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'~ POLYMORPHIC HETEROGENEOUS MULTI-CORE ARCHITECTURE

PRIORITY CLAIM
[0001] The present application claims priority to US Patent Application No.

61/565,559, filed 1 December, 2011.

FIELD OF THE INVENTION
[0002] The present invention generally relates to semiconductor processors having
multiple cores, and more ﬁarficulaﬂy relates to methods and architecture for dynamic

polymorphic heterogeneous multi-core processor operation.

BACKGROUND OF THE DISCLOSURE

[0003] Current evolution of technology nodés drives the critical dimensions in
- semiconductor devices smaller and smaller. However, mere reductibn in the critical
dimensions and transisfor sizes no longer providgs corresponding improvements in
power, performance and silicon area. With shrinking transistor size and computer
processor multi-core architectures more operations can be performed in silicon. In
particular, multi-core architectures provide parallel processing capability for
processing speed-up. However, power constraints arising from the afore-mentioned
lack of corresponding improvements in power usage and power limitations in, for
examplé, mobile devices prevent powering all of the circuitry at the same time. This
is especially true in computer processors having multi-core architectures.

[0004] Homogeneous core architectures having a plurality of simple cores are ideal
for applications with high thread-level parallelism, yet suffer from a lack of

instruction-level parallelism support due to large sequential fractions in handling
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complex applications. Multi-core architecture can be designed for high-performance
handling of specific applicvations' (e.g., graphics processors) but are not adaptable
enough to handle other operations.

[0005] Computer processors, however, are being required to. do more, even in
mobﬂ_e devices with limited’ power. For exémble‘, a Snllanphovne today. is expected to
-sﬁpport a very dynainic and diverse landscape of software applications. This is
driving the distinction between highaperformanéé embedded architecture and general
purpose computing architecture t;) rapidly disappear, especially in the vconsumer
electronics vdomain.' Traditional homogeneous multi-core architecture having a
collection of identical siﬁlple cores 1s not sﬁitabie fof toda};’s Workléad, On the other
hand,b embedded systems having heterogeﬁedus multi-core solutions are customized
for a partiéular application domain offering sigﬁiﬁcant advantage in terms of
performance, power, and silicon arezi, yet lack &e adaptability to execute the variety
of applications in today’s workload su;:h as the wide variety of general-purpose
applications for which the wérkload is not known a-priori.

[0006] Some previously proposed architectures have attempted to adapt multi-cores
to speed up sequential applications. An asymmetric chip mvultiprocessor thét
corﬂpﬁses of cores with different size and performance was proposed. The advantage
of this architecture is low power consurnptioﬁ and high performance achieved by
dynamically moving programs from one core to another in order to reach an optimal
point. However, this .architecture lacks flexibility and introduces é high degree of
unpredictability for software applications. Another conventional architecture fuses
homogeneous cores to improve single-thread performance, yet requires complex
distributed hardware leading to higher performance overhead. Another approach

merges a pair of scalar cores to create 2-way out-of-order cores by modifying internal
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pipeline stages. However, conjoining in-order processors to form complex out-of-
order cores introduces fundamental obstacles limiting achievable performance and
does not increase performance because.the cores do not have minimal out-of-order
capabilities
[0007) In yet another multi-c_ore architecture proposal, multiple'homogeneous» cores
- can be adapted for single and multi-threaded applications, yet rely on a very complex
compiler that eﬁploits parallelism from serial code by partitioning the code into small
_threads, scheduling the instruction to the cores and directing the communication
amon.g-the cores. In one proposed asymmetric chip multiproeeséor alternative, the
serialization effect of a critical section for multithreaded application suffers from
threads which do no.t‘ finish their .jobs at the same time resulting in synchronization E
mechanisms that require a considerable number of fast threads waiting for the slow
- threads to complete. And yet another proposai improves task-level parallelism by
executing dynamically forked tasks in an out-of-order fashion with cores behaving as
functional units. Disadvantégeously, the dependency information between tasks is
explicitly defined by the programmer in a 4special programmmg model and complex
hardware is required to handle decoding, building task-gfaph and scheduling tasks to
the cores.
[0008] Thus, what is needed is a plurality of simple cores ina reconﬁgureble multi- |
core architecture that can dynamically adapt itself to support both multi-threaded‘ code
with explicit thread-level parallelism as well as sequential code with instruction-level .
parallelism. Furthermore, other desirable features and characteristics will become
apparent from the subsequent detailed description and the appended claims, taken in

conjunction with the accompanying drawings and this background of the disclosure.
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SUMMARY
[0009] According to the Detailed Description, a method for dynamic heterogeneous
pélymorphic processing in a processor including a plurality of 'processing cores is
presented. Each of the plurality of processing cores is assigned to one of a plurgiity of
‘. core clusters and each of the pluraiity of core clusters is capable of dynamically
forming a coalition comprising twé orvmore of its processihg cores. The method
includes the éteps of receiving a processing task comprising a plurality of serial ‘
threads and dividing eacﬁ of the plufality of serial threads into a plurality of basic
‘blocks, eéch of the plurality of basic blocks comprising a singlé entry point and a
single exit point. The method }a‘tls_o includéé creating a cbntrol -Iﬂow graph for the
plurality of basic blocks, determining whether each of fhe plurélity of serial vthreads
-requires more than one processing core, and sehding a go-into-coalition-mode-now
instruction to ones of the plurality of core clusteré for handling ones of the plu;ality of
serial threads that require more than one procéssing core. Fuxther, the method
includes the step of adding one of a pluraiity of sentinel instructions to each of the
plurality of basic blocks of the ones of the plurality of seriai fhreéd‘sbt‘havt require more
than Qne processing core, each of the plurality of sentinel ix;structions comprising
informétion fqr processing of the plurality of basic blocks. Aﬁd finally, the method
includes sending a go-out-of-coalition-mode-now instruction to ones of the plurality
of core clusters upon completion of each of the corresponding ones of the plurality of
serial threads that requires more than one processiné cére_.
[0010] In accordance with another aspect bf the present embodiment, a dynamic
heterogeneous polymorphic processor is presented. The processor includes a plurality
of processing cores and coalition logic. Each of the plurality of processing cores is

assigned to one of a plurality of core clusters and the coalition logic is associated with
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each of the plurality of core clusters for enabling dynamic heterogeneous polymorphic
processing by a coalition of two or more of the‘ plurality of processing cores within
_ the asséciated one of the plurality of core clusters. Each coalition logic switchés the
two or more of the plurality of processing cores into a coalition in response to the one

of the plurality of core clusters receiving a coalition request command.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011] ‘The accompanying figures, where like feference numerals refer to identical
or functioﬁally similar elements throughout the separate views and which together
~ with the detailed descﬁption_ below are incorporated in and form part of the
‘specification, serve to illustrate various embodiments and' to explain various
principles and aavantages in accordance with a present invention.
[0012] FIG. l,-comprising FIGs. 1A and 1B, illustrates coﬁventional homogeneous
multi-core architectures, wherein FiG. 1A depicts a multiple simple core architecture
and FIG 1B depicts a multiple complex core architecture.
[0013] FIG. 2 iilustrates a conventio/nalvheteirogeneou‘s multi-core architecture.
[0014] FIG. 3 illustrates a dynamic polymorphic multi-core processor architecture in
accordance with the present embodiment. |
[0015] FIG. 4 pictorially depicts ‘basic block processing by the processor
architecfure of FIG. 3 in accordance with the present embodiment.
[0016] FIG. 5 depicts a sentinel instruction format in accordance Witﬁ the present
invention.
[0017] FIG. 6 includes bgraphs depicting the percentéges of basic blocks with
number of live-in and li\}e-out registers below a threshold percentage in accordance

with the present embodiment.
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[0018] FIG. 7 depicts an exafnple of global register a.ﬂd .local register renaming
during processing operation of a basic block by the processor architecture of FIG. 3 in
accordance with the present embodiment.

[0019] FIG. 8 pictorially depicts sentinel instruction information.for basié block
processiﬁg by iﬁe pfocesso£ é.rcfxi‘tecture of FIG. 3 in éccordancé with the present
embodiment. |
[0020] FIG. 9, compri\sing FIGs. 9A to 9D, pictorially depicts a parallel basic block
processing operation by the processor arChifecture of FIG. 3 .utilizing global registers
‘for contr_olling.1ive-in/1ive-§ut oberation of the basic block processing in accordance
with the présent embodiment. |

[0021] FIG. 10, compnsmgFIGs 10A to 10D, pictorially depicts a parallel basic
block processing operation By the i)rocessor architecture of FIG. 3 utilizing a global
program counter in accordance with the present embodiment.

[0022] FIG. 11, comprising FIGs. llA to »11H, pictorially depicts a parallel basic
block processing operation by the processor architecture of F IG. 3 utilizing a serving
register and a ticket registef in‘accordance with t.l.le:-pre.sent embodiment.

[0023] FIG. 12 pictorially depicts a parallel basic block processing operatiqn by the
processor architecture of FIG. 3 highlight_ihg fetch, decode, renaming, execution and
commit operations for basic block processing in accordance with the present
embodiment.

[0024] And FIG. 13, including FIGs. 13A and 13B, are bar graphs depicting the
speedup andv energy consumption improvements of the operation of the processor
architecture of FIG. 3 (referred to as Bah.urupi iﬁ the graph legends, where Bahurupi

is an Indian word meaning a person of many forms and guides, a polymorph)
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normalized to two-way’ cores as compared to conventional SPEC and embedded
benchmarks. |

[0025] Skilled artisans will appreciate that elements in the figures are illustrated for
simplicity and clarity and have not neceséérily been depicted to scale. For example,
the dimensions of some of the elements in the block diagrams may be exaggeréted in
respect to other elements to help to improve understanding of the present

embodiments.

DETAILED DESCRIPTION
[0026] The following detailed description is merely exemplary in nature and is not
intended to limit the invention or the application and uses of the invention.
Furthermore, ‘thefe is no intention to ib-e bound by any theory presented in the
 preceding background of the invention or the following detailed description. It is the
intent of this invention to present methods and architecture for dynamic polymorphic
heterogeneous mﬁlti-core processor operation that include a plurality of simple cores
in a reconfigurable multi-core architecture that can dynamically adapt itself to support
both multi-threaded code with explicit thread-level parallelism as well as sequénﬁal
code witﬁ instruction-level parallelism.
[0027] Computing systems have made an irreversible transition towards parallel
architectures with the emergence of multi-cores. Moreover, power and thermal limits
in émbedded systems mandate the deployment of many simpler cores rather than a
few éomplex cores on chip. Consumer electronic devices, in particular, need to
support an ever-changing set of diyerse applications with varying performance
demands. - While some applications can benefit from thread-level parallelism offered
by multi—cofe solutions, there still exist a 1arée number bf applications with

substantial amount of sequential code and the sequential programs suffer from limited
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éxploitation of instruction-level parallelism in simple cores. A present embodiment
presents a reconfigurable multicore architecture that can successfully reconcile the
conflicting demands of instruction level parallelism and thread-level parallelism.
[0028] The present embodimsnt can accelerata the perfdnhance of serial code by
dynamisally forming coalitions of two or more simple cores tov offer‘increased '
instruction-level parallelism. In particular, the present embodiment can efficiently
merge two to four simple 2-way out-of-order cores to reach or even surpass the
perfonhance of more complex and power-hungry 4-way or 8-way out-of-order core.
Quad-core - implementations of the present' embodiment can achieve a 17%
improvement iﬁ performance with a .43% lmproVement in energy callsllﬁlption as
compared to >8-Way out-of;order baselina core architectures on a diverse -set of
embedded benchmark applications.

[0029] Referring to FIGs. 1 and 2, conventional multi-core architectures are shown.
Mlllti-core architectures can provide parallel processing capability for processing
speed-up. However, power constraints arising fronl lack of corresponding
implovements in power usage and power limitations in porlable devil:es prel/ent
powering all of the cores at the same time.

[0030] FIG. 1A' depicts a homogeneous_core architecture 110' of sixteen simple
cores 115. This homogeneous core architecture 110 and the plurality of simple cores
115 are ideal for applications with high thread-level parallelism, yet suffer from a lack
of irlstruction-level parallelism support due to large sequential fractions in handling
- complex applicatlons. FIG. 1B depicts a homogeneous multi-core architecture 120
including four complex cores 125 that is designed for complex applications and easily

handles applicaﬁons with- high instruction-level parallelism. Yet, high power
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consumption and low core usage result when handling applications with high thread-
level parallelism.

[0031] FIG. 2 depicts a heterogeneous multi-core architecture 215 which includes
twelve simple cores 230 and one complex core 250. While this architecture easily
“handles complex applications and provides high-pel'formance handling of specific
applications, it is not adaptable enough to handle other than ‘a specific mix of
operatiorls. Such heterogeneous multi-core architectures 215 are generally
customized for a particular embedded application domain that can offer significant
advantage in terms of performance, power, and aréa and are beneficial for specific
kernels Sllch as audio, video, image processihg. . Howeyer, high-perfdrmaﬁce
embedded platforms (é. g., Smartpholﬁé) need to execute a wide variety of generél-
purpose applications for which the workload is not knéwn a_—priori.

[0032] Referring to FIG. 3, a hlgh level overview of a polymorphic heterogeneous
multi-core architecture 300 in accordance with a present embodiment is (lepicted.
The multi-core architecture 300 is fabricated as a homogeneous ‘multi-core system
containing multiple identical, s1mplecores arld ‘can l)e‘ morphéd accolding to the
workload into a heterogeneous multi-core architecture at runtime under software
directives. Post-fabrication, software can compose together the primitive cores 310 to
create a customized multi-core system that best matches the neéds of the applidationé
currently executing on the system.

[0033] .Each core 310 is a simple 2-way out-of-ordgr processor. Four such simple
cores form a cluster. The example architecture in FIG. 3 includes two such clusters;
but the nunlber of clusters can bé easily scaled with technology. A coalition is

defined as a group of cores 310 working together to accelerate the execution of a

- serial stream of instructions. To form a coalition, the cores 310 need to share the data
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and instruction caches. Reconﬁgurabl_e L1 instruction cache 313 and L1 data cache. :
315 are utilized for this‘ purpose. Both L1 instruction and data cache 313, 315 have
four banks. In normal mode, each core 310 is allocated a cache bank 313, 315, which
behaves as a directFmapped cache and the cache mapping is configured accordingly.
~In coaiition mode, all the four cache banks together behave as a large 4-way sét—
associative shared cache. The combined instruction and data L2 cache 32}0 is shared
‘across all the cores both in normal mode and coalition mode A

[0034] In normal mode, multi-threaded applications are executed on a set of
homogeneous cores. However, -sometimes the simple core might not be powerful
enough to exploit the amount of ILP available in s.ome thieads. In that scenario,A the
architecture 300 configures a >subset.of its ‘core-su 310 to run in 'coalitidn mode so that
the Viftual cores can extract more ILP and implicitly execute the threads faster. The
architecture 300 uses limited amount of additional hardware that is shared among the
cores 310 and minimal compiler modifications as discussed below.

[0035] Coalition logi0‘325 1s ‘couplved to each cluster of processing cores 310 and, in
accordance with fhe present embodimegt, enables dynamic heterogeneous
polymorphic processing by forming a coalition of two or more of the cores 310 within
the core cluster. In normal mode, the multicore architecture 300 -can efficiently
support multi-threaded execﬁtion‘. The simple 2—wéy cores 310 can also support
simple, low instruction-level parallelism 330. However, the individual cores 310
cannot exploit much instruction-lé\kel parallelism (ILP) in sequential applications.
[0036] In accordance with the present embodiment, a coalition of two to four cores
310 can be formed in a cluster with minimal additional hardware such that the merged
cores 310 can substantially speed up serial code execution. A coalition 332 of two

cores 310 can be formed for running a processing task 334 having medium ILP serial

10
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threads a.nd a coali‘;ion 336 of four cores 310 can be formed for handling a processing
task 338 having high ILP sen'ai threads. Forming such coalitions 332, 336 can
achieve pérformances close to that of dedicated 4-way and 8-way out-of-order
execution engines. For example, compared to a 2-way core, dual-core processing in
accérdance with tﬁe present émbodiment can achieve up to 3.24 times speed-up with
an average speed-up of 2.64 times. Quad-core operaﬁon Vin accordance with the
present-emb'odiment‘can achievé up to 5.61 times speed-up with an average speed_-up'
of 4.08 times for embedded 'applications. More importantly, dual-core and quad-core
operation in accordance with the present enibodiment caﬁ surpass the perforrnancg of
significantly more compiex 4-way and 8-way cores for a large range of applications.
In accordance with the present embodiment, coalition size is limited to four cores 310
as speed-up is limited for core complexity beyond §-way 6ut-of—order cores.

[0037] Thus, 'it can be secen that the present embodiment can achieve the
performance of complex out-of—order superscalar processors without paying the price
of complex hardware and its associated ‘energy‘ inefficiency and reliability issues. The
additional hardware necessary is minimal, is part of rthe coalition logic 325 couplgd to
é coalition logic bus 340; and is utilized to handle parallel proéessing in multiple
cores 310 when the cores 310 are formed into a coalition. The coalition logic 325
includés three dedicated registeré for synchronizatibn among the cores 310 (a global
program countef 342, a ticket register 344 and a serving register 346), and a shared
global register file 348. Operation of the coalition logic 325 will be explained in more .
detail below.

. ]0038] Thus, it can be seen by those skilléd in the art that the ohly additional
hardware required is the coalition légic 32‘5 which includes the shared global register

file 348 to communicate values between the basic blocks 420 running on different

11
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cores 310. The coalition bus 340 also c;ouplés the coalition. logic 325 to each of the
cores 310 in a cluster. A minimal amount of additional resources 352 is added to the
internal architecture of the cbres 310 to support coalition. Those skilled in the art will
recognize that the remaining structure of the cores 310 shown in FIG. 3 is a
conventional core structure and the main execution engines 355 of the cbres 310
remain completely unchanged.

[0039] The i)resgnt architecture 300 successfully re-conciliates the; conflicting
requirements of applications.with explicit thread-level parallelism (TLP) and single-
threaded serial applications with high degree of instruction-level parallelism (ILP).
The architecture 300 comprised of multiple simple homogeneous cores 310 is ideally
suited to take advantage of TLP. But there exists a large class of applications with
substantial sequential code fragments that are difficult, if not impossible, to parallelize.
Amdahl’s law states that the speed-up of such applications is limited by the
perfortnance of the serial code.v Only comblex out-of-order executioﬁ engines with
high-degree of superscalarity (4-way or 8-way) can transparently accelerate sequential
vcode ﬁagmeﬁts through aggressive exploitation of ILP. Power and thermal 1imifs, as
wéll as reliability issues, do not penni’g deployment of such compiex cores in
embedded systems. However, it has been shown through simple analysis how an
application can achieve speed-up much beyond the limit of Amdahl’s law if the
underlying architecture can be dynamically reconfigured between a small number of
complex cores exploiting ILP and a large number of simple cores exploiting TLP.
The architecture 300 achieves this seamless transition between ILP and TLP by
forming at runtime a coalition of two to fbur cores 310 to create virtual 4-way or 8-

way superscalar cores.

12 -
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[0040] The idea of composihg simple cores together to accelerate serial code is not
new. However, prior solutions either require significant additional shared hardware
- resources and modifications to the internal architecture of the composable cores,»or
follow a rédically different’instructidn set architecture (ISA) that requires complete
re-engineering of the software model and aggressive compiler optimizations. In
éontrast, the present embodiment presents a hardware-software cooperative solutién
~ that demands minimal changes to both hardware and software. |
[0041] Ref¢rring to FIG. 4, basic block procéssing 400 in accordanCe ‘with the
architecture) 300 is depicted. The architecture 300 (FIG. 3) follows a distributed
execution model in coalition mode. The unit of execution‘ for a core is a basic block
420, which isa sequence of instructions with single entry and single exit poiﬁt. When
a processing task compri.sing a plufality of serial threads 410 is recei‘ved,‘ each of the
plurality of serial threads 410 is divided into a plurality of basic blocks 420 (B to Bs).
A core 310 fetches and executes one basic block 420 at a time. In accordance with the
present embodiment, the basic blocks 420 are executed in parallel on the cores 310
that form a coalition and thereby achieve speed-up for serial code. The cores 310
fetch basic blocks 420 for execution. As soon as a core 310 completes fetch, decode,
and rename: of all the instructions in a basic block 420, it attempts to fetch the next
available basic block 420.
[0042] When a serial thread 410 requires more than one processing core 310, a go-
into-coalition-mode-now instruction is sent to ones of the cores 310 in the core cluster
required for handling the serial thread 410 (in FIG. 4, this is a medium ILP serial
threadv410 and a coalition with Core 0 and Core 1 is formed). The basic blocks 420

are then processed by the cores 310.
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[0043] Thus it can be seen that the present embodiment in coalition mode follows a
‘distributed execution model that avoids comblex centralized fetch/decode,
dependency resolution, and instruction scheduling ef previous épproéehes. It needs
support from compiler to identify the basic blocks 420 and their register dependencies. -
The cordpiler detects live-in and live-out fegisters ‘corres‘por‘lding to each basic block
420. The term live-in register indicates a register that is alive at the entry of a basic
“block 420 and is actually used inside the basic.block 420. The term live-out register
stands for a register that is alive at the exit of a basic block 420 and is actually
updated inside the basic block 420. The live-in and live-out registers correspond to
inter basic block 420 dependencies ahd it is possible ‘for the sarhe register to appear as |
both live-in and 1ive-out registers. An instruction, caﬂed a sentinel instruction,vbis
utilized in accordance with the preéent embodiment to encode this information and the
compiler adds a sentinel instruction in the beginning of each basic block 420. That is,
the compiler splits the program into basic blocks 420 which are delimited by sentinel
| instructions.
[0044] Refefring to FIG. 5, the structure of a sentinel instruction 500 is depicted.
The compiler adds a sentinel instructioﬁ 500 to each of the plufality of basic blocks
420 of serial threads that require more than one processing core which allows the
architecture 300 to supply its processing advantages fo any ISA that can be extended
with the sentinel instruction 500. With a 64-bit instruction format, the sentinel
instruction 500 includes information for processing of the plurality of basic blocks
 420 including operation code data 516, length'of basic block data 520, end-with-
branch data 530, up. to three live-in registers 540, and up to three live-out registers
550. The length of basic block data 520 specifies the length of the i)asic block 420

which is delimited by this sentinel instruction 500. By setting the field of the length
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of basic block data 520 to four bits, at most sixteen instrucftibns can be supported in a
basic block 420. If the size of a basic block 420 éxceeds sixteen iﬁstructions, it is
split intb two or more basic blocks 420. The end-with-branch data 530 is a one-bit
field that specifies if the basic block 420 ends with a branch instruction or not.

[0045] The hcxt SiX _ﬁelds hold the live-in registers 540 and the live-out registers
| 550 for the basic block 420. FIG. 6 depicts the percentage of basic blocks 420 with
number of live-in and. live-out registers below certain thresholds for some SPEC and
embedded benchmarks. For almost all benchmarks, 90% of basic blocks 420 contain
less than or equal to three live-in and live-out rggisters. Thus, the sentinel instructions
500 in accordance with the present invention are constrained to have three 'or. less live-
in registers 540 and three or less live-out registers 550. If a basic block 420 contains
more than three live-in registers 540 or more than three live-out registers 550, the
compiler splits the basic block 420 into two or more sub-blocks so as to satisfy the
constraint.

[0046] FIG. 7 shows an éxamplé of register renaming with a basic block 420
showing the sentinel instruction 500 andv ﬁ\;e iﬁsfructioné (IO fo I4). Notice that r5 is
defined locally by instruction 12, and used locally by instruction I3. Similarly, r4 ‘is
defined multiple times (I0 and I3); but the last definition in I3 is treated as live-out.
The basic block 420 has one live-in register (r5) and one live-out register (r4).

[0047] When the sentinel instruction 500 is fetched, the core accesses the global
register map where r5 has been renamed to global physical register GR3. Therefore,
in the local register map 702 as well we map r5 to GR3 at instructions I0 to I3. When
the regular instructions are fetched within the basic block 420, they get renamed as
usual using only the local register map 702. Hence, source register rS in instructions

10, I1, 12 is renamed to GR3. Instruction 12, however, redefines register r5. At this
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point, r5 gets renamed to a local physical register LR9. So the next instruction I3 uses
LR9 for source register r5. Thus,bthe same register r5 initially gets mapped to a global
physical register and then gets mapped to a local physical régister. On the other hand,
register 16 in instruction 11 is always mapped to local bhysical register as it does not
beléng to the ﬁve-in register Hst.

[0048] The core needs to rename the live-out registers. First, the core requests the
g_lobél régister renaming logic to sﬁpply a free global ﬁhysical register corresponding
to each live-out register. This mapping information is maintained iﬁ the global
regiéter' map as well as in a special local table called live-out map 704. The live-out
ma.p‘704 contains only three entries .corresponding to three live-outAregisters. Each
. éntry is a‘3-tuple containing (a) an architecturai reglster 1ndex, (b) a global physical
register index, and (c) a reorder buffer (ROB) ID of the instruction that last mapped
thé corresponding architectural register. The live-out map 704 maps register r4 to free
global physical fegister GRS. The ROB entry is not yet known

[0049] Note that we do not immediateiy copy the live-out mapping into the local
register map. | This is »5écause a live-oﬁt régister 550 can'be defined multiple times
within a basic block 420 and only the last write to the register should be
communicated to the .global register file 348. For example, live-out register r4 gets
defined at both instruction 10 and 13. However, only I3 should write to the global
register file.

[0050] In a 2-way out-of-order processor, we need to rename four source registers
and two destination registers per cycle. In contrast, the sentinel instruction 500
_requires renaming three source registers and three destination registers. Unlike
normal instructions where the hardware needs to identify possible dependencies

among the registers being renamed in parallel, only three free physical registers for
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each sentinel instructibn needs to be identified. ‘ And it is easy to rename three
registerg in one clock cycle for a sentinel instruction 500.

,[00511 The fetching and renaming of regular instrucﬁons in‘ tile basic block 420
proceeds. For example, r4 gets renamed to local physical fegister LR7 in I0 and then
to LR10 in I3. Whenever r4 gets renamed, the ROB ID of the corresponding
-~ instruction is copied into the live-out map 704. Originally, the ROB ID is ROB6
corresponding to 10 and then it changes to ROB9 corresponding to I3.

[0052] Whene\./er a normal instruction with live-out register gets renamed, the
_ globai register file index is copied into the corresponding ROB entry. Later, if the
1ive-‘o<ut registefis renamed again in the basic block 420, the global register file index
is removed from ‘the previous ROB entry and added to the new ROB entry. for
example, initially ROB entry ROB6 for instruction 10 contains global register index
GRS and is later removed when ROB9 fof I3is updéted with global register file indéx
GR8. When an instruction that déﬁnes a live-out register 550 completes execution, it
writes the value into both the local and global register file 348. For example, when I3
completés \execution, t\he value of register r4 will be written to both LR10 and GRS.
In addition, when a core 310 writes td the global physical register file 348, it needs to
broadcast the information on the coalition bus 340 (FIG. 3) so that other cores 310
dependent on this register can get the value. Finally, when such an instruction is
ready to commit, the value is committed to the global register file 348.

[0053] It is possible that a regular instruction that last defines a live-out register -
value (e.g., I3) completes execution even before the whole instruction corresponding
to its basic block 420 have been fetched and renamed. In that case, when the
instruction executed, it is not guaranteed,rthat it needs to write the value into the global

register file 348. This information is known only when all the instructions in the basic
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block 420 Have been renamed. Forb this reason, instructions from a basic block 420
are not allowed to broadcast and commit live-out registers till all the instructions from
that basic block 420 have been fetched and renamed.

[0054] Even tﬁough the cores 310 in a coalition can perforrh fetch, rename, execute,
and register writes in parallel, only one core 310- can perform commit per cycle to
satisfy in-‘order commit. However, we are not restricted to at most two instructions
commit per cycle. This is because all the instructions with local register destination
do not needvto commit. dnly the instructions with live-out destination fegisters and
memory instructions need to commit to the global register file 348. Therefore, only at
most two instructions are restricted to commit with live-out destinations and memory
instructions per cYcle. Hence, the commit stage does not-become a bottleneck when
emulating 4-way or §-way processor operation:

[0055] Also, the architecture 300 and its basic block processing operation as shéwn
in FIG. 7 uses classic register' renaming for both local and global register files. As
mentioned before, the coalition logic 325 includes the shared global register file 348
that includes a global register map ana a global physical register ﬁlé. The size of fhe
global register ‘map_is determined by the number of registers in the prdcessor ISA.
"The size of the global physical register file, however, depends on the fraction of
register accesses that require global register file. In accordance with the present
embodiment, forty entries are allocated for the glqbal physical register file.

[0056] When a core 310 fetches a sentinel instruction 500, it has to handle the live-
in and live-out registers 540, 550. For a live-in register 540, there can be ‘two
scenarios. In the first case, the value corresponding to the global register has already
been produced by a preVious basic block 420. The core 310 only needs to copy this

value into the local register file. In the second case, the value is not yet ready. The
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register renaming logic then simply copies the mapping from the global register map
‘to the local register map. That is, the local register map for the live-in register 540
no§v points to a global register ﬁlp 348 entry.

[0657] Referring to FIG. 8, the basic blocks 420, B0, and B1;, and their sentinel
instructions 500 are depicted, including the iive-in register values 546 and the
instructions 10 to I14. In fhis mannér, the dependéncies among tﬁe basic blocks 420 are |
explicitly conveyed in the program code. The cores 310 can fetch and execute
different basic blocks 420 in parallel, thereby achieving pérférmance speed-uﬁ.

[0058] In the architecture 300, the base processing cores 310 are 2-way out-of-order
ekecution engines that uée register_ map tables fo renatﬁe architecturalfegisters into
physical registers. The registers local to a basic block 420 can rema{n in the core-
local register file. However, the live-in and live-out register values have to be
communicated among the cores 310. Referring to FIGs. 9A to 9D, operation of the
global register file 348 that is shared across the cores 310 is depicted. This includes a
global map table 902 and a global physical register file 348. The live-in registers 540
have to be reéld from the global register file 348, whiie the live-out re‘gistérs 550 ha\fe
to be written into the global register file 348. Thus live-in and live-out registers 540,
550 have to be renamed using the global map table The sentinel instructions take
care of global register renaming as progressively shown in FIGs. 9A, 9B, 9C and 9D.
[0059] Any out-of-order execution core 310 should rename registers in program
order as well as commit instructions in program order. As the global (intér basic
block) dependencies are encapsulated in the sentinel inétructions 500, execution of the
sentinel instructions and renaming of the global registers need to occur in program

order. A global program counter (GPC) that is shared across the cores is used to
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ensufe program 6rder. The GPC also comes with a locking mechanism such that only
one core can access and update the GPC at any point of time.

[0060] Referring to FIGs. 10A to 10D, the processing of the basic blocks 420 in a
coalition including Core 0 and Core 1 under éontrol of the global program counter
342 is depiéted. As can be see'nv’in FIG. 10A, iﬁitially the GPC 342 ﬁoints to the
sentinel instfuction in the very fitst basic block B0; of the program. The first basic
Block B0_1 is then fetched By Core 0. Once Core O fetches vthlc‘e sentiﬁel instruction and
completes global registér renaming, it updates the GPC 342 to point to the next basic
block 420 (i.e., th¢ next sentinel instruction 500). If the basic block 420 ends with a |
branch instruction, the GPC 342 will be updated with the predicted target address
generatéd by the branch predictor in the core 310. Referring.to FIG. 10B, the global
program counter 342 moves to basic block B1 and Core 1 fetches the second basic
block B1, (presuming correctly that BO; branches to B1;). In this manner, the GPC
342 is incremented by the length of the basic block (as evidenced by the length-of-
| block data 520). In othef words, the GPC 342 always points to a sentinel instruction
500.- After updating; the core 310 releases the lock on tfle GPC 342 allowing the next
core (or the same core) to lock the GPC register. | N

- [0061] Thus the core starts fetching the instructions from the basic block 420 and
then executes them out-of-order whenever their operands are ready (i.e., all the local
and global dependencies are resolved). Referring to FIG. 10C, as the processing of
basic block B1, continues after the processing of basic block B0, is complete, the
global program counter 342 moves to basic block B3 and Core 0 fetches basic block
B3;. And, referriﬂg next to FIG. 10D, Core 0 has finished processing the basic block
B3, before Core 1 finishes processing basic block B1;. So, when the global program

counter 342 moves to B4, Core 0 fetches basic block B4,. C
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[0062] In this manner, the architecture 300 resolves register and memory
dependencies among the basic blocks 420 so as to maintain correct processing order
during parallel execution. Instead of relying on a complex hardware mechanism to
detect interdependency among the basic blocks 420, a hardware-software co-operative
solution is utilized by -the preéent embodiment to ensure that the cores 310 fetch,
rename and commit the basic blocks 420 in program order. The execution of the
‘instructio.ns from différent basic blocks 420 cah'therefore'be performed out;of-order,
the speed-up .of the present embodiment resulting primarily from this out-of-order
parallel execution of instructions from différent basic blocks 420 on different cores .
310.

[0063] The in-drder éommit constraint is to handlé speculative execution and
precise exception and is handled fhrough a shared ticket lock mechanism. Referring
té FIGs. 11A to 11H, operation of the ticket lock mechanism is depicted through eight
successive operations. The ticket lock mechanism contains two registers: a serving
register 346 and a ticket register‘344. Both are initialized to 0. The ticket register 344
is used'.to keep track of the order in which the basic blbcks 420.are fetched by the
cores 310. When a core 310 locks the GPC 342, it also reads and increments the
current value of ticket register 344. It then tagé the reordér buffer (ROB) entries of all
the instructions in the basic block 420 with this ticket value. That 1s, each basic block
of instructions is tagged with a unique ticket value. and the ticket values are assigned
to basic blocks 420 in program order.

[0064] The serving register 346 dictates which set of instructions are allowed to be
committed.' - At any point in time only one core 310 is permitted to commit
instructions. That is thé core for which thé instruétions are ready to be committed and

their associated ticket number matches the value held by the serving register 346. The
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serving register 346 is incremented after all the instructions from the basic block 420
are committed.

[0065] Referring to FIG. 11A, th¢ ticket register 344 is incremented by one and
basic block BO0; is fetched by Core 0 with ticket register valqe 1. The serving register
346 is incremented by one and processing of basic block B0, is committed with
serving register value 1. The ticket register 344 is then incremented again. Referring
to FIG. 11B, basic block B1,; is fetched by Core 1 with ticket register value 2. As all
the instructions from the basic block B0, are not yet committed, the serving register is
not incremented. Referring next to FIG. 11C, the ticket register 344 is incremented
by one and basic block B3, is fetched by Core 0 with ticket register value 3. At FIG.
: ‘l(lD, the ticket register 344 is again incremented by one and basic block B41 is
fetched by Core 0 with ticket register value 4. All of the instrucﬁons from the basic
block B0, are nowi committed, so the serving register is incremented by one.

[0066] Referring to FIG. 11E, the ticket register 344 is again incremented by one
and basic block ‘B02‘ is fetched by Core 1 with ticket register value 5. Processing of |
basic block B1; is committed with serving register valﬁe 2. The ticket register_344 is. _
then incremented again. Referring to FIG. 11F, basic block B1; is fetched by Cote 0
with ticket register value 6. As all the instructions from_ the basic block B1; are
committed, t-he serving register is now incremented by one. Referring next to FIG.
11G, the ticket register 344 is incremented by one and basic block B3, is fetched by
Core 1 with ticket register value 7. The serving register value is now 3. At FIG. 11H,
the ticket register 344 is again incremented by one and basié block B4, is fetched by
Core 1 with ticket register value 8. All of the instfqptions from the basic block B3;
are now committed, so the serving register 344 is incremented by one. Thus, the in-

order fetch and commit handles speculative execution and precise exception through
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the shared ticket lock mechanism utilizing the ticket register 342 and the serving
register 344.

[0667] FIG. 12 illustrates the architecture 300 and its operation with an example. As
before, the left hand side of the figure shows a simple control flow graph (CFG) 430
corresponding to a program. The CFG 430 contains the five basic blocks BO-B4. In
the beginning, the global program counter (GPC) 342 points to the sentinel instruction
500 of basic block BO: Core 0 gets initial lock on the GPC 342, fetches the sentinel
instruction 500 of the basic .block B0, and rehalnes.the global registers according to
live-in and live-out information of the sentinel instruction 500 of the basic block BO.
The sentinel instruction 500 also indicates that the basic block BO ends in a branch
kinstruction. Therefore Core 0 performs branch prediction, which indicates Bi as the
predicted next basic block 420. So the GPC 342 is updated to point to the sentinel
instruction 500 of basic block Bl and Core 0 releases its lock on tile GPC 342.
During this period Core 1 is sitting idle as it cannot obtain a lock on the GPC 342.
[0068] Now Core 0 starts fetching, decoding, renaming, and executing the regular
" instructions from basic block BO Meanwhile, as the GPC 342 has been released,
Core 1 locks the GPC 342 and renames global registers corresponding to basic block
Bl. As Bl does not have any branch instruction at the end, the GPC 342 is
incremented by the length of B1 and now points to B3. Core 1 also releases the lock
on the GPC 342. At this point, both Core 0 and Core 1 are fetching, renaming, and
executing instructions from their corresponding basic blocks 420.

[0069] When Core 1 releases the lock on the GPC 342, both the cores 310 are still
busy fetching instructions from their respective basic blocks 420. Therefore, none of
them attempt to lock the GPC 342. Only when a core 310 completes fetching all the

instructions from its current basic block 420, will it proceed to get the lock on the
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GPC 3.42 for the next basic block 310. This is the reason why there is a gap between

the completion of the execution of the sentinel instruction 560 in Bl 'cindthe' fetching
~of the sentinel instruction 500 in B3.

[0070] Next, Core 0 completes fetching all the instructions of ,B.O and locks the GPC

342 for B3. ‘So when Core 1 comi)letes'fetching all its instructions from basic block

Bl, it needs to wait for the lock. Even though in this example: tIie basic blocks

alternate between the two cores, it is possible for a core 310 to fetch consecutive basic

blocks (as seen in FIGs. 10 nnd 11) especially when the other core 310 is handiing a

'large basic‘bIIOCk 420 and cannot request lock on the GPC 342.

'[0071] Turning now to the commit, initially the value of the serving and ticket
registers 346, 344 are both 0. Thus Core 0 tags all the instructions .6f B0 with “0” and
the ticket register 344 is incremented to 1'. Once the first instruction of BO completes
eicgcution, Core 0 can start committing instructions as the value of the serving register
346 matches the tag of its instructions. Core 1 has tagged all the instructions of Bl
with t}ie ticket value 1-. So, Core 1 cannot commit in‘ parallel with Core 0. Instead, it
should wait till Core 0 completes all the commit and increments the serving register
346 to l.vThis introduces idle cycles in the commit stage of Core 1 as shown in FIG.
12.

[0072] ’ When a core 310 detects a branch misprédiction, it will signal all the cores
310 (including itself) to flush the fetch queues and the ROB entries with ticket values
greater than the ticket value of the mispredicted branch instruction. In other words,
all the instructions subsequent to the mispredicted branch are flushed from the
pipeline similar to what happens in a normal out—bf-order execution. The core 310
will ask any other core 310 locking the GPC 342 to release it. The core 310 with the

mispredicted branch will then lbck the GPC 342, restore the global ticket register 344
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to one plus the. ticket value of the mispredicted branch instruction and set the GPC
342 to the correct address. Then it will continue fetching from the new GPC address
which now pdints to the correct sentinel instruction. The same pol_icy is followed to
méintain precise exception.

[0073] As with any out-of-order architecture, operation in accordance with the
present embodiment restricts the store operations to update.the memory in the ¢oﬁ1mit
stage. Thus, write-after-write memory hazards can be avoided. However, the
problems of write-after-read and read-after-write memory hazards still exist. A load
and store executing on different cores 310 éan access the same memory location. In
thét case, operation in accordance with the present -er;lbcu)dirhent ensures that they
execute in the original prograin 0rder.> If ahlo‘ad instruction is about to read frorh an
address at which a previous store (from another core 310) has to write, then the load
operation may read a wrong value. |

[0074] .This i)roblem is not unique. Even in a single—core traditional out-of-order
execution engine, a load may execute while,th.e rr;ernory address of a previous store
instruction is still not ready. Later on, it may turn out that the load and.the previous
store access the same address and hence the value read by the load operatioh is
incorrect. This is handled through memo£y disambiguation at commif stage by out-
of-order processors and operation in accordance with the present embodiment utilizes
the same mechanism. vThis mechanism enforces that all load operations should
execute two times. First, when their operands are ready (execution stage) and second,
when they are ready to commit‘. When the load is executed the secohd time, it will
check if the value read is different from the value which was obtained at the first
attempt. If it is different, then it means that another core 310 has committed

previously and it wrote at the same address. All the instructions executed after the
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load instruction by all the cores 310 (including the current one) are corrupted and theb
core 310 will have to signal all the cores to flush their internal structures and again
prepare the GPC 342 and the ticket registers 344 for a new fetch.
[0075] In summary, the multi-core processor architecture and its operation in
accordance with the present embodiment requires (a) in-order fetchiﬁg of the senﬁnel
instruct.ions‘ 500 so that global register reriéming can happen in-order, and (b) in—ord-er
commit of the instructions across the cofes 310. The dashed lines in FIG. 12 highlight
the in-order fetch and comnﬁit operations. They can introduce idle cycles but are
necessafy to maintain correctness of program executiop. The fetch, rename, and
execute of regﬁlar instructions in the cores‘310 can proceed in paralle] to create the
iilusion of a single virtual oﬁt—of—or’der engine.
[0076] Referring to FIG. 13, the multi-core pvrocessor architecture.and its operation
in accordance-with the present embodiment (termed the Bahurﬁpi model, where
Bahurupi is an Indian word meaning a person of many forms and guides, a
.polymorph) of execution can even outperform tfue out-of-order execution engines.
For examplé, for floating p(r)‘:il;t: i)énchmarks, 2-core afchitecturé in accordance with
the present embodiment performs better than a 4-way issue out-of-order processor in
both speed-up and energy consumption (see FIGs. 13A and 13B). This is because
processing in accordance with the present embodiment can look far ahead in the
future. In FIG. 12, for example, the cores 310 are fetching instructions from basic
blocks B3 and B4 in parallel. In the 4-way issue processor, however, the instructions
from B3 and B4 have to be fetched sequentially. As dependencies between the basic
“ blocks 420 are resolved with the help bof live-in, live-out information, processing in
accordance with the present embodiment can exploit ILP across basic blocks much

more easily.
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[0077] Referring specifically to FIG. 13B, the bar graphs plot energy consumption
of Bahurupi normalized with respect to the baseline 2-way cére. As expected, for
SPEC integer benchmarks, 2-core Bahurupi consumes 5% more energy compared to
4-way baseline cores Adue to slightly increased execution time and the extra energy
consumption due to coalition logic and sentinél instructioﬁs. But 4-core Bahurupi
improves. energy consumption by 29% compared to-8-way baseline architecture. For
SPEC floating point and emb_edded benchmarks, on an average, 2-core Bahurupi
improves the energy cqnsumptiori by 26% and 11%, respectively, compared to 4-way
cores. This is due to the reduced power per core and the overall improved executjon
time |

[0078] Thé presént embodiment provides an ad{fantageous reconfigurable
heterogeneous arclﬁtecture. At runtime, it is possible to form a coalition of two to
four coreé 310 if needed for execution of higher ILP applications. On the other hand,
the architecture behaves like‘ a traditionél homogeneous multi-core architecture in
non-coalition mode. The reconfiguration overhead of Bahurupi is minimal except for
the latency to flush the pipeline. A special instruction is used to request a core to join
a coalition or leave from the coalition. In coalitién mode, the additional coalition
logic is simply turned off. When forming or leaving coali‘tion, the L1 cache memories
313, 315 have to be reconfigured to either run in partitioned mode (for individual
cores) or shared mode (for coalition cores). We assume one hundred cycle latency for
reconfiguration. Any optimizing compiier computes the live-in and live-oﬁt
information for a basic block 420 and the compiler in accordance‘ with the present
embodiment also inserts the sentinel instruction 500 at the beginning of each basic
block 420 as well as split a basic block if it exceeds the threshold for either number of

instructions or number of live-in/live-out registers.
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[0079] Thus, it can be seen that a plurality of simple cé;es in a reconfigurable multi-
core architecture have been provided that can dynamically adapt themselves to
support both multi-threaded code with explicit thread-level parallelism as well as
sequential code with instruction-level parallelism. In addition, we have disclosed an.
architecturé which provides advantageous operational» parameters - througﬁ the
coalition of simple 2—way cores and can perform equal to and sometimes better than
4-way or 8-way superscalar cores. The present embodiment provides a reconfigurable
heterogeneous polymorphic multi-core architécture that can be configured at runtime
to best match the workload by dynamically adapting itself to support both multi-
threaded code with explicit thread-level pérallelism as well as sequential code with
instruction-level parallelism. It further provides a hardware-software cooperative
* solution that requires minimal additional hardware resources and compiler support for
coalition. While exemplary embodiments have been presented in the foregoing
detailed description of the invention, it should be appreciated that a vast number of
variations exist.

 [0080] It should further be appreciated that the exemplary embodiments are only-
exﬁmples, and are not intended to limit ‘the scope, applicability, operation, or
configuration of the invention in any way. Rather, the foregoing detailed description
will provide those skilled in the art with a convenient road map for implementing an
exemplary embodiment of the invention, it being understood that Various changes
- may be made in the function and arrangement of elements and method of operation
described in an exemplary embodiment without departing from the scope of the

invention as set forth in the appended claims.
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CLAIMS

What is claimed is:

LA methkod for dynamic heterogeneous polymorphic processing in a
pfoceséor comprising a phirality of vprocessinf.; co\rés, each of the phi_rality of
processing cores assigned to one of a‘ plutality of core clusters and each of the
plurality of core clusters capable of dynamically forming a coalition comprising two
or more of its processing cores, the method comprising the steps of: |

receiving a processing task comprising a plurality qf serial threads; |

dividing‘ each of the plurality of | serial threads ihto a plurality of basic blbcks,
~ each of the plurality of basic blocks comprising a single entry point and‘a single exit
point;

| creating a control ﬂow‘for the plurality of basic blocks;

determining whether each of the plurality of serial threads requires more than
one processing core;

sending a go-into-coalition-mode-now instruction to ones of fhe plurality (;f
core clusters for handling ones of the plurality of scri‘al threads that require more than
one processing core; | |

adding one of a plurality of sentinel instructions to each of the plurality of
basic blocks of the ones of the plurality of serial threads that require more than one
processing core, each of the plurality of sentinel instructions comprising information
for processing of the plurality of basic blocks; and

upbn completion of each of the ones of the plurality of serial threads that
requires more than one processing core, sending a go-out-of-coalition-mode-now

instruction to corresponding ones of the plurality of core clusters.
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2. The method in accordance with Claim 1 wherein the determining step
comprises determining whether each of the plurality of serial threads requires more
than one processing core in response to complexity of instruction-level parallelism of

each of the plurality of serial threads.

3. The method in accordance with Claim 2 wherein the determining step
- comprises determining that one of the plurality of serial threads requires-only one
processing core in response to determining that the one of the plurality of serial

threads comprises a low instruction level parallelism serial thread.

4. The method in accordance with Claim 2 wherein the determining step
comprises determining that one of the plurality of serial threads requires a coalition of
two processing cores in response to determining that the one of the plurality of serial

threads comprises a medium instruction level parallelism serial thread.

5. The method in accordance with Claim 2 wherein the determining step
comprises determining that one of the plurality of serial threads requires a coalition of
four processing cores in response to determining that the one of the plurality of serial

threads comprises a high instruction level parallelism serial thread.

6. The method in accordance with Claim 1 wherein each of the plurality

of sentinel instructions comprises end-with-branch data.
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7. The method in accordance with Claim 1 wherein each of the plurality

of sentinel instructions comprises length of basic block data.

8. The method in accordance with Claim 1 wherein each of the plurality

of sentinel instructions comprises live-in registers and live-out registers.

9. The method in accordance with Claim 8 wherein each of the plurality
of sentinel instructioris'comprises three or less live-in registers and three or less live-

out registers.
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10. A dynamic heterogenéous polymorphic processor comprising:

a plurality of processing cores, each of the .plurality of processing cores
assigned to one of a plurality of core clusters; and

coalition logic associated with each of the phirglity of core clusters for
enabling dynamic heterogeneous polymorphic processing-by a coalition of fwo or
‘more of the p'lurality‘of processing cores within the associated one of fhe plurality of
core clusters, each.coalition logic switching the two or more of the blurality of
processing cores into a coalitién in response to the one of the plurality of core clusters

receiving a coalition request command.

11.  The dynamic heterogeneous iaolymorphic processor in accordance with

Claim 10 wherein the coalition logic comprises a global program counter.

12. The dynamic heterogeneous polymorphic processor in accordance with

Claim 10 wherein the coalition logic comprises a ticket register and a serving register.

13. The dynamic heterogeneous polymorphic processor in accordance with

-Claim 10 wherein the coalition logic comprises a global register file.

14,  The idynamic heterogéneous polymorphic processor in accordance with
Claim 10 further comprising cluster input control logic associated with each of the
- plurality of core clusters, the cluster input control logic receiving a processing task
cdmpﬁsing a plurality of serial threads, dividing each of the plurality of serial threads

into a plurality of basic blocks wherein each of the plurality of basic blocks comprises
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a single entry point and a single exit point, and creating a control flow graph for the

plurality of basic blocks.

| 15.  The dynamic heterogeneous polymorphic processor in accordance with
Claim 14 bwherein the cluster input control logic associated with each of the plurality
of core clusters further determines whether processing of each of the plurality of serial
threads requires one processing core or a goalition of processing cores in response to

complexity of instruction-level parallelism of each of the plurality of serial threads.

16.  The dynamic heterogeneous polyniorphic processor in accordance with
Claim 15 wherein the cluster input control logic determines;that précessing of one of
 the plurality of serial tﬁreads requires one processing core in response to determining
that the one Qf the plurality of serial threads comprises a low instruction level
parallelism serial thread, the cluster input control logic passing the one of the plurality
of sérial threads to one of the plurality of processing cores in the associated one of the

plurality of core clusters.

17.  The dynamic heterogeneous polymorphic processor in accordance with
Claim 15 wherein the cluster input control logic determines that processing of one of
the plurality of serial threads requires two processing cores in response to determining
that the one of the plurality of serial threads comprises a medium instruction level
parallelism serial thread, the cluster input control logic sending a go-into-coalition-
mode-now instruction to the associated one of the plurality of core clusters for the
associated one of the plurality of core clusters to form a coalition of two of the

plurality of processing cores of the associated one of the plurality of core clusters and
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passing the one of the plurality of serial threads to coalition logic associated with the

‘coalition.

18.  The dynamic heterogeneous polymorphic processor in accordance with
Claim 15 wherein the clustér input control logic determines that processing of one of
the plurality of serial threads requires four processing cores in’ response to
determinin'g that the one of the plurality of serial threads comprises a high instruction-
level parallelism serial thread, the cluster input control logic sending a go-into-
| coalition-mode-now instruction to the associated one of the plurality of core clusters
fof; the associated one of tﬁe plurality of core clusters to form é éoalition of four of the |
- plurality of processing cores of the associated one of the plurality of core clusters and

passing the one of the plurality of serial threads to coalition logic associated with the

coalition.

-19.  The dynamic heterogeneous polymorphic processor in accordance with
Claim 14 wherein the cluster input control logic further adds one of a pluraiity of
sentinevl instructiéns to each of the plurality of basic blocks of the ones of the plurality
of serial threads that require more than one prdcessing cofe, each of the plurality of

sentinel instructions comprising information for processing of the plurality of basic

blocks.

20.  The dynamic heterogeneous polymorphic processor in accordance with
Claim 17 wherein each of the plurality of sentinel instructions comprises end-with-

branch data, length of basic block data, live-in registers and live-out registers.
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21.  The dynamic heterogeneous polymorphic processor in accordance with
"Claim 20 wherein each of the plurality of sentinel instructions comprises three or less

)
live-in registers and three or less live-out registers.

-22. A dynamic heterogenequs polymorphic processor comprising a
plurality of core clusters, each of th¢ plurality of core clusters comprising:' _
a plurality of processing cores; and
coalition logic for switching two or more of the plurality of processing cores ‘ ‘
into a coalition in response to a coalition request command, the coalition logic ﬁ.lrther _
comprising a global brogram counter register, a ticket register, a servihg register, andi
a global register file fér enabling dynamic heterogeneous polymorphic processing by

the coalition.
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