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SYSTEMS, APPARATUSES, AND METHODS FOR A HARDWARE AND
SOFTWARE SYSTEM TO AUTOMATICALLY DECOMPOSE A PROGRAM TO
MULTIPLE PARALLEL THREADS

Priority Claim

This continuation-in-part application claims the priority date of Non-Provisional Patent
Application, Serial No. 12/646,815 entitled “Systems, Methods, and Apparatuses for Parallel
Computing,” which is itself a continuation-in-part application that claims priority to Non-
Provisional Patent Application, Serial No. 12/624,804, filed November 24, 2009, entitled
“System, Methods, and Apparatuses To Decompose A Sequential Program Into Multiple
Threads, Execute Said Threads, and Reconstruct The Sequential Execution” which claims
priority to Provisional Patent Application Serial No. 61/200,103, filed November 24, 2008,
entitled, “Method and Apparatus To Reconstruct Sequential Execution From A Decomposed
Instruction Stream.”

Field of the Invention

Embodiments of the invention relate generally to the field of information processing and,
more specifically, to the field multithreaded execution in computing systems and
MiCroprocessors.

Background

Single-threaded processors have shown significant performance improvements during the
last decades by exploiting instruction level parallelism (ILP). However, this kind of parallelism
is sometimes difficult to exploit and requires complex hardware structures that may lead to
prohibitive power consumption and design complexity. Moreover, this increase in complexity
and power provides diminishing returns. Chip multiprocessors (CMPs) have emerged as a
promising alternative in order to provide further processor performance improvements under a

reasonable power budget.
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Brief Description of the Drawings

The present invention is illustrated by way of example and not limitation in the figures of
the accompanying drawings, in which like references indicate similar elements and in which:

Figure 1 graphically illustrates an exemplary embodiment of dynamic thread switch
execution architecture operation.

Figure 2 illustrates an exemplary method of the DTSE operation according to some
embodiments.

Figure 3 illustrates an embodiment of a DTSE architecture.

Figure 4 illustrates the main hardware blocks for the wrapper according to some
embodiments.

Figure 6 illustrates a more detailed illustration of an embodiment of DTSE hardware.

Figure 7 illustrates the use of XGC according to some embodiments.

Figures 8-11 illustrate examples of some of software operations.

Figure 12 is a block diagram illustrating an exemplary out-of-order architecture of a core
according to embodiments of the invention.

Figure 13 shows a block diagram of a system in accordance with one embodiment of the
present invention.

Figure 14 shows a block diagram of a second system in accordance with an embodiment of
the present invention.

Figure 15 shows a block diagram of a third system in accordance with an embodiment of
the present invention.

DETAILED DESCRIPTION

In the following description, numerous specific details are set forth. However, it is
understood that embodiments of the invention may be practiced without these specific details. In
other instances, well-known circuits, structures and techniques have not been shown in detail in

order not to obscure the understanding of this description.
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References in the specification to “one embodiment,” “an embodiment,” “an example
embodiment,” etc., indicate that the embodiment described may include a particular feature,
structure, or characteristic, but every embodiment may not necessarily include the particular
feature, structure, or characteristic. Moreover, such phrases are not necessarily referring to the
same embodiment. Further, when a particular feature, structure, or characteristic is described in
connection with an embodiment, it is submitted that it is within the knowledge of one skilled in
the art to affect such feature, structure, or characteristic in connection with other embodiments
whether or not explicitly described.

Embodiments of systems, apparatuses, and methods for providing dynamic thread switch
execution are detailed below. Embodiments of systems that support this consist of processor
cores surrounded by a hardware wrapper and software (dynamic thread switch software). Ina
normal execution mode, the processor operates as if the hardware wrapper and dynamic thread
switch software does not exist. For example, normal x86 execution occurs. In the dynamic
thread switch execution (DTSE) mode, the hardware wrapper and software work together to
perform dynamic thread switch execution including the generation and modification of flows,
etc. as will be detailed below. However, a high-level overview is first provided. A more
detailed explanation of some of these topics such as “flows” and “hot” code follows.

The details below describe a combination of a hardware wrapper that checks that each load
gets data from the correct stores and certain other things before globally committing, together
with software that uses recent observed code behavior to resolve code dependencies that are
difficult to determine from the code alone, the because hardware will check and guarantee
correct execution.

The details below describe the identification of many static instances in original code such

that dependencies are understood between specific instances of original instructions and not

between the original instructions themselves.
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The described software uses a complete, but likely not perfectly correct, understanding of
dependencies within a defined static code subset called a “Flow,” to separate static code into
separate “Tracks” that have no dependencies (or only specifically allowed dependencies)
between tracks, within that flow.

Additionally, maintenance operations including one or more of the following: taking
additional profiles of flows that get shorter than desired dynamic execution before exiting due to
unexpected control flow or incorrect load results or failure of other checks; deletion of flows that
suddenly become bad in this respect; continual search for new or replacement flows significant
to performance; and re-separation of the code into tracks when there is new profile information
and deletion of flows that are observed to not perform better than the original code are described.

DTSE Hardware will form a sequential list and write these to the Mid Level Cache. DTSE
hardware has registers with the physical addresses associated with this Track’s Metadata list. We
may have to consider compression of the load and store addresses to keep bandwidth down.

We will need to be able to track the Logical Processor that is executing a load or store, to
Load execution and to senior store processing.

DTSE logic also gets branch direction bits at retirement and the targets of taken indirect
branches, including returns. This is used for Flash Profiling and for data to support register state
recovery.

L. High-Level Overview

As detailed above, the processor detailed herein may operate in a legacy mode where each
core operates one its own. The processor cores may also be used for profiling, threading, and
running threaded code in DTSE mode when one of the cores is “off” or halted. The halt flow
switches ownership of the core from the OS to DTSE mode although the operating system
assumes that the core is in a sleep mode.

Figure 1 graphically illustrates an exemplary embodiment of DTSE operation. This beings

taking control of an idle core which becomes the secondary core in the illustration. In some
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embodiments, control of the idle core occurs when core receives a HALT/WMAIT instruction.
The DTSE software watches for all threads of the core to be put to sleep and then assumes
control of the core.

The secondary code starts by detecting “hot-code” which is an entry point the software
running on the primary core which corresponds to a large part of the dynamic execution (e.g., a
kernel that runs for 100K consecutive instructions). Hot-code detection is typically done in a
simple hardware structure. Once a hot entry point has been detected, it is armed for profiling.
Once hit (by the primary core), the hot-code goes into profiling mode which means that all loads,
stores, and branches are profiled for some set amount of instructions (such as 50,000
instructions). Once profiling is finished, thread generation is performed. Thread generation
analyzes the hot-code and based on the profiled information generates two threads for the
threaded execution mode. Once completed, the entry point (hot IP) is armed as a DTSE mode
entry point. The next time the original code (running on the primary core) hits the entry point, it
switches into DTSE mode in which both cores cooperative execute the code. DTSE mode ends
if the flow exits the hot-code or if a violation or external event (e.g., interrupt) is detected.
Violations include, for example, when both cores store different data to the same memory
address in the same epoch. Upon violation, the threaded mode rolls back to the last commit
point and moves back to the original code.

Figure 2 illustrates an exemplary method of the DTSE operation according to some
embodiments. In this example two cores are utilized to process threaded code. The primary core
(core 0) executes the original single threaded code at 201.

At 203, another core (core 1) is turned into and used as a secondary core. A core can be
turned into a secondary core (a worker thread) in many ways. For example, a secondary core
could be used as a secondary core as a result of static partitioning of the cores, through the use of
hardware dynamic schemes such as grabbing cores that are put to sleep by the OS (e.g., put into

a C-State), by software assignment, or by threads (by the OS/driver or the application itself).
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While the primary core is executing the original code, the secondary core will be placed
into a detect phase at 205, in which it waits for a hot-code detection (by hardware or software) of
a hot-region. In some embodiments, the hot-code detection is a hardware table which detects
frequently accessed hot-regions, and provides its entry IP (instruction pointer). Once such a hot-
region entry IP is detected, the primary core is armed such that it will trigger profiling on the
next invocation of that IP and will switch execution to a threaded version of the original code at
207. The profiling gathers information such as load addresses, store addresses and branches for
a predetermined length of execution (e.g. 50,000 dynamic instructions).

Once profiling has finished, the secondary core starts the thread-generation phase (thread-
gen) 209. In this phase, the secondary core generates the threaded version of the profiled region,
while using the profiled information as guidance. The thread generation provides a threaded
version of the original code, along with possible entry points. When one of the entry points
(labeled as a “Hot IP”) is hit at 211, the primary core and the secondary cores are redirected to
execute the threaded version of the code and execution switches into a different execution mode
(sometimes called the “threaded execution mode”). In this mode, the two threads operate in
complete separation, while the wrapper hardware is used to buffer memory loads and store,
check them for possible violations, and atomically commit the state to provide forward progress
while maintaining memory ordering.

This execution mode may end one of two ways. It may end when the code exits the hot-
region as clean-exit (no problems with the execution) or when a violation occurs as a dirty-exit.
A determination of which type of exit is made at 213. Exemplary dirty exits are store/store and
load/store violations or an exception scenario not dealt with in the second execution mode (e.g.,
floating point divide by zero exception, uncacheable memory type store, etc.). On exit of the
second execution mode, the primary core goes back to the original code, while the secondary
core goes back to detection mode, waiting for another hot IP to be detected or an already

generated region's hot IP to be hit. On clean exit (exit of the hot-region), the original code
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continues from the exit point. On dirty-exit (e.g., violation or exception), the primary core goes
back to the last checkpoint at 215 and continues execution for there. On both clean and dirty
exits, the register state is merged from both cores and moved into the original core.

Exemplary DTSE Architecture

Figure 3 illustrates an embodiment of a dynamic thread switch execution architecture. The
software and hardware aspects of this system are discussed below in detail. As discussed above,
each core 301 may natively support Simultaneous Multi-Threading (SMT). This means that two
or more logical processors may share the hardware of the core. Each logical processor
independently processes a code stream, yet the instructions from these code streams are
randomly mixed for execution on the same hardware. Frequently, instructions from different
logical processors are executing simultaneously on the super scalar hardware of a core. The
performance of SMT cores and the number of logical processors on the same core is increased.
Because of this, some important workloads will be processed faster because of the increased
number of logical processors. Other workloads may not be processed faster because of an
increased number of logical processors alone.

There are times when there are not enough software threads in the system to take
advantage of all of the logical processors. This system automatically decomposes some or all of
the available software threads, each into multiple threads to be executed concurrently (dynamic
thread switch from a single thread to multiple threads), taking advantage of the multiple, perhaps
many, logically processors. A workload that is not processed faster because of an increased
number of logical processors alone is likely to be processed faster when its threads have been
decomposed into a larger number of threads to use more logical processors.

In additional to the “traditional” cores, the hardware includes dynamic thread switch logic
that includes logic for maintaining global memory consistency 303, global retirement 307, global
register state 309, and gathering information for the software 305. This logic may be included in

the cores themselves or be provided separately. This logic may perform five functions. The first
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is to gather specialized information about the running code which is called profiling. The
second, is while original code is running, the hardware must see execution hitting hot IP stream
addresses that the software has defined. When this happens, the hardware forces the core to jump
to different addresses that the software has defined. This is how the threaded version of the code
gets executed. The third is the hardware must work together with the software to effectively
save the correct register state of the original code stream from time to time as Global Commit
Points inside of a core’s data cache. If the original code stream was decomposed into multiple
threads by the software, then there may be no logical processor that ever has the entire correct
register state of the original program. The correct memory state that goes with each Global
Commit Point should also be known. When necessary, the hardware, working with the software
must be able to restore the architectural program state, both registers and memory, to the Last
Globally Committed Point as will be discussed below. Fourth, although the software will do
quite well at producing code that executes correctly, there are some things the software cannot
get right 100% of the time. A good example is that the software, when generating a threaded
version of the code, cannot anticipate memory addresses perfectly. So the threaded code will
occasionally get the wrong result for a load. The hardware must check everything that could
possibly be incorrect. If something is not correct, hardware must work with the software to get
the program state fixed. This is usually done by restoring the core state to the Last Globally
Committed State. Finally, if the original code stream was decomposed into multiple threads,
then the stores to memory specified in the original code will be distributed among multiple
logical processors and executed in random order between these logical processors. The dynamic
tread switch logic must ensure that any other code stream will not be able to “see” a state in
memory that is incorrect, as defined by the original code, correctly executed.

In these exemplary architecture, a processor core (“core”) usually has two SMT threads. In
general, in the DTSE mode there are many more than 2 “Logical Processors” per core. These

logical processors are defined as being one of two types: “Primary” and “Worker.” A Primary
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Logical Processor is known to software, i.e., the operating system and Virtual Machine Monitor.
The software sees the set of Primary Logical Processors on a core as SMT threads on the core
that they are actually on. Primary Logical Processors to do most, if not, everything that an SMT
thread does, and in particular, get interrupts.

Worker Logical Processors are not generally visible to external software. They are used by
and managed by DTSE software in “reserved memory.” This memory is a physically
addressable, reserved memory system. This reserved memory could either be a dedicated
portion of existing system memory or separate physical memory. This reserved memory is used
to store DTSE code and act as its working memory. Data structures generated in the DTSE
mode are store in the reserved memory. The “hot” code is also stored in this reserved memory.
Track data, the track data directory, and track metadata are in reserved memory. All of these
things are addressed physically.

Worker Logical Processors do not have the full context that a Primary Logical Processor
has, and, as a result, they are restricted to a subset of the full processor functionality. Worker
Logical Processors execute only code in a flow in reserved memory and will not execute original
code in visible memory.

A Primary Logical Processor may execute original code in visible memory or code in a
flow in hidden memory. The code in a flow in hidden memory that a Primary would execute is
single Track code, from a DTSE perspective.

In operation, the operating system runs threads on Primary Logical Processors, as it does
today. The Primary Logical Processors are all the same and are grouped into “cores.” There are
many Primary Logical Processors and each one is very high performance. The performance of a
Primary Logical Processor multiplied by the number of Primary Logical Processors available to
the operating system far exceeds the throughput capability of the chip.

It is possible to use the entire capability of the chip using a fraction of the Primary Logical

Processors that are provided. On the other hand, well coded, massively parallel programs may
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use the capability of the chip more efficiently, and therefore achieve higher performance, by
using a large number, preferably all, of the provided Primary Logical Processors.

If the running Primary Logical Processors are not using all the resources that the chip has
to offer, then DTSE software will do automatic thread decomposition. It will run parallelized
compute flows on Worker Logical Processors. This includes, especially, decomposition of
significant SSE and AVX code to run on the through put engine in parallel. This includes
running code that can run on special function units on those special function units.

Basically, when the thread on a Primary Logical Processor is actually running a compute
flow on Worker Logical Processors, the Primary Logical Processor has nothing to do. It is
effectively halted while the operating system thinks it is doing all the work. As detailed above,
the operating system does not know about the Worker Logical Processors. When a compute
flow is running on Workers, the Primary Logical Processor that owns it is waiting for one of two
things to happen: an interrupt or a flow exit in the compute flow. If either of those things
happens, the Primary takes over. If there is an interrupt that goes to an Interrupt Flow, it
immediately executes that Interrupt Flow, in parallel with its Compute Flow on the Workers. In
most cases the Interrupt Flow does the entire interrupt handling and the Primary is back to
waiting, without any impact on the Compute Flow at all. When there is a Flow exit in its
Compute Flow, the waiting Primary constructs the register state at that point, and resumes in
original code. Ideally, it will hit a hot code entry point very soon. This will begin execution of a
new Compute Flow, or possibly a System Flow on the Primary Logical Processor.

The DTSE software 311 includes may include routines for generating, maintaining, and
removing flows among other tasks detailed below.

Hardware “Wrapper”

In some embodiments, a hardware wrapper is used for dynamic thread switch execution

logic. The wrapper hardware supports one or more of the following functionalities: 1) detecting

hot regions (hot code root detection); 2) generating information that will characterize to hot
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region (profile); 3) buffering state when executing transactions; 4) commit the buffered state in
case of success; 5) discarding the buffered state in case of abort; 6) detecting coherency events,
such as write-write and read-write conflict; 7) guarding against cross modifying code; and/or 7)
guarding against paging related changes. Each of these functionalities will be discussed in detail
below or has already been discussed.

While in DTSE execution mode, the generated threads operate together, but have no way
of communicating. Each core executes its own thread, while commit/span markers denote IPs in
the threaded-code that correspond to some IP in the original code. The DTSE hardware buffers
loads and stores information, preventing any store to be externally visible (globally committed).
When both cores have reached a span marker the loads and stores are checked for violations. If
no violations were detected, the stores can become globally committed. The commit of stores
denotes a checkpoint to which execution should jump in case of a violation/dirty exit.

Figure 4 illustrates the main hardware blocks for the wrapper according to some
embodiments. As discussed above, this consists of two or more cores 401 (shown as a belonging
to a pair, but there could be more). Violation detection, atomic commit, hot IP detection, and
profiling logic 403 is coupled to the cores 401. In some embodiments, this group is called the
dynamic thread switch execution hardware logic. Also coupled to the cores is mid-level cache
405 where the execution state of the second execution mode is merged. Additionally, there is a
last level cache 407. Finally, there is a xMC guardata cache (XGC 409) which will be discussed
in detail with respect to Figure 7.

A number of “flows” for an application will be identified by the hardware in root detection
hardware (not explicitly illustrated). Each flow is a well-defined set of binary code with one or
more entry points. The set of flows for the application should cover a significant amount of the
dynamic execution of the application, but the combined size of the static flows should be small

due to parallelization of the flows.
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When original code is being executed, the root detection hardware searches for a single IP
value, called the “root” that will identify a new flow. Typically, this hardware will not search
while execution is in a flow. In some embodiments, the hardware will keep a list of 64
instruction pointers (IPs). The list is ordered from location 0 to location 63, and each location
can have an IP or be empty. The list starts out all empty.

If there is an eligible branch to an IP that matches an entry in the list at location N, then
locations N-1 and N swap locations, unless N=0. If N=0, then nothing happens. More simply,
this IP is moved up one place in the list.

If there is an eligible branch to an IP that does NOT match an entry in the list, then entries
40 to 62 are shifted down 1, to locations 41 to 63. The previous contents of location 63 are lost.
The new IP is entered at location 40.

In some embodiments, there are restrictions on which IPs are “eligible” to be added to the
list, or be “eligible” to match, and hence cause to be promoted, an IP already on the list. The
first such restriction is that only targets of taken backward branches are eligible. Calls and
returns are not eligible. If the taken backward branch is executing “hot” as part of a flow and it
is not leaving the flow, then its target is not eligible. If the target of the taken backward branch
hits in the hot code entry point cache, it is not eligible. Basically, IPs that are already in flows
should not be placed in to the list.

In some embodiments, there are two “exclude” regions that software can set. Each region
is described by a lower bound and an upper bound on the IP for the exclude region. Notice that
this facility can be set to accept only IPs in a certain region. The second restriction is that IPs in
an exclude region are not eligible to go in the list.

In some embodiments, no instruction that is less than 16,384 dynamic instructions after
hitting an instruction in the list is eligible to be added, however, it is permissible to replace the
last IP hit in the list with a new IP within the 16,384 dynamic instruction window. Basically, a

flow is targeted to average a minimum of 50,000 instructions dynamically. An IP in the list is a

12



10

15

20

25

WO 2012/087561 PCT/US2011/063466

potential root for such a flow. Hence the next 16,000 dynamic instructions are considered to be
part of the flow that is already represented in the list.

In some embodiments, the hardware keeps a stack 16 deep. A call increments the stack
pointer circularly and a return decrements the stack pointer, but it does not wrap. That is, on call,
the stack pointer is always incremented. But there is a push depth counter. It cannot exceed 16. A
return does not decrement the stack pointer and the push depth counter if it would make the push
depth go negative. Every instruction increments all locations in the stack. On a push, the new top
of stack is cleared. The stack locations saturate at a maximum count of 64K. Thus, another
restriction is that no IP is eligible to be added to the list unless the top of stack is saturated. The
reason for this is to avoid false loops. Suppose there is a procedure that contains a loop that is
always iterated twice. The procedure is called from all over the code. Then the backward branch
in this procedure is hit often. While this looks very hot, it is logically unrelated work from all
over the place, and will not lead to a good flow. IPs in the procedures that call this one are what
is desired. Outer procedures are preferred, not the inner ones, unless the inner procedure is big
enough to contain a flow.

In some embodiments, if an IP, 1, is either added to the list, or promoted (due to hitting a
match), then no instruction within the next 1024 dynamic instructions is eligible to match 1. The
purpose of this rule is to prevent overvaluing tight loops. The backward branch in such loops is
hit a lot, but each hit does not represent much work.

The top IPs in the list are considered to represent very active code.

The typical workload will have a number of flows to get high dynamic coverage. It is not
critical that these be found absolutely in the order of importance, although it is preferable to
generally produce these flows roughly in the order of importance in order to get the biggest
performance gain early. A reasonable place for building a flow should be found. This will
become hot code, and then it is out of play for finding the next flow to work on. Most likely, a

number of flows will be found.
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The flows, in general, are not disjoint and may overlap. But, at least the root of each flow
is not in a previously found flow. It may actually still be in a flow that is found later. This is
enough to guarantee that no two flows are identical. While specific numbers have been used
above, these are merely illustrative.

There are at least two kinds of flows for this architecture: system slows and compute flows.
Compute Flows execute on a cluster of Worker Logical Processors. A System Flow executes on
a Primary Logical Processor.

A Compute Flow may be, but is not required to be, multiple Tracks made from a single
code stream by thread decomposition. A Compute Flow is executed entirely by Worker Logical
Processors within a single Cluster because the whole Flow must be Globally committed in
Program order after being checked (but typically is Globally committed as a sequence of
Commit Spans, not in a single piece). All of the Workers executing the Flow can freely load and
store to the same addresses. A Compute Flow is the most restrictive in terms of what it cannot
do.

A System Flow is also code produced by DTSE software and also resides in hidden
memory. There are numerous things that cannot be done in a System Flow. It is restricted, but
much less restricted than a Compute Flow. A System Flow is either serial code between
Compute Flows or an independent parallel thread to Compute Flows.

One of the most important uses for a System Flow is interrupt processing. At times, DTSE
software creates Flows whose entry points are the most popular interrupt vector targets. This
code will cover the most popular paths from these vector targets. If an interrupt can be
completely handled within a System Flow, from vector target to the interrupt return (IRET) back
to the interrupted code without a System Flow exit, then there is no need to disturb the Workers
executing the Flow that was “interrupted”. If the entire interrupt handling sequence cannot be so

handled, then a Flow exit must be forced in the Workers executing the Flow that was
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“interrupted.” A context switch will always cause an Interrupt Flow exit, and hence a Flow exit
in the “interrupted” Compute Flow.

If the interrupt can be handled in this Interrupt Flow, then registers are never saved. The
Interrupt System Flow is a single Global Commit Span. Either it will finish to the IRET and all
commit as a unit, or the state will be recovered to the target of the interrupt vector and execution
resumes from there in the original code. The state recovery includes stopping Global
Commitment (and further execution) in the Compute Flow, and recovering register state from the
last Global Commit Point in the Compute Flow.

Code in Flows in Hidden Memory can be thread switched ultra fast and efficiently,
because the thread switching is programmed right into the code. Original code cannot have the
thread switching programmed in. Thread switching involving original code is slow and
inefficient.

Compute Flows are restricted as to what they can do. Some original code is not eligible to
go into Compute Flows. Some code that is ineligible for Compute Flows can go into System
Flows which are less restrictive. Then there is still some code that is not eligible even to go into
System Flows. This must remain original code.

In some embodiments, including unlimited amounts of original code, if need be, are
multiplexed with flows of both types.

Once a hot-code root IP (entry IP) is detected, the primary core is armed so that on the next
hit of that IP, the core will start profiling the original code. While profiling, the information
above (branches, loads and stores) are stored in program dynamic order into buffers in memory.
These buffers are later used by the thread generation software to direct the thread generation —
eliminate unused code (based on branches), direct the optimizations, and detect load/store
relationships. In some embodiments, the same hardware used for conflicts checking (will be

described later) is used to buffer the loads, stores and branch information from retirement, and
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spill it into memory. In other embodiments, micro-operations are inserted into the program at
execution which would store the required information directly into memory.

To characterize a hot region (profiling), the threaded execution mode software requires one
or more of the following information: 1) for branches, it requires a) for conditional branches
taken/not taken information, and b) for indirect branches the branch target; 2) for loads, a) a load
address and b) access size; and 3) for stores a) a store address and b) a store size.

In some embodiments, an ordering buffer (OB) will be maintained for profiling. This is
because loads, stores and branches execute out-of-order, but the profiling data is needed in order.
The OB is similar in size to a Reordering Buffer (ROB). Loads, while dispatching, will write
their address and size into the OB. Stores, during the STA (store address) dispatch, will do the
same (STA dispatch is prior to the store retirement the purpose of this dispatch is to translate the
virtual store address to physical address). Branches will write the ‘to’ field, that can be used for
both direct and indirect branches. When these loads, stores and branches retire from the ROB,
their corresponding information will be copied from the OB. Hot code profiling uses the fact
that the wrapper hardware can buffer transactional state and later commit it. It will use the same
datapath of committing buffered state to copy data from the OB to a Write Combining Cache
(will be described later), and then commit it. The profiling information will be written to a
dedicated buffer in a special memory location to be used later by threaded execution software.

In some embodiments, the DTSE software writes an IP in a register and arms it. The
hardware will take profile data and write it to a buffer in memory upon hitting this IP. The
branch direction history for some number of branches (e.g., 10,000) encountered after the flow
root IP is reported by the hardware during execution. The list is one bit per branch in local
retirement order. The dynamic thread switch execution software gets the targets of taken
branches at retirement. It reports the targets of indirect branches embedded in the stream of
branch directions. At the same time, the hardware will report addresses and sizes of loads and

stores.
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As applications may change their behavior over time, the execution should be monitored
for as long as the application executes. As flows appear to become “too” short, they should be
grown or deleted. Additionally, new flows can be found, regenerated, and merged at any given
time. In some embodiments, the dynamic thread switch execution system’s hardware will report
average globally committed instructions and cycles for each flow. The software will need to
consider this and also occasionally get data on original code, by temporarily disabling a flow, if
there is any question. In most instances, the software does not run “hot” code unless it is pretty
clear that it is a net win. If it is not clear that “hot” code is a net win, the software should disable
it. This can be done flow by flow, or the software can just turn the whole thing off for this
workload.

The software will continue to receive branch miss-prediction data and branch direction
data. Additionally, the software will get reports on thread stall because of its section of the
global queue being full, or waiting for flow capping. These can be indicative of an under loaded
track (discussed later) that is running too far ahead. It will also get core stall time for cache
misses. For example, Core A getting a lot of cache miss stall time can explain why core B is
running far ahead. All of this can be used to do better load balancing of the tracks for this flow.
The hardware will also report the full identification of the loads that have the highest cache miss
rate. This can help the software redistribute the cache misses.

In some embodiments, the software will get reports of the cycles or instructions in each
flow execution. This will identify flows that are too small, and therefore have excessive capping
overhead.

Figure 5 illustrates spanned execution according to an embodiment. When the threaded
execution software generates threads for hot code it tries to do so with as little duplication as
possible. From the original static code, two or more threads are created. These threads are
spanned. Span marker syncs are generated to the original code and violations (such as those

described above) are checked at the span marker boundaries. The memory state may be
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committed upon the completion of each span. As illustrated, upon hitting a hot IP, the execution
mode is switched to threaded execution. What is different from the previous general illustration
is that each thread has spans. After each span a check (chk) is made. In the example, after the
second span has executed the check (chk2) has found a violation. Because of this violation the
code is rolled back to the last checkpoint (which may be after a thread or be before the hot IP
was hit),

As discussed above, threaded execution mode will exit when the hot code region is exited
(clean exit) or on violation condition (dirty exit). On a clean exit, the exit point will denote a
span and commit point, in order to commit all stores. In both clean and dirty exits, the original
code will go to the corresponding original IP of the last checkpoint (commit). The register state
will have to be merged from the state of both cores. For this, the thread generator will have to
update register checkpoint information on each commit. This can be done, for example, by
inserting special stores that will store the relevant registers from each core into a hardware buffer
or memory. On exit, the register state will be merged from both cores into the original (primary)
core. It should be noted that other alternatives exist for registers merging, for example register
state may be retrievable from the buffered load and store information (as determined by the
thread generator at generation time).

A more detailed illustration of an embodiment of DTSE hardware is illustrated in Figure 6.
This depicts both speculative execution on the left and coherent on the right. In some
embodiments, everything but the MLC 617 and cores 601 forms a part of the violation detection,
atomic commit, hot IP detection, and profiling logic 403. The execution is speculative because
while in the threaded mode the generated threads in the cores 601 operate together, they do not
communicate with each other.

In some embodiments, the hardware wrapper includes a single physical protection cache
that protects original code for which there is a copy, in some form, in reserved memory (again,

this is not illustrated). In some embodiments, this is a 16 K line, 8§ way set associative cache
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where each line covers 4096 Bytes of original code. The resolution is to 64 Byte blocks. The

cache line contains a starting block and ending block within the 4096 Byte aligned scope of the
line. A block number is 6 bits. This cache may have multiple lines in the same set with the same
tag. Hence, when reading the physical protection cache, multiple lines in the same set may be hit
up to 8 lines. This provides the capability to represent several disjoint spans in the same 4096
Bytes, with unprotected gaps in between.

Software 311 should ensure that no 64 Byte block is represented in the Physical Protection
Cache more than once. When a check for a hit on a 64 Byte block is made, a check if the block
is in any of the up to 8 lines that the 4096 Byte granularity address hit in is also made. Since
there are 16 K lines, they are numbered with a 14 bit line number. A 64 Byte block will either
miss this cache or hit a unique 14 bit line number.

The Physical Protection Cache is looked up on any invalidating snoop. On a hit, the 14 bit
line number of the hit is retrieved, and optionally the 6 bit number of the 64 Byte block that was
hit is supplied.

For each flow, software will ensure that its original code is covered in the Physical
Protection Cache before it processes the code. This may involve expanding the span of a line
already in the cache or adding a new line.

Software will get the list of line numbers required to cover the Flow. For example,
software will reduce this list to a single 28 bit number. The line numbers are 14 bits. We use 2
bits for each bit in the line numbers, valid bit and data bit, hence 28 bits for 14 bit line numbers.
In each bit position, if the whole list agrees on what the bit is, that becomes the resultant data bit
and the valid bit becomes 1. If there is disagreement in the list for the value in a bit position, then
the resultant data bit becomes 0 and the valid bit becomes 0. These 28 bits are the signature of
the Flow.

Each core has the signatures of all flows in its Hot Code Entry Point Cache (not shown).

And, in particular, it has the one signature of the currently tentatively globally committing Flow.
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There is a Hot Code Entry Point Table in reserved memory although in some embodiments parts
of this table are cached.

If a taken branch is predicted, its target is looked up in the widest scope cache. If it misses,
then a refill is requested. If it hits and there is no entry point, that is the end of it. If there is an
entry point, then the next smaller scoped cache is looked up. Finally it either hits an entry point,
does not hit an entry point, or uncertain but fetching refills to the caches.

If the taken branch target is in reserved memory, there are no Hot Code Entry Point cache
lookups.

We get an identification for the taken branch. If we hit an entry point, then when this
branch retires and is still taken, we force a jump to the indicated target, and the workers also get
forced jumps to the indicated entry points.

Each tentatively Globally committing Flow is checked. If there is a line match, then there
will be a Flow exit. Otherwise it can be allowed to commit. This continues until all Flows
entered before the Hot Code Entry Point Cache was cleaned are done. Once this check is in
place Global Commitment can resume.

All the signatures in the Hot Code Entry Point Cache must be checked. If there is a line
match, then the entry point is decertified. When certification code is invoked, it will see the flag.
This means that it must process the work list in the Reserved Memory Agent (not shown) before
it can certify any entry point. It reads line numbers that were hit. It knows the exact span for each
line number. It knows exactly the cache lines required by each Flow. It either deletes or checks
each Flow that could have been hit. It updates its full Hot Code Entry Point table. Then it can do
its certification task.

Each core 601 executes its own thread, while span markers denote places (IPs) in the
threaded code that correspond to some IP in the original code (span markers are shown in a
previous figure). While executing in this mode, the hardware buffers loads and stores

information, preventing any store to be externally visible (globally committed). This
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information may be stored in various caches. These are illustrated as the speculative load data
cache (SLC) 603, load store ordering buffer (LSOB) 6035, and speculative stores cache (SSC)
607. While these are illustrated as being separate, in some embodiments they are partitions of a
single entity. Additionally, this storage may not be configured on a per core basis as shown.

In some embodiments, prior to capturing this data it passes through an ordering buffer
(OB) 602 which maintains the proper retirement order of executed loads and stores as detailed
earlier. Physical addresses and sizes of stores are made available to DTSE logic as the senior
(older) stores are written to the data cache and are placed in the SLC 603. The SLC 603 also
detects invalidating snoops. Similarly, load addresses and sizes are made available to DTSE
logic and are stored in the SLC. Loads and stores are also written to the Load Store Ordering
Buffering (LSOB) 605 to keep ordering information between the loads and stores in each thread.
The LSOB 605 maintains the data and a mask (valid bytes).

Ultimately, DTSE logic gets retired load addresses in a proper order along with their store
addresses. In some embodiments, the DTSE logic gets the load addresses and sizes at execution
time. If that is the case, then DTSE logic will age and filter them to get properly ordered, retired
load addresses and sizes.

data cache

When both cores reach a span marker the loads and stores are checked for violations using
the violations checking components (store correctness cache (SCC) 611 and load correctness
cache (LCC) 613 as is detailed below. Typically, there is a SCC 611 and LCC 613 per worker.
The SCC 611 is written with both load and store addresses for its worker. It is read with the
store addresses of all other cooperating workers. It shows the bytes that have been written by
code in a single alignment span. Typically this case is an independent physical structure. The
LCC 613 is written with store address of all workers from the LSOB 605. It is read with the load

addresses of its worker. Typically, this is a data structure in reserved memory. If no violations
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were detected, the stores can become globally committed. The commit of stores denotes a
checkpoint, to which the execution should jump in case of a violation in the following spans.

There are several violations that may occur. The first is an invalidating snoop from an
external entity (e.g., another core), which invalidates data used by one of the cores. Since some
value was assumed (speculative execution), which may be wrong, the execution has to abort and
the original code will go back to the last checkpoint. Store/store violations may arise when two
stores on different threads write to the same address in the same span. In some embodiments,
since there is no ordering between the different threads in a single span, there is no way to know
which store is later in the original program order, and the threaded execution mode aborts and go
back to original execution mode. Store/load violations may arise if a store and a load in different
threads use the same address in memory in the same span. Since there is no communication
between the threads, the load may miss the data that was stores by the store. It should be noted
that typically a load is not allowed to hit a stored data by the other core in any past span. That is
because the cores execute independently, and the load may have executed before the other core
reach the store (one core can be many spans ahead of the other). Self-modifying-code or cross-
modify-code events may happen, in which the original code has been modified by a store in the
program or by some other agent (e.g. core). In this case, the threaded code may become stale.
Other violations may arise due to performance optimizations and architecture tradeoffs. An
example of such violations is a L1 data cache unit miss that hits a dropped speculative store (if
this is not supported by the hardware). Another example is an assumption made by the thread
generator, which is later detected as wrong (assertion hardware block 609).

Once there is guarantee that no violation has happened, the buffered stores may be
committed and made globally visible. This happens atomically, otherwise the store ordering
may be broken (store ordering is part of the memory ordering architecture, which the processor

must adhere to).
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While executing the threaded mode, all stores will not use the “regular” datapath, but will
write both to the first level cache (of the core executing the store), which will act as a private,
non-coherent scratchpad, and to the dedicated data storage. Information in the data storage
(cache and buffers above) will include address, data, and datasize/mask of the store. Store
combining is allowed while stores are from the same commit region.

When the hardware decides to commit a state (after violations have been checked), all
stores need to be drained from the data storage (e.g., SSC 607) and become a coherent,
snoopable state. This is done by moving the stores from the data storage to a Write Combining
Cache (WCC) 615. During data copy snoop invalidations will be sent to all other coherent
agents, so the stores will acquire ownership on the cache lines they change.

The Write Combining Cache 615 combines stores from different agents (cores and
threads), working on the same optimized region, and makes these stores global visible state.
Once all stores from all cores were combined into the WCC 615 it becomes snoopable. This
provides atomic commit, which maintains memory ordering rules, into a mid level cache 217.

The buffered state is discarded in an abort by clearing some “valid” bit in the data storage,
thereby removing all buffered state.

Coherency checks may be used due to the fact that the original program is being split to
two or more concurrent threads. An erroneous outcome may occur if the software optimizer
does not disambiguate loads and stores correctly. The following hardware building blocks are
used to check read-write and write-write conflicts. A Load-Correctness-Cache (LCC) 613 holds
the addresses and data size (or mask) of loads executed in optimized region. It used to make sure
no store from another logical core collides with loads from the optimized region. On span
violation check, each core writes its stores into the LCC 613 of the other core (setting a valid bit
for each byte written by that core). The LCC 613 then holds the addresses of the stores of the
other core. Then each core checks its own loads by iterating over its LSOB (load store ordering

buffer) 605, resetting the valid bits for each byte written by its stores, and checking each load
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that it did not hit a byte which has a valid but set to 1 (meaning that that byte was written by the

other core). A load hitting a valid bit of 1 is denoted as a violation. A store-Correctness-Cache
(SCC) 611 holds the address and mask of stores that executed in the optimized region.
Information from this cache is compared against entries in the LSOB 605 of cooperating logical
cores, to make sure no conflict is undetected. On a span violation check, the SCC 611 is reset.
Each core writes its stores from its LSOB 605 to the other core's SCC 611. Then each core
checks it stores (from the LSOB) against the other core's stores that are already in its SCC 611. A
violation is detected if a store hits a store from the other. It should be noted that some stores may
be duplicated by the thread-generator. These stores must be handled correctly by the SCC 611 to
prevent false violations detection. Additionally, the Speculative-Load-Cache (SLC) 603 guards
loads from the optimized region against snoop-invalidations from logical cores which do not
cooperate under the threaded execution scheme describe, but might concurrently run other
threads of the same application or access shared data. In some embodiments, the threaded
execution scheme described herein implements an “all-or-nothing” policy and all memory
transactions in the optimized region should be seen as if all executed together at a single point in
time -- the commit time.

While in the DTSE execution mode, the L1 data cache of each core operates as a scratch
pad. Stores should not respond to snoops (to prevent any store from being globally visible) and
speculative data (non-checked/committed data) should not be written back to the mid-level-
cache. On exit from this mode, all speculative data that may have been rolled back should be
discarded from the data cache. Note that due to some implementation tradeoffs, it may be
required to invalidate all stored or loaded data which has been executed while in the threaded
execution mode. In the data cache, the Original Program Data Block, and the Track Data Blocks
for all Global Commit Points are all stored in the same place. They are all addressed by the

Original Program Address of the block.
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It is important to note that the examples described above are easily generalized to include
more than two cores cooperating in DTSE execution mode. Also some violations may be worked
around by hardware (e.g., some load/store violations) by stalling or syncing the cores execution.

In some embodiments, commit is not done on every span. In this case, violation checks
will be done on each span, but commit will be done once every few spans (to reduce registers
check-pointing overhead).

In some embodiments, the data cache and its entries are not typical. With the amount of
workers supported, the data cache need some help in the form of an address space map. For
example, each data cache tag may be extended with a x-bit address space map (such as 5-bit
value assuming 4 workers per core, 3 bits if only 2 2orkers per core, or only 2 bits if only 1
worker per core).

In the 5-bit variant, bit 4 indicates if the Primary Logical Processors can access this cache
line. Each Worker Logical Processor has a bit in the field <3:0>. This indicates if the
corresponding Worker Logical Processor can access this line (e.g., 0001 means that worker
logical processor 1 can access the line while the others cannot). A Worker Logical Processor
will get a data cache miss if its bit in the address space map is not set. A Primary Logical
Processor will get a data cache miss if the primary bit in the address space map is not set.

The data cache may contain multiple lines at the same address (in multiple ways), provided
that every access will hit, at most, 1 of them. This means that for each of the 5 bits in the address
space map, there is not than 1 line in the data cache with that bit set at the same address.

On read of the data cache, of the multiple ways with the same tag, the unique way that is
accessible by the requesting Logical Processor will be selected, if any. If there is none, it is a
data cache miss.

At senior store processing (processing of the oldest store), the senior store may go only to a
cache line accessible to the Logical Processor that executed the store. Further, if a worker writes

a senior store to the data cache, the target line gets its address space map set to be accessible only
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to the Logical Processor that did the store. All Primary Logical Processors are considered the
same for this purpose.

Additionally, in some embodiments, there is a “Current Bit” that is logically associated
with each data cache line. It does not have to be physically close to the data cache or the data
cache tags. The Current Bits, for all cache lines accessible by a Worker Logical Processor, are
cleared at the time that a Global Commit marker in the Worker Logical processor goes senior.
Any successful write to the line sets it “Current.” A write back of the line to the Mid Level
Cache sets it “Current.” On refill from the Mid Level Cache, the line must be set to “Not
Current” if it 1s dirty and Not Current in the Mid Level Cache. Otherwise it is set Current in the
data cache. The Current Bit is set this way, on response from the Mid Level Cache, even if there
is no data; the MLC is just granting ownership.

The one thing that is not usual is that the Mid Level Cache forms Dirty and Not Current.
This is returned to the data cache and sets the state of the Current Bit in the data cache, even if
there is no data; the MLC is just granting ownership.

An attempt to write a senior store to a dirty data cache line that has its Current Bit off
causes a write back, but not an invalidate, before that store is put in the data cache. Doing the
write back of a data cache line sets its Current Bit. And successfully writing the senior store, if
appropriate, after the write back it provokes, sets the line “Current.”

If a write of a senior store hits a clean data cache line (E state) that has its Cu6ent Bit off,
the Mid Level Cache is signaled to, if it is dirty, write its copy of this line back to the Last Level
Cache, and get a new physical address for a new Track Data Block. The dirty data in the Mid
Level Cache does not go in the same Global Commit Span as the dirty data now going into the
data cache. The data cache line gets Current as a result of writing the senior store to it.

In some embodiments, there is a Metadata Buffer (not shown) for each Worker logical
processor. Metadata is written to the buffer sequentially. The Metadata buffer should be able to

write this to the Mid Level Cache. Track execution results in Track data written to Reserved
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Memory and Metadata written to Reserved Memory. The rest of the process is, reading back the
Metadata from Reserved Memory, checking it, and then merging Track Data from various
Tracks, read from Reserved Memory, and making it visible as the new state of the original
program address space.

In the Mid Level Cache 217, the Original Program Data Block, and the Track Data Blocks
for all Global Commit Points are all stored in the same place. They are all addressed by the
Original Program Address of the block

At the Mid Level Cache there is an extension to the tags that holds the current Real
Physical Address of the Mid Level cache line. The Real Physical Address is needed for write
backs from the Mid Level Cache to the Last Level Cache. It is not used for most other operations
in the Mid Level Cache. In some embodiments, the Real Physical Address is the Track Data
block number. It is not more than 16 bits.

In some embodiments, hardware registers associated with the Mid Level Cache hold the
base address and limit of the Track Data space for each Worker Logical Processor, as well as the
last allocated Track Data Block for each Track. This hardware also keeps the current Global
Commit number.

There is a “Current Bit” that is logically associated with each Mid Level Cache line. It
does not have to be physically close to the Mid Level Cache or the Mid Level Cache tags. This
bit, for all cache lines, accessible by a Worker Logical Processor, is cleared at the time that a
Global Commit marker goes senior in this Worker.

In some embodiments, each Mid Level Cache tag is extended with a 6 bit (assuming we
support 4 Workers per Core) Address Space Map. The size of this tag is dependent on the
number of workers per core.

The Address Space map supports having multiple lines in the Mid Level Cache with the
same address, including the same tag, at the same time. It specifies which Logical Processors can

access the line. On read of the Mid Level Cache, of the multiple ways with the same tag, the
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unique way that is accessible by the requesting Logical Processor will be selected, if any. If there
is none, it is a Mid level Cache miss.

In some embodiments, each line in the Mid Level Cache may have a Tentative Committed
bit and a Tentative Decommissioned bit.

A commit will consist of flash clearing the valid bit on the Real Physical Address and
setting Primary accessible, for all Tentatively Committed cache lines and flash clearing the line
valid bit for all Tentatively Decommissioned cache lines.

In some embodiments, there are a number of checker state machines with each DTSE
Cluster. Each checker state machine may be working on a thread, so the number of state
machines provided determines the number of threads that the cluster can be simultaneously
working on. A checker state machine reads Metadata lists from all Tracks working on the same
thread and processes them through the Store Correctness Caches and the Load Correctness
Caches. It also writes a Copy Back List.

In some embodiments, the Copy Back state machine distributes cache lines from the Copy
Back List to Merge state machines with the Mid Level Caches to do the actual merging of store
data from different Tracks and place the result in the Original Program Address Space.

In some embodiments, there is exactly one Merge State Machine per Mid Level Cache.
This state machine does the actual merging of data from the Track Data storage of several
Tracks, when this is necessary.

Once a load is executed it must be provable that no store by any agent in the system, other
than the thread that did the load, can hit this load until the load is Globally Committed. There
should be assurance from the core retirement of any load or store until its Global commitment,
some Mid Level Cache cooperating in the execution of this thread, has had the target original
program address line at least in shared state. The line can get passed around between cooperating
Mid Level Caches (the Master-Slave method) but continuous possession must be maintained.

This means that for any other agent to get ownership of this line, at least one of the cooperating
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Mid Level Caches would get an invalidating snoop when no other cooperating Mid Level Cache
had the line.

Typically, each DTSE Cluster has a Possession Cache. This structure indicates the cache
lines for which we can be sure some Mid Level Cache in the cluster will get snoops from the
Ring or data caches. Typically, the possession cache is located in the reserved memory, but a
portion may be cached with the checker.

Each Worker Logical Processor has a Speculative Access Cache. The Speculative Access
Cache represents loads and stores that have been locally retired by the Worker Logical
Processor, but not yet Globally committed.

A Global Commit Marker is a store to special address. The data gives a class number and a
pointer to the Commit Pointer descriptor.

A Commit Wait is a load to a set of special addresses. It can appear anywhere. Depending
on the exact address in the set, it can be a wait for Commitment at the last Global Commit Point,
or the last Global Commit Point of a certain class, or perhaps other possible choices. This
address for this load can request the last Globally Committed memory state.

DTSE will not respond to a Commit Wait, and therefore keep execution in the requesting
Worker stalled until the specified Global Commitment has happened. If the last Globally
Committed memory state is requested, DTSE Logic will further invalidate all Track data in the
requesting Worker. Then DTSE Logic will return data for the Commit Wait. This will unstall
this Worker and allow it to proceed.

If last Globally Committed memory state is requested all stores in this Worker after the
Global Commit Point specified in the wait will be lost. So, in general, it is practical to use this
option only after the waited for Global Commit Point, but before this Worker does any more
stores. Typically the wait would be immediately after the Global Commit Marker for the Global

Commit Point that it is waiting for.
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There are three uses for a wait: the wait can be used to protect register state from being
changed, hence avoiding the necessity of saving some registers; when a load sometimes hits a
store in a different Track, this provides the ability for the load to get the correct result; and it can
also be used to prevent runaway speculation.

11 Operation

Data memory state is represented by the data itself and metadata. They are stored not only
separately, but differently. Both Primary Logical Processor and Worker Logical Processors have
metadata. Without the metadata the memory state makes no sense for Worker Logical
Processors. The metadata is used only for profiling for Primary Logical Processors.

With respect to data space in reserved memory, in some embodiments, each Track has its
own data space in reserved memory, as does each Worker Logical Processor. Primary Logical
Processors do not have Track Data spaces.

On entrance to a Flow, all Track Data spaces are unallocated. Cache line size blocks are
allocated circularly sequentially as needed, as the Flow is executed. Each allocation is for a
specific Global Commit span. The blocks are deallocated in order when the span they were
allocated for is Globally committed. There is an allocation pointer and a deallocation pointer for
each Worker Logical Processor. These pointers contain block numbers, not addresses. The block
number space will be a multiple of the number of physical blocks that exist for this allocation.

In allocation, the block number cannot wrap. When all block numbers have been allocated
once, this Track cannot allocate any more Track Data Blocks. If there is a need for more
allocations, this will cause a Flow exit.

On the other hand, allocation of physical blocks can wrap multiple times, up to the limit of
not wrapping the block number. A line in the Mid Level Cache that has a deallocated block
number in its Real Physical Address will not write back to the Last Level Cache. Similarly if
there is a miss in the Mid Level Cache and the Real Physical Address for the refill is a

deallocated block number, the refill will come from the Original Program Address instead. Such
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a line cannot have speculative stores in it. If there were speculative stores, it would have been
reallocated more recently.

It can be seen that there should be enough physical blocks to allocate for Track Data to
cover the amount by which the Tracks can be different in the logical place in the code that they
are executing, plus some to cover the time to check and Globally commit. The block number
space has to cover the entire execution of the Flow from start to Flow exit.

If there is a state recovery in a Track, the Track Data space for the Worker executing the
Track is initialized to empty, with the original starting point for allocation.

Allocation happens in logic associated with the Worker Logical Processor as a Track is
executed. The Copy Back state machine associates specific locations in this space with stores
later in the Global Commitment process.

The Copy Back State Machine writes a Merge Job Queue, for each Merge State Machine it
is using, in memory. This describes the Track Data blocks that the Merge State Machine should
access. Since this is through memory, this should be kept as compressed as possible.

Metadata for each Logical Processor is stored separately. In some embodiments, the
Metadata for a Logical Processor is a linear array of Program correct addresses, sizes and
load/store indicator. It contains Alignment markers and Global Commit Markers and also
duplicated store markers. It may also contain branch directions and targets of indirect branches.
It may also records of invalidates received at the Mid Level cache.

As the core loads to the original program address of the data, hardware will capture the
address and size and add it onto the Metadata list. If a Worker loads from a data Cache line that
is Primary accessible and owned, then (if convenient for the design) it makes it shared after
forcing a write back to the Mid Level Cache, if it was dirty. If this is not convenient, it can make
the line not Primary accessible and not current instead. Either of these actions will insure
notification of any future store to this line by Logical Processors that are not cooperating with

this Worker.
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A senior store from a worker in execution mode does not need ownership in the data cache
to write the data cache. The senior store can be written to a line in shared state, but the line must
be accessible by the Track. In any event, if a senior store from a Catalina worker is written to a
data cache line, that line becomes accessible only by that worker. Whatever that line was before,
it has been converted into Track Data. Note that, if the line was dirty, in some embodiments it
would have been forced to write back before the senior store is written unless it is already Track
Data and current.

Because of this, ownership is not requested for a data cache line when a senior store to that
line is processed.

Since this is really a store to Track Data, the Mid Level cache will not need or request
ownership of the original program address line. It will have ownership of the Track Data line.

This is important because other Tracks may be storing to this line. The merge engine will
need to get ownership of the original program address line to do the commit. Other Mid Level
Caches can have the line shared and readable by Tracks (not by primaries), but cannot have it
owned. Because of the provisions described here, they do not need it owned and will not request
it owned.

This means that while one Mid Level Cache is being used to do merges and is committing,
and requires ownership of the original program address line, other Tracks can retain that line in
shared state and both read and write to it (as described, writing to it will convert it to Track data).

On data cache miss, the line is requested from the Mid Level Cache, as usual.

As the core stores to the original program address of the data, hardware will capture the
address and size and add it onto the Metadata list.

In the data cache, the original program data block, and the Track Data blocks for all Global
Commit Points are all located in the same place. They are all addressed by the original program

address of the block.
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The Current Bits, for all cache lines accessible by this Worker, are cleared at the time that a
Global Commit marker goes senior. Any successful write to the line sets it “Current.” A write
back of the line to the Mid Level Cache sets it “Current.” On refill from the Mid Level Cache,
the line must be set to Not Current if it is dirty and Not Current in the Mid Level Cache.
Otherwise it is set Current in the data cache. The Current Bit is set this way, on response from
the Mid Level Cache, even if there is no data.

An attempt of a Worker to write a senior store to a dirty data cache line that has its Current
Bit off causes a write back, but not an invalidate, before that store is put in the data cache. A bit
is set with this write back telling the Mid Level Cache to allocate a new Track Data block. Doing
the write back of a data cache line sets its Current Bit. And successfully writing the senior store,
if appropriate, after the write back it provokes, sets the line “Current.”

An attempt of a Worker, that has access to this line, to write a senior store to a dirty data
cache line that is Primary accessible causes a write back, but not an invalidate, before that store
is put in the data cache. A bit is set with this write back telling the Mid Level Cache to allocate a
new Track Data block. Doing the write back of a data cache line sets its Current Bit. And
successfully writing the senior store, if appropriate, after the write back it provokes, sets the line
“Current.”

If a Worker, that has access to this line, writes a senior store to a clean data cache line that
is Primary accessible, the Mid Level Cache is signaled to write this line back to the last level
cache if it is dirty but unconditionally get a new physical address for a new Track Data Block.
Successfully writing the senior store sets the line “Current.”

If a Worker write of a senior store hits a clean data cache line (E state) that has its Cubent
Bit off, the Mid Level Cache is signaled to, conditionally, if it is dirty, write its copy of this line
back to the Last Level Cache, and get a new physical address for a new Track Data Block. The

dirty data in the Mid Level Cache does not go in the same Global Commit Span as the dirty data
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now going into the data cache. The data cache line gets Current as a result of writing the senior
store to it.

If there is a senior store and the line is not in E or M state in the data cache, a read for
ownership request is made for the line from the Mid Level Cache, as usual.

The data cache can ask the Mid Level Cache to “Write Back™ a line and allocate a new
Track Data block. If the line is dirty in the Mid Level Cache, it is written back and a new Track
Data block is allocated. Even if the line is clean in the Mid Level Cache, the request may specify
unconditionally allocating a new Track Data block. If a new Track Data Block is allocated, it
replaces the block that was there. The data is the same.

On all write backs to the Mid Level Cache, the data cache “Current Bit” (before it is set
due to this write back) is sent to the Mid Level Cache. There are two reasons for a data cache
write back: this could be a conventional eviction in the data cache or a new senior store has hit a
dirty data cache line that is not Current. The data cache sends a bit that is asserted if a new senior
store has hit a dirty data cache line that is not Current.

The Mid Level Cache will allocate a new Track Data Block.

In some embodiments, there is a cache, the Track Data Directory, in Reserved Memory for
each Track. The data in a line is just the Track Data block number and a Global Commit number.
This cache is written only when a dirty Track Data block accessible by the Track but not
accessible by Primaries is evicted, not in connection with allocating a new Track Data Block.

In some embodiments, there is another structure that mirrors the Track Data Directory
called the Track Data Directory Summary. If there is a Mid Level Cache Miss on by a Worker
Logical Processor, the bit that covers its place in the Track Data Directory is read from the Track
Data Directory Summary. Usually it will be invalid, indicating a miss in the Track Data
Directory. In this case, the refill to the Mid Level Cache should come from the Original Program
Address of the block. This data may already be in the Mid Level cache as a Primary accessible

version. In this case, this version can simply be made accessible to the worker as well. If the
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Summary shows the possibility of a hit, the Track Data Directory must be accessed to get the
most current Track Data block number, if it turns out to actually be a hit. Logic can convert this
into the address of the block. The block is then requested via the Ring, as usual for a miss.

Allocating a new Track Data Block is a special form of write back from the Mid Level
Cache to the Last Level cache. If the Mid Level Cache wants to write back a line to the Last
Level Cache, and this line is not Primary Accessible, but does not have a valid Real Physical
Address, then a new Track Data Block is allocated for it, before the write back can proceed. The
write back goes to the physical address obtained by allocating the new Track Data Block. The
process of allocating a new Track Data Block was treated in earlier sections of this specification.

In each Track, execution will hit a Global Commit Point separately. There is a store to a
special address here which serves as the Global Commit Point marker. It gives the new Global
Commit number increment. The Global Commit number in its own Track advances. This is kept
as part of the DTSE Logic associated with the Mid Level Cache. As noted above, this will cause
stores to go to new Data Blocks. And “Current Bits” associated with both the data cache and the
Mid Level Cache are cleared.

Stores become Globally observed only at Global Commit Points. Both Loads and Stores
are Globally speculative, and hence vulnerable to being hit by an invalidating snoop, until the
next Global Commit Point.

The Track sets a Flag indicating that it has completed this Commit Span. A checker state
machine is waiting for this flag from all Tracks.

As detailed above, each Worker Logical Processor has a Store Correctness Cache. This
cache enforces the rule that a store in one Worker must not hit a store in another Worker in the
same Alignment Span, unless they are the same store. It also enforces the rule that a load in one
Worker must not collide with a store in another Worker in the same Alignment Span. It enforces
that, in the case that the load happens to be processed first and the store processed later. If the

store is processed first and the load later, that is caught by the Load Correctness Cache.
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As detailed above, each Worker Logical Processor has a Load Correctness Cache. The
Load Correctness Cache identifies all Bytes that have been stored to from entering the Flow, to
the current tentative Global commitment point. In particular, it tells which Worker is the
logically last writer of the Byte.

The Copy Back state machine works on a Copy Back List to merge all the indicated stores
into the Original Program Address locations and make them Globally visible. The Copy Back
List represents a collection of stores that are not in program order. Hence all stores represented in
the Copy Back List must be made Globally visible atomically. The outside world must see all of
these stores or none of them.

If there is a Flow exit because of an internal issue such as an Execute Only Branch
violation or a store violation or a load violation, state will be restored to the last Global Commit
Point before the Flow exit. This will wait for the Copy Back state machine to finish, so it really
is logically the LAST Global Commit Point before the violation.

If there is a Flow exit because of certain external issues such as an invalidating snoop
hitting a Globally speculative load, there is the possibility that the instruction involved is in a
Span that has been released to the Copy Back state machine. Unless it is known that this is not
the case, this must cause an immediate exit without globally committing the Copy Back List that
the Copy Back state machine is currently working on.

From the point of view of the data cache, the Merge state machine is like another data
cache. If the Merge state machine accesses a cache line, this snoops the data cache and will force
a write back if the line is dirty in the data cache.

The modified blocks may span multiple Mid Level Caches so we have a little
synchronization:

Block all accesses to the original Program Address blocks (accesses to Track data will be

read only and are OK). The tentative bits can be used for this.
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While running optimized (threaded) code, the original code might change due to stores
generated by the optimized code or by unrelated code running simultaneously (or even by the
same code). To guard against that a XMC Guardata cache (XGC) 409 is used. This cache holds
the addresses (in page granularity) of all pages that where accessed in order to generate the
optimized code and the optimized region ID that will be used in case of a snoop invalidation hit.
Region ID denotes all static code lines whose union touches the guarded region (cache line).
Figure 7 illustrates the use of XGC 409 according to some embodiments.

Before executing optimized code, the core guarantees that all entries in the XGC exist and
were not snooped or replaced out. In that case, executing optimized code is allowed.

If, during the period where the optimized code is being executed, another logical core
changes data in one of the original pages, the XGC will receive a snoop invalidation message
(like any other caching agent in the coherency domain) and will notify the one of the cores that it
must abort executing the optimized code associated with the given page and invalidate any
optimized code entry point it holds which uses that page.

While executing in the threaded execution mode, each store is checked against the XMC
409 to guard against self modifying code. If a store hits a hot-code region, a violation will be
triggered.

In some embodiments, the thread generator makes some assumptions, which should later
be checked for correctness. This is mainly a performance optimization. An example of such an
assumption is a call-return pairing. The thread generator may assume that a return will go back to
its call (which is correct the vast majority of the time). Thus, the thread generator may put the
whole called function into one thread and allow the following code (after the return) to execute
in the other thread. Since the following code will start execution before the return is executed,
and the stack is looked up, the execution may be wrong (e.g., when the function writes a return

address to the stack, overwriting the original return address). In order to guard against such
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cases, each thread can write assertions to the assertion hardware block. An assertion is satisfied if
both threads agree on the assertion. Assertions much be satisfied in order to commit a span.
III. Software

The dynamic thread switch execution (DTSE) software uses profiling information gathered
by the hardware to define important static subsets of the code called “flows.” In some
embodiments, this software has its own working memory space. The original code in a flow is
recreated in this working memory. The code copy in the working memory can be altered by the
software. The original code is kept in exactly its original form, in its original place in memory.

DTSE software can decompose the flow, in DTSE Working Memory, into multiple threads
capable of executing on multiple logical processors. This will be done if the logical processors
are not fully utilized without this action. This is made possible by the five things that the
hardware may do.

In any case, DTSE software will insert code into the flows in DTSE working memory to
control the processing on the (possibly SMT) hardware processors, of a larger number logical
processors.

In some embodiments, the hardware should continue to profile the running code, including
the flows that DTSE software has processed. DTSE software responds to the changing behavior
to revise its previous processing of the code. Hence the software will systematically, if slowly,
improve the code that it processed.

Defining A Flow

When the DTSE hardware has a new IP at the top of its list, the software takes the IP to be
the profile root of a new flow. The software will direct hardware to take a profile from this
profile root. In an embodiment, the hardware will take the profile beginning the next time that
execution hits the profile root IP and extending for roughly 50,000 dynamic instructions after
that, in one continuous shot. The buffer in memory gets filled with the addresses of all loads and

stores, the directions of direct branches, and the targets of indirect branches. Returns are
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included. With this, the software can begin at the profile root in static code and trace the profiled
path through the static code. The actual target for every branch can be found and the target
addresses for all loads and stores are known.

All static instructions hit by this profile path are defined to be in the flow. Every control
flow path hit by this profile path is defined to be in the flow. Every control flow path that has not
been hit by this profile path is defined to be leaving the flow.

In some embodiments, the DTSE software will direct the hardware to take a profile from
the same root again. New instructions or new paths not already in the flow are added to the flow.
The software will stop requesting more profiles when it gets a profile that does not add an
instruction or path to the flow.

Flow Maintenance

After a flow has been defined, it may be monitored and revised. This includes after new
code has been generated for it, possibly in multiple threads. If the flow is revised, typically this
means that code, possibly threaded code, should be regenerated.

Aging Ineffective Flows

In some embodiments, an “exponentially aged” average flow length, L, is kept for each
flow. In an embodiment, L is initialized to 500,000. When the flow is executed, let the number of
instructions executed in the flow be N. Then compute: L =0.9 * (L + N). If L ever gets less
than a set number (say 100,000) for a flow, then that flow is deleted. That also means that these
instructions are eligible to be Hot IP’s again unless they are in some other flow.

Merging Flows

In some embodiments, when a flow is executed, if there is a flow exit before a set number
of dynamic instructions (e.g., 25,000), its hot code entry point is set to take a profile rather than
execute hot code. The next time this hot code entry point is hit a profile will be taken for a
number of instructions (e.g., 50,000) from that entry point. This adds to the collection of profiles

for this flow.
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Any new instructions and new paths are added to the flow. In some embodiments, flow
analysis and code generation are done over again with the new profile in the collection.
Topological Analysis

In some embodiments, DTSE software performs topological analysis. This analysis may
consists of one or more of the following activities.

Basic Blocks

DTSE software breaks the code of the flow into Basic Blocks. In some embodiments, only
joins that have been observed in the profiling are kept as joins. So even if there is a branch in the
flow that has an explicit target, and this target is in the flow, this join will be ignored if it was
never observed to happen in the profiling.

All control flow paths (edges) that were not observed taken in profiling, are marked as
“leaving the flow.” This includes fall though (not taken branch) directions for branches that were
observed to be always taken.

Branches monotonic in the profile, including unconditional branches do not end the Basic
Block unless the target is a join. Calls and Returns end basic blocks.

After doing the above, the DTSE software now has a collection of Basic Blocks and a
collection of “edges” between Basic Blocks.

Topological Root

In some embodiments, each profile is used to guide a traversal of the static code of the
flow. In this traversal at each call, the call target Basic Block identifier is pushed on a stack and
at each return, the stack is popped.

Even though the entire code stream probably has balanced calls and returns, the flow is
from a snippet of dynamic execution with more or less random starting and ending points. There
is no reason to think that calls and returns are balanced in the flow.

Each Basic Block that is encountered is labeled as being in the procedure identified by the

Basic Block identifier on the top of stack, if any.
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Code from the profile root, for a ways, will initially not be in any procedure. It is likely
that this code will be encountered again, later in the profile, where it will be identified as in a
procedure. Most likely there will be some code that is not in any procedure.

The quality of the topological analysis depends on the root used for topological analysis.
Typically, to get a good topological analysis, the root should be in the outermost procedure of
the static code defined to be in the flow, i.e., in code that is “not in any procedure”. The profile
root found by hardware may not be. Hence DTSE software defines the topological root which is
used by topological analysis.

In some embodiments, of the Basic Blocks that are not in any procedure, a subset of code,
R, is identified such that, starting from any instruction in R, but using only the edges of the flow,
that is, edges that have been observed to be taken in at least one profile, there is a path to every
other instruction in the flow. R could possibly be empty. If R is empty then define that the
topological root is the profile root. If R is not empty, then pick the numerically lowest IP value
in R as the topological root. From here on, any mention of “root” means the topological root.
Procedure Inlining

Traditional procedure inlining is for the purpose of eliminating call and return overhead.
The DTSE software keeps information about the behavior of code. Code in a procedure behaves
differently depending on what code calls it. Hence, in some embodiments DTSE software keeps
separate tables of information about the code in a procedure for every different static call to this
procedure.

The intermediate stages of this code are not executable. When the analysis is done, DTSE
software will generate executable code. In this intermediate state, there is no duplication of the
code in a procedure for inlining. Procedure inlining assigns multiple names to the code of the
procedure and keeping separate information about each name.

In some embodiments this is recursive. If the outer procedure, A, calls procedure, B, from

3 different sites, and procedure B calls procedure C from 4 different sites, then there are 12
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different behaviors for procedure C. DTSE software will keep 12 different tables of information
about the code in procedure C, corresponding to the 12 different call paths to this code, and 12
different names for this code.

When DTSE software generates the executable code for this flow, it is likely that there will
be much less than 12 static copies of this code. Having multiple copies of the same bits of code
is not of interest and, in most cases, the call and return overhead is minor. However, in some
embodiments the DTSE software keeps separate behavior information for each call path to this
code. Examples of behavior information that DTSE keeps are instruction dependencies above
all, and load and store targets and branch probabilities.

In some embodiments, DTSE software will assume that, if there is a call instruction
statically in the original code, the return from the called procedure will always go to the
instruction following the call, unless this is observed to not happen in profiling. However, in
some embodiments it is checked that this is correct at execution. The code that DTSE software
generates will check this.

In some embodiments, in the final executable code that DTSE generates, for a Call
instruction in the original code, there may be an instruction the pushes the architectural return
address on the architectural stack for the program. Note that this cannot be done by a call
instruction in generated code because the generated code is at a totally different place and would
push the wrong value on the stack. This value pushed on the stack is of little use to the hot code.
The data space for the program will be always kept correct. If multiple threads are generated, it
makes no difference which thread does this. It should be done somewhere, sometime.

In some embodiments, DTSE software may chose to put a physical copy of the part of the
procedure that goes in a particular thread physically in line, if the procedure is very small.
Otherwise there will not be a physical copy here and there will be a control transfer instruction of

some sort, to go to the code. This will be described more under “code generation.”
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In some embodiments, in the final executable code that DTSE generates, for a return
instruction in the original code, there will be an instruction the pops the architectural return
address from the architectural stack for the program. The architectural (not hot code) return
target IP that DTSE software believed would be the target of this return will be known to the
code. In some cases this is an immediate constant in the hot code. In other cases this is stored in
DTSE Memory, possibly in a stack structure. This is not part of the data space of the program.
The value popped from the stack must be compared to the IP that DTSE software believed would
be the target of this return. If these values differ, the flow is exited. If multiple threads are
generated, it makes no difference which thread does this. It should be done somewhere,
sometime.

In some embodiments, the DTSE software puts a physical copy of the part of the procedure
that goes in a particular thread physically in line, if the procedure is very small. Otherwise there
will not be a physical copy here and there will be a control transfer instruction of some sort, to
go to the hot code return target in this thread. This will be described more under “code
generation.”

Back Edges

In some embodiments, the DTSE software will find a minimum back edge set for the flow.
A minimum back edge set is a set of edges from one Basic Block to another, such that if these
edges are cut, then there will be no closed loop paths. The set should be minimal in the sense that
if any edge is removed from the set, then there will be a closed loop path. In some embodiments
there is a property that if all of the back edges in the set are cut, the code is still fully connected.
It is possible to get from the root to every instruction in the entire collection of Basic Blocks.

Each procedure is done separately. Hence call edges and return edges are ignored for this.

Separately, a recursive call analysis may be performed in some embodiments. This is done
through the exploration of the nested call tree. Starting from the top, if there is a call to any

procedure on a path in the nested call tree that is already on that path, then there is a recursive
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call. A recursive call is a loop and a Back Edge is defined from that call. So separately, Call
edges can be marked “back edges.”

In some embodiments, the algorithm starts at the root and traces all paths from Basic Block
to Basic Block. The insides of a Basic Block are not material. Additionally, Back Edges that
have already been defined are not traversed. If, on any linear path from the root, P, a Basic Block
in encountered, S, that is already in P, then this edge ending at S, is defined to be a Back Edge.
Define Branch Reconvergent Points

In some embodiments, there are some branches that are not predicted because they are
taken to be monotonic. If this branch goes the wrong way in execution it is a branch miss
prediction. Not only that, but it leaves the flow. These branches are considered perfectly
monotonic (i.e., not conditional branches at all) for all purposes, in processing the code in a flow.

An indirect branch will have a list of known targets. Essentially, it is a multiple target
conditional branch. The DTSE software may code this as a sequential string of compare and
branch, or with a bounce table. In either coding, there is one more target: leave the flow. This is
essentially a monotonic branch at the end. If this goes the wrong way, we leave the flow. The
multi-way branch to known targets has a reconvergent point the same as a direct conditional
branch, and found the same way. And, of course, the not predicted, monotonic last resort branch,
is handled as not a branch at all.

Call and return are (as mentioned) special and are not “branches.” Return is a reconvergent
point. Any branch in a procedure P, that does not have a reconvergent point defined some other
way, has “return” as its reconvergent point. P may have return coded in many places. For the
purpose of being a reconvergent point, all coding instances of return are taken to be the same.
For any static instance of the procedure, all coded returns go to exactly the same place which is
unique to this static instance of the procedure.

Given all of this, a reconvergent point for all things branches should be able to be found.

In some embodiments, only the entry point to a Basic Block can be a reconvergent point.
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For a branch B, the reconvergent point R may be found, such that, over all control flow
paths from B to R, the total number of Back edge traversals is minimum. Given the set of
reconvergent points for branch B that all have the same number of back edges across all paths
from B to the reconvergent point, the reconvergent point with the fewest instructions on its
complete set of paths from B to the reconvergent point is typically preferred.

In some embodiments, two parameters are kept during the analysis: Back Edge Limit and
Branch Limit. Both are initialized to 0. In some embodiments, the process is to go though all
branches that do not yet have defined reconvergent points and perform one or more of the
following actions. For each such branch, B start at the branch, B, follow all control flow paths
forward. If any path leaves the flow, stop pursuing that path. If the number of distinct back edges
traversed exceeds Back Edge Limit this path is no longer pursued and back edge that would go
over the limit are not traversed. For each path, the set of Basic Blocks on that path is collected.
The intersection of all of these sets is found. If this intersection set is empty, then this search is
unsuccessful. From the intersection set, pick the member, R, of the set for which the total of all
instructions on all paths from B to R is minimum.

Now, how many “visible” back edges there are, total in all paths, from B to R is
determined. If that number is more than the Back Edge Limit, then R is rejected. The next
possible reconvergent point with a greater number of total instructions is then tested for the total
number of visible back edges. Finally, either reconvergent point satisfying Back Edge Limit is
found or there are no more possibilities. If one is found, then the total number of branches that
don’t yet have reconvergent points on all paths from B to R is determined. If that exceeds the
Branch Limit, reject R. Eventually an R that satisfies both the Back Edge Limit, and Branch
Limit will be found or there are no possibilities. A good R is the reconvergent point for B.

In some embodiments, once a reconvergent point for branch B has been found, for the rest
of the algorithm to find reconvergent points, any forward control flow traversal through B will

jump directly to its reconvergent point without seeing the details between the branch and its
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reconvergent point. Any backward control flow traversal through a reconvergent point will jump
directly to its matching branch without seeing the details between the branch and its
reconvergent point. In essence, the control flow is shrunk from a branch to its reconvergent point
down to a single point.

In some embodiments, if a reconvergent point was found, then the Back Edge Limit and
the Branch Limit are both to reset, and all the branches that do not yet have reconvergent points
are considered. If a reconvergent point was successfully found, then some things were made
invisible. Now reconvergent points for branches that were unsuccessful with before may be
found, even at lower values of Back Edge Limit and Branch Limit.

In some embodiments, if no reconvergent point was found the next branch B is tried. When
all branches that do not yet have reconvergent points have been tried unsuccessfully, then the
Branch Limit is incremented and the branches are tried again. In some embodiments, if no
potential reconvergent points were rejected because of Branch Limit, then reset the Branch Limit
to 0, increment the Back Edge Limit, and try again.

In general, there can be other branches, C, that do not yet have reconvergent points, on
control flow paths from branch, B, to its reconvergent point, R, because the Branch Limit set to
more than 0. For each such branch, C, C gets the same reconvergent point assigned to it that B
has, namely R. The set of branches, B, and all such branches, C, is defined to be a “Branch
Group.” This is a group of branches that all have the same reconvergent point. In some
embodiments, this is taken care of, before the whole thing, from the branches to the reconvergent
point is made “invisible.” If this is not taken care of as a group, then as soon as one of the
branches gets assigned a reconvergent point, all of the paths necessary to find the reconvergent
points for the other branches in the group become invisible, not to mention that those other
branches, for which there is not yet reconvergent points, become invisible.

In some embodiments, all branches have defined reconvergent points. The “number of

back edges in a linear path” means the number of different back edges. If the same back edge
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occurs multiple times in a linear path, that still counts as only one back edge. If Basic Block, E,
is the defined reconvergent point for branch, B, this does not make it ineligible to be the defined
reconvergent point for branch, D.

En Mass Unrolling

In some embodiments, en mass unrolling is performed. In en mass unrolling, a limited
amount of static duplication of the code is created to allow exposure of a particular form of
parallelism.

In these embodiments, the entire flow is duplicated N times for each branch nesting level.
A good value for N may be the number of tracks that are desired in the final code, although it is
possible that other numbers may have some advantage. This duplication provides the opportunity
to have the same code in multiple (possibly all) tracks, working on different iterations of a loop.
It does not make different iterations of any loop go into different tracks. Some loops will
separate by iterations and some will separate at a fine grain, instruction by instruction within the
loop. More commonly, a loop will separate in both fashions on an instruction by instruction
basis. What wants to happen, will happen. It just allows for separation by iteration.

As things stand at this point, there is only one static copy of a loop body. If there is only
one static copy, it cannot be in multiple tracks without dynamic duplication, which may be
counterproductive. To allow this code to be in multiple tracks, to be used on different control
flow paths (different iterations), there should be multiple static copies.

Nesting

A branch group with at least one visible back edge in the paths from a branch in the group
to the group defined reconvergent point is defined to be a “loop.” What is “visible” or not
“visible” to a particular branch group was defined in reconvergent point analysis. In addition,
any back edge that is not on a path from any visible branch to its reconvergent point is also

defined to be a “loop”.
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A loop defined to be only a back edge, is defined to have the path from the beginning of its

back edge, via the back edge, back to the beginning of its back edge as its “path from its
branches to their reconvergent point.”

Given different loops, A and B, B is nested in A if all branches in B’s group are on a path
from branches in A to the defined reconvergent point for A. A loop defined as a back edge that is
not on a path from a branch to its reconvergent point is defined to not be nested inside any other
loop, but other loops can be nested inside it, and usually are.

A loop defined to be only a back edge is associated with this back edge. Other loops are
associated with the visible back edges in the paths from branches of the loop to the loop
reconvergent point. What is “visible” or not “visible” to a particular branch group was defined in
reconvergent point analysis.

One or more of the following theorems and lemmas may be applied to embodiments of
nesting.

Theorem 1: If B is nested in A then A is not nested in B.

Suppose B is nested in A. Then there are branches in B, and all branches in B are on paths
from A to its reconvergent point. If A does not contain branches, then by definition, A cannot be
nested in B. If a branch, X, in A is on a path from a branch in B to its reconvergent point, then
either X is part of B, or it is invisible to B. If X is part of B, then all of A is part of B and the
loops A and B are not different. So X must be invisible to B. This means that A must have had
its reconvergent point defined before B did, so that A’s branches were invisible to B. Hence B is
not invisible to A. All of the branches in B are on paths from A to its reconvergent point and
visible. This makes B part of A, so A and B are not different. X cannot be as assumed.

Lemma 1: If branch B2 is on the path from branch B1 to its reconvergent point, then
the entire path from B2 to its reconvergent point is also on the path from B1 to its reconvergent

point.
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The path from B1 to its reconvergent point, R1, leads to B2. Hence it follows all paths

from B2. If B1 has reconverged, then B2 has reconverged. If we have not yet reached the
“reconvergent point” specified for B2, then R1 is a better point. The reconvergent point
algorithm will find the best point, so it must have found R1.

Theorem 2: If one branch of loop B is on a path from a branch in loop A to its
reconvergent point, then B is nested in A.

Let X be a branch in B that is on a path from a branch in A to A’s reconvergent point, RA.
By Lemma 1, the path from X to its reconvergent point, RB is on the path from A to RA. Loop B
is the collection of all branches on the path from X to RB. They are all on the path from A to
RA.

Theorem 3: If B is nested in A and C is nested in B, then C is nested in A.

Let X be a branch in C with reconvergent point RC. Then X is on the path from branch Y
in B to B’s reconvergent point, RB. By Lemma 1, the path from X to RC is on the path from Y to
RB. Branch Y in B is on the path from branch Z in A to A’s reconvergent point, RA. By Lemma
1, the path from Y to RB is on the path from Z to RA.

Hence the path from X to RC is on the path from Z to RA. So surely X is on the path from
Z to RA. This is true for all X in C. So C is nested in A.

Theorem 4: A back edge is “associated with” one and only 1 Loop.

A back edge that is not on a path from a visible branch to its reconvergent point is itself a
loop. If the back edge is on a path from a visible branch to its reconvergent point, then the branch
group that this branch belongs to has at least one back edge, and is therefore a loop.

Suppose there is back edge, E, associated with loop, L. Let M be a distinct loop. If L or M
are loops with no branches, i.e. they are just a single back edge, then the theorem is true. So
assume both L. and M have branches. Reconvergent points are defined sequentially. If M’s

reconvergent point was defined first, and E was on the path from M to its reconvergent point,
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then E would have been hidden. It would not be visible later to L. If L’s reconvergent point was
defined first, then E would be hidden and not visible later to M.

NON Theorem 5: It is not true that all code that is executed more than once in a flow is in
some loop.

An example of code in a flow that is not in any loop, but is executed multiple times, is two
basic blocks ending in a branch. One arm of the branch targets the first basic block and the other
arm of the branch targets the second basic block. The reconvergent point of the branch is the
entry point to the second basic block. Code in the first basic block is in the loop but code in the
second basic block is not in the loop, that is, it is not on any path from the loop branch to its
reconvergent point.

An “Inverted Back Edge” is a Back Edge associated with a loop branch group such that
going forward from this back edge the reconvergent point of the loop branch group is hit before
any branch in this loop branch group (and possibly never hit any branch in this loop branch
group). A Back Edge is “associated with” a loop branch group if it is visible to that loop branch
group and is on a path from a branch in that loop branch group to the reconvergent point of that
loop branch group.

Note that in a classical loop with a loop branch that exits the loop, the path though the back
edge hits the loop branch first and then its reconvergent point. If the back edge is an Inverted
Back Edge, the path through this back edge hits the reconvergent point first and then the loop
branch.

Theorem 6: If there is an instruction that is executed more than once in a flow that is not in
any loop, then this flow contains an Inverted Back Edge.

Let I be an instruction that gets executed more than once in a flow. Assume 1 is not in any
loop. Assume there is no Inverted Back Edge in the flow.

There must be some path, P, in the flow from I back to I. There is at least one back edge, E,

in that path.
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Suppose that there is a Branch B that is part of a loop associated with E. This means that B

is part of a branch group. E is visible to that branch group and E is on the path from a branch in
that group to its reconvergent point.

Going forward from E is on P unless there is another branch. If there is another branch, C,
then C is on the path from B to the reconvergent point of B, hence C is in this same branch
group. C is in P. Hence there is a loop branch of this loop in P. If there is no C, then P is being
followed and will get to I. If Iis reached before the reconvergent point of B, then I is in the loop,
contrary to assumptions. So the reconvergent point of B should be reached before reach I. And
that is before reaching any branch. So the path from the back edge hits the reconvergent point
before it hits another loop branch.

On the other hand, assume there is loop branch, C, that is in P. If the reconvergent point is
not in P, then all of P is in the loop, in particular I. So the reconvergent point is also in P. So C,
E, and the reconvergent point, R, are all on path P. The sequence must go E then C then R,
because any other sequence would give us an inverted back edge. If there is more than one
branch on P, such as a branch, X, that could go anywhere on P. But at least one loop branch must
be between E and R. C is that loop branch.

C has another arm. There should be a path from the other arm of C to R. If all paths from C
go to R before E, then E is not on any path from C to R. Hence, the whole structure from C to R
would not be visible to B and C could not be a loop branch for this loop. Hence some path from
C must go through E before R. But this is not possible. This path must join P somewhere before
the edge E. Where ever that is, that will be the reconvergent point, R. The conclusion is that the
only possible sequence on P, from other points of view, E then C then R, is, in fact, not possible.

In some embodiments, with one or more of the above theorems, loops may be assigned a
unique nesting level. Loops that have no other loops nested inside of them get a nesting level 0.
The loops containing them are nesting level 1. There is a loop with the highest nesting level. This

defines the nesting level for the flow. Notice that loop nesting is within a procedure only. It starts
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over from 0 in each procedure. This fits in, because of the procedure inlining. The nesting level
of the flow is the maximum nesting level across all procedures in the flow.

Since each back edge belongs to one and only one loop, the nesting level of a back edge
may be defined to be the nesting level of the loop that it belongs to.

In some embodiments, the DTSE software will duplicate the entire flow, as a unit, NY
times, where U is the loop nesting level of the flow. N is the number of ways that each loop
nesting level is unrolled.

In some embodiments, since this is N' exact copies of the very same code, there is no
reason for software to actually duplicate the code. The bits would be exactly the same. The code
is conceptually duplicated NU times.

The static copies of the flow can be named by a number with U digits. In an embodiment,
the digits are base N. The lowest order digit is associated with nesting level 0. The next digit is
associated with nesting level 1. Each digit corresponds to a nesting level.

In some embodiments, for each digit, D, in the unroll copy name, the DTSE software
makes every back edge with nesting level associated with D, in all copies with value 0 for D, go
to the same IP in the copy with value 1 for D, but all other digits the same. It makes every back
edge with nesting level associated with D, in all copies with value 1 for D, go to the same IP in
the copy with value 2 for D, but all other digits the same. And so forth up to copy N-1. software
makes every back edge with nesting level associated with D, in all copies with value N-1 for D,
go to the same IP in the copy with value O for D, but all other digits the same.

The embodiment of this is the current unroll static copy number and an algorithm for how
that changes when traversing the flow. This algorithm is, if back edge of level L is traversed in
the forward direction, then the Lth digit modulo N is incremented. If a back edge of Level L is
traversed in the backward direction, then decrement the Lth digit modulo N. That is what the

previous complex paragraph says. In some embodiments, the DTSE software does not have
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pointers or anything to represent this. It just has this simple current static copy number and
counting algorithm.

Hence, in some embodiments, the DTSE software has unrolled all loops by the factor N. It
does it en mass, all at once, without really understanding any of the loops or looking at them
individually. All it really knew was the nesting level of each back edge, and the maximum of
these, the nesting level of the flow.

In these embodiment, since no target IP changed, there was no change to any bit in the
code. What did change is that each static instance of the instruction at the same IP can have
different dependencies. Each static instance is dependent on different other instructions and
different other instructions are dependent on it. For each instruction, defined by its IP, the ability
to record its dependencies separately for each of its static instances is desired. When traversing
any control path, an unroll copy counter will change state appropriately to always tell what
unroll copy of the instructions being looked at right now.

Branch Reconvergent Points

In some embodiments, if, in control flow graph traversal, a branch, B, is hit that is a
member of a loop, L, then an identifier of the branch group that B belongs to is pushed on a
stack. If, in control flow graph traversal, a branch whose branch group is already on the top of
stack is hit then nothing is done. If the reconvergent point is hit for the branch that is on the top
of stack (defined before unrolling), X, in control flow graph traversal, then go to version 0O of this
unroll nesting level, and pop the stack. This says that version 0 of X will be the actual
reconvergent point for the unrolled loop.

In some embodiments, there is an exception. If the last back edge for L that was traversed
is an inverted back edge and the reconvergent point for L (defined before unrolling) is hit, X, and
L is on the top of stack, the stack is popped, but same unroll version should be maintained rather
than going to version 0. In this case version O of this unroll nesting level of X, is defined to be

the reconvergent point for L.
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On exiting a loop, L, always go to version O of the nesting level of L (except when L has
an inverted back edge).

The above describes embodiments of how to follow the control flow graph forward. As it
turns out in some embodiments, there may be more needed to follow the control flow graph
backwards than forwards. In some embodiments, that is the same with nested procedures.

Going backwards the reconvergent point for L is hit first. The complication is that this
could be the reconvergent point for multiple loops and also for branch groups that are not loops.
The question is which structure is being backed into? There can indeed be many paths coming to
this point. If backing into a loop it should be at a nesting level 1 below the current point. There
could still be many loops at this nesting level, and non loop branch groups. A pick of which path
being followed may be made. If a loop, L, is picked that is being backed into, there are N paths
to follow into the N unroll copies. In some embodiments, one of those is picked. Now the static
copy of the code being backed into is known. What may be looked for is a branch in the
corresponding branch group. That information is pushed on the stack.

In some embodiments, if not in unroll copy 0 of the current nesting level, then back into a
back edge for this loop. So, when the last opportunity to take a back edge is reached the path is
known. Up until then, there are all possibilities. If in unroll copy 0 of the current nesting level,
then the additional choice of not taking any back edge, and backing up out of the loop may be
made in some embodiments. If the loop is backed out of, pop the stack.

In some embodiments, every time a back edge of this loop is taken decrement the copy
number at this nesting level modulo N.

A loop is typically entered at static copy O of its nesting level, and it always exits to static
copy O of its nesting level.

Remember, these are operations inside the software that is analyzing this code; not
executing this code. In most embodiments, execution has no such stack. The code will be

generated to just all go to the right places. For the software to generate the code to go to all the
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right places, it has to know itself how to traverse the flow. Figures 8-11 illustrate examples of
some of these operations. Figure 8§ shows an example with three Basic Blocks with two back
edges. This forms two levels of nested simple loops. The entrance to C is the reconvergent point
for the branch in B. The target of the exit from C is the reconvergent point for the branch in C.
Figure 9 shows that the entire flow has been duplicated. A part of which is shown here. There are
now 4 copies of our nested loops, copy 00, copy 01, copy 10 and copy 11. The entrance to Cx is
the reconvergent point for the branch in Bx. The target of the exit from Cx is the reconvergent
point for the branch in Cx. These are different for each x. Figure 10 shows the back edges and
edges to the reconvergent points have been modified using one or more of the operations
discussed above. The entry to C0O0 is now the reconvergent point for the loop BOO-BO1. The
entry point to C10 is now the reconvergent point for the loop B10-B11. The outer loop, static
copies 00 and 10 both go to the common reconvergent point. There is a common reconvergent
point that is the target of CO1 and C11 too. This is of less interest since CO1 and C11 are dead
code. There is no way to reach this code. In fact, the exit from this piece of code is always in
static copy 00 coming from C00 or C10. In Figure 11 the dead code and dead paths have been
removed to show more clearly how it works. Notice that there is only one live entry to this code
which is in static copy 00 and only one live exit from this code which is in static copy 00. In
some embodiments, the DTSE software will not specifically “remove” any code. There is only
one copy of the code. There is nothing to remove. The software does understand that Basic
Blocks A and C require dependency information under only two names: 00 and 10, not under 4
names. Basic Block B requires dependency information under four names.

A larger number for N increases the amount of work to prepare the code but it may also
potentially increase the parallelism with less dynamic duplication. In some embodiments, the
DTSE software may increase N to do a better job, or decrease N to produce code with less work.

In general, an N that matches the final number of Tracks will give most of the parallelism with a
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reasonable amount of work. In general, a larger N than this will give a little better result with a
lot more work.

Loop unrolling provides the possibility of instruction, I, being executed in one Track for
some iterations, while a different static version of the same instruction, I, for a different iteration
is simultaneously executed in a different Track. “Instruction” is emphasized here, because Track
separation is done on an instruction by instruction basis. Instruction I may be handled this way
while instruction, J, right next to I in this loop may be handled completely differently. Instruction
J may be executed for all iterations in Track 0, while instruction, K, right next to I and J in this
loop may be executed for all iterations in Track 1.

Loop unrolling, allowing instructions from different iterations of the same loop to be
executed in different Tracks, is a useful tool. It uncovers significant parallelism in many codes.
On the other hand loop unrolling uncovers no parallelism at all in many codes. This is only one
of the tools that DTSE may use.

Again, for analysis within DTSE software, there is typically no reason to duplicate any
code for unrolling as the bits would be identical. Unrolling produces multiple names for the
code. Each name has its own tables for properties. Each name can have different behavior. This
may uncover parallelism. Even the executable code that will be generated later, will not have a
lot of copies, even though, during analysis, there are many names for this code.

Linear Static Duplication

In some embodiments, the entire flow has already be duplicated a number of times for En
Mass Unrolling. On top of that, in some embodiments, the entire flow is duplicated more times,
as needed. The copies are named SO, S1, S2, ....

Each branch, B, in the flow gets duplicated in each static copy S0, S1, S2, .... Each of the
copies of B is an instance of the generic branch, B. Similarly, B had a reconvergent point which
has now been duplicated in SO, S1, S2, ... All of the copies are instances of the generic

reconvergent point of the generic branch, B. Duplicated back edges are all marked as back edges.
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In some embodiments, no code is duplicated. In those embodiments, everything in the code
gets yet another level of multiple names. Every name gets a place to store information.

In some embodiments, all edges in all “S” copies of the flow get their targets changed to
the correct generic Basic Block, but not assigned to a specific “S” copy. All back edges get their
targets changed to specifically the SO copy.

In some embodiments, the copies of the flow S0, S1, S2, ... are gone through one by one in
numerical order. For Sk, every edge, E, with origin in flow copy Sk, that is not a back edge,
assign the specific copy for its target to be the lowest “S” number copy such that it will not share
a target with any other edge.

Finally, there will be no edge, that is not a back edge, that shares a target basic block with
any other edge. Back edges will, of course, frequently share a target Basic Block with other,
perhaps many other, back edges.

As in the case of en mass unrolling, in some embodiments the target “S” instance of edges
that exit the loop are modified by going to the loop reconvergent point, as follows.

In some embodiments, if, in control flow graph traversal, a branch, B, is hit that is a
member of a loop, L, an identifier of the branch group that B belongs to is pushed and the current
“S” instance number on a stack. In some embodiments, if, in control flow graph traversal, a
branch whose branch group is already on the top of stack is hit nothing is done. In some
embodiments, if an instance of the generic reconvergent point for the loop that is on the top of
stack is hit, in control flow graph traversal, then I pop the stack and actually go to the “S”
instance number popped from the stack.

This says that in a loop, each iteration of the loop starts in “S” instance number 0, but on
exiting this loop, go to the “S” instance in which this loop was entered.

Notice that the same stack can be used that is used with en mass unrolling. If the same

stack is used, a field is added to each stack element for the “S” instance.

57



10

15

20

25

WO 2012/087561 PCT/US2011/063466

Again, these are operations inside the software that is analyzing this code; not executing
code. Execution has no such stack. The code will be generated to just all go to the right places.
For the software to generate the code to go to all the right places, it has to know itself how to
traverse the flow.

There will be a first flow copy Sx, that is unreachable from copy SO. This and all higher
numbered copies are not needed. Besides this, each surviving static copy, S1, S2, ... typically
has a lot of dead code that is unreachable from SO. Stuff that is unreachable from here will not
generate emitted executable code.

Dependency Analysis

Multiple Result Instructions

It was already discussed that in some embodiments that the original call instruction may
have been replaced with a push and original returns may have been replaced with a pop and
compare.

In general, multiple result instructions are not desired in the analysis. In some
embodiments, these will be split into multiple instructions. In many, but for sure, not all, cases
these or similar instructions may be reconstituted at code generation.

Push and pop are obvious examples. Push is a store and a decrement stack pointer. Pop is a
load and an increment stack pointer. Frequently it will be desired to separate the stack pointer
modification and the memory operation. There are many other instructions that have multiple
results that could be separated. In some embodiments, these instructions are separated.

The common reason to separate these is that, very probably, all threads will need to track
stack pointer changes, but it should not be necessary to duplicate the computation of data that is
pushed in every thread.

Invariant Values

Hardware Support and Mechanism
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In some embodiments, the DTSE hardware has a number of “Assert Registers” available to
the software. Each “Assert Register” can at least hold two values: an Actual Value, and an
Asserted Value, and there is a valid bit with each value. In some embodiments, the Assert
Registers are a global resource to all Cores and hardware SMT threads.

In some embodiments, the DTSE software can write either the Actual Value part or the
Asserted Value part of any Assert Register any time, from any hardware SMT thread in any core

In some embodiments, in order to Globally Commit a write to the Asserted Value of a
given Assert Register, the Actual Value part of the target Assert Register must be valid and both
values must match. If the Actual Value is not valid or the values do not match, then the hardware
will cause a dirty flow exit, and state will be restored to the last Globally Committed state.

An assert register provides the ability for code running on one logical processor, A, in one
core to use a value that was not actually computed by this logical processor or core. That value
must be computed, logically earlier, but not necessarily physically earlier, in some logical
processor, B, in some core, and written to the Actual Value part of an Assert register. Code
running in A can assume any value and write it to the Asserted Value of the same Assert
Register. Code following the write of the asserted Value knows for certain, that the value written
to the Asserted Value exactly matches the value written to the Actual value at the logical position
of the write to the Asserted Value, no matter where this code happens to get placed.

This is useful when the DTSE software has a high probability, but not a certainty, of
knowing a value without doing all the computations of that value, and this value is used for
multiple things. It provides the possibility of using this value in multiple logical processors in
multiple cores but correctly computing it in only one logical processor in one core. In the event
that the DTSE software is correct about the value, there is essentially no cost to the assert
operation. If the DTSE software was not correct about the value, then there is no correctness
issue, but there may be a large performance cost for the resulting flow exit.

Stack Pointers
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The stack pointer and the base pointer are typically frequently used. It is unlikely that

much useful code is executed without using the values in the stack pointer and base pointer.
Hence, typically, code in every DTSE thread will use most of the values of these registers. It is
also typical that the actual value of, for example, the stack pointer, depends on a long
dependency chain of changes to the stack pointer. In some embodiments, the DTSE software
can break this long dependency chain by inserting a write to the Actual Value part of an assert
Register, followed by the write of an assumed value to the Asserted Value of that assert Register.
There is then a value that is not directly dependent either on the write of the Actual Value, or
anything preceding that.

For Procedure call and return in the original code, DTSE software will normally assume
that the value of the stack pointer and the base pointer just after the return is the same as it was
just before the call.

Just before the call (original instruction) a dummy instruction may be inserted in some
embodiments. This is an instruction that will generate no code, but has tables like an instruction.
The dummy is marked as a consumer of Stack Pointer and Base Pointer.

After the return from the procedure, instructions are inserted to copy Stack Pointer and
Base pointer to the Actual Value part of 2 Assert Registers. These inserted instructions are
marked as consumers of these values.

Just after this, in some embodiments instructions are inserted to copy of the Stack Pointer
and Base Pointer to the Asserted Value part of these Assert Registers. These inserted instructions
are marked as not consuming these values, but producing these values. These instructions are
marked as directly dependent on the dummy.

Similarly, for many loops that are not obviously doing unbalanced stack changes, it is
assumed the value of the Stack Pointer and Base Pointer will be the same at the beginning of
each iteration. A dummy that is a consumer, in some embodiments, is inserted at initial entrance

to the loop. Copies to the Actual Value are inserted and identified as consumers, followed by
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copies to the Asserted Value, identified as producers. The copies to the asserted value are made
directly dependent on the dummy.

Many other uses can be made of this. Notice that to use an assert, it is not necessary that a
value be invariant. It is only necessary that a many step evaluation can be replaced by a much
shorter evaluation that is probably correct.

Assert compare failures are reported by the hardware. If an assert is observed to fail in
some embodiments the DTSE software will remove the offending assert register use and
reprocess the code without the failing asserts.

Notice that it is quite possible to generate erroneous code even with this. A thread could
wind up with some but not all changes to the stack pointer in a procedure. It can therefore be
assuming the wrong value for the stack pointer at the end of the procedure. This is not a
correctness problem. The Assert will catch it, but the assert will always or frequently fail. If a
thread is not going to have all of the stack pointer changes of the procedure, then we want it to
have none of them. This was not directly enforced.

The thread that has the write to the Actual Value, will have all of the changes to the stack
pointer. This is not a common problem. In some embodiments, if there are assert failures
reported in execution, remove the assert.

In some embodiments, DTSE software can specifically check for some but not all changes
to an assumed invariant in a thread. If this problematic situation is detected, then remove the
assert. Alternatively the values could be saved at the position of the dummy and reloaded at the
position of the writing of the Asserted value.

Control Dependencies

In some embodiments, each profile is used to trace a linear path through the fully
duplicated code. The profile defines the generic target of each branch or jump and the available
paths in the fully duplicated code define the specific instance that is the target. Hence this trace

will be going through specific instances of the instructions. The profile is a linear list but it winds
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its way through the fully duplicated static code. In general it will hit the same instruction
instances many times. Separately for each static instance of each branch, record how many times
each of its outgoing edges was taken.

If an edge from an instance of a branch has not been seen to be taken in any profile, then
this edge is leaving the flow. This could render some code unreachable. A monotonic instance of
a branch is marked as an “Execute Only” branch. Many of these were identified previously. The
generic branch could be monotonic. In this case, all instances of this generic branch are “Execute
Only” branches. Now, even if the generic branch is not monotonic, certain static instances of this
branch could be monotonic. These instances are also “Execute Only” branches.

No other instruction instances are ever dependent on an “Execute Only Branch.” Specific
branch instances are or are not “Execute Only.”

In some embodiments, for each non Execute Only instance of the generic branch, B, trace
forward on all paths, stopping at any instance of the generic reconvergent point of B. All
instruction instances on this path are marked to have a direct dependence on this instance of B.
In some embodiments, this is done for all generic branches, B.

There could be a branch that has “leaving the flow” as an outgoing edge, but have more
than one other edge. This is typical for an indirect branch. Profiling has identified some of the
possible targets of the indirect branch, but typically it is assumed there are targets that were not
identified. If the indirect branch goes to a target not identified in profiling, this is “leaving the
flow”.

In these cases, DTSE software breaks this into a branch to the known targets and a two
way branch that is “Leaving the flow” or not. The “Leaving the flow” or not branch is a typical
monotonic “Execute Only” branch.

Direct Dependencies
In some embodiments, the Direct Control Dependencies of each instruction instance have

already been recorded.
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For each instruction instance, its “register” inputs are identified. This includes all register
values needed to execute the instruction. This may include status registers, condition codes, and
implicit register values.

In some embodiments, a trace back from each instruction instance on all possible paths to
find all possible sources of the required “register” values is made. A source is a specific
instruction instance, not a generic instruction. Specific instruction instances get values from
specific instruction instances. There can be multiple sources for a single required value to an
instruction instance.

A Profile is a linear sequence of branch targets and load addresses and sizes and store
addresses and sizes. DTSE software should have at least one profile to do dependency analysis.
Several profiles may be available.

In some embodiments, each profile is used to trace a linear path through the fully
duplicated code. The profile defines the generic target of each branch or jump and the available
paths in the fully duplicated code define the specific instance that is the target. Hence this trace
will be going through specific instances of the instructions. The profile is a linear list but it winds
its way through the fully duplicated static code. In general it will hit the same instruction
instances many times.

A load is frequently loading several bytes from memory. In principle, each byte is a
separate dependency problem. In practice, this can, of course, be optimized. In some
embodiments, for each byte of each load, look back in reverse order from the load in the profile
to find the last previous store to this byte. The same instance of the load instruction and the exact
instance of the store exist. In some embodiments, this store instance is recorded as a direct
dependency in this load instance. A load instance may directly depend on many store instances,
even for the same byte.

Super Chains
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Each instruction instance that no other instruction instance is directly dependent on is the
“generator of a Super Chain.”

A Super Chain is the transitive closure, under dependency, of the set of static instruction
instances that contains one Super Chain generator. That is, start the Super Chain as the set

5 containing the Super Chain Generator. In some embodiments, any instruction instance in the
Super Chain is dependent on is any instruction instance is added to the set. In some
embodiments, this is continued recursively until the Super Chain contains every instruction
instance that any instruction instance in the Super Chain depends on.

After all Super Chains have been formed from identified Super Chain generators, there

10 may remain some instruction instances that are not in any Super Chain. In some embodiments,
any instruction instance that is not in any Super Chain is picked and designated to be a Super
Chain generator and its Super Chain formed. If there still remain instruction instances that are
not in any Super Chain, pick any such instruction instance as a Super Chain generator. This is
continued until every instruction instance is in at least one Super Chain.

15 Note that many instruction instances will be in multiple, even many, Super Chains.

In some embodiments, the set of Super Chains is the end product of Dependency Analysis.
Track Formation
Basic Track Separation

In some embodiments, if N Tracks are desired, N Tracks are separated at the same time.

20  Initial Seed Generation

In some embodiments, the longest Super Chain is found (this is the “backbone”).

For each Track, in some embodiments the Super Chain that has the most instructions that
are not in the “backbone” and not in any other Tracks is found. This is the initial seed for this
Track.

25 In some embodiments, iteration one or two times around the set of Tracks is made. For

each Track, in some embodiments the Super Chain that has the most instructions that are not in
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any other Tracks is found. This is the next iteration seed for this Track, and replaces the seed that
we had before. For this refinement, it may (or may not) be a good idea to allow the “backbone”
to become a seed, if it really appears to be the most distinctive choice.

Typically, this is only the beginning of “seeding” the Tracks, not the end of it.

Track Growing

In some embodiments, the Track, T, is picked which estimated to be the shortest
dynamically. A Super Chain is then placed in this Track.

In some embodiments, the Super Chains will be reviewed in order by the estimated number
of dynamic instructions that are not yet in any Track, from smallest to largest.

In some embodiments, for each Super Chain, if it will cause half or less of the duplication
to put it in Track T, compared to putting it in any other Track, then it is so placed, and the
beginning of Track Growing is gone back to. Otherwise skip this Super Chain and try the next
Super Chain.

If the end of the list of Super Chains without placing one in Track T has been reached, then
Track T needs a new seed.

New Seed

In some embodiments, all “grown” Super Chains are removed from all Tracks other than
T, leaving all “seeds” in these Tracks. Track T retains its “grown” Super Chains, temporarily.

In some embodiments, from the current pool of unplaced Super Chains, the Super Chain
that has the largest number (estimated dynamic) of instructions that are not in any Track other
than T is found. This Super Chain is an additional seed in Track T.

Then all “grown” Super Chains are removed from Track T. “Grown” Super Chains have
already been removed from all other Tracks. All Tracks now contain only their seeds. There can
be multiple, even many, seeds in each Track.

From here track growing may be performed.
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Getting good seeds helps with quality Track separation. The longest Super Chain is likely

to be one that has the full set of “backbone” instructions that will very likely wind up in all
Tracks. It is very likely not defining a distinctive set of instructions. Hence this is not initially
chosen to be a seed.

In some embodiments, instead, the Super Chain with as many instructions different from
the “backbone” as possible is looked for. This has a better chance of being distinctive. Each
successive Track gets a seed that is as different as possible from the “backbone” to also have the
best chance of being distinctive, and as different as possible from existing Tracks.

In some embodiments, this is iterated again. If there is something for each of the Tracks, an
attempt to make each Track more distinctive is made if possible. The choice of a seed in each
Track is reconsidered to be as different as possible from the other Tracks.

From here on, there may be a two prong approach.

“Growing” is intended to be very incremental. It adds just a little bit more to what is
already there in the Track and only if it is quite clear that it really belongs in this Track.
“Growing” does not make big leaps.

In some embodiments, when obvious, incremental growing comes to a stop, then leap to a
new center of activity is made. To do this, the collection of seeds in the Track is added to.

Big leaps are done by adding a seed. Growing fills in what clearly goes with the seeds.
Some flows will have very good continuity. Incremental growing from initial seeds may work
quite well. Some flows will have phases. Each phase has a seed. Then the Tracks will
incrementally fill in very well.

In some embodiments, to find a new seed for Track T, all of the other Tracks except for
their seeds are emptied. What is there could have an undesirable bias on the new seed. We want
to keep everything we have in Track T, however. This is stuff that is already naturally associated

with T. What we want is to find something different to go into T. It will not help us to make

66



10

15

20

25

WO 2012/087561 PCT/US2011/063466

something we are going to get anyway be a seed. We need something that we would not have
gotten by growing to add as a seed.

When going back to growing, in some embodiments the process is started clean. The
growing can take a substantially different course with a difference in the seeds and those seeds
may be optimizable.

In some embodiments, growing is performed for a while as just a mechanism for finding
what is needed for seeds. In the case where the flow has different phases, seeds in all of the
different phases may be needed. But the phases are not known or how many seeds are needed. In
an embodiment, this is how this is found out. Since the “trial” growing was just a way to
discover what seeds are need it is just thrown way. When there is a full set of needed seeds, then
a high quality “grow” is made to fill in what goes in each Track.

Raw Track Code

In some embodiments, for each Track, the fully duplicated flow is the starting point. From
here, every instruction instance from the code for this Track, that is not in any Super Chain
assigned to this Track is deleted. This is the Raw code for this Track.

Once the Raw code for the Tracks is defined, there is no further use for the Super Chains.
Super Chains exist only to determine what instruction instances can be deleted from the code for
each Track.

At this point, all Tracks contain all fully duplicated Basic Blocks. In reality, there is only
the generic Basic Block and it has many names. For each of its names it has a different subset of
its instructions. For each name it has outgoing edges that go to different names of other generic
Basic Blocks. Some outgoing edges are back edges. In general, many Basic Blocks, under some,
or even all, of its names, will contain no instructions.

Each name for a Basic Block has its own outgoing edges. Even empty Basic Block
instances have outgoing edges. The branches and jumps that may or may not be in a certain

name of a Basic Block do not correctly support the outgoing edges of that name for that Basic
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Block. There are instances (names) of Basic Blocks that contain no jump or branch instructions,
yet there are out going edges for this instance of this Basic Block. The branches and jumps that
are present still have original code target IP’s. This is yet to be fixed. The target IPs will have to
be changed to support the outgoing edges, but this is not done yet. And for many instances of
Basic Blocks, even a control transfer instruction (jump) will have to be inserted at the end to
support the outgoing edges.

All of the Tracks have exactly the same control flow structure and exactly the same Basic
Block instances, at this point. They are all the same thing, just with different instruction deletions
for each Track. However, the deletions for a Track can be large, evacuating all instructions from
entire structures. For example all instructions in a loop may have entirely disappeared from a
Track.

Span Markers

The span marker instruction is a special instruction, in some embodiments a store to a
DTSE register, that also indicates what other Tracks also have this span marker in the same place
in the code. This will be filled in later. It will not be known until executable code is generated.

In some embodiments, any back edge, that is not an inverted back edge, that targets unroll
copy 0 of its level of the unroll copy number digit gets a Span Marker inserted on the back edge.
This is a new Basic Block that contains only the Span Marker. The back edge is changed to
actually target this new Basic Block. This new Basic Block has only one, unconditional out
going edge that goes to the previous target of the back edge.

In some embodiments, all targets of edges from these Span Markers get Span Markers
inserted just before the join. This new Span Marker is not on the path from the Span Marker that
is on the back edge. It is on all other paths going into this join. This Span Marker is also a new
Basic Block that contains only the Span Marker and has only 1 unconditional out going edge that

goes to the join.
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In some embodiments, for every branch that has an inverted back edge, the reconvergent
point for this branch gets a Span Marker added as the first instruction in the Basic Block.

All Span Markers will match across all of the Tracks because all Tracks have the same
Basic Blocks and same edges. In executable code generation, some Span Markers will disappear
from some Tracks. It may be necessary to keep track of which Span Markers match across
Tracks, so this will be known when some of them disappear.

Executable Code Generation

Executable code that is generated does not have the static copy names or the information
tables of the representation used inside the DSTE software. In some embodiments, it is normal
X86 instructions to be executed sequentially, in address order, unless a branch or jump to a
different address is executed.

This code is a “pool.” It does not belong to any particular Track, or anything else. If a part
of the code has the correct instruction sequence, any Track can use it anywhere in the Track.
There is no need to generate another copy of the same code again, if the required code already
exists, in the “pool.”

There is, of course, the issue that once execution begins in some code, that code itself
determines all future code that will be executed. Suppose there is some code, C, that matches the
required instruction sequence for two different uses, Ul and U2, but after completing execution
of C, Ul needs to execute instruction sequence X, while U2 needs to execute instruction
sequence Y, and X and Y are not the same. This is potentially a problem.

For DTSE code generation, there are at least two solutions to this problem.

In some embodiments, the first solution is that the way the static copies of the code were
generated in the DTSE software, makes it frequently (but not always) the case that different uses,
such as U1l and U2 that require the same code sequence, such as C, for a while, will, in fact, want

the same code sequences forever after this.
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In some embodiments, the second solution is that a section of code, such as C, that matches
multiple uses, such as Ul and U2, can be made a DTSE subroutine. U1 and U2 use the same
code, C, within the subroutine, but U1 and U2 can be different after return from this subroutine.
Again, the way the code analysis software created static copies of the code makes it usually
obvious and easy to form such subroutines. These subroutines are not known to the original
program.

Building Blocks

The code has been structured to naturally fall into hammocks. A hammock is the natural
candidate to become a DTSE Subroutine.

DTSE subroutines are not procedures known to the original program. Note that return
addresses for DTSE subroutines are not normally put on the architectural stack. Besides it not
being correct for the program, all executing cores will share the same architectural stack, yet, in
general they are executing different versions of the hammocks and need different return
addresses.

It may be desirable to use Call and Return instructions to go to and return from DTSE
subroutines because the hardware has special structures to branch predict returns very accurately.
In some embodiments, the stack pointer is changed to point to a DTSE private stack before Call
and changed back to the program stack pointer before executing code. It is then be changed back
to the private stack pointer to return. The private stack pointer value has to be saved in a location
that is uniformly addressed but different for each logical processor. For example the general
registers are such storage. But they are used for executing the program. DTSE hardware can
provide registers that are addressed uniformly but access logical processor specific storage.

As was noted, it is frequently unnecessary to make a subroutine because the uses that will
share a code sequence will, in fact, execute the same code from this point forever. A sharable
code sequence will not be made a subroutine if its users agree on the code from this point

“forever.”
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If all uses for a version of a hammock go to the same code after the hammock, there is
typically no need to return at this point. The common code can be extended for as long as it is the
same for all users. The return is needed when the users no longer agree on the code to execute.

A hammock will be made a subroutine only if it is expected to execute long enough to
reasonably amortize the cost of the call and return. If that is not true then it is not made a
subroutine.

Inlined Procedures

Procedures were “inlined,” generating “copies” of them. This was recursive, so with just a
few call levels and a few call sites, there can be a large number of “copies.” On the other hand, a
procedure is a good candidate for a DTSE subroutine. Of the possibly, many “copies” of a
procedure, in the most common case, they all turn out to be the same (other than different
instruction subsetting for different Tracks). Or, there may turn out to be just a few actually
different versions (other than different instruction subsetting for different Tracks). So the
procedure becomes one or just a few DTSE subroutines (other than different instruction
subsetting for different Tracks).

En Mass Loop Unrolling

In some embodiments, a loop is always entered in unroll copy 0 of this loop. A Loop is
defined as having a single exit point, the generic common reconvergent point of the loop branch
group in unroll copy 0 of this loop. This makes it a hammock. Hence a loop can always be made
a subroutine.

Opportunistic Subroutines

Portions of a branch tree may appear as a hammock that is repeated in the tree. A trivial
example of this is that a tree of branches, with Linear Static Duplication effectively decodes to
many linear code segments. A number of these linear code segments contain the same code
sequences for a while. A linear code sequence can always be a subroutine.

Code Assembly
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In some embodiments, for each Track, the Topological Root is the starting point and all
reachable code and all reachable edges are traversed from here. Code is generated while
traversing. How to go from specific Basic Block instances to specific Basic Block instances was
previously explained.

An instance of a Basic Block in a specific Track may have no instructions. Then no code is
generated. However, there may be multiple outgoing edges from this Basic Block instance that
should be taken care of.

If an instance of a Basic Block in a Track has multiple out going edges, but the branch or
indirect jump to select the outgoing edge is deleted from this instance in this Track, then this
Track will not contain any instructions between this (deleted) instance of the branch and its
reconvergent point. In some embodiments, the traversal should not follow any of the multiple out
going edges of this instance of the Basic Block in this Track, but should instead go directly to the
reconvergent point of the (deleted) branch or jump at the end of this Basic Block instance in this
Track.

If there is a single outgoing edge from a Basic Block instance, then that edge is followed,
whether or not there is a branch or jump.

If there is a branch or indirect jump at the end of a Basic Block instance in this Track that
selects between multiple out going edges then traversal follow those multiple out going edges.

In some embodiments, when traversal in a Track encounters a Basic Block instance that
contains one or more instructions for this Track, then there will be code. Code that already exists
in the pool may be used or new code may be added to the pool. In either event, the code to be
used is placed at a specific address. Then the last generated code on this path is fixed to go to this
address. It may be possible that this code can be placed sequentially after the last preceding code
on this path. Then nothing is needed to get here. Otherwise, the last preceding instruction may

have been a branch or jump. Then its target IP needs to be fixed up to go to the right place. The
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last preceding code on this path may not be a branch or jump. In this case an unconditional jump
to the correct destination needs to be inserted.

Most Basic Block instances are typically unreachable in a Track.

The generated code does not need to have, and should not have, the large number of
blindly generated static copies of the intermediate form. The generated code only has to have the
correct sequence of instructions on every reachable path.

On traversing an edge in the intermediate form, it may go from one static copy to another.
Static copies are not distinguished in the generated code. The general idea is to just get to the
correct instruction sequence as expediently as possible, for example closing the loop back to
code that has already been generated for the correct original IP, if there is already code with the
correct instruction sequence. Another example is going to code that was generated for a different
static copy, but has the correct instruction sequence.

The problem happens when code that is already there is gone to. It could be existing
instruction sequence is correct for a while but then it does not match anymore. The code may be
going to the same original IP for two different cases, but the code sequences required from that
same original IP are different for the two cases.

Linear Static Duplication

In some embodiments, Linear Static Duplication created “copies” of the code to prevent
the control flow from physically rejoining at the generic reconvergent point of a non-loop
branch, until the next back edge. This is basically until the next iteration of the containing loop,
or exit of the containing loop. There tends to be a branch tree that causes many code “copies.”

In most, but not all, cases, the code that has been held separate after the generic
reconvergent point of a branch does not become different, other than the different subsetting of
instructions for different Tracks (a desirable difference). In code generation, this can be put back
together (separately for the different instruction subsetting for different Tracks) because at the

generic reconvergent point, and from there on, forever, the instruction sequence is the same. The
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copies have disappeared. If not all of the potentially many copies of the code are the same, they
very likely fall into just a few different possibilities, so the many static copies actually result in
just a few static copies in the generated code.

Even if the copies, for a branch B, all go away and the generated code completely
reconverges to exactly as the original code was (except for instruction subsetting for different
Tracks), it is not true that there was no benefit from this static duplication. This code is a conduit
for transmitting dependencies. If it is not separated, it creates false dependencies that limit
parallelism. It was necessary to separate it. Besides this, the copies of the code after the generic
reconvergent point of B sometimes, albeit not usually, turn out different due to Track separation.
En Mass Loop Unrolling

In some embodiments, En Mass Loop Unrolling creates many “copies” of the code for
nested loops. For example, if there are 4 levels of nested loops and just 2 way unrolling, there are
16 copies of the innermost loop body. It is highly unlikely that these 16 copies all turn out to be
different. Quite the opposite. The unrolling of a loop has well less than a 50% chance of
providing any useful benefit. Most of the unrolling, and frequently all of the unrolling for a flow,
is unproductive. Unproductive unrolling, most of the unrolling, normally results in all copies, for
that loop, turning out to be the same (other than different instruction subsetting for different
Tracks). Hence, most, and frequently, all, of the unrolling is put back together again at code
generation. But sometimes, a few copies are different and is beneficial for parallelism.

If the two copies of a loop body from unrolling are the same, then in code generation, the
back edge(s) for that loop will go to the same place, because the required following instruction
sequence is the same forever. The unroll copies for this loop have disappeared. If this was an
inner loop, this happens the same way, in the many copies of it created by outer loops.

If an outer loop has productive unrolling, it is reasonably likely that an inner loop is not
different in the multiple copies of the outer loop, even though there are differences in the copies

of the outer loop. Loops naturally tend to form hammocks. Very likely the inner loop will
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become a subroutine. There will be only one copy of it (other than different instruction
subsetting for different Tracks). It will be called from the surviving multiple copies of an outer
loop.

Inlined Procedures

In some embodiments, procedures were “inlined,” generating “copies” of them. This was
recursive, so with just a few call levels and a few call sites, there can be a large number of
“copies”. On the other hand, a procedure is the ideal candidate for a DTSE subroutine. Of the
possibly many “copies” of a procedure, in the most common case, they all turn out to be the
same (other than different instruction subsetting for different Tracks). Or, there may turn out to
be just a few actually different versions (other than different instruction subsetting for different
Tracks). So the procedure becomes one or just a few DTSE subroutines (other than different
instruction subsetting for different Tracks).

Procedures, if they were not “inlined,” could create false dependencies. Hence, even if the
procedure becomes reconstituted as just one DTSE subroutine (per Track), it was still desired
that it was completely “copied” for dependency analysis. Besides this, the “copies” of the
procedure sometimes, albeit not usually, turn out different due to Track separation.

Duplicated Stores

The very same instruction can finally appear in multiple tracks where it will be executed
redundantly. This happens because this instruction was not deleted from multiple Tracks. Since
this can happen with any instruction, there can be stores that appear in multiple Tracks where
they will be executed redundantly.

In some embodiments, the DTSE software marks cases of the same store being redundantly
in multiple Tracks. The store could get a special prefix or could be preceded by a duplicated
store marker instruction. In some embodiments, a duplicated store marker instruction would be a
store to a DTSE register. The duplicated store mark, whichever form it takes, must indicate what

other Tracks will redundantly execute this same store.
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Align Markers

In some embodiments, if the DTSE hardware detects stores from more than one Track to
the same Byte in the same alignment span, it will declare a violation and cause a state recovery
to the last Globally committed state and a flow exit. Of course, marked duplicated stores are
excepted. The DTSE hardware will match redundantly executed marked duplicated stores and
they will be committed as a single store.

Span markers are alignment span separators. Marked duplicated stores are alignment span
separators. Align markers are alignment span separators.

In some embodiments, an alignment marker is a special instruction. It is a store to a DTSE
register and indicates what other Tracks have the same alignment marker.

If there are stores to the same Byte in multiple Tracks, the hardware can properly place
these stores in program order, provided that the colliding stores are in different alignment spans.

The DTSE hardware knows the program order of memory accesses from the same Track.
Hardware knows the program order of memory accesses in different Tracks only if they are in
different alignment spans. In some embodiments, if the hardware finds the possibility of a load
needing data from a store that was not executed in the same Track then it will declare a violation
and cause a state recovery to the last Globally committed state and a flow exit.

In some embodiments, the DTSE software will place some form of alignment marker
between stores that occur in multiple Tracks that have been seen to hit the same byte. The DTSE
software will place that alignment marker so that any loads seen to hit the same address as stores
will be properly ordered to the hardware.

State Saving and Recovery

In some embodiments, a Global Commit point is established at each Span Marker. The
Span Marker, itself, sends an identifier to the hardware. In some embodiments, the DTSE
software builds a table. If it is necessary to recover state to the last Globally Committed point,

the software will get the identifier from hardware and look up this Global Commit point in the
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table. The DTSE software will put the original code IP of this Global commit point in the table

along with other state at this code position which does not change frequently and can be known
at code preparation time, for example the ring that the code runs in. Other information may be
registers that could possibly have changed from the last Globally committed point. There is
probably a pointer here to software code to recover the state, since this code may be customized
for different Global commit points.

In some embodiments, code is added to each span marker to save whatever data needs to
be saved so that state can be recovered, if necessary. This probably includes at least some
register values.

In some embodiments, code, possibly customized to the Global Commit point, is added to
recover state. A pointer to the code is paced in the table.

Global commit points are encountered relatively frequently, but state recovery is far less
frequent. It is advantageous to minimize the work at a Global commit point at the cost of even
greatly increasing the work when an actual state recovery must be performed.

Thus, for some embodiments of dependency analysis and Track separation, the code is all
spread out to many “copies.” At executable code generation, it is mostly put back together again.
Logical Processor Management

DTSE may be implemented with a set of cores that have multiple Simultaneous Multiple
Threading hardware threads, for example, two Simultaneous Multiple Threading hardware
threads per core. The DTSE system can create more Logical Processors so that each core appears
to have, for example, four Logical Processors rather than just two. In addition, the DTSE system
can efficiently manage the core resources for implementing the Logical Processors. Finally, if
DTSE has decomposed some code streams into multiple threads, these threads can run on the
Logical Processors.

To implement, for example, four Logical Processors on a core that has, for example, two

Simultaneous Multiple Threading hardware threads, in some embodiments the DTSE system will
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hold the processor state for the, for example, two Logical Processors that cannot have their state
in the core hardware. The DTSE system will switch the state in each Simultaneous Multiple
Threading hardware thread from time to time.

DTSE will generate code for each software thread. DTSE may have done thread
decomposition to create several threads from a single original code stream, or DTSE may create
just a single thread from a single original code stream, on a case by case basis. Code is generated
the same way for a single original code stream, either way. At Track separation, the code may be
separated into more than one thread, or Track separation may just put all code into the same
single Track.

Before generating executable code, additional work can be done on the code, including
addition of instructions, to implement Logical Processor Management.

In some embodiments, DTSE hardware will provide at least one storage location that is
uniformly addressed, but which, in fact, will access different storage for each Simultaneous
Multiple Threading hardware thread that executes an access. In an embodiment, this is a
processor general register such as RAX. This is accessed by all code running on any
Simultaneous Multiple Threading hardware thread, on any core, as “RAX” but the storage
location, and hence the data, is different for every Simultaneous Multiple Threading hardware
thread that executes an access to “RAX”. In some embodiments, the processor general registers
are used for running program code so DTSE needs some other Simultaneous Multiple Threading
hardware thread specific storage that DTSE hardware will provide. This could be, for example,
one or a few registers per Simultaneous Multiple Threading hardware thread in the DTSE logic
module.

In particular in some embodiments, a Simultaneous Multiple Threading hardware thread
specific storage register, ME, will contain a pointer to the state save table for the Logical
Processor currently running on this Simultaneous Multiple Threading hardware thread. The table

at this location will contain certain other information, such as a pointer to the save area of the
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next Logical processor to run and a pointer to the previous Logical processor that ran on this
Simultaneous Multiple Threading hardware thread save table.

All of the code that DTSE generates, for all threads, for all original code streams is in the
same address space. Hence any generated code for any original code stream, can jump to any
generated code for any original code stream. DTSE specific data is also all in the same address
space. The program data space is, in general, in different address spaces for each original code
stream.

Efficient Thread Switching

In some embodiments, DTSE will insert HT switch entry points and exit points in each
thread that it generates code for. Thus, use of such entry points was discussed in the hardware
section.

HT Switch Entry Point

In some embodiments, code at the HT switch entry point will read from ME, a pointer to
its own save table and then the pointer to the next Logical Processor save table. From this table it
can get the IP of the next HT switch entry point to go to following the entry point being
processed. Code may use a special instruction that will push this address onto the return
prediction stack in the branch predictor. Optionally, a prefetch may be issued at this address and
possibly at additional addresses. This is all a setup for the next HT switch that will be done after
this current HT switch entry point. The return predictor needs to be set up now so the next HT
switch will be correctly predicted. If there may be I Cache misses after the next HT switch,
prefetches should be issued at this point, to have that I stream in the I Cache at the next HT
thread switch. The code will then read its required state at this point from its own save table, and
resume executing the code after this HT switch entry point. This can include loading CR3, EPT,
and segment registers when this is required. It is advantageous to have the Logical Processors

that share the same Simultaneous Multiple Threading hardware thread have the same address
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space, for example, because they are all running threads from the same process, so that it is not
necessary to reload these registers on an HT switch although this is not necessary.
HT Switch Exit Point

In some embodiments, code at the HT switch exit point will read from ME, a pointer to its
own save table. It will store the required state for resuming to its own save table. It will then read
from its own save table, a pointer to the save table of the next Logical Processor to run and
writes it to ME. It reads the IP of the next HT switch entry point to go to, and pushes this on the
stack. It does a Return instruction to perform a fully predicted jump to the required HT switch
entry point.

Notice that code at the HT switch exit point has control over the IP at which it will resume
when it again gets a Simultaneous Multiple Threading hardware thread to run on. It can put
anything it wants in the IP in its own save table.

Efficient Unpredictable Indirect Branch

An unpredictable indirect branch can be done efficiently by DTSE by changing the indirect
branch to just compute the branch target in some embodiments. It is followed with an HT switch
exit point, but the computed branch target to the save table is stored.

When this thread is switched back in, it will naturally go to the correct target of the indirect
branch. This can be done with no branch miss-prediction and no I cache miss for either the
indirect branch or for the HT switches.

Switching Resources to a Logical Processor

In some embodiments, there is a special instruction or prefix, Stop Fetch until Branch
Report. This instruction can be inserted immediately before a branch or indirect jump.

When Stop Fetch until Branch Report is decoded, instruction fetch for this I stream stops
and no instruction after the next following instruction for this I stream will be decoded, provided
that the other Simultaneous Multiple Threading hardware thread is making progress. If the other

Simultaneous Multiple Threading hardware thread is not making progress, then this instruction is
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ignored. The following instruction should be a branch or indirect jump. It is tagged. Branches
and jumps report at execution that they were correctly predicted or miss-predicted. When the
tagged branch reports, instruction fetching and decode for this I stream is resumed. When any
branch in this Simultaneous Multiple Threading hardware thread reports a miss-prediction,
instruction fetching and decode is resumed.

In some embodiments, there is a special instruction or prefix, Stop Fetch until Load
Report. This instruction can be inserted some time after a load. It has an operand which will be
made to be the result of the load. The Stop Fetch until Load Report instruction actually executes.
It will report when it executes without being cancelled. There are two forms of the Stop Fetch
until Load Report instruction, conditional and unconditional.

The unconditional Stop Fetch until Load Report instruction will stop instruction fetching
and decoding when it is decoded. The conditional Stop Fetch until Load Report instruction will
stop instruction fetching and decoding on this I stream when it is decoded only if the other
Simultaneous Multiple Threading hardware thread is making progress. Both forms of the
instruction resume instruction fetching and decode on this I stream when the instruction reports
uncancelled execution, and there are no outstanding data cache misses for this I stream.

Code Analysis

Flash Profiling will indicate for each individual branch or jump execution instance, if this
execution instance was miss-predicted or correctly predicted. It will indicate instruction
execution instances that got I Cache misses, second level cache misses, and misses to DRAM. It
will indicate for each load execution instance, if this execution instance got a data cache miss,
second level cache miss, or miss to DRAM.

All of the forms of static duplication that DTSE software does may also be used for
Logical Processor Management as well. In some embodiments, all static instances of loads,
branches and indirect jumps get miss numbers. Static instances of instructions get fetch cache

miss numbers in those embodiments.
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Different static instances of the same instruction (by original IP) very frequently have very
different miss behaviors, hence it is generally better to use static instances of instructions. The
more instances of an instruction, the better the chance that the miss rate numbers for each
instance will be either high or low. A middle miss rate number is more difficult to deal with.

In spite of best efforts and although there is much improvement compared to just using IP,
it is likely that there will still be a lot of instruction instances with mid range miss numbers.
Grouping is a way to handle mid range miss numbers in some embodiments. A small tree of
branches which each have a mid range miss-prediction rate can present a large probability of
some miss-prediction somewhere on an execution path through the tree. Similarly, a sequential
string of several loads, each with a mid range cache miss rate can present a large probability of a
miss on at least one of the loads.

Loop unrolling is a grouping mechanism. An individual load in an iteration of the loop
may have a mid range cache miss rate. If a number of executions of that load over a number of
loop iterations is taken as a group, it can present a high probability of a cache miss in at least one
of those iterations. Multiple loads within an iteration are naturally grouped together with
grouping multiple iterations.

In some embodiments, the DTSE software creates groups so that each group has a
relatively high probability of some kind of miss. The groups can sometimes be compacted. This
is especially true of branch trees. Later branches in a branch tree can be moved up by statically
duplicating instructions that used to be before a branch but is now after that branch. This packs
the branches in the tree closer together.

If a group is only very likely to get a branch miss-prediction, it is generally not worth an
HT switch. In some embodiments, Stop Fetch until Branch Report is inserted on the paths out of
the group right before the last group branch on that path. The branches in the group on the path
of execution will be decoded and then decoding will stop, as long as the other Simultaneous

Multiple Threading hardware thread is making progress. This gives the core resources to the
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other Simultaneous Multiple Threading hardware thread. If there is no miss-prediction in the
group, fetching and decoding will begin again when the last group branch on the execution path
reports. Otherwise, as soon as a branch reports miss-prediction, fetching will resume at the
corrected target address. This is not quite perfect because the branches may not report in order.

However, an HT switch is used for an indirect branch that has a high probability of miss-
prediction, as was described.

Similarly, if a group is only very likely to get a data cache miss, it is generally preferred to
not do an HT switch. If possible, the loads in the group will be moved so that all of the loads are
before the first consumer of any of the loads in some embodiments. The conditional Stop Fetch
until Load Report instruction is made dependent on the last load in the group and is placed after
the loads but before any consumers in some embodiments.

An unconditional Stop Fetch until Load Report instruction can be used if a data cachedata
cache miss is almost a certainty, but it is only a data cache miss.

Frequently loads in the group are generally not to be put before any consumers. For
example, if the group is unrolled iterations of a loop, this does not work. In this case, it is
desirable to make the group big enough that at least one and preferably several data cache misses
are almost inevitable. This can generally be achieved if the group is unrolled iterations of a loop.
A set of prefetches is generated to cover the loads in the group in some embodiments. The
prefetches are placed first, then an HT switch, and then the code.

A group with a high probability of a second level cache miss, D stream or I stream justifies
and HT switch. The prefetches are placed first, then the HT switch, and then the code.

Even around a 30% chance of a miss to DRAM can justify an HT switch. In those
instances, in some embodiments a prefetch is done first, then HT switch. It is still preferable to

group more to get the probability of miss higher and better yet if several misses can be covered.
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In some embodiments, the work on the other Simultaneous Multiple Threading hardware
thread is “covering” while an HT switch is happening. The object is to always have one
Simultaneous Multiple Threading hardware thread doing real work.

If one Simultaneous Multiple Threading hardware thread is doing real work while the other
is in Stop Fetch there is risk of a problem at any time in the working Simultaneous Multiple
Threading hardware thread. So in generally it there is not reliance on only a single working
Simultaneous Multiple Threading hardware thread for very long. Additionally, long Stop Fetches
are not typically desired. If it is going to be long, an HT switch is made in some embodiments so
the working Simultaneous Multiple Threading hardware thread is backed up by another, for
when it encounters an impediment.

Exemplary Computer Systems and Processors

Figure 12 is a block diagram illustrating an exemplary out-of-order architecture of a core
according to embodiments of the invention. However, the instructions described above may be
implemented in an in-order architecture too. In Figure 12, arrows denote a coupling between
two or more units and the direction of the arrow indicates a direction of data flow between those
units. Components of this architecture may be used to process the instructions detailed above
including the fetching, decoding, and execution of these instructions.

Figure 12 includes a front end unit 1205 coupled to an execution engine unit 1210 and a
memory unit 1215; the execution engine unit 1210 is further coupled to the memory unit 1215.

The front end unit 1205 includes a level 1 (LL1) branch prediction unit 1220 coupled to a
level 2 (L2) branch prediction unit 1222. These units allow a core to fetch and execute
instructions without waiting for a branch to be resolved. The L1 and L2 brand prediction units
1220 and 1222 are coupled to an L1 instruction cache unit 1224. L1 instruction cache unit 1224
holds instructions or one or more threads to be potentially be executed by the execution engine

unite 1210.
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The L1 instruction cache unit 1224 is coupled to an instruction translation lookaside buffer
(ITLB) 1226. The ITLB 1226 is coupled to an instruction fetch and predecode unit 1228 which
splits the bytestream into discrete instructions.

The instruction fetch and predecode unit 1228 is coupled to an instruction queue unit 1230
to store these instructions. A decode unit 1232 decodes the queued instructions including the
instructions described above. In some embodiments, the decode unit 1232 comprises a complex
decoder unit 1234 and three simple decoder units 1236, 1238, and 1240. A simple decoder can
handle most, if not all, x86 instruction which decodes into a single uop. The complex decoder
can decode instructions which map to multiple uops. The decode unit 1232 may also include a
micro-code ROM unit 1242.

The L1 instruction cache unit 1224 is further coupled to an L2 cache unit 1248 in the
memory unit 1215. The instruction TLB unit 1226 is further coupled to a second level TLB unit
1246 in the memory unit 1215. The decode unit 1232, the micro-code ROM unit 1242, and a
loop stream detector (LSD) unit 1244 are each coupled to a rename/allocator unit 1256 in the
execution engine unit 1210. The LSD unit 1244 detects when a loop in software is executed,
stop predicting branches (and potentially incorrectly predicting the last branch of the loop), and
stream instructions out of it. In some embodiments, the LSD 1244 caches micro-ops.

The execution engine unit 1210 includes the rename/allocator unit 1256 that is coupled to a
retirement unit 1274 and a unified scheduler unit 1258. The rename/allocator unit 1256
determines the resources required prior to any register renaming and assigns available resources
for execution. This unit also renames logical registers to the physical registers of the physical
register file.

The retirement unit 1274 is further coupled to execution units 1260 and includes a reorder

buffer unit 1278. This unit retires instructions after their completion.
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The unified scheduler unit 1258 is further coupled to a physical register files unit 1276

which is coupled to the execution units 1260. This scheduler is shared between different
threads that are running on the processor.

The physical register files unit 1276 comprises a MSR unit 1277A, a floating point
registers unit 1277B, and an integers registers unit 1277C and may include additional register
files not shown (e.g., the scalar floating point stack register file 545 aliased on the MMX packed
integer flat register file 550).

The execution units 1260 include three mixed scalar and SIMD execution units 1262,
1264, and 1272; a load unit 1266; a store address unit 1268; a store data unit 1270. The load unit
1266, the store address unit 1268, and the store data unit 1270 perform load/store and memory
operations and are each coupled further to a data TLB unit 1252 in the memory unit 1215.

The memory unit 1215 includes the second level TLB unit 1246 which is coupled to the
data TLB unit 1252. The data TLB unit 1252 is coupled to an L1 data cache unit 1254. The L1
data cache unit 1254 is further coupled to an L2 cache unit 1248. In some embodiments, the L2
cache unit 1248 is further coupled to L3 and higher cache units 1250 inside and/or outside of the
memory unit 1215.

The following are exemplary systems suitable for executing the instruction(s) detailed
herein. Other system designs and configurations known in the arts for laptops, desktops,
handheld PCs, personal digital assistants, engineering workstations, servers, network devices,
network hubs, switches, 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 logic as disclosed herein are generally suitable.

Referring now to Figure 13, shown is a block diagram of a system 1300 in accordance with

one embodiment of the present invention. The system 1300 may include one or more processing
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elements 1310, 1315, which are coupled to graphics memory controller hub (GMCH) 1320. The

optional nature of additional processing elements 1315 is denoted in Figure 13 with broken lines.

Each processing element may be a single core or may, alternatively, include multiple cores.
The processing elements may, optionally, include other on-die elements besides processing
cores, such as integrated memory controller and/or integrated I/O control logic. Also, for at least
one embodiment, the core(s) of the processing elements may be multithreaded in that they may
include more than one hardware thread context per core.

Figure 13 illustrates that the GMCH 1320 may be coupled to a memory 1340 that may be,
for example, a dynamic random access memory (DRAM). The DRAM may, for at least one
embodiment, be associated with a non-volatile cache.

The GMCH 1320 may be a chipset, or a portion of a chipset. The GMCH 1320 may
communicate with the processor(s) 1310, 1315 and control interaction between the processor(s)
1310, 1315 and memory 1340. The GMCH 1320 may also act as an accelerated bus interface
between the processor(s) 1310, 1315 and other elements of the system 1300. For at least one
embodiment, the GMCH 1320 communicates with the processor(s) 1310, 1315 via a multi-drop
bus, such as a frontside bus (FSB) 1395.

Furthermore, GMCH 1320 is coupled to a display 1345 (such as a flat panel display).
GMCH 1320 may include an integrated graphics accelerator. GMCH 1320 is further coupled to
an input/output (I/O) controller hub (ICH) 1350, which may be used to couple various peripheral
devices to system 1300. Shown for example in the embodiment of Figure 13 is an external
graphics device 1360, which may be a discrete graphics device coupled to ICH 1350, along with
another peripheral device 1370.

Alternatively, additional or different processing elements may also be present in the system
1300. For example, additional processing element(s) 1315 may include additional processors(s)
that are the same as processor 1310, additional processor(s) that are heterogeneous or

asymmetric to processor 1310, accelerators (such as, e.g., graphics accelerators or digital signal
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processing (DSP) units), field programmable gate arrays, or any other processing element. There
can be a variety of differences between the physical resources 1310, 1315 in terms of a spectrum
of metrics of merit including architectural, microarchitectural, thermal, power consumption
characteristics, and the like. These differences may effectively manifest themselves as
asymmetry and heterogeneity amongst the processing elements 1310, 1315. For at least one
embodiment, the various processing elements 1310, 1315 may reside in the same die package.

Referring now to Figure 14, shown is a block diagram of a second system 1400 in
accordance with an embodiment of the present invention. As shown in Figure 14,
multiprocessor system 1400 is a point-to-point interconnect system, and includes a first
processing element 1470 and a second processing element 1480 coupled via a point-to-point
interconnect 1450. As shown in Figure 14, each of processing elements 1470 and 1480 may be
multicore processors, including first and second processor cores (i.e., processor cores 1474a and
1474b and processor cores 1484a and 1484b).

Alternatively, one or more of processing elements 1470, 1480 may be an element other
than a processor, such as an accelerator or a field programmable gate array.

While shown with only two processing elements 1470, 1480, it is to be understood that the
scope of the present invention is not so limited. In other embodiments, one or more additional
processing elements may be present in a given processor.

First processing element 1470 may further include a memory controller hub (MCH) 1472
and point-to-point (P-P) interfaces 1476 and 1478. Similarly, second processing element 1480
may include a MCH 1482 and P-P interfaces 1486 and 1488. Processors 1470, 1480 may
exchange data via a point-to-point (PtP) interface 1450 using PtP interface circuits 1478, 1488.
As shown in Figure 14, MCH’s 1472 and 1482 couple the processors to respective memories,
namely a memory 1442 and a memory 1444, which may be portions of main memory locally

attached to the respective processors.
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Processors 1470, 1480 may each exchange data with a chipset 1490 via individual PtP

interfaces 1452, 1454 using point to point interface circuits 1476, 1494, 1486, 1498. Chipset
1490 may also exchange data with a high-performance graphics circuit 1438 via a high-
performance graphics interface 1439. Embodiments of the invention may be located within any
processor having any number of processing cores, or within each of the PtP bus agents of Figure
14. In one embodiment, any processor core may include or otherwise be associated with a local
cache memory (not shown). Furthermore, a shared cache (not shown) may be included in either
processor outside of both processors, yet connected with the processors via p2p interconnect,
such that either or both processors’ local cache information may be stored in the shared cache if
a processor is placed into a low power mode.

First processing element 1470 and second processing element 1480 may be coupled to a
chipset 1490 via P-P interconnects 1476, 1486 and 1484, respectively. As shown in Figure 14,
chipset 1490 includes P-P interfaces 1494 and 1498. Furthermore, chipset 1490 includes an
interface 1492 to couple chipset 1490 with a high performance graphics engine 1448. In one
embodiment, bus 1449 may be used to couple graphics engine 1448 to chipset 1490.
Alternately, a point-to-point interconnect 1449 may couple these components.

In turn, chipset 1490 may be coupled to a first bus 1416 via an interface 1496. In one
embodiment, first bus 1416 may be a Peripheral Component Interconnect (PCI) bus, or a bus
such as a PCI Express bus or another third generation I/O interconnect bus, although the scope of
the present invention is not so limited.

As shown in Figure 14, various I/O devices 1414 may be coupled to first bus 1416, along
with a bus bridge 1418 which couples first bus 1416 to a second bus 1420. In one embodiment,
second bus 1420 may be a low pin count (LPC) bus. Various devices may be coupled to second
bus 1420 including, for example, a keyboard/mouse 1422, communication devices 1426 and a
data storage unit 1428 such as a disk drive or other mass storage device which may include code

1430, in one embodiment. Further, an audio I/O 1424 may be coupled to second bus 1420. Note
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that other architectures are possible. For example, instead of the point-to-point architecture of
Figure 14, a system may implement a multi-drop bus or other such architecture.

Referring now to Figure 15, shown is a block diagram of a third system 1500 in
accordance with an embodiment of the present invention. Like elements in Figures 14 and 15
bear like reference numerals, and certain aspects of Figure 14 have been omitted from Figure 15
in order to avoid obscuring other aspects of Figure 15.

Figure 15 illustrates that the processing elements 1470, 1480 may include integrated
memory and I/O control logic (“CL”) 1472 and 1482, respectively. For at least one embodiment,
the CL 1472, 1482 may include memory controller hub logic (MCH) such as that described
above in connection with Figures 13 and 14. In addition. CL 1472, 1482 may also include 1/0
control logic. Figure 15 illustrates that not only are the memories 1442, 1444 coupled to the CL.
1472, 1482, but also that I/O devices 1514 are also coupled to the control logic 1472, 1482.
Legacy I/O devices 1515 are coupled to the chipset 1490.

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 data storage system (including
volatile and non-volatile memory and/or storage elements), at least one input device, and at least
one output device.

Program code, such as code 1430 illustrated in Figure 14, may be applied to input data to
perform the functions described herein and generate output information. The output information
may be applied to one or more output devices, in known fashion. For purposes of this
application, a processing system includes any system that has a processor, such as, for example;
a digital signal processor (DSP), a microcontroller, an application specific integrated circuit

(ASIC), or a microprocessor.
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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 implemented in assembly or machine language, if desired. In fact, the mechanisms described
herein are not limited in scope to any particular programming language. In any case, the
language may be a compiled or interpreted language.

One or more aspects of at least one embodiment may be implemented by representative
data stored on a machine-readable 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 “IP cores” may be stored on a tangible,
machine readable medium and supplied to various customers or manufacturing facilities to load
into the fabrication machines that actually make the logic or processor.

Such machine-readable storage media may include, without limitation, non-transitory,
tangible arrangements of particles 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), static random
access memories (SRAMs), erasable programmable read-only memories (EPROMs), flash
memories, electrically erasable programmable read-only memories (EEPROMs), magnetic or
optical cards, or any other type of media suitable for storing electronic instructions.

Accordingly, embodiments of the invention also include non-transitory, tangible machine-
readable media containing instructions or containing design data, such as HDL, which defines
structures, circuits, apparatuses, processors and/or system features described herein. Such
embodiments may also be referred to as program products.

Certain operations of the instruction(s) disclosed herein may be performed by hardware

components and may be embodied in machine-executable instructions that are used to cause, or

91



10

15

20

25

WO 2012/087561 PCT/US2011/063466

at least result in, a circuit or other hardware component programmed with the instructions
performing the operations. The circuit may include a general-purpose or special-purpose
processor, or logic circuit, to name just a few examples. The operations may also optionally be
performed by a combination of hardware and software. Execution logic and/or a processor may
include specific or particular circuitry or other logic responsive to a machine instruction or one
or more control signals derived from the machine instruction to store an instruction specified
result operand. For example, embodiments of the instruction(s) disclosed herein may be
executed in one or more the systems of Figures 13, 14, and 15 and embodiments of the
instruction(s) may be stored in program code to be executed in the systems.

The above description is intended to illustrate preferred embodiments of the present
invention. From the discussion above it should also be apparent that especially in such an area of
technology, where growth is fast and further advancements are not easily foreseen, the invention
can may be modified in arrangement and detail by those skilled in the art without departing from
the principles of the present invention within the scope of the accompanying claims and their
equivalents. For example, one or more operations of a method may be combined or further
broken apart.

Alternative Embodiments

While embodiments have been described which would natively execute the instructions
described herein, alternative embodiments of the invention may execute the instructions through
an emulation layer running on a processor that executes a different instruction set (e.g., a
processor that executes the MIPS instruction set of MIPS Technologies of Sunnyvale, CA, a
processor that executes the ARM instruction set of ARM Holdings of Sunnyvale, CA). Also,
while the flow diagrams in the figures show a particular order of operations performed by certain
embodiments of the invention, it should be understood that such order is exemplary (e.g.,
alternative embodiments may perform the operations in a different order, combine certain

operations, overlap certain operations, etc.).
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In the description above, for the purposes of explanation, numerous specific details have
been set forth in order to provide a thorough understanding of the embodiments of the invention.
It will be apparent however, to one skilled in the art, that one or more other embodiments may be
practiced without some of these specific details. The particular embodiments described are not
provided to limit the invention but to illustrate embodiments of the invention. The scope of the
invention is not to be determined by the specific examples provided above but only by the claims

below.
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Claim
We claim:
1. A method comprising:
executing original source code on a first processor core;

5 placing a second processor core into a detect phase, wherein in the detect phase the
second processor core is to detect an indication to switch into a different, cooperative execution
mode with the first processor core;

profiling the original source code to generate cooperative code from the original source
code to be cooperatively executed by the first and second processor cores;
10 detecting such an indication;

executing the generated cooperative code in the first and second processor cores.
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