY THE LOCATION-BASED
PREFETCHER CIRCUIT (118), THE

STORE, BY THE LOCATION-BASED
PREFETCHER CIRCUIT (118), THE
THE DATA CORRESPONDING TO THE THE DATA CORRESPONDING TO THE
SECOND MEMORY ADDRESS (132(1)) IN

A PLURALITY OF PREFETCHER BUFFER
ENTRIES (140(0)-140(B)) OF A

{ . PREFETCHER BUFFER (138)

OBSERVE, BY THE LOCATION-BASED PREFETCHER CIRCUIT (118), A FOURTH MEMORY
ACCESS REQUEST (134(1)) TO THE SECOND MEMORY ADDRESS (132(1))

_.-=""'SECOND MEMORY ">~ __
.-~ KDDRESS (132(1)) IS STORED IN THE>~.__
_--~"PREFETCHER BUFFER ENTRY (140(0)) OF THE >~ _NO

SECOND MEMORY ADDRESS (132(1)) AND

|
| SECOND MEMORY ADDRESS (132(1)) INA'
l
l
|

PREFETCHER BUFFER ENTRY (140(0)) OF !

">~ _PLURALITY OF PREFETCHER BUFFER ENTRIES .-~~~
~~~.(140(0)-140(8)) OF THE PREFETCHER -~~~
“~-.._ BUFFER(138)? .-~

e
-~ 4
-~ P

-

YES 1
_______________________________________________________________ 324

PROMOTE, BY THE LOCATION-BASED PREFETCHER CIRCUIT (118), THE PREFETCHER
BUFFER ENTRY (140(0)) FROM THE PREFETCHER BUFFER (138) TO THE FIRST CACHE
MEMORY DEVICE (110)

FIG. 3B
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(—400

POSITIVE

DETECT
A POSITIVE CONFIDENCE EVENT
OR A NEGATIVE CONFIDENCE
EVENT

NEGATIVE

404 408
INCREMENT, BY THE LOCATION-BASED DECREMENT, BY THE LOCATION-BASED
PREFETCHER CIRCUIT (118), THE PREFETCHER CIRCUIT (118), THE
CONFIDENCE VALUE (142(0)) FOR THE CONFIDENCE VALUE (142(0)) FOR THE
PREFETCHER ARRAY ENTRY (122(0)) PREFETCHER ARRAY ENTRY (122(0))

10

ONFIDENCE VALUE (142(0
FOR THE PREFETCHER ARRAY ENTRY

NO

122(0)) IS LESS THAN A CONFIDENCE
THRESHOLD (144)?

A12

DELETE, BY THE LOCATION-BASED PREFETCHER CIRCUIT (118), THE PREFETCHER
ARRAY ENTRY (122(0))

% 406

CONTINUE PROCESSING

FIG. 4
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502

POSITIVE

504

DETECT
A POSITIVE CACHE PERFORMANC
EVENT OR A NEGATIVE CACHE

PERFORMANCE EVENT

NEGATIVE

508

DECREMENT, BY THE LOCATION-BASED
PREFETCHER CIRCUIT (118), THE
THROTTLING COUNTER (150)

INCREMENT, BY THE LOCATION-BASED
PREFETCHER CIRCUIT (118), THE
THROTTLING COUNTER (150)

HROTTLING COUNTER (150
EXCEEDS A THROTTLING
THRESHOLD (152)?

NO

512

THROTTLE PREFETCHING BY THE LOCATION-BASED PREFETCHER CIRCUIT (118)

506

CONTINUE PROCESSING

FIG. 5
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