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LOW-OVERHEAD HARDWARE PREDICTOR TO
REDUCE PERFORMANCE INVERSION FOR CORE-TO-CORE
DATA TRANSFER OPTIMIZATION INSTRUCTIONS
FIELD
(00017 Embodiments of the invention relate to the field of computer architecture, and
more specifically, to data transfer.
BACKGROUND INFORMATION

[00021 Access to computer networks has become a ubiguitous part of today's

computer usage. Whether accessing a Local Area Network (LAN) in an enterprise
environment {0 access shared network resources, or accessing the Internet via the
LAN or other access point, if seems users are always logged on to at ieast one service
that is accessed via a computer network. Moreover, the rapid expansion of cloud-
based services has led o even further usage of computer networks, and thess
services are forecast {0 become ever-more prevalent.

[00031 Networking is facilitated by various types of equipment including rouiers,
switches, bridges, gateways, and access points. Large network infrastructure typically
includes use of telecommunication-class network elements, including switches and
routers made by companies such as Cisco Systems, Juniper Networks, Alcatel Lucent,
{BM, and Hewlett-Packard. Such telecom switches are very sophisticated, operating
at very-high bandwidths and providing advanced routing functionality as well as
supporting different Quality of Service (QoS) levels. Private networks, such as Local
area neitworks (LANSs), are most commonly used by businesses and home users. ltis
also common for many business networks 1o employ hardware- and/or softiware-based
firewalls and the like.

[00041 In recent vears, virtualization of computer systems has seen rapid growth,
particularly in server deployments and data centers. Under a conventional approach,
a server runs a single instance of an operating system directly on physical hardware
resources, such as the CPU, RAM, storage devices (e.g., hard disk), network
controllers, /O ports, efc. Under one virtualized approach using Virtual Machines
{(VMs), the physical hardware resources are employed to support corresponding
instances of virtual resources, such that multiple VMs may run on the server's physical
hardware resources, wharein each virtual maching includes its own CPU allocation,
memory allocation, storage devices, network controllers, /O poris efc.  Multiple

instances of the same or different operating systems then run on the mulliple VMs.
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Moreover, through use of a virtual machine manager (VMM) or “hypervisor,” the virtual
resources can be dynamically allocated while the server is running, enabling ViV
instances to be added, shut down, or repurposed without requiring the server {o be
shut down. This provides greater flexibility for server uiilization, and betier use of
server processing resources, especially for multi-core processors and/or muiti-
DIDCESSOr Servers.

{0005} Under another virtualization approach, container-based OS virtualization is
used that employs virtualized “containers” without use of a VMM or hypervisor.
Instead of hosting separate instances of operaling systems on respeclive ViMs,
container-based O& virtualization shares a single OS kernel across multiple
containers, with separate instances of system and software libraries for each
container. As with VMs, there are also virtual resources allocated {o each container.

{0008} Deployment of Software Defined Networking (SDN) and Network Function
Virtualization (NFV) has also seen rapid growth in the past few years. Under SDN,
the sysiem that makes decisions about where traffic is sent (the control plane) is
decoupled for the underlying system that forwards traffic {o the selected destination
{the data plane). SDN concepts may be employed {o facilitate network virtualization,
enabling service providers t0 manage various aspecis of their network services via
software applications and APls {(Application Program interfaces). Under NFV, by
virtuaiizing network functions as software applications, network service providers can
gain flexibility in neflworlc configuration, enabling significant benefits including
optimization of available bandwidth, cost savings, and faster time {o market for new
services.

00077 Today there are large amount of proprietary network appliances that make
additions and upgrades more and more difficull. Such network appliance include
routers, firewalls, efc. which maintain real-time state of subscriber mobility, voice and
media calls, security, contextual content management, efc. NFV technology
consolidates these network functions onto general purpose X886 servers and can
greatly reduce the configuration and upgrading complexity.

{00081 When several NFVs are consolidated, e.g., implemented as a set of Virtual
Machines (VM) in one platform, it requires very efficient network packet handing due
to the nature of the workloads and the high line-rate of current (10 Gigabiis per second
(Gbps)) and fulure (40Gbps and 100Gbps) network interfaces. On a multicore X886
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server, those packets are forwarded (via inter-VM communication) and processed by
NFV modules in VMs on different cores.

{00091 Underrecent testing of a conventional implementation, it has been observed
that the packet throughput of inter-VM communication, especially for small packets
{e.g., 648, which is important to telecommunication companies) are far from
satisfactory. There are several performance botllenacks, in terms of both software
and hardware inefficiencies.

BRIEF DESCRIPTION OF THE DRAWINGS

(00107 The foregoing aspects and many of the attendant advaniages of this

invention will become more readily appreciated as the same becomes betier
understood by reference to the following detailed description, when iaken in
conjunction with the accompanying drawings, wherein like reference numerals refer to
like parts throughout the various views unless otherwise spedcified:

[0011] Figure 1 is a schemalic diagram illustrating an exempiary host platform
configuration including platform hardware and various software-based components
including NFV components;

[0012] Figure 2 is a schematic diagram illustrating a producer-consumer modsl
empioying shared memory;

(00431 Figure 3 is a graph comparing data transfer bandwidths for intra-socket and
inter-socket communications;

[0014] Figure 4a is a schematic diagram illustrating access of a cache line by a
producer application that is nof currently stored in any cache level and is accessed
from system memory, under a conventional approach;

[0018] Figure4b is a schematic diagram illustrating a consumer application
retrieving the cache line from the L1 cache of the core executing the producer
application, under a conventional approach;

(00167 Figure 5 is a schematic diagram illustrating an abstracted view of a memory
coherency architecture employed by the platform shown in Figures 4a and 4b;

[0017}] Figure 6 is a message flow diagram illustrating a producer core assessing a
cache line held in an L3 cache and modifying it, and a consumer core accessing the
same cache line after the cache line has been modified, under a conventional

approach;
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[00181 Figure 7 is a message flow diagram illustrating a similar cache line access by
the producer core and consumer core under which cache line demotion is used,
according to oneg embodiment;

(00491 Figure 8 is a message flow diagram illustrating a producer thread accessing
and modifving a cache ling held in an L3 cache, and a consumer thread that resides
in the same physical core as the producer thread accessing the same cache line after
the cache line has been modified, under which cache line demotion instruction is
enabled.

(00207 Figure 8 is a message flow diagram illustrating a similar cache line access by
producer and consumer threads residing in the same physical core but with caches line
demotion instruction disabled.

[00211 Figure 10 is a schematic diagram Hllustraling an exemplary hardware
predictor including various hardware components.

[00221 Figure 11 is a flow chart illustrating operations and logic for implementing a
hardware predictor with 3 single threshold according to one embodiment.

(00231 Figure 12 is a flow chart illustrating operations and logic for implementing a
hardware predictor with two thresholds according to one embodiment.

[0024] Figure 13Ais a block diagram illustrating both an exemplary in-order pipeline
and an exemplary register renaming, out-of-order issue/execution pipeline according
to embodiments of the invention.

[0028] Figure 13B is a biock diagram illustrating both an exemplary embodiment of
an in-order architeciure core and an exemplary register renaming, out-of-order
issue/exscution architecture core 1o be included in a processor according to
embodiments of the invention.

[0026] Figures 14A-B illusirate block diagras of a more specific exemplary in-order
core architecture, which core would be one of several logic blocks (including other
cores of the same type and/or different types) in a chip.

[00277 Figure 15 is a block diagram of a processor 1500 that may have more than
one core, may have an integrated memory controller, and may have integrated
graphics according to embodiments of the invention.

[0028] Figures 16-19 are block diagrams of exemplary computer architectures.
[00291 Figure 20 is a block diagram contrasting the use of a software instruction
converter to convert binary instructions in a source instruction set to binary instructions

in a target instruction set according to embodiments of the invention.
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DETAILED DESCRIPTION
(00307 Embodiments of apparatus and methods implementing a hardware predicior

for reducing performance inversions caused by intra-VYM data transfer during inter-VM
data transfer optimization for NFVs and other producer-consumer workloads are
described herein. In the foliowing description, numerous specific details are set forth
{o provide a thorough understanding of embodiments of the invention. One skilled in
the relevant art will recognize, however, that the invention can be practiced without
one or more of the specific details, or with other methods, components, materials, etc.
In other instances, well-known structures, materials, or operations are not shown or
described in detail to avoid obscuring aspects of the invention.

[0031] Reference throughout this specification {0 “one embodiment” or “an
embodiment” means that a particular feature, structure, or characteristic described in
connection with the embodiment is included in at least one embodiment of the present
invention. Thus, the appearances of the phrases “in one embodiment” or “in an
embodiment” in various places throughout this specification are not necessarily all
referring to the same embodiment. Furthermore, the pardicular features, structures, or
characteristics may be combined in any suitable manner in one or more embodiments.
[0032] Fordlarity, individual componenis in the Figures herein may aiso be referred
to by their labels in the Figures, rather than by a particular reference number.
Additionally, reference numbers referring o a particular type of component {(as
opposed to a particular component) may be shown with a reference number followed
by “(typY meaning “iypical” It will be understood that the configuration of these
components will be typical of similar components that may exist but are not shown in
the drawing Figures for simplicity and clarity or otherwise similar components that are
not labeled with separate reference numbers. Conversely, “(typ)” is not {0 be
construed as meaning the component, element, etc. is typically used for its disclosed
function, implement, purpose, elc.

LTS

[0033] As used herein, the terms “virtual appliance,” “virtual networlc appliance”
“‘network appliance,” or simply “appliance” may be used interchangeably. In addition,
for the purpose herein, including the claims, any software-based appliance relating to
Software Defined Networking or configured fo implement Network Function
Virtuaiization may more generally be referred 1o as a “virtual appliance,” with the
understanding that virtual network appliances include any network appliance or

virtuaiized entity that is configured to implement Network Function Virtualization and/or

(W]
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operations relating fo Scoftware Defined Networking. Accordingly, the terms virtual
apphance in the following description includes ail NFV appliances, as well.

0034 Figure 1 shows an exemplary host platform configuration 100 including
platform hardware 102 and various software-based componenis including NFY
compoenents. Platform hardware 102 includes a central processing unit (CPUY 104
coupled to a memory interface 106, a last level cache (LLC) 108, an inputoutput (VO)
interface 110, and a predictor 140 via an inferconnect 112. in some embodiments, all
or a portion of the foregoing components may be integrated on a System on a Chip
{(SoC). Memory interface 106 is configured to facilitate access to system memory 113,
which will usually be separate from the Sol.

[0035] CPU 104 includes a core portion including M processor cores 114, each
including alocal level 1 (L1) and level 2 (L2} cache 116. Optionally, the L2 cache may
be referred 10 as a "middie-level cache” (MLC). As illustrated, each processor core
114 has a respective connection 118 to interconnect 112 and operates independently
from the other processor cores.

[0036] For simplicity, interconnect 112 is shown as a single double-ended arrow
representing a single interconnect structure; however, in practice, interconnect 112 is
illusirative of one or more interconnect structures within a processor or SoC, and may
comprise a hierarchy of inferconnect segments or domains employing separate
protocols and including applicable bridges for interfacing between the interconnect
segments/domains. For example, the portion of an interconnect hierarchy to which
memory and processor cores are connected may comprise a coherent memory
domain employing a first protocol, while interconnects at a lower level in the hisrarchy
will generally be used for /O access and employ non-coherent domains. The
interconnect structure on the processor or SoC may include any existing interconnect
structure, such as buses and single or multi-lane serial point-to-point, ring, or mesh
interconnect structures.

{00371 /O interface 110 is illustrative of various /O interfaces provided by plaiform
hardware 102. Generally, I/O interface 110 may be implemented as a discrete
component (such as an [CH (/O controller hub) or the like), or it may be implemented
onan 50C. Moreover, 1/0 interface 110 may also be implemented as an /O hierarchy,
such as a Peripheral Component Interconnect Express (PCle™) I/O hierarchy. /O
interface 110 further facilitates communication between various /O resources and

devices and other piatform components. These include a Network Interface Controller
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{(NIC) 120 that is configured {o facilitate access to a network 122, and various other
/O devices, which include g firmware store 124, a disk/SSD controller 126, and a disk
drive 128. More generally, disk drive 128 is representative of various types of non-
volatile storage devices, including both magnetic- and optical-based storage devices,
as well as solid-state storage devices, such as solid state drives {85Ds) or Flash
memory.

{0038} The multiple cores 114 of CPU 104 are employed o execute various sofiware
components 130, such as modules and applications, which are stored in one or more
non-volatile storage devices, such as depicted by disk drive 128.  Optionally, all ora
portion of software components 130 may be stored on one or more storage devices
(not shown) that are accessed via a network 122

[00391 During boot up or run-time operations, various software componenis 130 and
firmware 132 are loaded into system memory 113 and executed on cores 114 as
processes comprising execution threads or the like. Depending on the particular
processor or SoC architecture, a given “physical” core may be implemented as one or
more logical cores, with processes being aliocated to the various logical cores. For
example, under the Intel® Hyperthreading™ architecture, each physical corg is
impiemented as two logical cores.

f00407 Under a typical system boot for platform hardware 102, firmware 132 will be
lcaded and configured in system memory 113, followed by booting a host operating
system (O5) 138. Subsequently, a hypervisor 136 (or VMM), which may generally
comprise an application running on host OS 134, will be launched. Hypervisor 136
may then be employed to launch various virtual machines, VM1-N, each of which will
be configured to use various portions {(i.e., address spaces) of system memory 113,
In turn, each virtual machine VM1-N may be employed to host a respective operating
systermn 1381-N.

00417 During run-time operations, hypervisor 136 enables reconfiguration of
various system resources, such as system memory 113, cores 114, and disk drive(s)
128. Generally, the virtual machines provide abstractions (in combination with
hypervisor 136) between their hosted operating system and the underlying platform
hardware 102, enabling the hardware rescurces {0 be shared among VM1-N. From
the viewpoint of each hosted operating system, that operating system “owns” the entire

platform, and is unaware of the existence of other operating systems running on virtual
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machines. In realily, each operating system merely has access io only the resources
and/or resource portions aliocated 1o it by hypervisor 136.

00427 As further illustrated in Figure 1, each operating system includes a kernsl
space and a user space, both of which are implemented as mamaory spaces in system
memory 113. The kernel space is protected and used o run operating system kernel
components, including a networking stack. Optionally, the networking stack will be in
the user space. Meanwhile, an operating systenm’s user space is used o run user
applications, as depicied by Appliances 1, 2, and N, and Applications 1A-C, 2A-C, and
NA-C.

[0043] Generally, Appliances 1, 2, and N are illustrative of various SDN or NFV
appliances that may run on virfual machines on platform hardware 102. For simplicity,
each VYM1-N is depicted as hosting a similar set of software applications; however, this
is merely for illustrative purposes, as the VMs for a given platform may host similar
applications, or may host different applications. Similarly, each VM1-N may host a
single virtual network appliance (as shown), may host mulliple virtual network
apphlances, or may not host any virtual network apgliances.

{0044} Under SDN on a virtualized platform, data is passed between VMs over a
virtual network. Genersally, this may be implemented via virtual NiCs for each VM, and
a virtual switch in the hypervisor or VMM, Under a non-optimized conventional
approach, the virtual switch is actually implemented in a manner similar {0 a physical
switch, meaning the virtual switch includes input and output buffers and performs
various packet flow operations. As with a physical switch, there are latencies that
occur with each step of the data transfer sequence between the virtual NICs, which
results in a substantial downgrade in performance.

[00458] In a virtualized environment including mulliple VMs hosted on the same
physical machine, the medium of communication is the memory subsystem.
Therefore, expecting a very high throughput performance from the linkage of these
Vs is not unrealistic. However, measurements from VMs on a typical modern server
using a multitude of virtualization software reveals that the inter-VM communication
performance is nowhere near what the memory subsystem could potentially achieve
in terms of data throughput. For example, cloud workloads usually achieve a packst
transfer rate of around one million packets per second between two ViMs. Telco

workloads, which typically use highly optimized software stacks and libraries, can
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usually achieve packet transfer rates of about ten million packets per second between
two VMs.

00467 The most efficient inter-VM solution currently in the art rely on a shared
memory as the data medium for packet communication, as shown in Figure 2, which
depicts a pair of VMs 200 and 202 and a hypervisor 204 running on a host
platform 206. VM 200 is a producer, which writes a packet into the shared memory,
which comprises data exchange medium 208, while the VM 202 is a consumer that
reads the packet from the shared memory. in order to keep data correciness, there is
also a "ready” flag {not shown) used to guarantee the producer and consumer do not
over-run each other.

[00471 As mentioned above, there is a lot of VM and network stack related software
overhead involved in this case that prevents the packet throughput from reaching the
bandwidth upper bound of the host platformy’s memory system. In order to separate
the pure software overhead (which could eventually be addressed by many ongoing
software optimization efforis), an IPC memory benchmark was used o emulate the
inter-VM packet communication in terms of memory access behaviors to study the
hardware botilenecks.

[0048] The benchmark that was used for the emulation is called mempipe-spin
{Smith et al., Draft: Have you checked your IPC performance lately?, UNENIX 2012).
{ts data-path behavior mimics the inter-VM communication described above, minus
the VM overheads, with shared ring memory for producer thread and consumer thread,
and a ready flag thal needs to be checked before read or write operation. The
consumer uses a pull mode to check if the flag is ready, which is very similar to the
pult mode! used in DPDK packet processing.

[00481 Figure 3 shows the throughput performance of mempipe-spin, with 2 threads
running on 2 cores within a socket, and also 2 threads running on different sockets.
From Figure 3, we have two main observations. First, the throughput for
communications within the socket, especialiy with smaller packet size, is far from the
physical bandwidth limitation. Second, when the producer and consumer are on
different sockets, the throughput performance becomes much worse.

00801 During a producer-consumer data transfer, a first thread running on the
producer writes a chunk of data (aiso referred i0 as a daia object), which is then read
by one or more other threads (depending on the number of consumers and the

software architecture). When the data exchange medium is shared memory, on an
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abstract level this involves the producer writing data into a location in shared memory
{e.g., at an address at which the data object is stored), and the consumer thread(s)
accessing that location in shared memory. Easy and straightforward; that is, until you
consider that the shared memory location may be replicated across different locations
in system memory and various caches.

{00511 To llustrate this, we'll start off with a simple example illustrating a soflware
application comprising a producer accessing data so that the software application can
modify the data prior to sending it to a consumer. This is shown in Figure 4a, which
shows further detail to the platform hardware and software architectures depicled in
Figure 1.

[0052] Invirlualized environments emploving many VMs, it is a preferred practice {o
allocate a physical or logical processor core to each VM. This enables multiple threads
corresponding o a given guest operating system processes and applications running
on the guest OS 0 be execuied on the same core. It also significantly improves
memory accesses via the use of L1 and L2 caches for the core, as will become more
evident below. Accordingly, in some of the Figures herein, VMs are shown as running
on respective cores, recognizing that there may be instances in which a single core
may host multiple VMs. Whiie ii is possible for the processes for a single VM to run
on multiple cores {(e.g., for a personal computer running a single VM such as an Apple
Macintosh computer running a VM hosting a Microsoft Windows O8), that is not a
likely usage scenario in SDN and NFV deployments.

{00583} As illustrated, each of the cores 114y and 114, include a respective L1
cache 1164 and 118, and a respeciive L2 cache 1184 and 118z, each including
multiple cache lines depicted as rectangular blocks. LLC 108 includes a set of LLC
cache lines 430, and system memory 113 likewise includes muitiple cache lines,
including a set of memory cache lines 428 corresponding to a portion of shared
space 406.

[00584] Figure 5 shows an abstracted view of a memory coherency architecture
employed by the embodiment of Figures4a and 4b.  Under this and similar
architectures, such as employed by many Intel® processors, the L1 and L2 caches
are part of a coherent memory domain under which memory coherency is managed
by coherency mechanisms in the processor core 500, Each core 104 includes a L1
instruction (IL1) cache 118, and L1 data cache (DL1) 116p, and an L2 cache 118. L2

caches 118 are depicted as non-inclusive, meaning they do not include copies of any

10
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cache lines in the L1 instruction and data caches for their respective cores. As an
option, L2 may be inclusive of L1, or may be partially inclusive of L1, in addition, L3
may be non-inclusive of L2. As yet a first optlion, L1 and L2 may be replaced by a
cache cccupying a single level in cache hierarchy.

[0058] Meanwhile, the LLC is considered part of the “uncore” 502, wherein memory
coherency is extended through coherency agents, resulting in additional overhead and
processor cycles. As shown, uncore 502 includes memory conirolier 108 coupled to
external memory 113 and a global queue 504. Global queue 504 also is coupled to
an L3 cache 108, and a QuickPath Interconneci® (QP) interface 506. Optionally,
interface 506 may comprise a Keizer Technology Interface (KT} L3 cache 108 (which
functions as the LLC in this architecture) is inclusive, meaning that it includes is a copy
of each cache line in the L1 and L2 caches.

[0056] As is well known, as you get further away from a core, the size of the cachs
levels increase, but so does the latency incured in accessing cache lines in the
caches. The L1 caches are the smallest (e.g., 32-64 KiloBytes (KB))}, with L2 caches
being somewhat larger (e.g., 2568-640KB), and LLCs being larger than the typical L2
cache by an order of magnitude or so {e.g., 8-16MB). Of course, the size of these
caches is dwarfed by the size of sysiem memory {one the order of GigaBytes).
Generally, the size of a cache lineg at a given level in a memory hierarchy is consistent
across the memory hierarchy, and for simplicity and historical references, lines of
memory in system memory are also referred {0 as cache lines even though they are
not actually in a cache. It is further noted that the size of global queue 504 is quite
smal, as it is designed to only momentarily buffer cache lines that are being
transferred between the various caches, memory controlier 106, and QPI
interface 506.

{00577 Figure 4a further shows multiple cache agents that are used 0 exchange
messages and transfer data in accordance with a cache coherency protocol. The
agents include core agenis 408 and 410, L1 cache agents 412 and 414, L2 cache
agents 416 and 418, and an L3 cache agent 420.

[0088] Figure 4a iliustrates a simple memory access sequence in which a cache line
is accessed from system memeory and copied info L1 cache 118 of core 1144, Data
in system memory is stored in memory blocks (also referred {0 by convention as cache
lines as discussed above), and each memory block has an associated address, such

as a 64-bit address for today's 64-bit processors.  From the perspective of
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applications, which includes the producers and consumers, a given chunk of data
{data object} is located at a location in system memory beginning with a ceriain
memory address, and the data is accessed through the application’s host OS5,
Generally, the memory address is actually a virtual memory address, and through
some software and hardware mechanisms, such virtual addresses are mapped o
physical addresses behind the scenes. Additionally, the application is agnostic to
whether all or a portion of the chunk of data is in a cache. On an abstraci level, the
application will ask the operating sysiem to fetch the data dypically via address
pointers), and the OS and hardware will return the requested data to the application.
Thus, the access sequence will get translated by the OS as a request for one or more
blocks of memory beginning at some memory address which ends up getting
translated (as necessary) to a physical address for one or more requested cache lines.
[0053] Returning to Figure 4a, the access seguence would begin with core 1144
sending out a Read for Ownership (RFO) message and first “snooping” {i.e., checking)
its local L1 and L2 caches to see if the requested cache line is currently present in
gither of those caches. Inthis example, producer 200 desires {0 access the cache ling
s0 its data can be maodified, and thus the RFO is used rather than a Read request.
The presence of a requested cache line in a cache is referred {0 as a *hit,” while the
absence is referred to as a "miss.” This is done using well-known snooping
technigues, and the determination of a hit or miss for information maintained by gach
cache identifying the addresses of the cache lines that are currently present in that
cache. As discussed above, the L2 cache is non-inclusive, making the L1 and L2
caches exclusive, meaning the same cache line will not be present in both of the L1
and L2 caches for a given core. Under an operation 1a, core agent 408 sends an RFO
message with snoop (RFO/S) 422 to L1 cache agent 412, which results in a miss.
During an operations 1b, L1 cache agent 412 the forwards RFO/snoop message 422
to L2 cache agent 416, resulling in another miss.

{00607 In addition to snooping a core’s iocal L1 and L2 caches, the core will also
snoop L3 cache 108, If the processor employs an archifecture under which the L3
cache is inclusive, meaning that a cache line that exists in L1 or L2 for any core also
exists in the L3, the core knows the only valid copy of the cache line is in system
memory if the L3 snoop results in a miss. [f the L3 cache is not inclusive, additional
snoops of the L1 and LZ caches for the other cores may be performed. In the example

of Figure 4a, L2 agent 416 forwards RFO/snoop message 422 to L3 cache agent 420,
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which also results in a miss. Since L3 is inclusive, it does not forward RFO/snoop
message 422 1o cache agents for other cores.

00611 In response to detecting that the reqguested cache line is not present in L3
cache 108, L3 cache agent 420 sends a Read request 424 to memory interface 106
{o retrieve the cache line from system memory 113, as depicted by an access
gperation 1d that accesses a cache line 426, which is stored at a memory
address 428, As depicted by a copy operation 2a, the Read reguest resulls in cache
line 426 being copied info a cache line slot 430 in L3 cache 108. Presuming that L3
is full, this resuits in eviction of a cache line 432 that currently occupies siot 430
Generally, the selection of the cache line o evict (and thus determination of which siot
in the cache data will be evicted from and writien to) will be based on one or more
cache eviction algorithms that are well-known in the art. If cache line 432 is in a
modified state, cache line 432 will be written back o memory 113 {(known as a cachs
write-bacl prior to eviction, as shown. As further shown, there was a copy of cache
line 432 in a slot 434 in L2 cache 1184, which frees this slot. Cache line 426 is also
copied 1o slot 434 during an operation 2b.

[0062] Next, cache line 426 is 1o be writlen fo L1 data cache 1181, However, this
cache is fuli, requiring an eviction of one of iis cache lines, as depicted by an eviction
of a cache line 436 occupying a slot 438. This evicted cache line is then written to
slot 434, effectively swapping cache lines 426 and 438, as depicted by operations 2¢
and 2d. At this point, cache line 426 may be accessed (aka consumed) by core 1144,
{0063 Oftentimes, as described above with reference to Figure 2, a first NFV
appliance (the producer) will generatle data corresponding to a first object (e.g., modify
the first object), and subsequently a second NFV appliance (the consumer) will want
to access the object. In one case, mulliple NFV appliances may want to simply read
that same object’s data. An Hllustration of an exampile of how this is done under a
conventional approach is shown in Figure 4b.

[0064] At the start of the process, there are three copies of cache line 426 — one in
memory 113, one in slot 430 of L3 cache 108 and the other in slot 434 of L1 data
cache 116p. Cache line 430 holds data corresponding to a data object.  (For
simplicity, only a single cache line is shown; in practice, the data for a data object will
generally span multiple cache lines.) The consumer, executing on Core 2, desires {o
access the data object, which it knows is located at memory address 428 (per

corresponding software object code executing on Core 2},
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[00651 As further depicted in Figure 4b, L3 cache agent 420 maintains information
of each cache line it stores relating to the stale of the cache line and which cores have
copies of the cache line. In one embodiment, core valid (CV) bits are used to indicate
which core(s) have a valid copy of the cache line. When cache line 426 is copied {o
L3 cache 108, its cache line status data is set to indicate that cache line 426 is in the
{Exclusive state, and the CV bits indicate Core 1 has the only valid copy of the cache
ling, as depicied by cache line slatus data 440s:. Subsequenily, producer 200
modifies the data object, resulting in the state of cache line 426 being updated to
{Miodified state 426s¢. In accordance with conventional cache coherency schemes
and cache eviction policies, the modified copy of the cache line is not written to L3
cache 108 af this point.

{0068} Core 2 agent 410, will send out a Read request 442 along with a cache snoop
to determine whether cache line 426 is present in sither its L1 data cache 116zp or its
L2 cache 118, or L3 cache 108. As depicted by operations 1a and 1b, core agent 410
sends a first cache snoop to L1 cache agent 414 requesting access {0 cache line 426
{e.g., Read request 422}, resulting in a miss, and the snoop is forwarded {o L2 cache
agent 418, resulling in a second miss. As before, the Read request message with
snoop is forwarded from the L2 cache agent (418) to L3 cache agent 420.

{00677 L3 cache agent 420 checks to see if a copy of cache line 428 is present in L3
cache 108, resulting in a hit. L3 cache agent 420 the checks cache line status
data 4403, and determines the Core 1 has exclusive ownership of cache line 426.
Since a cache ling in an exclusive state can be modified by its owner, it is possible
that cache line 426 has been modified (in this case it has), and thus the copy of cache
line 426 held by L3 cache 108 is not current. Accordingly, L3 cache agent 420 sends
the read request io the L1 and L2 cache agents for Core 1, as depicted by operations
2a and 2b eventually being serviced by L1 cache agent 412,

{00687 Inresponse {o receiving Read request 442, a copy of modified cache ling 426
will be forwarded from L1 data cache 116y to L1 data cache 11862 via
interconnect 112 and writien to a slot 444, as depicted by an operation 3. In addition,
each copy of cache line 426 in L1 data cache 116+p and L1 data cache 118,n will be
marked as (S)hared, as depicted by cache line states 426s2. For simplicity, existing
cache lines in one or more of L1 dala cache 116 and L2 cache 118; that might be

evicted as a result of copying cache line 428 are not shown, but similar resuits to those
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iflustrated in Figure 4a and discussed above may be expected if L1 data cache 1162p
and L2 cache 118; are full.

[0068] In connection with operation 3, the copy of cache line 428 in L3 cache 108 is
also updated o reflect the modified data in cache line 426, Additionally, the cache
line 426 status data is updated to reflect that cache line 426 is now shared by both
Core 1 and Core 2, as depicted by cache line status data 440s;.

{00707 Each snoop has an associated cycle cost accruing latency, and consumes
bandwidth on the processor's interconnects. Moreover, while a processor core is
waiting for access to its requested data, processing of the thread requesting the
access is stalled.

[00717 A more complex memory access sequence is illustrated in Figure 8, which
shows a message flow diagram 600 implemented on a computer platform comprising
a producer core 802 including a producers L1 cache 604, an L3 cache (e.g., LLC)
606, and a consumer core 608 having a consumers L1 cache 810, Each of these
components has a respective agent, as depicted by agenis 86024, 604A 606A, 608A,
and 810A. In Figure 8, L2 caches are not shown since in this example the copies of
the cache line are in the L1 caches.

[0072] Alaninilial stale, there are three copies of a cache line 612 that are currently
cached in producers L1 cache 604, L3 cache 606, and consumer's L1 cache 610,
respectively depicted as cache lines 6125, 61203, and 612¢. Each of cache lines 612»
and 612¢ are marked as (S)hared, while cache line 612,5 includes cache line status
data identifying cache line 612 is shared and each of the producer core and the
consumer core hold a valid copy of the cache line.

[0073] As shown, producer core 602 desires o gain ownership of a shared cache
line 802 so it can modify it. For exampie, if produce core 802 desires to modify its
copy (cache line 812p) of cache line 812 by wiriting to it, it must first obtain ownership
of the cache line. To obtain ownership of cache line 612, the producer core's
agent 802A sends a Read For Ownership (RFO) (Wrile request 614 to agent 604A
for producer's L1 cache 604. RFO 614 is forwarded by agent 804A to agent 606A for
.3 cache 808. Inresponse to receiving RFQ 614, agent 606A and sends an invalidate
meassage 616 1o the consumers L1 cache agent 8104, and updates its cache line
68122 status data to indicate the cache line is now in the (E)xclusive state, identifying

the producer core 602 as the exclusive owner of cache line 812, Upon receipt of
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invalidate message 616, agent610A will mark cache ling 812¢ as (Dnvalid (not
shown).

[0074] Agent806A for L3 cache 806 returmns a complete message 818 o
agent 604A for producer's L1 cache 604, Upon receipt, cache line 612r is marked as
(Exclusive. Data is then wiillen to cache line 812p {as depicted by a Write 820}, and
cache line 812p is marked as (M)odified. Agent 804A then returns a complels
message 622 {0 producer core 802’'s agent 802A, completing the Write transaction.
[00751 Asynchronously, agent 808A for consumer core 808 periodically polis the
status of cache lines in consumer's L1 cache 810, as depicted by a polling loop 824,
Subsequently, agent 608A attempis to read its copy of cache line 612 (cache
fine 612¢) using a polling loop read 626. Since at this point cache line 612¢ is marked
{(Dnvalid, this results in an L1 cache miss, and agent610A for consumers L1
cache 610 sends a message 628 to agent 608A identifving producer core 602 as
holding the valid cache line, as identified by a corresponding CV bit. Agent 606A then
sends a snoop 830 with the read request o agent 604A. In response, the state of
cache line 812p is changed from (Mjodified to (Shared), and a snoop response 632
including a copy of cache line 612p is returned o agent 6OBA.

f0076] Upon receiving snoop response 632, agent 606A performs a memory write-
back (WB) of the cache line, and returns the status of its copy {(612.3) to (Sihared, and
appropriate CV bits are set to once again identify that producer core 802 and
consumer core 608 hold valid copies of the cache line. Subsequently, a cache line
miss response 634 including the modified copy of cache line 812 is received by
agent 610A, which is used to overwrite the data in cache line 812¢, and mark cache
fine 812¢ as (Sthared. Once in the consumer's L1 cache, the consumer core 808
consumes the cache line, as depicted by a consume operation 636,

00777 When the foregoing cache line access sequence was tested as a
producer/consumer baseline transaction on one dass of processor, it fook 112
processor cycles just o complele the read request. That is a significant amount of
overhead, with a large amount of traffic being sent between the various agents to
facilitate the transaction while maintaining cache coherency. These operations cause
longer latency for each memory access of producer-consumer workload, as in inter-
VM communication. As a result, testing has shown the processor is stalled for more

than 50% of its cycles (i.e., »50% of CPU cycles are spent without retiring instructions).
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[00781 ldeally the producer could use a pushing-store instruction o push the data
into consumer's MLC to save latency. However this approach requires the software to
always know the target MLC, which can potentially be impractical, especially with
frequent VM migration. Also the pushing operation may evict useful data in the
consumer MLC due to the MLC’s limited capacity.

007981 To achieve good performance gain without having o foot the complexity, a
new memory instruction, called Cache line LLC Allocation (CLLA), is envisioned. The
CLLA instruction immediately allocates the cache line into the LLC from the producer’s
MLC, so that the consumer can access the data directly from the LLC to reduce the
memory reference latency. Note that a CLLA instruction is generically a cache line
demotion instruction which causes a cache line of a lower level cache to be moved
into a higher level cache. Discussion with respect to movement from L1 to LLC is
applicable to other movement such as L1 to L2, L2 to L3, MLC to LLC, efc. The CLLA
instruction allows the software to provide application level knowledge o hardware for
optimizations. By proactively pushing data to the LLC that is closer to the consumer,
the communication latency is reduced by more than 2x, thus improve performance, as
well as reduce the number of coherence messages (avoid consulting SF) to save
energy.

(00801 Figure 7 shows a message flow diagram 700 corresponding to a similar pair
of Write and Read transactions originating from producer core 802, and consumer
core 608, respectively, that were performed in message flow diagram 600 of Figure 6.
Messages are passed between the same agents in both message flow diagrams. As
a starting condition, there is a copy of cache line 612 in L3 cache 606, as depicted by
cache line 61215. The initial state of cache line 61213 is either (M)odified, if the
consumer's copy of cache line 612 has been updated, or (E)xclusive if the consumer's
copy had been cache line demoted unmodified. The CV is none, indicating there is
no copy of cache line present in either producer's L1 (or L2} cache 804 or consumer's
L1 {or L2} cache 610.

{00811 As before, agent802A for producer core 802 sends a RFOMrite
message 702 to agent 804A, which results in an L1 miss. In response, agent 804A
forwards RFO/Write message 702 to agent 606A for L3 cache 808, which has a copy
of the requested cache iine {(cache line 81213). Depending on the inilial state, the siate
for cache line 61201 is either transitioned from (M)odified 1o (Eixclusive, or remains

{(Eyxclusive. The CV bits are updated to identify producer core 802 has the only valid
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copy of the cache line. A copy of cache ling 612.2 is retuned by agent 608A to
agent 604A via a message 704, as depicted by cache line 812p. This copy is then
updated by the producer's Write, and marked as (Modified, followed by a complete
message 706 returned to agent 802A

[0082] Under the conventional approach, cache line812s would remain in
producer's L1 cache 604 until it was evicted. However, under this new approach, the
application that has modified the cache line includes a CLLA instruction to demote
cache line 6120, Accordingly, in conjunction with execution of the CLLA instruction, a
cache line demotion message 708 is sent by agent 802A 10 agent 604A 1o demote
cache line 612p to L3 cache 606. In response to receiving the cache line demotion
message 708, agent 604A evicts cache line 812 and forwards the cache line o
agent 60BA, which overwrites (updates) the existing dala in cache line 81213, and
marks the cache line as (Mjodified. The CV bit for the producer core is reset to reflect
there are no cores hoiding a valid copy of the cache line.

[00831 In a similar manner 1o above, agent 608A of consumer core 808 sends a
Read request 712 (o agent 610A identifying cache line 812, The lookup of cache
line 612 results in a miss (for both of the consumers L1 and L2 caches), and
agent 810A forwards Read request 712 to agent 608A. Since the modified version
of cache line 8120 was demoted using the CLLA instruction, the modified copy of the
reguested cache line 612 is already in cache line 61213, As a result, snoop
message 630 and snoop response 832 are eliminated, as depicted by block 714.
[00841 Inresponse to Read request 712, agent B06A returns a copy of the modified
cache line 81215 In a miss response message 718 to agent 810A. This copy of the
modifiad cache line is then writlen (o a cache line slot in consumer's L1 cache 610, as
depicted by a cache line 812¢ with a status marked as (M)odified. Cacheline612¢is
then retrieved from consumer's L1 cache 610 1o be consumed by consumer core 808,
as depicted by a consume operation 718.  f the application running on consumer
core 608 knows it will only be reading a cache line, ii can proaciively demoie it with
the CLLA instruction, as depicted by a cache line demotion message 720.

[0085] Returning to cache line 81213, in the embodiment illustrated in Figure 7, there
is no write-back o memory, even though the data in cache line 81215 has been
modified. The state of cache line 612y is marked as (E)xclusive, with CV set to the
consumer, transferring ownership of the cache line to consumers L1 cache 610 rather

than performing a write-back to memory.
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{0086} Using proactive cache line demotion with the CLLA instruction, latencies
associated with memory transaction can be significantly reduced. For example, under
meassage flow diagram 700, the number of processor cycles for the consumer Read
memory access is reduced to 48 cycles. However, while proactive cache line
demotion with a CLLA instruction provides benefils in most situations, performance
inversion may occur in comer cases where both the producer and consumer threads
that are sharing data reside on the same physical coreg, e.g., two SMT threads on one
core. Inthese cases, insiead of fetching the shared data directly from L1 or L2 cache
{(MLC), the core most likely has to go to L3 cache (LLC) to fetch the data that was
demoted by the CLLA instruction. Note that demotion can occur from any level of
cache. For exampie, from L1i0 L2 or L1110 L3, or L2 o L4, L1 to L4, etc. As such,
the performance suffers because accesses to LLC (~44 cycles) has higher latency
than accesses to MLC (~14 cycles).

[0087] This performance inversion can be minimized by a hardware predictor that
monitors the access pattern {0 a set of sample cache lines and adaptively determines
whether or not to enable the CLLA instruction based on real-time behavior. The
predictor first selects N random sample cache lines from the candidates for cachs line
demotion and continuously monitors them. For behavior tracking purpose, the
selected sample cache lines are never demoted to LLC. A counter is maintained {o
track the number of accesses 1o the sample cache lines by local core requests versus
those by remote snoops. Forexample, if a cache line access is through remote snoop,
the hardware predicior decrements the counter by 1. If the cache line access is by
iocal core request, the counter is incremented by 1. Over time, the counter gives an
indication of whether the remote cores or local threads are more likely to access the
sample cache lines. This, in turn, provides a good prediction of whether the CLLA
instruction should be enabled or disabled.

(00887 When the counter value exceeds a selected threshold, indicating that most
cache line accesses are from the local core, the producer and consumer threads are
on the same physical core. To minimize the performance inversion caused by the
core having to fetch data from the LLC instead of MLC, the CLLA instruction should
be disabled for all cache line demotion candidates for that core. However, if the
counter is below the selected threshold, indicating that most accesses are from remote
core(s), then the CLLA instruction should be enabled to cause all cache line demotion

candidates, exciuding the monitored ones, o be proactively demoted. To simplify the
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discussion in the foliowing exemplary embodiments in which the producer and
consumer thread reside in the same physical core, memory coherency protocols are
omitted and L1/L2 cache is referred o collectively as L1 cache.

(00891 Figure 8 shows an exemplary message flow diagram 800 corresponding to a
pair of Write and Read transactions originating from a producer thread and a consumer
thread that reside in the same physical core 802 with CLLA instruction enabled,
according to an embodiment. Figure 8 comprises a producer/consumer core 802 that
includes a producer/consumer L1 cache, as well as an L3 cache (LLC). Each of these
components has a respective agent, as depicted by agents 802A, 804A, and 806A.
Messages are passed between these agents in the message flow diagram. Note that
different levels of cache could have been used, but that L1 and L3 are illustrated while
LZ is explicitly omitted is simply for illustrative purposes.

[00801 Al an initial state, there is a copy of cache line 840 in the L3 cachs. A
producer thread in the producer/consumer core 802 desires {0 gain ownership of the
cache line 840 so it can modify it. To obtain ownership, the producer/consumer core’s
agent 802A sends a RFO/Write request 808 to agent 804A of the producer/consumer
L1 cache. The request resulls in an L1 miss. In response, agent 804A forwards the
RFO request {0 agent 806A of the L3 cache 806 in message 810,

[0081}  In response to receiving RFO message 810, agent 806A retums a copy of
cache ling 840 {0 agent 804A via message 812, Agent 804A then updates this copy
of cache line 840 according to the producer thread’'s Write request and sends 3
complete message 814A to agent 802A. Next, because the CLLA instruction is
enabled, upon its execution, a cache line demotion message 816 is sent by agent
802A 1o agent 804A o demote cache line 840 to L3 cache 806. In response to
receiving the cache line demotion message 816, agent 804A evicis cache line 840
and forwards it to agent B0BA. Agent BOSA then overwrites the existing data in its
copy of cache line 840 with the updated version.

[0092] Nexi, a consumer thread residing in the same core as the producer thread
desires to access cache line 840, Accordingly, agent 802A sends a read request 820
to agent 804A identifving cache line 840. The lookup of cache line 840 resulis in a
miss in the L1 cache because cache ling 840 has already been demoted to the L3
cache. As a resull of the miss, agent 804A forwards the read request o agent 806A
in message 822. Upon receiving message 822, agent 806A responds with its copy of

cache line 840 in message 824 back to agent 804A. Agent 804A then updates the
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received cache line B40A according to consumer thread's instructions. A complete
message 826 is sent by agent 804A 1o agent 802A to confirm execution of the read
message by the consumer thread. Again, since the CLLA instruction is enabled, upon
its execution, a message 828 is sent by agent 802A o agent 804A 1o demote cache
line 840 {o the L3 cache. Accordingly, agent 804A evicts cache line 840 and forwards
it o agent 806A. Agent 808A then overwrites the existing data in its copy of cache
line 840 with the updated version.

[00931 Figure 9 shows an exemplary message flow diagram 900 corresponding to a
similar pair of Write and Read transactions that were performed in message flow
diagram 800 of Figure 8 where both the producer thread and consumer thread reside
in the same physical core according o an embodiment. However, in contrast with
Figure 8, the CLLA instruction is disabled in Figure 9. Note again that different levels
of cache could have been usad, butthat L1 and L3 are illustrated simply for ilustrative
DUIPOSEs.

[00941 As before, agent 902A for the producer/consumer core 802 sends a
RFO/Write message 208 to agent 904A which results in an L1 miss. In response,
agent 904A forwards the RFOAWVrite request in message 210 to agent 808A for the L3
cache 908. A copy of cache line 940 is returned by ageni Q08A 1o agent S04A via
message 912. Upon receipt of a copy of cache line 940, agent 904A update it
according o the producer thread's Write request foliowed by retuming a complete
message 914 to agent 902A indicating task executed. This time, since the CLLA
instruction is disabled, cache ling 840 is not demoted from L1 cache fo L3 cache.
Cache line demotion messages 916 and 918 are thus eliminated, as depicted by
corresponding dotted lines.

[00958] Next, same as before, a consumer thread residing in the same core as the
producer thread desires {0 access cache line 940, Accordingly, agent 902A sends a
read request 920 to agent 904A. Since 240 was not demoted from L1 to L3 cache by
the CLLA instruction, producer/consumer L1 cache 904 has a valid copy of cache line
840, Agent 904A does not have to fetch cache line 904A from L3 cache 906 and thus
eliminating memory access messages 922 and 924. Instead, agent 804A responds
directly {o agent 9024 s read request with its copy of cache line 940 in message 926.
Again, because the CLLA instruction disabled, cache line demotion messages 928

and 930 are also eliminated.
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[00961 Figure 10 shows an exemplary hardware configuration of a predictor that
includes a CPRU core 1010, an L3 cache (LLC) 1050, and a predictor 1080, The CPU
core 1010 further includes processing thread(s) 1020, an L1 cache 1022, and an L2
cache (MLC) 1030. Cache lines 1032-N are shown as individual blocks inside the L2
cache (MLC). The predictor 1080 includes a counter 1070, a first threshold 1072, a
second threshold 1074, and a cache line demotion instruction enablement module
1080. The predictor monitors a number of randomiy selecied sample cache lines in
the L2 Cache (MLC) and tracks their accesses by, for example, an incoming snoop
109G, These monitored cache lines are depicted as cache lines 1062-1068 inside the
predictor 1060 in figure 10.

[0097] Figure 11 is a flow chart illustrating operations and logic for impiementing the
hardware predictor with a single threshold according to one embodiment. In block
1102 the predictor selects one or more random sample cache lines from a group of
cache line demotion candidates in the first cache. The selected sample cache lines
are continuously monitored by the predictor and are excluded from demotion by the
cache line demotion instruction. The number of sample cache lines seiecled may
depend on factors such as the size of the different caches, e.g. MLC and LLC. The
selected sample cache lines may be repiaced periodically with new sample cache
lines. The predictor also initializes a counter, in block 1102, for tracking the number
of local core requests versus the number of remote snoops that are accessing the
sample cache lines. The initial value of the counter may depend on faciors such as
the threshold selected and the size of the caches. The counter should be reset
whenever the selected sample cache lines are replaced with new cache lines.

{0038} In block 1104 the predictor tracks each access 10 the sample cache lines. In
block 1108, the predictor determines, for each access, whether it is from a local core
or a remote core. This determination can be made by looking at whether or not the
access is a remote snoop. If the access to a sample cache ling I8 a remote snoop,
indicating access from a remote core, the counter is decremented by 1 as illustrated
in block 1110. Conversely, if the access is not a remote snoop, signifying a local
access, the counter is incremented by 1 as depicted by block 1108,

{60981 In block 1112, the predicior checks 1o see if the counter is greater than a
selected threshold. [f the counter is greater than the threshoid, then there are more
local accesses 1o the sample cache lines than remote accesses. The predictor next
checks for the enablement status of CLLA instruction in block 1114, if the CLLA
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instruction is enabled, the predictor disables it in block 1116. If the CLLA instruction
is already disabled, the predicior makes no change to the enablement status of the
CLLA instruction in block 1118 and returns to the monitoring of accesses to the sample
cache lines.

[01001 On the other hand, if in block 1112 the predictor determines that the counter
is lower than the selected threshold, indicating more remote accesses to the sample
cache lines than local accesses, the predicior enables the CLLA instruction. In block
1120, the predictor checks for the enablement of the CLLA instruction. If the CLLA
instruction is disabled, the predictor enables it in block 1122, if the CLLA instruction
is already enabled, the predictor makes no change to the enablement status of the
cache line demotion instructions in block 1118 and refurns o the monitoring of
accesses o the sample cache lines.

(04011 Figure 12 shows a similar flow chart iustrating operations and logic for
impiementing the hardware predicior with two thresholds according o another
embodiment. In block 1202 the predicior selects one or more random sample cache
lines from a group of cache line demotion candidates in the first cache. The selecied
sample cache lines are continuously monitored by the predictor and, for behavior
racking purposes, exciuded from demotion by the cache line demotion instruction. The
number of sample cache lines selecied may depend on the size of the caches. Also
in block 1202, the predictor initializes a counter for comparing the number of local core
reguests versus the number of remcte snoops that are accessing the sample cache
lings. The initial value of the counter may depend on the threshold selected and/or
the size of the caches.

01021  In block 1204 the predictor tracks each access o the sample cache lines. In
block 1208, the predictor determines, for each access, whether it is from a local core
or a remote core. This determination is made by looking at whether the access is a
remote snoop or not. A remote snoop signifies access by a remote core and the
counter is decremented by 1 as illusirated in block 1210. On the other hand, if the
access is not a remote snoop, indicating access within the local core, the counter is
incremented by 1 as shown in block 1208.

01031 Inblock 1212, the predictor checks 1o see if the counter is greater than a first
selected threshold. If the counter is greater than the first threshold then there are more

local accesses 10 the sample cache lines than remote accesses. Thus the predicior
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disables the CLLA instruction in block 1214 and returns to monitoring accesses to the
sample cache lines.

0104 If in block 1212 the counter is not greater than the first selected threshold,
the predicior next checks to see if the counter is lower than a second selected
threshold in block 1218, If the counter is lower than the second threshold, the predicior
enables the CLLA instruction in block 1218 because there are more remote accessss
o the sample cache lines than local accesses. The predictor then returns to
monitoring accesses to the sample cache lings. In the event that the counter is neither
higher than the first threshold nor lower than the second, the predictor makes no
change to the enablement status of the CLLA instruction at block 1120 and retums to
maonitoring accesses {0 the sampie cache lines.

01081 Detailed below are embodiments of processing systems that may utilize the
above embodiments.

[0108] Processor cores may be implemenied in different ways, for different
purposes, and in different processors. For instance, implementations of such cores
may include: 1) a general purpose in-order core intended for general-purpose
computing; 2) a high performance general purpose out-of-order core intended for
general-purpose computing, 3) a special purpose core intended primarily for graphics
and/or scientific (throughput) computing. Implementations of different processors may
include: 1) a CPU including one or more general purpose in-order cores intended for
general-purpose computing and/or one or more general purpose cut-of-order cores
infended for general-purpose computing; and 2) a coprocessor including one or more
special purpose cores intended primarily for graphics and/or scientific (throughput).
Such different processors lead to different computer system architectures, which may
include: 1) the coprocessor on a separate chip from the CPU; 2) the coprocessor on
a separate die in the same package as a CPU; 3) the coprocessor on the same die as
a CPU (inwhich case, such a coprocessor is sometimes referred to as special purpose
logic, such as integrated graphics and/or scientific {(throughput) logic, or as special
purpose cores), and 4) a system on a chip that may include on the same die the
described CPU (sometimes referred to as the application core(s) or application
processor(s)), the above described coprocessor, and additional funclionality.
Exemplary core architectures are described nexi, followed by descriptions of

exemplary processors and computer architectures.
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Exemplary Core Architectures

in-order and out-of-order core block diagram
[0107] Figure 134 is a block diagram illustrating both an exemplary in-order pipeline
and an exemplary register renaming, out-of-order issue/execution pipeline according
to embodiments of the invention. Figure 138 is a block diagram illustrating both an
exemplary embodiment of an in-order architecture core and an exemplary register
renaming, out~of-order issue/execution architecture core 10 be included in a processor
according to embodiments of the invention. The solid lined boxes in Figures 13A-B
fllustrate the in-order pipeline and in-order core, while the optional addition of the
dashed lined boxes illustrates the register renaming, ocul-of-order issue/execution
pipeline and core. Given that the in-order aspectis a subset of the out-of-order aspect,
the out-of-order aspect will be described.
{01081 In Figure 13A, a processor pipeline 1300 includes a felch stage 1302, &
length decode siage 1304, a decode siage 1308, an allocation stage 1308, arenaming
stage 1310, a scheduling (also known as a dispatch or issue) stage 1312, a register
read/memory read stage 1314, an execute stage 13186, a write back/imemory write
stage 1318, an exception handling stage 1322, and a commit stage 1324,
[0108] Figure 13B shows processor core 1390 including a front end unit 1330
coupled to an execution engine unit 1350, and both are coupled o 8 memory unit
1370. The core 1380 may be a reduced instruction set computing (RISC) core, a
complex instruction set computing (CISC) core, a very long instruction word (VLIW)
core, or a hybrid or alternative core type. As yet ancther opfion, the core 1390 may
be a special-purpose core, such as, for example, a network or communication core,
compression engine, coprocessor core, general purpese computing graphics
processing unit (GPGPU) core, graphics core, or the like.
01107 The frontend unit 1330 includes a branch prediction unit 1332 coupled to an
instruction cache unit 1334, which is coupled 1o an instruction transiation lookaside
buffer (TLB) 1336, which is coupled to an instruction fetch unit 1338, which is coupled
to a decode unit 1340. The decode unit 1340 (or decoder) may decode instructions,
and generale as an oulput one or more micro-operations, micro-code entry points,
microinstructions, other instructions, or other control signals, which are decoded from,
or which otherwise reflect, or are derived from, the original instructions. The decode
unit 1340 may be implemented using various different mechanisms. Examples of

suitable mechanisms include, but are not limited {o, look-up tables, hardware
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implementations, programmable logic arrays (PLAS), microcode read only memories
{ROMs}, etc. In one embodiment, the core 1320 includes a microcoede ROM or other
medium that stores microcode for certain macroinstructions {e.q., in decode unit 1340
or otherwise within the front end unit 1330). The decode unit 1340 is coupled 1o a
rename/allocator unit 1352 in the execution engine unit 1350.

01111 The exscution engine unit 1350 includes the rename/allocator unit 1352
coupled to a retirement unit 1354 and a set of one or more scheduler unii{s) 1356.
The scheduler unit{s) 1356 represents any number of different schedulers, including
reservations stations, central instruction window, etc. The scheduler unit(s) 1356 is
coupled o the physical register file{s) unit(s} 1358. Each of the physical register file{s)
units 1358 represents one or more physical register files, different ones of which store
one or more different data types, such as scalar integer, scalar floating point, packed
integer, packed floating point, vector integer, vector floating point,, status {e.q., an
instruction pointer that is the address of the next instruction to be executed), etc. In
one embodiment, the physical register file(s) unit 1358 comprises a vector registers
unit, a write mask registers unit, and a scalar registers unit. These register units may
provide architectural vector registers, vector mask registers, and general purpose
registers. The physical register file(s) unit{s) 1358 is overiapped by the retirement unit
1354 to illustrate various ways in which register renaming and out-of-order execution
may be implemented (e.g., using a reorder buffer(s) and a retirement register file{s};
using a future file(s), a history buffer(s), and a relirement register file(s); using a
register maps and a pool of registers; etc.). The retirement unit 1354 and the physical
register file(s) unit{s) 1358 are coupled 1o the execution cluster(s) 1360. The execution
cluster(s) 1360 includes a set of one or more exscution units 1362 and a setofone or
more memory access uniis 13684, The execution uniis 1382 may perform various
operations {e.g., shifis, addition, subtraction, multiplication) and on various fypes of
data (e.q., scalar floating point, packed integer, packed floating point, vector integer,
vector floating point). While some embodiments may include a number of execution
units dedicated to specific functions or sets of functions, other embodimenis may
include only one execution unit or mulliple execution units that all perform all functions.
The scheduler unit{s) 1358, physical register file(s) unit(s) 1358, and execution
cluster{s) 1380 are shown as being possibly plural because certain embodiments
create separate pipelines for certain types of data/operations (e.q., a scalar integer

pipeline, a scalar floaling point/packed integerfpacked floating pointivector
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infeger/vecior floaling point pipeling, and/or a memory access pipeline that each have
their own scheduler unit, physical register file(s) unit, and/or execution cluster — and in
the case of a separate memory access pipeline, cerlain embodiments are
impiemented in which only the execution cluster of this pipeline has the memory
access unit{s) 1364). It should also be understood that where separate pipelines are
used, one or more of these pipslines may be out-cf-order issue/execution and the rest
in-order.

01121 The set of memory access units 1364 is coupled to the memory unit 1370,
which inciudes a data TLB unit 1372 coupled to a data cache unit 1374 coupled to &
level 2 {(L2) cache unit 1378. In one exemplary embodiment, the memory access units
1384 may inciude a ioad unit, a store address unit, and a store data unif, each of which
is coupled to the data TLR unit 1372 in the memory unit 1370, The instruction cache
unit 1334 is further coupled to a level 2 (L2) cache unit 1378 in the memory unit 1370.
The L2 cache unit 1376 is coupled 0 one or more other levels of cache and eventually
to a main memory.

01131 By way of example, the exemplary register renaming, out-of-order
issue/execution core architecture may implement the pipeline 1300 as follows: 1) the
instruction feich 1338 performs the feich and length decoding stages 1302 and 1304;
2) the decode unit 1340 performs the decode stage 1306, 3) the rename/allocator unit
1352 performs the allocation stage 13088 and renaming stage 1310; 4) the scheduler
unit(s} 1356 performs the schedule stage 1312, 5) the physical regisier file(s) unit{s)
1358 and the memory unit 1370 perform the register read/memory read stage 1314;
the execution cluster 1360 perform the execute stage 1316, 6) the memory unit 1370
and the physical register file{s) unit{s} 1358 perform the write back/memory write stage
1318, 7) various units may be involved in the exception handling siage 1322; and 8)
the retirement unit 1354 and the physical register file(s) unit(s) 1358 perform the
commit stage 1324,

[0114] The core 1380 may support one or more instructions sets {e.q., the x88
instruction set (with some extensions that have been added with newer versions); the
MIPS instruction set of MiPS Technologies of Sunnyvale, CA; the ARM instruction set
{with optional additional extensions such as NEON) of ARM Holdings of Sunnyvale,
CA), including the instruction{s) described herein. In one embodiment, the core 1380

includes logic to support a packed data instruction set exiension (e.g., AVX1, AVX2),
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thereby allowing the operations used by many multimedia applications to be performed
using packed data.

048] U should be understood that the core may support multithreading (executing
two or more paraliel sets of operations or threads), and may do so in a variety of ways
including time sliced multithreading, simultanecus multithreading (where a single
physical core provides a logical core for each of the threads that physical core is
simultaneously multithreading), or a combination thereof (e.g., time sliced fetching and
decoding and simultaneous multithreading thereafter such as in the Intel®
Hyperthreading technology).

[116] While register renaming is described in the context of out-of-order execution,
it should be understood that regisier renaming may be used in an in-order architecture.
While the illustrated embodiment of the processor aiso inciudes separate instruction
and data cache units 1334/1374 and a shared L2 cache unit 1376, alternative
embodiments may have a single internal cache for both instructions and data, such
as, for example, a Level 1 (L1) intemal cache, or multiple levels of internal cache. in
some embodiments, the system may include a combination of an internal cache and
an external cache that is external {o the core and/or the processor. Altermatively, all of
the cache may be exiernal to the core and/or the processor.

i0117} Specific Exemplary In-Order Core Architecture

[0118] Figures 14A-B Hllustrate a block diagram of a more specific exemplary in-
order core architecture, which core would be one of several logic blocks (including
other cores of the same type and/or different types) in a chip. The logic blocks
communicate through a high-bandwidth interconnect network {e.¢., a ring network)
with some fixed function logic, memory /O interfaces, and other necessary /O logic,
depending on the application.

(014191 Figure 14A is a block diagram of a single processor core, along with its
connection to the on-die interconnect network 1402 and with its local subset of the
Level 2 (L2) cache 1404, according to embodiments of the invention. In one
embodiment, an insfruction decoder 1400 supporis the x88 instruction set with a
packed data instruction set extension. An L1 cache 14068 allows low-latency accesses
to cache memory into the scalar and vector units. While in one embodiment (to
simplify the design), a scalar unit 1408 and a vector unit 1410 use separate regisier
seis (respectively, scalar registers 1412 and vector registers 1414) and data

transferred between them is writlen o memory and then read back in from a level 1
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(L1} cache 1408, alternative embodimenis of the invention may use a different
approach (e.g., use a single register set or include a communication path that allow
data to be transferred petween the two register files without being written and read
back).

(012061 The local subset of the L2 cache 1404 is part of a global L2 cache that is
divided into separate local subsets, one per processor core. Each processor core has
a direct access path to its own local subset of the L2 cache 1404, Data read by a
processor core is stored in its L2 cache subset 1404 and can be accessed quickly, in
parallel with other processor cores accessing their own local L2 cache subsets. Data
written by a processor core is stored in its own L2 cache subset 1404 and is flushed
from other subsels, if necessary. The ring network ensures coherency for shared data.
The ring network is bi-directional to allow agents such as processor cores, L2 caches
and other logic blocks to communicate with each other within the c¢hip. Each ring data-
path is 1012-bifs wide per direction.

01211 Figure 14B is an expanded view of part of the processor core in Figure 14A
according to embodiments of the invention. Figure 14B includes an L1 data cache
1406A part of the L1 cache 1404, as well as more detail regarding the vector unit 1410
and the vector registers 1414. Specifically, the vector unit 1410 is a 16-wide vecior
processing unit (VPU) (see the 16-wide ALU 1428), which executes one or more of
integer, single-precision float, and double-precision float instructions. The VPU
supports swizzling the register inputs with swizzle unit 1420, numeric conversion with
numeric convert units 1422A-B, and replication with replication unit 1424 on the
memory input. Write mask registers 1426 allow predicating resulting vector writes.
[0122] Processor with integrated memory controller and graphics

[0123] Figure 15 is a block diagram of a processor 1500 that may have more than
one core, may have an integrated memory controller, and may have integrated
graphics according 1o embodiments of the invention. The solid lined boxes in Figure
15 illustrate a processor 1500 with a single core 15024, a system agent 1510, a set of
one or more bus controller units 1516, while the optional addition of the dashed lined
boxes iilustrates an ailternative processor 1500 with multiple cores 1502A-N, a set of
one or more integrated memory controller unit(s) 1514 in the system agent unit 1510,
and special purpose logic 1508,

01241 Thus, different implementations of the processor 1500 may include: 1) a

CPU with the special purpose logic 1508 being integrated graphics and/or scientific
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(throughput) logic (which may include one or more cores), and the cores 1502A-N
being one or more general purpose cores (e.g., general purpose in-order cores,
general purpose out-of-order cores, a combination of the two); 2) a coprocessor with
the cores 1502A-N being a large number of special purpose cores intended primarily
for graphics andfor scientific (throughput}; and 3} a coprocessor with the cores 1502A-
N being a large number of general purpose in-order cores. Thus, the processor 1500
may be a general-purpose Processor, CoRProcessor or special-purpose processor, such
as, for example, a network or communication processor, comprassion engine,
graphics processor, GPGPU (general purpose graphics processing unit), a high-
throughput many integrated core (MIC) coprocessor (including 30 or more cores),
embedded processor, or the like. The processor may be implementad on one or more
chips. The processor 1500 may be a part of and/or may be implemented on one or
more substrates using any of a number of process technelogies, such as, for example,
BICMOS, CMOS, or NMOS.

[01251 The memory hierarchy includes one or more levels of cache within the cores,
a set or one or more shared cache units 1506, and exiermnal memory (not shown)
coupled o the set of integrated memory controller units 1514. The set of shared cache
units 1508 may include one or more mid-level caches, such as levei 2 (L2}, level 3
(L3), level 4 (L4), or other levels of cache, a last level cache (LLC), and/or
combinations thereof. While in one embodiment a ring based interconnect unit 1512
inferconnects the integrated graphics logic 1508, the set of shared cache units 1508,
and the system agent unit 1510/integrated memory controller unit{s) 1514, alternative
embodiments may use any number of well-known techniques for interconnecting such
units. In one embodiment, coherency is maintained petwsen one or more cache units
15086 and cores 1502-A-N.

01261 In some embodiments, one or more of the cores 1502A-N are capable of
multi-threading. The system agent 1510 includes those components coordinating and
operating cores 1502A-N. The system agent unii 1510 may include for example a
power control unit (PCU) and a display unit. The PCU may be or include logic and
components needed for regulating the power state of the cores 1502A-N and the
integrated graphics logic 1508. The display unit is for driving one or more externally
connected displays.

(012717 The cores 1502A-N may be homogenous or heterogensous in terms of

architecture instruction set; that is, two or more of the cores 1502A-N may be capable
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of execution the same instruction set, while others may be capable of executing only
a subset of that instruction set or a different instruction set.

[0128] Exemplary Computer Architectures

(01291 Figures 16-19 are block diagrams of exemplary computer architectures.
Other system designs and configurations known in the arts for laptops, deskiops,
handheld PCs, personal digital assistants, engineering workstations, servers, network
devices, network hubs, swiiches, embedded processors, digital signal processors
(DSPs), graphics devices, video game devices, set-top boxes, micro controllers, cell
phones, portable media players, hand held devices, and various other electronic
devices, are also suitable. In general, a huge variety of systems or electronic devices
capable of incorporating a processor and/or other execution jogic as disclosed herein
are generally suitable.

(04301 Referring now to Figure 16, shown is a block diagram of a system 1800 in
accordance with one embodiment of the present invention. The system 1800 may
include one or more processors 1810, 1815, which are coupled to a controller hub
1620. In one embodiment the controller hub 1620 includes a graphics memory
controller hub (GMCH) 1880 and an input/Output Hub (OH) 1650 (which may be on
separate chips); the GMCH 1690 includes memory and graphics controllers {o which
are coupled memory 1640 and a coprocessor 1645, the 10H 1650 is couples
input/output (1/0O) devices 1660 to the GMCH 1880. Alternatively, one or both of the
memory and graphics coniroliers are integrated within the processor (as described
herein), the memory 1640 and the coprocessor 1645 are coupled directly to the
processor 1810, and the controller hub 1820 in a single chip with the 1OH 1650,
[0131] The oplional nature of additional processors 1618 is denoted in Figure 16
with broken lines. Each processor 1610, 1615 may include one or more of the
processing cores described herein and may be some version of the processor 1500.
{01321 The memory 16840 may be, for example, dynamic random access memory
(DRAM), phase change memory (PCM), or a combination of the two. For atleast ong
embodiment, the coniroller hub 1620 communicates with the processor(s) 1610, 1615
via a multi-drop bus, such as a frontside bus (FSB), point-to-point interface such as
QuickPath interconnect (QP, or similar connection 1685.

[3133] In one embodiment, the coprocessor 1845 is a special-purpose processor,
such as, for example, a high-throughput MIC processor, a network or communication

Drocessor, cormpression engine, graphics processor, GRGPU, embedded processor,
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or the like. In one embodiment, controller hub 1620 may include an integrated
graphics accelerator.

[0134] There can be a variety of differences belween the physical resources 1610,
1615 in terms of a spechrum of metrics of merit including architectural,
microarchitectural, thermal, power consumption characteristics, and the like.

[0138] In one embodiment, the processor 1810 executes instructions that control
data processing operations of a general type. Embedded within the instructions may
be coprocessor instructions. The processor 1810 recognizes these Coprocessor
instructions as being of a type that should be executed by the atlached coprocessor
16845, Accordingly, the processor 1610 issues these coprocessor instructions {(or
control signals representing coprocessor instructions) on a coprocessor bus or other
interconnect, to coprocessor 1645, Coprocessor(s) 1645 accept and execute the
received coprocessor instructions.

[0138] Referring now to Figure 17, shown is a block diagram of a first more spedcific
exemplary system 1700 in accordance with an embodiment of the present invention.
As shown in Figure 17, multiprocessor system 1700 is a peint-to-point interconnect
system, and includes a first processor 1770 and a sscond processor 1780 coupled via
a point-to-point interconnect 1750. Each of processors 1770 and 1780 may be some
version of the processor 1500. In one embodiment of the invention, processors 1770
and 1780 are respecilively processors 1610 and 1815, while coprocessor 1738 is
coprocessor 1645,  In another embodiment, processors 1770 and 1780 are
respectively processor 1610 coprocessor 1645,

{01377 Processors 1770 and 1780 are shown inciuding integrated memory controlier
{(IMC) units 1772 and 1782, respectively. Processor 1770 also includes as part of its
bus coniroller units point-to-point (P-P) interfaces 1775 and 1778; similarly, second
processor 1780 includes P-P interfaces 1786 and 1788, Processors 1770, 1780 may
exchange information via a point-to-point (P-P) interface 1750 using P-P interface
circuits 1778, 1788. As shown in Figure 17, IMCs 1772 and 1782 couple the
processors to respective memories, namely a memory 1732 and a memory 1734,
which may be portions of main memory locally atiached to the respective processors.
[0138] Processors 1770, 1780 may sach exchange information with a chipset 1780
via individual P-P interfaces 1752, 1754 using point {o point interface circuits 1776,
1794, 1786, 1798, Chipset 1750 may optionally exchange information with the

coprocessor 1738 via a high-performance interface 1739. In one embodiment, the
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coprocessor 1738 is a special-purpose processor, such as, for example, a high-
throughput MIC processor, a network or communication processor, Compression
engine, graphics processor, GPGPU, embedded processor, or the like.

01391 A shared cache (not shown) may be included in either processor or outside
of both processors, yet connected with the processors via P-F interconnect, such that
gither or both processors’ local cache information may be stored in the shared cache
if a processor is placed into a low power mode.

{01401 Chipset 1790 may be coupled fo a first bus 1718 via an interface 1796, In
one embodiment, first bus 1718 may be a Peripheral Component Interconnect (FCH
bus, or a bus such as a PCl Express bus or another third generation 1O interconnect
bus, although the scope of the present invention is not o limited.

i0141} As shown in Figure 17, various /O devices 1714 may be coupled to first bus
1718, along with a bus bridge 1718 which couples first bus 1716 {0 a second bus 1720.
in one embodiment, one or more additional processor{s) 1715, such as coprocessors,
high-throughput MIC processors, GPGPU's, accelerators (such as, e.g., graphics
accelerators or digital signal processing (DSP) units), field programmable gate arrays,
or any other processor, are coupled to first bus 17186, In one embodiment, second bus
1720 may be a low pin count (LPC) bus. Various devices may be coupled o a second
bus 1720 including, for example, a keyboard and/or mouse 1722, communication
devices 1727 and a storage unit 1728 such as a disk drive or other mass storage
device which may include insiructions/code and daia 1730, in one embodiment.
Further, an audio /O 1724 may be coupled to the second bus 1720. Note that other
architeciures are possibie. For example, instead of the poinit-to-point architecture of
Figure 17, a system may implement a multi-drop bus or other such architecture.
[0142] Referring now 1o Figure 18, shown is a block diagram of a second more
specific exemplary system 1800 in accordance with an embodiment of the present
invention. Like slements in Figures 17 and 18 bear like reference numerals, and
certain aspects of Figure 17 have been omitied from Figure 18 in order {o avoid
ohscuring other aspects of Figure 18.

01437 Figure 18 iustrates that the processors 1770, 1780 may include integrated
memaory and I/0 control logic ("CLY 1772 and 1782, respectively. Thus, the CL 1772,
1782 include integrated memory controlier units and include /O conirol logic. Figure
18 illustrates that not only are the memories 1732, 1734 coupled to the CL 1772, 1782,
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but also that /O devices 1814 are also coupled to the control logic 1772, 1782. Legacy
/O devices 1815 are coupled to the chipset 1790,

{0144} Referring now to Figure 18, shown is a block diagram of a SoC 1800 in
accordance with an embodiment of the present invention. Similar elements in Figure
15 bear like reference numerals. Also, dashed lined boxes are optional features on
more advanced SoCs. In Figure 19, an interconnect unit(s) 1802 is coupled to: an
application processor 1910 which includes a set of one or more cores 202A-N and
shared cache unit(s) 1508; a system agent unit 1510; a bus controller unit(s) 1518, an
integrated memory controlier unil(s) 1514, a set or one or more coprocessors 1920
which may include integrated graphics logic, an image processor, an audio processor,
and a video processor, an static random access memory (SRAM) unit 1930; a direct
memory access (DMA) unit 1932, and a display unit 1940 for coupling to one or more
external displays. In one embodiment, the coprocessor{s) 1820 include a spedial-
purpose processor, such as, for example, a network or communication processor,
compression engine, GPGPU, a high-throughput MIC processor, embedded
processor, or the like.

[1458] Embodiments of the mechanisms disclosed herein may be implemented in
hardware, software, firmware, or a combination of such implementation approaches.
Embodiments of the invention may be implemented as computer programs or program
code executing on programmable systems comprising at least one processor, a
storage system (including volatile and non-volatile memory and/or storage elements),
at least one input device, and at least one ouiput device.

(01467 Program code, such as code 1730 jllustrated in Figure 17, may be applied to
input instructions to perform the functions described herein and generate cuiput
information. The oulput information may be applied {0 one or more ouiput devices, in
known fashion. For purposes of this application, a processing system includes any
systemn that has a processor, such as, for example; a digital signal processor (DSP),
a microcontroller, an application spedcific integrated circuit (ASIC), or a microprocessor.
[01471 The program code may be implemented in a high level procedural or object
oriented programming language to communicate with a processing system. The
program code may also be implemeantad in assembly or machine language, if desired.
In fact, the mechanisms described herein are not limited in scope 1o any particular
programming language. in any case, the language may be a compiled or interpreted

language.
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{0148} One or more aspects of at least one embodiment may be implemented by
representative instructions stored on a machine-readabie medium which represents
various logic within the processor, which when read by a machine causes the machine
to fabricate logic to perform the techniques described herein. Such representations,
known as “iFP cores” may be stored on a tangible, machine readable medium and
supplied o various customers or manufacturing facilities to load into the fabrication
machines that actually make the logic or processor.

{0149} Such machine-readable storage media may include, without limitation, non-
transitory, tangible arrangements of arlicles manufactured or formed by a machine or
device, including storage media such as hard disks, any other type of disk including
floppy disks, optical disks, compact disk read-only memories {CD-ROMs), compact
disk rewritable’s (CD-RWs), and magneto-optical disks, semiconductor devices such
as read-only memories (ROMs), random access memories (RAMs) such as dynamic
random access memories (DRAMs), siatic random access memories (SRAMs),
erasable programmable read-only memories (EPROMs), flash memories, electrically
erasable programmable read-only memories (EEPROMs), phase change memory
{PCM)}, magnetic or optical cards, or any other type of media suitable for storing
electronic instructions.

01507 Accordingly, embodiments of the inveniion also include non-transitory,
tangible machine-readabie media containing instructions or confaining design data,
such as Hardware Description Language (HDL), which defines structures, circuits,
apparatuses, processors andfor system fealures described herein. Such
embodiments may also be referred {0 as program products.

[181] Insome cases, an instruction converier may be used to convert an instruction
from a source insiruction set to a target instruction set. For example, the instruction
converter may ftranslate (e.q., using siatic binary transiation, dynamic binary
transiation including dynamic compilation), morph, emulate, or otherwise convert an
instruction to one or more other instructions to be processed by the core. The
instruction converier may be implemented in software, hardware, firmware, or a
combination thereof. The instruction converier may be on processor, off processor, or
part on and part off processor.

[0152] Although some embodimentis have been described in reference {o particular
implementations, other implementations are possible according to some

embodiments. Additionally, the arrangement and/or order of elements or other
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features illustrated in the drawings and/or described herein need not be arranged in
the particular way illustrated and described. Many other arrangements are possible
according to some embodiments.

01531 In each system shown in a figure, the elements in some cases may each
have a same reference number or a different reference number 0 suggest that the
glements represented could be different and/or similar. However, an element may be
flexible enough o have different implementations and work with some or all of the
systems shown or described herein. The various elements shown in the figures may
be the same or different. Which one is referred (o as a first element and which is called
a second slement is arbitrary.

015841 In the description and claims, the ferms "coupled” and "connected,” along
with their derivatives, may be used. I should be understood that these terms are not
intended as synonyms for each other. Rather, in particular embodiments, "connected”
may be used {0 indicate that two or more elements are in direct physical or elecirical
contact with each other. "Coupled" may mean that two or more elements are in direct
physical or electrical contact. However, "coupled” may also mean that two or more
elements are not in direct contact with each cother, but yet still co-operate or interact
with each other.

01581 An embodiment is an implementation or example of the inventions.
Reference in the specification to "an embodiment” "one embodiment” "some
embodiments,” or "other embodiments” means that a particular feature, structure, or
characteristic described in connection with the embodiments is included in at least
some embodiments, but not necessarily all embodiments, of the inventions. The
variocus appearances "an embodiment,” "one embodiment,” or "some embodiments”
are not necessarily all referring o the same embodiments.

(01561 Not all components, features, siruciures, characteristics, etc. described and
iflusirated herein need be included in a particular embodiment or embodiments. if the
specification states 3 componenti, feature, structure, or characteristic "may”, "might’",
"can” or "could” be included, for example, that particular component, feature, structure,
or characteristic is not required 10 be included. If the specification or claim refers to "g"
or "an" element, that does not mean there is only one of the element. If the
specification or claims refer to "an additional” element, that does not preciude there

being more than one of the additional element.
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01871 The above description of lllustrated embodiments of the invention, inciuding
what is described in the Absiract, is not intended to be exhaustive or to limit the
invention to the precise forms disclosed. While specific embodiments of, and
examples for, the invention are described herein for illustrative purposes, various
equivalent modifications are possible within the scope of the invention, as those skilled
in the relevant art will recognize.

[01588] These modifications can be made to the invention in light of the above
defailed description. The terms used in the following claims should not be construed
to limit the invention 1o the specific embodiments disclosed in the specification and the
drawings. Rather, the scope of the invention is {0 be delermined entirely by the
following claims, which are to be construed in accordance with established doctrines

of claim interpretation.
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CLAIMS

What is claimed is:
1. An apparatus comprising:

a plurality of hardware processor cores, wherein each of the hardware
processor cores (o include a first cache;

a second cache, communicatively coupled to and shared by the plurality of
hardware processor cores, and

a predictor means to track accesses to a plurality of monitored cache lines in
the first cache and control enablement of a cache line demotion instruction based
upon the tracked accesses, wherein an execution of the cache line demotion
instruction by one of the plurality of hardware processor cores 0 cause a plurality of
unmonitored cache lines in the first cache to be moved to the second cache.
2. The apparatus of claim 1, wherein the first cache is a level 1 cache and the
second cache is g level 2 cache.
3. The apparaius of claim 1, wherein the first cache is a mid-level cache and the
second cache is g last-level cache.
4. The apparatus of any of claims 1-3, wherein the tracked accesses comprise

intra-core accesses and inter-core accesses.

5. The apparatus of claim 4, wherein the inter-core accesses comprise snoop
requesis.
8. The apparatus of any of claims 1-5, wherein the predictor means to include a

counter for tracking the number of intra-core accesses compared to the number of
inter-core accesses.
7. The apparatus of claim §, wherein the predictor means o store a first
threshold and a second threshold for controlling enablement of the cache line
demotion instruction by one of the plurality of hardware processor cores.
8. The apparatus of claim 7, wherein the predictor means to:

store addresses of a plurality of cache lines in the first cache;

increment the counter upon an infra-core access o an address of one of the
plurality of monitored cache lines in the first cache;

decrement the counter upon an inter-core access to an address of one of the
plurality of monitored cache lines in the first cache;

disable the cache line demotion instruction upon the counter exceeding the
first threshold:; and
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enable the cache line demotion instruction upon the counter dropping below
the second threshold.
8. The apparatus of claim 7, wherein the predictor means to:

store addresses of a plurality of cache lines in the first cache;

decrement the counter upon an intra-core access o an address of one of the
plurality of monitored cache lines in the first cache;

increment the counter upon an inter-core access {0 an address of ong of the
plurality of monitored cache lines in the first cache;

enable the cache line demaotion instruction upon the counter exceeding the
first threshold; and

disable the cache line demotion instruction upon the counter dropping below
the second threshold.
10. The apparatus of any of claims 1-8, wherein each of the plurality of hardware
processor cores to include a decoder to decode the cache line demotion insiruction
and execution hardware to execute a decoded cache line demotion instruction to
move a cache line from the first cache to the second cache.
11.  The apparatus of any of claims 1-10, whersin the plurality of monitored cache
lines in the first cache are randomly selected.
12. A method implemented in a hardware processor, the method comprising:

tracking accesses o a plurality of monitored cache lines in a first cache of the
hardware processor;

controlling enablement of a cache line demotion instruction based on the
tracked accesses, wherein an execution of the cache line demoction instruction o
cause a plurality of unmonitored cache lines in the first cache to be moved o the
second cache.
13,  The method of claim 12, further comprising:

storing addresses of the plurality of cache lines in the first cache;

maintaining a counter for tracking the number of infra-core accesses versus
the number of inter-core accesses;

incrementing the counter upon an intra-core access {0 an address of one of
the plurality of monitored cache lines in the first cache;

decrementing the counter upon an inter-core access to an address of one of

the plurality of monitored cache lines in the first cache;
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disabling the cache line demotion instruction upon the counter exceeding a
first threshold; and

enabling the cache line demcotion instruction upon the counter dropping below
a second threshold.
14.  The method of claim 12, further comprising

storing addresses of a plurality of cache lines in the first cache;

maintaining a counter for tracking the number of infra-core accesses versus
the number of inter-core accesses;

decrementing a counter upon an intra-core access to an address of one of the
plurality of monitored cache lines in the first cache;

incrementing the counter upon an inter-core access {0 an address of one of
the plurality of monitored cache lings in the first cache,;

gnabling the cache line demction instruction upon the counter exceeding a
first threshold; and

disabling the cache line demotion insiruction upon the counter dropping below
a second threshold.
15.  The method of any of claims 12-14, further comprising:

decoding the cache line demotion instructions;

executing a decoded cache line demotion instruction; and

moving a cache ling from the first cache {0 the second cache.
16. The method of any of claims 12-15, further comprising:
randomly selecting the plurality of monitored cache lines in the first cache.
17, An apparatus comprising:

a plurslity of hardware processor cores, wherein each of the hardware
processor cores o inciude a first cache;

a second cache, communicatively coupled to and shared by the plurality of
hardware processor cores; and

a predictor circuit to frack accesses {0 a plurality of monitored cache lines in
the first cache and control enablement of g cache ling demotion instruction based
upon the tracked accesses, wherein an execution of the cache line demotion
instruction by one of the plurality of hardware processor cores to cause a plurality of
unmonitored cache lings in the first cache to be moved to the second cache.
18.  The apparatus of claim 17, wherein the first cache is a level 1 cache and the

second cache is a level 2 cache.
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19, The apparatus of claim 17, wherein the first cache is a mid-level cache and
the second cache is a last-level cache.
20. The apparatus of any of claims 17-19, wherein the tracked accesses comprise
intra-core accesses and inter-core accesses.
21. The apparatus of claim 20, wherein the inler-core accesses comprise snoop
reguests.
22. The apparatus of any of claims 17-21, wherein the predictor ¢ircuit to include
a counter for fracking the number of intra-core accesses compared to the number of
inter-core accesses.
23. The apparatus of claim 22, whersin the predictor circuit to store a first
threshold and a second threshold for controlling enablement of the cache line
demotion instruction by one of the plurality of hardware processor cores.
24.  The apparatus of claim 23, wherein the predictor circuit to:

store addresses of a plurality of cache lines in the first cache;

increment the counter upon an infra-core access to an address of one of the
plurality of monitored cache lines in the first cache;

decrement the counter upon an inter-core access to an address of one of the
plurality of monitored cache lines in the first cache;

disable the cache line demotion instruction upon the counter exceeding the
first threshold; and

enable the cache line demotion instruction upon the counter dropping below
the second threshoid.
25, The apparatus of claim 23, wherein the predictor circuit to:

store addresses of a plurality of cache lines in the first cache;

decrement the counter upon an intra~-core access {0 an address of one of the
plurality of monitored cache lines in the first cache;

increment the counter upon an inter-core access to an address of one of the
plurality of monitored cache lines in the first cache;

enable the cache line demotion instruction upon the counter exceeding the
first threshold; and

disable the cache line demotion instruction upon the counter dropping below

the saecond threshold.
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