METHOD AND APPARATUS FOR CACHI NG VARI ABLE LENGTH
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i nstructions. BACKGROUND [ 0002] A m croprocessor's

word | ength denotes the length (in bits or bytes) of

its basic working unit of data. For exanple, a 32-bit
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realizing the nmenory savBAGEKGROUNDes storing the
variable length instructions on non-natura
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v7 famly of m.croprocessors support word and .
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instructions, or a mix of 64-bit and 32-bit instructions. Support for shorter-length
instructions offers, in some cases, legacy compatibility, and provides an opportunity for
a smaller instruction memory footprint, at least for applications that can make use of the
shorter instructions.

[0003] However, realizing the memory savings requires storing the variable length
instructions on non-natural boundaries. Memory in which instructions are not
necessarily stored on natural word boundaries may be considered as non-aligned
memory, while memory in which instructions are stored on natural word boundaries
may be considered as aligned memory. As one example where non-aligned memory
may be used, the ARM v7 family of microprocessors support word and half-word
instructions, and allow 4-byte instructions to be stored across 4-byte boundaries.

[0004] While the use of non-aligned memory for instruction storage is space-

efficient, the lower-latency instruction buffers which are used to enhance instruction

execution performance, commonly use a natural word-alignment. For example, cache
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exditha cache reads required for retrieving the trailing
portions of m saligned, cross-boundary instructions.
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net hods and apparatus taught herein, an instruction
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The second access retrieves the trailing (post-boundary) portion of the border-crossing
instruction. Obviously, the prevalence of misaligned instructions in cache memory

negatively influences overall caching performance, because the extra cache reads

required for retrieving the trailing portions of misaligned, cross-boundary instructions.

SUMMARY OF THE DISCLOSURE
[0007] According to the methods and apparatus taught herein, an instruction
cache controller uses supplemental memory to store a redundant copy of cached
instruction data corresponding to a cache boundary position, and thereby enables
subsequent single cache access retrieval of an instruction that crosses that boundary

position. In one or more embodiments, the cache controller duplicates instruction data
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one or nore additional nenory elenments included in or
asgeriont ewdvp stare the bperdariudati.on cache, a separate
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tag array associated with the instruction cache, one or more additional memory
elements included in or associated with the instruction cache, a separate memory
array, or a higher-level cache.
[0010] The cache controller may be included in a microprocessor. In one
embodiment, the microprocessor comprises an instruction cache and the cache
controller. The instruction cache is configured to cache lines of instruction data, and
the cache controller is configured to store redundant copies of instruction data
corresponding to boundary positions of the cache lines in an auxiliary memory. The
auxiliary memory may be integrated in the cache memory comprising the cache

lines, or may be implemented elsewhere in the cache controller or microprocessor.



auxiliary nmenory nmay be integrated in the cache nenory

conprising the cache lines, or nmay be inpl enented
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f,6r oprocessor. 060197 [0011] O course, the present

disclosure is not limted to yhe above enbodi nents.

Those skilled in the art will recognize additiona

possi bl e enbodi nents upon readi ng the foll ow ng
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caching variable length instructions. [0014] Fig. 3 is

a logic flowdiagramillustrating an enbodi ment of
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instructions. [0015] Fig. 4 is a block diagram
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of [0015] Fig. 4 is a block diagram illustrating another embodiment of an

instruction cache and an auxiliary memory.

[0016] Fig. 5 is a block diagram illustrating yet another embodiment of an
instruction cache and an auxiliary memory.

[0017] Fig. 6 is a block diagram illustrating an embodiment of a microprocessor

including an instruction cache and an auxiliary memory.

DETAILED DESCRIPTION
[0018] Figure 1 illustrates an embodiment of an instruction cache 10 and an
auxiliary memory 12 included in or associated with the cache 10. Instruction caching
transactions directed to the instruction cache 10 are managed by a controller 14,
which is configured to use the auxiliary memory 12 for storing redundant copies of
instruction data for one or more boundary positions in the cache 10. Further, the
controller 14 manages instruction data retrieval from the cache 10, such that at least

some misaligned instructions stored in cache 10 are retrieved in a single access. The



instruction data for one or nore boundary positions in
the cache 10. Further, the controller 14 manages
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[0020] In some embodiments, the controller 14 stores post-boundary instruction
data regardless of whether the data includes a misaligned instruction, i.e., an
instruction having one or more segments that cross a cache boundary. As such, the
controller 14 does not determine whether a particular instruction is misaligned.
Instead, for one or more boundary positions in the cache 10, the controller 14 stores a
redundant copy of the boundary position data in the auxiliary memory 12 as part of
its regular cache filling operations. In such embodiments, the controller 10 does not
determine whether the boundary data actually represents a partial instruction, it
simply duplicates the instruction data in the post-boundary position on the chance
that it represents the trailing portion of an instruction stored in the pre-boundary

position.
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data blindly into the supplemental memory 12. That is, the logical operation of the
controller 14 is simplified by not attempting to determine whether boundary
positions in the cache actually contain boundary-crossing instruction data. However,
in other embodiments, the controller 14 selectively stores redundant copies of
boundary position data, based on, for example, pre-decoding operations that identify
or at least suggest whether boundary position data represents complete half-word
instructions or boundary-crossing full-word instructions.
[0023] According to such embodiments, the controller 14 selectively determines
which instruction data is to be stored in the auxiliary memory 12 in response to one
of various misalignment indicators. Although the controller 14 includes additional
processing logic complexity to support identifying and selectively storing misaligned

instruction data, the method offers increased utilization efficiency of the auxiliary



or at |east suggest whether boundary position data
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exe rllglron cache 10 may have a line size of 32 bytes and a memory port width of 16
bytes, thus resulting in two 16 byte sectors per cache line. As such, the exemplary
cache lines 16-22 are filled by writing two 16-byte groups of data to the two sectors
of a particular cache line. Those skilled in the art will readily understand that cache
line size may be set to any desired value and the cache lines may be subdivided into
any desired number of sectors.
[0025] Variable length instructions stored in the instruction cache 10 may cross
one or more cache line boundaries, and thus, may be misaligned. The auxiliary
memory 12 reduces the adverse effects associated with misaligned instructions by
storing a redundant copy of misaligned instruction segments, i.¢., the segments of an

instruction that are stored across cache line boundaries. An instruction segment may

equate to any size sequence of data associated with an instruction, ¢.g., words, half-



cache lines 16-22 are filled by witing two 16-byte
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subsequent |y avail able for concurrent access along

wi B sedhe a dpirplasctcreing mstuefont siered isthe gachicd masalpe wireeved
stored in the instruction cache 10, i.e., the segnents

of dirie 4 sisgle ucstriuction dxahe akressdiy @madsising ticadipmed sepenent(s) of the
boundary. As such, a boundary-crossing instruction
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the instruction cache 10 for writing of instruction data, as illustrated by Step 100 of
Figure 2. A first instruction, e.g., having four segments Ag — As, is retrieved from
external memory or another cache as part of the instruction data being written to the
selected cache line, as illustrated by Step 102 of Figure 2. The first instruction has
two segments A, and Aj; that cross the intra-cache line boundary separating sectors
zero and one in the first cache line 16. As such, a redundant copy A" and As” of the
misaligned instruction segments A; and Az is written to the auxiliary memory 12, as
illustrated by Step 104 of Figure 2. The instruction data written to the first cache line
16 also comprises a first segment By of a second instruction having two segments By
and B;. The remainder of the instruction, segment By, is stored in another cache line,

e.g., a second cache line 18, as part of a subsequent group of instruction data

retrieved from external memory or another cache. For example, the first and second
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[0028] The controller 14 retrieves instructions stored in the instruction cache 10
by selecting the cache line containing a desired instruction, as illustrated by Step 200
of Figure 3. For example, the controller 14 selects the first cache line 16 to retrieve
the second variable length instruction having segments By and B;. The aligned
segment By of the second instruction is then read from the selected cache line 16, as
illustrated by Step 202 of Figure 3. The redundant copy of the misaligned instruction
segment B;” of the second instruction is read concurrently from the auxiliary memory
12, as illustrated by Step 204 of Figure 3. The complete instruction By B; is
reconstructed by combining the segment of the instruction read from the first cache
line 16, By, with the misaligned segment of the instruction read from the auxiliary

memory 12, B;". Step 206 of Figure 3 illustrates such operations. With such
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sectors, one of two half-lines of data (HLO or HL 1) is provided to the combiner
circuit 38. In other embodiments, a different quantity of data is provided to the
combiner circuit 38, where the quantity corresponds to the number of cache line
sectors, ¢.g., ¥4 lines of data, Y4 lines of data, etc.

[0030] A second selection circuit 40, e.g., a second multiplexer, selects
misaligned instruction segment(s) stored in the auxiliary memory 12 that correspond
to the instruction segment(s) being retrieved from the instruction cache 10. For
example, a column select signal (SEL) provided by the controller 14 causes the
second selection circuit 40 to select the column of the auxiliary memory 12 to be
accessed. If the auxiliary memory 12 comprises a single column of entries, the
second selection circuit 40 is not needed. As such, the selected entry of the auxiliary

memory 12 is provided to the combiner circuit 38. If the auxiliary memory contains



auxiliary menory 12. Particularly, a first selection
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t hee.g., the instruction having segments C, - Cs as illustrated in Figure 4, the combiner
circuit 38 does not combine the output of the instruction cache 10 with data stored in
the auxiliary memory 12. Instead, the combiner circuit 38 outputs the data read only
from the instruction cache 10 because the retrieved instruction is not misaligned.
[0032] When an instruction that spans a cache line boundary is being retrieved,
the combiner circuit 38 may combine the selected outputs of the instruction cache 10
and the auxiliary memory 12 in a variety of ways. In one embodiment, the combiner
circuit 38 shifts the instruction segment(s) retrieved from the cache 10 a number of
bit positions corresponding to the bit width of the retrieved misaligned instruction

segment(s) and then combines the shifted segment(s) with the misaligned segment(s).

In another embodiment, the combiner circuit 38 appends the misaligned instruction
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cache 10 and the auxiliary nmenory 12 in a variety of
waipstrugtionsagmentifhdrateencd frame theawisiliaer mempeul 2. /8gsuch, the output
shifts the instruction segnent(s) retrieved fromthe
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the bit width of the retrieved m saligned instruction
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?g%(Lil):seiéqa}lrgét ansge%rs%ﬁ é%(&ltggﬂtg rﬁ%bri.lene tecli yocrtej[rger\]fe %reo%ln&lgtirgs%)uction cache 10
the segment of the instruction stored across the inter-cache line boundary, that is,
segment B;.
[0034] Figure 5 illustrates another embodiment of circuitry included in or
associated with the instruction cache 10 for retrieving variable length instructions
from the cache 10 and the auxiliary memory 12 and also for providing retrieved
instructions to a register 42. The register 42, e.g., an instruction register included in a
microprocessor (not shown), has a defined width. Further, the register 42 stores
desired sections of an instruction retrieved from the instruction cache 10. As such,
desired sections of an instruction are selected from the instruction cache 10 and/or
the auxiliary memory 12 and loaded into the register 42.

[0035] To that end, a first selection circuit 44, e.g., a first multiplexer, identifies a

sector of a selected instruction cache line from which contents stored therein are
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t hga{r‘?llcunlaracra%gg lcl)r}eg Zl“he second selection circuit 46, in response to a column select
signal (SEL) provided by the controller 14, selects the misaligned instruction
segment(s), if any, that correspond to the instruction data stored at the selected cache
line and sector. The third selection circuit 48, in response to a control signal (CTRL)
provided by the controller 14, determines whether to select the data read from the
instruction cache 10 or the data read from the auxiliary memory 12. In addition, the
third selection circuit 48 provides the selected data or only a portion thereof to the
register 42. The output of the third selection circuit 48 fills an upper portion of the
register 42, e¢.g., an upper half-word portion. The output of the pass-through device or
latch circuit 50 fills a lower portion of the register 42, ¢.g., a lower half-word portion.

The circuit arrangement illustrated in Figure 5 leverages the tendencies associated

with cache line boundary crossovers. That is, a lower portion of a variable length
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[0038] In a non-limiting example, the register 42 has a width of 32 bits and is

divided into an upper half-word section and a lower half-word section. In addition,
cach instruction segment stored in the instruction cache 10 and the auxiliary memory
12 has a width of 16 bits. As such, to retrieve the instruction segments A; and A,, the
corresponding misaligned instruction segment A" is read from the auxiliary memory
12 and loaded into the register 42 by the third selection circuit 48 as the upper half-
word (HW1) of the register 42. Further, the other desired instruction segment, A, is
read from the instruction cache 10 and concurrently loaded into the register 42 by the
pass-through device or latch circuit 50 as the lower half-word (HWO) of the register
42. Thus, the register 42 is loaded in a single access even though the desired

instruction crosses an intra-cache line boundary.
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line boundary crossovers. However, the auxiliary memory 12 may comprise any

ead

suitable number of columns for storing misaligned instruction segments, ¢.g., a single
column that corresponds to the type of boundary crossover commonly to occur.
[0041] When the cache lines of the instruction cache 10 are divided into more
than two sectors, the auxiliary memory 12 may be divided into multiple columns.
One column may correspond to inter-cache line boundary crossovers and the
remaining columns may correspond to the intra-cache line boundary crossovers
associated with the multiplicity of cache line sectors. In another embodiment, the
auxiliary memory 12 comprises a single column of entries that is dynamically
configurable to store misaligned instruction segments that cross either intra-cache
line boundaries or inter-cache line boundaries. As such, the single column of entries

may contain a composite of misaligned instruction segments. Regardless of the
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colum 34 for storing instruction segment(s)
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| nﬁ]tﬂgly]‘:t | O[rflqus%rrh%tig'rg ur?i{ §4 gliro\éii({jeg %eriltpatli%e(?gorn%rol of instruction flow to
the execution units 56. The execution units 56, which may include one or more
load/store units (not shown), floating point units (not shown), and integer units (not
shown) may execute multiple instructions in parallel. As such, the processor 52 may
be superscalar and/or super pipelined. The bus interface unit 58 provides a
mechanism for transferring data, addresses, and control signals to and from the
processor 52. The instruction and data caches 10, 60 enable the execution units 56 to
rapidly access instructions and data, respectively.
[0044] In more detail, the instruction unit 54 includes an instruction fetch unit 62,
a Branch Prediction Unit (BPU) 64, an instruction queue 66, and an instruction
dispatch unit 68. The fetch unit 62 retrieves instructions from the instruction cache

10, decodes them, and loads the decoded instructions into the instruction queue 66.

The instruction dispatch unit 68 dispatches queued instructions to the appropriate
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hi gher-1evel cache such as a | evel-two cache (not

sheaghy In Apinglenagtiugaoy cachp ecegskthd wayndephisgpedewiored ehe

be included in or associated with a tag array (not

s hawiliarg ssocdiratl 2 dnay sidhplytbe ipmetd ocdiseind@laelen sLioh an inyayiction is
be a separate nenory array included in the processor

52petrihiRd PGB HSPEMBE At IRNaukiiaka8moRN1 2, gl EUShirOINof the
unit 54, a plurality of executlon units 56, a bus
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i nstruction un It provi ralized tro
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selectively identifies only misaligned instruction segments for storage in the auxiliary
memory 12.
[0046] In one embodiment of identifying misaligned instruction segments,
instruction pre-decode information is used by the controller 14 to determine which
instruction segments should be stored in the auxiliary memory 12. Pre-decode logic
(not shown) included in the instruction unit 54 examines instructions as they are
being written into the instruction cache 10. During instruction pre-decoding, the pre-
decode logic identifies whether a cache line boundary will be crossed by the
instruction presently being written into the cache 10.
[0047] In some embodiments, the pre-decode logic may determine the type of
boundary crossing, i.¢., an intra-cache line or an inter-line cache line boundary

crossing. The controller 14, in response to an indication generated by the pre-decode



| oad/ store units (not shown), floating point units

(not shown), and integer units (not shown) may execute
woredorf1pi7e9 i nstructions in parallel. As such, tPEI/US2007/066980

precessor 52 may be superscal ar and/or super

pi pelined. The bus interface ynit 58 provides a

mechani sm for transferring data, addresses, and

control signals to and fromthe processor 52. The

i NRLIU ﬁfré&pth% %gxglg#ﬁg838ﬁf tl)%torg 9 r@d?ﬁgl«nﬁrchgf of instruction

executron units ra y access 1 nst I ons an

data, respectively. [0044] In re detail, the

" neimsbl B e ki it ety et ot et S mrmen; 12

62, a Branch Prediction Unit (BPU) 64, an instruction
quigBidesmubiipde elumps for gtoring difiigrendyras of prisaligged myguction
fetch unit 62 retrieves instructions fromthe

i nsagmeotsi the peadb@dt (ogidadodes to therpontaldter| Idardsit type of cache line
decoded instructions into the instruction queue 66.
Theoundsityrisetosal. dis Spat, et dontrbl1 &8 4dlisRattEhailikte ueshory 12 to
instructions to the appropriate060197 17 execution

unih RRalidhg BB dehRatsSn BHaRRDI RSTFHGHRNSABE 12.
dependi ng upon the type of branch detected, executes

vay, branch. predi¢ti.on ani e. redicting
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branch s to be_taken. 045] I n one enbodi.nent, the
aulbPirveiion engipfin tﬂctwﬁ%g?m% Sttento dre ipfRICHEm Fache (LA As such,

14, stores post-boundary instruction data regardless

of thatsentrelfer d4aiies the instrbeiimidangth srfeysaiparte deistuine whsther a
such, sone instruction data contained in the auxiliary
mepatiyuld2ingmayctinotwibherass 8 ahéhgrimd, boandhry Milssrnatotelyn dededtroller
when retrieving instructions fromthe instruction

c agh ﬁmﬂu%s ld‘gicaﬂar h&_@frﬁiﬁﬁig! th& leingt_hfcﬁ”(ahiiﬁd@hhg idstra®dnh Regardless,
i nstruction cache in a single instruction cache
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12 accordingly.
[0049] In another embodiment of identifying misaligned instruction segments,
the controller 14 monitors the cache line entry location associated with an instruction
being written to the instruction cache 10, i.e., the starting point in a cache line where
the beginning of an instruction is written. The controller 14 determines whether a
particular incoming instruction will cross a cache line boundary using cache line
entry location information. For example, if the cache line entry location indicates that
there are only two bytes left in a cache sector or cache line and a four-byte
instruction is being written to that sector or line, either an intra or inter-cache line
boundary crossing will occur. As such, the controller 14 may use this cache line entry

information to determine if an incoming instruction will cross a cache line boundary,

and if so, direct auxiliary storage of misaligned instruction segments.



controller 14, selectively stores only m saligned
instruction segnents. According to this enbodi nent,

W b@7ea189 ol | er 14, in response to one of variRUBUS2007/066980
dhgi cators, selectively identifies only m saligned
instruction segments for storgge in the auxiliary
menory 12. [0046] I n one enbodi nent of identifying
m sal i gned instruction segnents, instruction
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Instruction segnen ored
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instructions as they are being witten into_ the
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the predecode logic identifies whether a cache |ine
bowhethenya ghché libebaumdsgedossing widl aaest. Agcoidorg tpitleis embbgiment,
being witten into the cache 10. [0047] In sone

entedhdiRotisn ulihe4 Plg@cdecatitnh pargbls sy iAghRrioh BefdtdiRd in
type of boundary crossing, i.e., an intra-cache |line

or ad%len&en&fecﬁe bdnEn &SPl ihfRichON %C?rﬂﬁ r@é'ggﬁscé 8% crili |3§1-word first
contr ol er 14, in response to an n I cation genera ed

by ; {1]1% acce sﬁg)%ga%.%g %% 2 cmél §al|cf3%1%- g%ttrﬁe 0r>y acLess operation

auXr ore are
instructj on Se nment s igat Cross a ache | i ne bounda %
FufeaReYcd b the REPCESROT P7-alPyosReRtsr ) SHeh eReEatipde<? RAsTeR fﬂ[ desired
colums for storing different types of m saligned

i nEsiytiongs f%@gdr@ng sxarpiped b¢f@rqi£@ odeaindyio€ therigsteugtion is written
to the controller 14 what type of cache |ine boundary

i sinto thesextiructien sachb 1 01 e anbial ldeor ditrehtivelst bgidiacluded in the
auxiliary nmenory 12 to store msaligned instruction
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[ 0048] The pre-decode |ogic may be further configured
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elng witten i nstruction cac

subsequently written to the instruction cache 10. The controller 14 uses the
information garnered by examining advanced instruction portions to determine if the
remainder of the instruction will cross a cache line boundary, and if so, directs
auxiliary storage of misaligned instruction segments as they are written into the
instruction cache 10.

[0051] In still another embodiment of identifying misaligned instruction
segments, historical misaligned instruction segment data is used by the controller 14
to predict whether a particular instruction being written to the instruction cache 10
will cross a cache line boundary. In a non-limiting example, the instruction unit 54 or
controller 14 maintains a misaligned instruction segment history table (not shown)
that includes cache line boundary crossing data associated with instructions
previously written to the instruction cache 10. The history table may also include

information that indicates whether the next instruction or instructions to be written to



the controller 14 uses the instruction |ength
information to determ ne whether a particul ar

WO pewnso8d on Wi Il cross a cache |ine boundary.PCT/US2007/066980
Alternatively, the controller 14 includes |ogic for
determ ning the Iength of an jggcom ng instruction
Regardl ess, the controller 14 uses instruction |ength
information to determine if a particular instruction
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the auxil1ary menor n anot

di ent i m sal.i gned |ns
seffR i gfeﬁlfﬁ‘gh%tﬂ?ﬁ%ﬁ b b BF Be pIRleB S s htppstion cache
entry |l ocation associated with an instruction being
wr 19 plhcross ¢ prehp e potdabh cache 10, i.e., the
starting point in a cache |ine where the begi nning of
an[G083} r uckhicdmstorscahvdath tery. beTipdated nachatithe an fidtruction is written to
det erm nes whether a particular incomng instruction

W the igdti@8Sorcaehe N ot hiag bbavasad essipdrivgici¢ heurtheReistorical
entry location information. For exanple, 1f the cache
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crossing will occur.. As such, the controller 14 may
usESPINF Brangh REediGHiges W MFPMPEISHRIti on to determine if

an incomng instruction wll cross a cache |ine

bolf983k y, Mili thefabowe ragice e€ varsations ang appbiceroagén wind, it should be
m sal i gned instruction segnents. 19 [0050] In yet
anoideestochthetcthapriscrafdisctbantei if yotrgmitedsal thg f@dgoing description, nor
i nstruction segnents, the controller 14 uses
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fetched i n advance of "the remai nder of the instruction

r ary crossing
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instruction unit 54 requests certaln portlons of an
i nstruction be fetched in advance of the remai nder of
the instruction, e.g., in response to a
critical-word-f rst



menory access operation or a critical-double
-word-first nmenory access operation requested by the
Wpe@wecedssy 52. In response to such operations,PEI/US2007/066980
Rostion of a desired instruction is fetched and
exam ned before the renmai nderyjof the instruction is
witten into the instruction cache 10. The controller
14, or alternatively, logic included in the
instruction unit 54, exam nes advanced portions of an
instruction to determ ne wggt gthe remai nder of the
instruction will cross a cache [ine boundary when
ggﬁfeqﬁqnth¥ymwitten to the instruction cache 10. The
PoT4"®“ T4 uses the information garnered by
exam ni ng, advanced i nstruction portions to determ ne
if the m%h%fﬁgwh@g VEREDIE FRIEHiBETUSHORE ISPMBFBEE o cache
i ne boundary, and if so, directs auxiliary storage of
m sal wgitieg instrectiancdatote seaghehng aad they are written
into the instruction cache 10. [0051] In still another
enbodstorng a efdundain copyoMigstaicsiah idgiador driesdrimuat icddhe boundary
segnents, historical misaligned instruction segnent
data is usgghifypst he controller 14 to predict whether a
particular instruction being witten to the
instruction cache 10 will cross a cache |ine boundary.
In a non-limting exanple, the instruction unit 54 or

ontrgller 1 jntains a.msaligned instructi.on .

cgrre e FedPs ) Clahile W HGH Mtd FHIeTE A RIS gt data for
i ne boundary crossing data associated with
PRESQIIDRICiCaPhs Gouadary pesijiony Gamsiscs ePnyHe torsgtapidienomemory
cache 10. The history table may al so include
insfroctivatdatnfot bad or maiccatlesbomndidygrositines. next

instruction or instructions to be witten to060197 20
the cache 10 will cross a cache |Iine boundary. The
controller 14 uses the historical data to predict

et Nefe AcRRErEIAR, WASLIUGE LRRIRS | ohfpRisdQordelfF a t
?ﬁstruc?ign cache 10’mﬁ§% Cross ég?acﬁg&?ing$b8undary?/ag
array associated with an instruction cache, one or more redundant memory elements

included in or associated with the instruction cache, a separate memory array, and a

higher-level cache.

4. The method of claim 2, wherein copying to an auxiliary memory instruction data
for one or more cache boundary positions comprises copying instruction data for an

intra-cache line boundary position to the auxiliary memory.

5. The method of claim 2, wherein copying to an auxiliary memory instruction data
for one or more cache boundary positions comprises copying instruction data for an

inter-cache line boundary position to the auxiliary memory.



[0052] The historical data may be updated each tine an
instruction is witten to the instruction cache 10 or
woreop7hso78pdat ed | ess periodically. Further, hiBEDUSWAT/066980
m.sal i gned instruction segnment data may be nodified
based on whet her a boundary pyediction was correct,
e.g., using a technique simlar to those used to track
and resol ve branch predictions in a ncroprocessor.
0053 j e e..of RETY - -
bopl T S5t Tisthot2f oA PR Ring PR AR S AR pyimuctiop dta or
resent disclosure is .not |limted by the foregoing
SUTTHEICARI REPOT PPEUPRISATRISEY {he accompanyi ng
drawi ngs. Instead, the present disclosure is limted .
only Bigntifyaneraomisslignag seEmpmof 4R dnsimeiion melyded m the instruction
equi val ents. 060197 2 1 CLAIMS What is clained is: 1. A
met hod of daahindg vari able | ength instructions,
conprising: witing instruction data to a cache li ne;
and stapyingtha nfiedighelbsdgn@apyy @f auk Bty theinogy) dat a for
one or nore cache boundary positions. 2. The nethod of
claim1, wherein storing a redundant copy of
instruction data for one or nore cache boundary
osi ti-pn A COopyi.ng .an auxi i ary nenor
Pt r 680 TsfRdRr SRAT o° BRECBP LSl il AP BIcof an
ositjons. 3. The method of claim2, wherej.n Hpe :
%@‘Sﬂquogrlycl P)ﬁh%]&ﬁtﬁ?qt@@gamnwls% Rrﬁ'gie‘é‘?(il%%/t ¢ instruction to
associ ated with an instruction cache, one or nore
deniifydagrossrim dary spgmenitos thenastogéani n or associ at ed
with the instruction cache, a separate nenory array,
and a higher-1evel cache.

8. The method of claim 6, wherein identifying a misaligned segment of an
instruction included in the instruction data comprises processing a cache line entry

location of the instruction to identify a cross-boundary segment of the instruction.

9. The method of claim 8, wherein the cache line entry location of the instruction

corresponds to a fetch address associated with the instruction.

10. The method of claim 6, wherein identifying a misaligned segment of an
instruction included in the instruction data comprises processing length information

associated with the instruction to identify a cross-boundary segment of the instruction.

11. The method of claim 6, wherein identifying a misaligned segment of an
instruction included in the instruction data comprises processing historical instruction

misalignment data to identify a cross-boundary segment of the instruction.



4. The method of claim2, wherein copying to an
auxiliary nmenory instruction data for one or nore
w@aohae3disundary positions conprises copying i nBET/USI0DTO66980
gata for an intra-cache |ine boundary position to the
auxiliary menory. 5. The nethpd of claim2, wherein
copying to an auxiliary nmenory instruction data for
one or nore cache boundary positions conprises copying
pmstr ' I .0t -ar- '
L5511 TG PR Bl Rl BEnIRR DB ofan
net hod of claji.m1,. wherei toring a redundant cop f
PP ber R aRs P e e S et S A dpy o of
positions conprises: identifying a m saligned segnent
wetragtiondsicherdtiniagiancs of adeainferihéhq nsiryqtionite ieagtyas cross-
and copying the m saligned segnent to an auxiliary
bamdary. segmeilthe thetnbtoactoh. ¢l ai m 6, wherein identifying
a m saligned segnent of an instruction included in the
instruction data conprises pre-decoding the
instruction to identify a cross-boundary segnment of
ihe i 6L FEOH R clafin 13NendBILNAD pQiof bR HY iRstrut1Eh Bltthed in
Identifying a msalignhed segnent of an instruction
y V%ln doefdtPé: s al}t?(%elrro] Fﬂe%ﬁ%tllru%ﬂorg ?cg Aot QIBLL 3E3 RERED Iprolgcion
A cache 17 né en ry [Focation o TRETREY Putt i"dn"16
%P?Qtif a.cross-boundar seggent of the instrUétion. :
tehpf] gesheRhiutos Cricai WP HH-TIiRh BICEIOR $458SSQREREION Ad 2l Hispryction
| ocation of the instruction corresponds to a fetch ,
pertipe &fchpdgeoasize tay @Iﬁlqahéomhigwolu(gﬁir% ey agyess operation.
nmet hod of claim®6, wherein identifying a msaligned
segnent of an instruction included in the instruction
data conprises processing |length information

84S 0ChataBfarwiul Boﬁlbﬁsihglﬁfcﬁéﬂétdoﬁﬁoﬂ& cof®a\rbd o d@rect storage of
cross-boundary segnent of the instruction.

instruction data to a cache line included in an instruction cache and to direct storage of a

redundant copy of instruction data for one or more cache boundary positions.

15.  The apparatus of claim 14, wherein the cache controller is configured to direct
storage of a redundant copy of instruction data for one or more cache boundary
positions by copying to an auxiliary memory instruction data for one or more cache

boundary positions.

16. The apparatus of claim 15, wherein the auxiliary memory comprises one of a tag
array associated with the instruction cache, one or more redundant memory elements
included in or associated with the instruction cache, a separate memory array, and a

higher-level cache.



11. The nmethod of claim®6, wherein identifying a
m sal i gned segnment of an instruction included in the

WO p®UM80089 on data conpri ses processing hi st oriREH/US2007/066980
bhist ruction msalignment data to identify a
cross-boundary segnent of theyjnstruction. 060197 23
12. The nmethod of claim®6, wherein identifying a
m sal i gned segment of an instruction included in the

!l’ﬂSt r Tlﬁc% 51%31 eﬁ@st & c‘f% 2n g@l\%’l‘e@t{ %%%?a{enc%nﬂoﬂ&r § E %g%tr%dttgecopy to

I nstruc et che ance of a renal nder o
instruction to.i entl a.crossboundar nt of .
hRey iy Pinory snstSion B oBF SEAcoebe SUHERB, peot(sgs
portion of the instruction fetched in advance of the
FvaiEiaFucgpn date fpran infrarcpeh lsrimupdas pesitionto thp auxiliary
instruction portion fetched responsive to a

geimpircal -word-first nmenory access operation and an
instruction portion fetched responsive to a
critical -doubl e-word-first nenory access operation.

14. An apparatus conprising a cache controller

@@nf i @Hé %g)amusdéff&&hl Bt Qmaesn ok ch&rcetd'oﬁﬁBll&rls Qa{fegtu}éa @ copy to

cache included in an instruction cache and
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or ‘one-’ or e cac ound ary p03| i'ons
par at us of cl aim 14, mhereln t he he contr IIer
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instruction data for one or nore cache boundary
PeBIotY.ons by copying to an auxiliary nenory
instruction data for one or nore cache boundary
positions. 16. The apparatus of claim15, wherein the
auxi liary nmenory conprises one of a tag array

89 SOCTRE Shavithdoftddand NS Wwhiekdin MR Nt ®ntroN& i9EodMueed to direct
redundant menory el ements included in or associ ated
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I gher - cache

positions by identifying a misaligned segment of an instruction included in the

instruction data and copying the misaligned segment to an auxiliary memory.

20. The apparatus of claim 19, wherein the cache controller is configured to identify
a misaligned segment of an instruction included in the instruction data by processing
pre-decoded information associated with the instruction to identify a cross-boundary

segment of the instruction.

21.  The apparatus of claim 19, wherein the cache controller is configured to identify
a misaligned segment of an instruction included in the instruction data by processing a
cache line entry location of the instruction to identify a cross-boundary segment of the

instruction.



24 17. The apparatus of claim 15, wherein the cache

controller is configured to copy to an auxiliary
worewonso7snst ructi on data for one or nore cacheP@DUSHAT/H66980

Resi tions by copying instruction data for an

Intra-cache |ine boundary posjgion to the auxiliary

menory. 18. The apparatus of claim 14, wherein the

cache controller is configured to copy to an auxiliary
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posi tion instruction data for

i nter-cache |ine, boundar ositi.on to.the.auxiliary
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cache controller is configured to direct storage of a
redundant copy of instruction data for one or nore

cache boundary positions by identifying a m saligned
2egnethhe afpasatud efstlaionctd, emerencthedechs qontrbideriinsenfigurddan identify
data and copying the m saligned segnent to an

aiddligAsd/sogmient §f andQstruthien apalcad inithedhstalcbidtd by processing
wherein the cache controller is configured to identify

RofihSAfoARech SSUTRBEY woth ROInkASEIMNGS §RRAtRNECEBEERbUnal\8gment
inStruction data by processing pre-decoded information

ci at with the instruction to identify a
%ﬁ%gépggﬁﬁghry segnment of the instruction. 21. The

apparatus of claim 19, wherein the cache controller is
configured to identify a m saligned segnent of an
instruction included in the instruction data by o
- ocedhe mpamtesedndaim e whgraiy thegeetid apntrofiertipeonfigured to identify
instruction to identify a cross-boundary segnent of

4 hesaligsed segmconofOmUd@iricAbn 2 ludEién thepastaictisn ddta bl @ravessing
21, wherein the cache line entry location of the

historical instruction misalignment data to identify a cross-boundary segment of the

instruction.

25. The apparatus of claim 19, wherein the cache controller is configured to identify
a misaligned segment of an instruction included in the instruction data by using a
portion of the instruction fetched in advance of a remainder of the instruction to identify

a cross-boundary segment of the instruction.

26. The apparatus of claim 25, wherein the portion of the instruction fetched in
advance of the remainder of the instruction comprises one of an instruction portion
fetched responsive to a critical-word-first memory access operation and an instruction

portion fetched responsive to a critical-double-word-first memory access operation.

27. The apparatus of claim 14, wherein the cache controller is further configured to

retrieve an instruction included in the instruction data from the cache line by reading a



i nstruction corresponds to a fetch address associ at ed
Wth the instruction. 23. The apparatus of claim 19,
waneresise he cache controller is configured toPCTESZDT/H66980
@i sal i gned segment of an instruction included in the
instruction data by processing |length information
associated with the instruction to identify a
cross-boundary segnent of the instruction. 24. The

9&%’3%5196%6 (Ptfstrﬁ!:tgl ’thél\ﬁgtﬁ”&dt n{cBECRAGRE & gn‘Ii #n%a 1§ﬁed segment

Igured to | a m sal 1 gned segnment

E%;ruguloqhénc uded |n t he |nstruct|on data by
B AP SRR A i on mi sal i gnment data to

identify a cross-boundary segnent of the instruction.

25. The apparatus of claim19, wherein the cache
controller is configured to identify a m saligned

2®gneihe afpasatus ofstlaioncd 7, emeiant thedeche aontrhideriis &trthge tordigured to
data by using a portion of the instruction fetched in
ashyising heakgeiteyihanaeiudibn el fréif tidiattn@tioh @adhdenti fhy

a cross-boundary segnent of the instruction. 26. The

ﬁﬁﬁﬁ? R&n&hﬂh@h@@hdﬁﬂﬁre'n the portion of the
i nst uct| n fetched i n advance of the remni nder of the

instruction conprises one of an instruction portion
f et ched responsive to a critical -word-first menory

cess. operation n instryction portjon fetched
Sispoig? RSOl @awhaarb#@ RREONTPLE pgpred to
access operation. 27. The apparatus of claim 14,
oeebiag thetsagmenicH sheiviryasion seadi fsom tire instructionchdherveith the
retrieve an instruction included in the instruction
ohidaligiddosepinbet afabhmstrugctentby appadiimgtha 0G4l Rnc @ 6cgnegreiithe
of the instruction fromthe instruction cache and

nRREIE t8 tHE ReeaiTdh SRSIERonbad MEm itSnktedtiofRaéHeom
an auxiliary mermory. 28. The apparatus of claim 27,

wherein the cache controller is further configured to

30. The apparatus of claim 28, wherein the cache controller is configured to
combine the segment of the instruction read from the instruction cache with the
misaligned segment of the instruction by selecting one of the misaligned segment of the
instruction or a first portion of the segment of the instruction read from a first sector of
the instruction cache and combining the selected one of the misaligned segment of the
instruction or the first portion of the segment of the instruction read from the first sector
of the instruction cache with a second portion of the instruction read from a second

sector of the cache line.

31. A microprocessor, comprising:
an instruction cache configured to store instruction data in a cache line included

in the instruction cache; and



conmbi ne the segnment of the instruction read fromthe
instruction cache with the m saligned segnent of the

WO a®UN80089 on. 29. The apparatus of claim 28, WErES907/066980
lhe, cache controller is configured to conbine the
segnment of the instruction read fromthe instruction
cache wth the m saligned segnent of the instruction
by appendi ng the m saligned segnent of the instruction
to th ' r - -
| nst r &g Egﬁt%%%ff bR 2B, g Gopy of instruction
wherein th che control onfl ure? to co
the segnen at% OTtWE of R¥Yy EP&EF BH‘“} EYdP‘? g auxi taty Memory.
i nstruction cache with the m saligned segnent of the
instruction by selecting one of the m saligned segnent
of the instruction or a first portion of the segnent
82. t héh¢ metroprotéssor afededmf Ylomharcin thstons ectmore @ich¢ heundary
i nstruction cache and conbi ning the sel ected one of
bdritidhs L8ipEIREShS@INBRT0f @h irtthecdchs tifidiBdundiryQiositida of ithicst
portion of the segnent of the instruction read from
fn@ﬁ’uétio‘h%tac@eeaﬁlﬂ%'h 191.fer 418 bbthdatP PoSASGE he tlitrfction cache.
second portion of the instruction read froma second
sector of the cache line. 31. A mcroprocessor,
conprising: an instruction cache configured to store
instruction data in a cache line included in the :
Fhet r UES EFORREREOT Ofr é@@@o’fﬂgw hereinythe JUKHARYIREPYIY| G@mprises one of
configured to direct storage of a redundant copy of
§ FRStariay b e lagkel wiith the lpsiaicien pashe, e endse additeyal memory
positions to an auxiliary menory. 32. The
diementp iiodekdon ondissetiaicdmath, thevimstrectiont dach naci@ratdcenory array,
cache boundary positions conprise one or nore of an
hit 4 RipR@cleeellch®i. boundary position of the instruction
cache and an inter-cache |ine boundary position of the
i nstruction cache.

34. A method of retrieving cached variable length instructions, comprising:
reading a segment of an instruction from a cache line; and

reading a misaligned segment of the instruction from an auxiliary memory.

35. The method of claim 34, further comprising combining the misaligned segment

of the instruction with the segment of the instruction read from the cache line.

36.  The method of claim 35, wherein combining the misaligned segment of the
instruction with the segment of the instruction read from the cache line comprises
appending the misaligned segment of the instruction to the segment of the instruction

read from the cache line.



33. The m croprocessor of claim 31, wherein the

auxiliary menory conprises one of a tag array
w@moasEsed with the instruction cache, one orPEDUS2007/066980

agldi tional nenory el enents included in or associated

with the instruction cache, ageparate nmenory array,

and a higher-1level cache. 34. A nethod of retrieving

cached variable | ength instructions, conprising:

5e adi P el TF @fauﬁ f3 5af) r@ﬁlt croHﬁ)tnluﬁ? t errﬁfpfﬂ% %a%@%éﬂt ABthe

and reading a m sa se ment of the truc

froman a V. The d Ia
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the instruction with the segnent of the instruction

read $olentngigac ehdranipligacd semenhel hedmgyciom #da fisgportion of
wherei n conbi ni ng the m saligned segnent of the

i nstructi othewndttuctibrerege dgrmena fioh s¢dha dfitist cagbe¢ linn andad
fromthe cache |ine conprises appending the m saligned
segnmegdmBihinghBe sokdtddusiicl o71hd @ishhgncsiegpmeiit oFfthd idstruction and the
instruction read fromthe cache line. 060197 28 37. The

met hod of glapoida ofn«i%%ﬁh{eusm@urﬁdwﬂfehﬁst%%% bfgﬂﬂ@eache line
segnent of the instruction mnt the segment of

i nstructiop 1t[1%agc 1 rgrttlorhe gtructlo% &3 r I Sessécond sector of the
sel ecting one o RaY ? segmen e

i nstruction n? flrst portlon of the |nstruct|on

read from &Fr8¢ sector of the cache line; and

conbi ning the selected one of the m saligned segnent

of the instruction and the first portion of the
instruction read fromthe first sector of the cache

line wwth a second portion of the instruction read

froma second sector of the cache I|ine.



