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|ntegrated sound studio circuit sold by Dream S. A. of Senur-en-Auxois,
France, a subS|d|ary of At nel WO 00/ 14721

PCT/ US99/ 19128 -2- Corporation of San Jose, California, the assignee of the
present i nvemgegrzihe af orenentioned circuit architecture gerRxeas2s
synthesis digital signal processor (DSP) core, 5 a control processor, a
menory managenent unit, and peripheral 1/Ointerface logic on a single
chip. The synthesis DSP is constructed with hardware that has been

optim zed for the nmusic synthesis tg@é, gng QX repeatedly and efficiently
performng a |limted nunmber. of oper Gh: B° needed to carry out

synt hesi s-specific algorithnms, it directly generates and processes up to 64

- simultaneous voices uiRSrbhifenit MicRhTHIRQrSHR VTl dcagcessed from
external- sanple nenory. The DSP synthesis algorithns are stored in on-chip

program nmenory, while paraneter data 15 - for the synthesized voices are
stored ir8 bl ocks of on- chip paranmeter nenory. The .control processor
Mo Laces W dbchiskespatres| pher ) ey 016 e The control. processor
par ses gnd |nterpretg i TS #F e@ﬁ ﬂ@é %%ﬁﬁsdgfa PO peri pher al
devi ces, and tmkehcadntome s;qma&}nnheené mﬂtwmnm hg digitahe DSP s
par anet er MENRLYsoBEsyREE i&i%sfiaaﬂaydtaaé su:ﬁ& %lesmaieitapsﬁmot he.
control processor.:can also orn1s|omdy chan € S operations,
such as f%w fﬁéﬁﬁéﬁcﬂe‘&%ﬁlaﬁ"&i d3fajgach %ﬂ’gg?’%r?# {E}bee managenent ,
by peri odi cal Ipyoapeainglgﬁmmttsesms%unénﬁml@ans-t he paraneter nenory. The
menory managenent unit allows external nenory
BACKGROUND ART | |
' ‘The increasing use of MIDI and music synthesis
15 capabilities in electronic musical instruments, Karaoke
and PC multimedia appllcations 1s fueling the demand for
high performance, yet cost effectlve, sound production
systems. Digital sound synthesizing and processing .
systenms make use of digital audio sample memory for a
20 = variety of purposes, 1nc1uding as a wavetable nemory
storing audio samples for synthesizing sounds, as a delay
buffer memory for reverb and chorusing effects process-
ing, and as a streaming audio memory receiving audio
. sémples from external audio inputs such as a music
25 keyboérd, microphone, or the hard disk of multimedia PC.
Such systems also employ a data cache memofy in order to
reduce the number of required accesses of the sample
memory, and thereby minimize bottlenecks in this time-
critical environment. One example of an audio signal
30 processor integrated circuit architecture for music
synthesis applications is described by Chris Deforeit et
al., in a paper entitled "A Music Synthesizer Architec-
ture which Integrates a Specialized DSP Core and a 16~bit
Microprocessor on a Single Chip", presented at the 98th
35 Convention of the Audio Engineering Society (AES) on
February 25, 1995. It has been embodied in the SAM9407
'integrated sound studio circuit sold by Dream S.A. of
Semur-en-Auxois, France, a subsidiary of Atmel



resources to be shared by both the control processor and synthesis DSP.
Thus, for exanple, a single external ROM 30 devi ce may serve as both
program nenory for the control processor and sanple nenory for the DSP, and
a single external RAM device may serve as both external data nenory for the
control procé¥@8¥14Hd del ay buffer menory for the effects pPOEPNES done
by the DSP. 35 The synthesL;_DSP operates on a frane §imng
basis with each synthesis frane divided nto several process slots (e.g.

‘64 slots i.n the aforenenti oned SAM 9407 device). A 'process' relates to an

el ementary soggporatfONBE Eanl Jose, California, the assignee of the
PCT/ US99/ 19128 -g- groductlpn function, such as one voice wavetable

synthesis, on®T§8FRY tPYE ¥ eifects, etc., and each process generally
invol ves readi ng or w i Theypfiorenentioned midcynitapprbiteetiner to the -

digital audiocpabRhes"ENB¥nthesis 426168 SigHaNUBRBEeOECPT @EHSeerkhat can
be executed w_thin onilgégthe3|s frane : unber of‘flots)
[

i.e . the
det ermi nes t h& E8P5PP B5q8NKe FUPRRE Iﬂﬁﬂa@fgﬁﬁge?nf + &M% process slots
wer e dedi cat egherdpheval abi® inberiffeceslogice onurbsingle séhip. wdlled be t he

-maxi mum pol ypgm¢néBis pérlid@emetehetéa WalN ndraabe thakkathd egehher to

Corg ol ght) SREJRRESH oA (e PP el PEntRC e, S28Ry 1R [ n HAREAeeddy s o s
avai | abl e for apdl pffdaientiy aexforningndl Lipitieds nymbes of operations |t s
desirablgot 0 indeaeastot Eeri R sPhtReOLSSPdtd £3L0ASgHRI LIt isi s frame:
Cecause each HSERLaibilnd B bhipLEpl V5258 b Shudelhlud Lol audio
~ voices using the digital audio sample data accessed from
external sample memory. The DSP synthesis algorithms are
.-;stored“;p_pnfchip.program menmory, while parameter data
5 - for thé synfhesized voices are stored in blocks of on-
' chip paramgter_mémory. The control processor interfaces
with exterﬁ;i peripheral'devices, such as a host computer
_or,MIDI.keyhdafd,_tnrough'the peripheral I/0 logic. "The
qqpt:gl_p:pcééscfhpéréés and interprets incoming commands
20 andHQata_ftéh such peripheral devices, and then controls
the_synthesié DSP byﬁﬁriting into the DSP’s parameter
memory. Besideg these command parsing and control tasks,
the control processor can also perform slowly changing
» synthesis operations, such as low frequency oscillation
25 and waveform envelope management, by periodically
updating synthesis parameters in the parameter memory.
The memory management unit allows external memory
resources to be shared by both the control processor and
synthesis DSP. Thus, for example, a sinéle external ROM
30 device may serve as both program memory for the control
processor and sample memory for the DSP, and a single
external RAM device may serve as both external data
memory for the control processor and delay buffer memory
for the effects processing done by the DSP.
35 . The synthesis DSP operates on a frame timing
- basis with each synthesis frame divided into several
process slots (e.g., 64 slots in the aforementioned SAM
9407 device). A ’process’ relates to an elementary sound



woul d need 256 or npre accesses per franme. Wth a state 20 of the art
frame rate of 48 kHz, this |leads to sanple nenory cycles of at nobst 81 ns.
Fortunately, in nost cases, the sanme audi o sanple has to be accessed on

suecessi ve fr@mgn%%gus, potential traffic bottlenecks bet V\qg’q./égggnms

synt hesi s DSP an sanpl e menory can be 25 ‘avoi ded by ‘using an
on-chip data cache nenory to mnim ze thag-nunber of sanple nenory ,accesses
that are needed. 1In a straightforward inplenentation, where the data cache

has menory space for at |east two audio sanples allocated to each slot, the
cache nenory siroductionnfunctionatsugh as ppesyoiag savekabienber of slots.
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mentation of &l e5s thigrcapahiild tyaefethe ievyiaabFeri axamekea HC nenory
sharing envir gINEHroweskls1 66k iverd \HeaRtatas Neo lvalaitaie ByAtRsSifg sl ot,

A e
i mproven®dt i nfadddionghesdels orightt Adsicoher dinked kpantherespPs DSP |
appl i cati ons tii ement! héré Ncdnldh isynthkis eallgdr idhmis) .t hR1867Ussmsl Si ze
of the data number of élots-(e.g., eight) may'be required for effects

processing, leaving. fewer slots available for polyphonic

wavetable sound synthesis. ’ '

15 It is desirable to increase the number of
prddessing slots per synthesis frame. Because each

ptocessing slot typically requires at least two digital
audio sample memory accessed per frame, a 128 slot device
would need 256 or more accesses per frame. With a state
20 of the art frame rate of 48 kHz, this leads to sample
memory cycles of at most 81 ns. Fortunately, in most
casés;-the same audio sample has to be accessed on
sPccessive frames. Thus, potenfiél traffic bottlenecks
Aﬁétween the synthesis DSP and the sample'memofy can be
25 avoided by using an on-chip data cache memory to minimize
the number of sample memory acceéses that are needed. 1In
a straightforward implementation, where the data cache
has memory space for at least two audio samples allocated
to each slot, the cache memory size in samples is at
30 least twice the number of slots. With a typical audio
sample width of about 16 or 24 bits, the data cache would
need to hold a minimum of 4 or 6 kbits for a 128-slot
device. '
' However, it is further desirable in a
35 multimedia PC environment for the digital audio sample
_ memory to share the PC’s main memory instead of using
Separate ROM and RAM., But, the structure of modern PC
buses (such as PCI) uses a memory word width of 256 bits



10 cache nmenory. It is another object of the present invention to
optim ze the synthesis DSP cache managenent to the | arge cache |ine
structure of nodern PC buses in order to inprove transfers of audio sanple .
data between the sanple 15 menory | ocated on the PC s main board and the
on-chip data ®Wa42enory. It is a further object of the i nPCERUSHMNDG .
provide for variable digital audio sanple menory word sizes. 20 DI SCLOSURE
OF THE | NVENTI ON These objectives are ngf~by a digital sound produ0|ng
integrated circuit device that uses external sanple ménory for storing

digital audio 5 e.o [ gor
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data, including a that nDry for use by
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PCT/ US99/ 1912&1IgyxiflﬂeaﬁBFredu'B1ﬁ.ode\incﬂxé Lﬂddiﬁreansi-desf titee aladuac-

10 ° cache nemory.

It is another object of the present invention
to optimize the synthesis DSP cache management to the
large cache line structure of modern PC-buses in order to
improve transfers of audio sample data between the sample

15 memory located on the PC’s main board and the on-chip
data cache memory. .

. It is a further object of the invention to
provide for variable dlgltal audlo sample memory word
sizes.

20 o

" DISCLOSURE OF THE INVENTION

. These objectives are met by a digital sound

producing integrated circuit device that uses external

" ‘sample memory for storing digital audio data samples,

25 wherein the on~chip data cache memory organization is not
correlated to the synthesis slots, but rather employs an
additional virtual cache memory to dynamically allocate
real data cache memory lines to the various slots, as
needed.

30 In particular, the digital sound-producing
device includes a digital signal processor (DSP) core
that reguests access to the sample memory by supplying a
virtual address to a virtual cache memory block. The
device also includes a data cache memory in a data path

35  between the DSP and the sample memory. The data cache
memory stores, in cache lines thereof, audio sample data,
including data that has been read from the sample memory
for use by the DSP and data that has been written thereto



menti oned virtual cache nmenory bl ock, which is located in an address path
bet ween the DSP and both the sanple nenory and the data cache nenory. The
virtual cache 5 menory bl ock receives the virtual addresses fromthe DSP
reguesting access to the sanple nenory, and determ nes whether that address
al ready corre¥844™o an allocated cache line of the data CREHESHREHRRy. |f
not, it allo- cates a new cache |line as gfrrespondlng to the virtyal 10
menory and addresses the sanple nmenory foY transfer of the audio sanple
data to the cache line. The data is available to the DSP during the next

processing frayue.cyld n@.pcaC@ﬁelaé\ﬁé‘é)rﬁ&%aeedm@m&g h@eVaEbyal address has
al ready been cate rtu -cache d esses t he
data cache nerﬂﬁ"& %tfétﬁ'g‘r‘% &38“’5&2%?%?‘:)\&/3'[‘3“&5‘[ \%05 ﬁofﬁg?é

cor r espondi hg aracdsixiessepatll hmmPth‘éhDSm and dotndhe semple bl ock al so
de-al | ocat es qﬁ’éisz’rﬂ 'aaasmetaal@@%aehet mmsv{,re%h@rv;&r&&uouacﬁéarre
addreSS|ng t he saqﬁhg mwé ﬁg r nsfﬁ §.aud|o qﬁ%g from
the data Tachd"® 3}3’ ¥ Etv?} JreSEaT. ?ﬁ?ﬁo?ﬁ btk
includes a dat:aeduasd:imgbhecssartmg;her sanplehnenexryalandddeternings

cor L es pggdl ng vfﬂét?&fi‘.l %gla@a%&dfé’@é‘%ﬁf[ﬂiﬁ re aorf@ab&&&.@ ﬁd’ﬁhuaﬁoéat’édt ual
cache address tahle_agnd o rcui tr roce rrent access
requests, (ﬁ%‘gﬁ ﬁEf ﬁ#?h‘g 3y gﬁ' Tf?gg éﬁplé nBhofy can be a
ROM or fI ash mahes a @emmghem m@omyspendm rescithe ydrtuakd t hrough
a PC buszoA ca}fém:ﬂy Afat aaaﬁégée@eénw&am he fendhP m&'&n§ger oﬁnd the

Cycl s For  oxlif Aty 8ABPTR Seta 44 e°%sﬁ%V§ia' S TRARRERNES, Tanster
may be a bur stav#iladler &b mwshﬁum@getmdee&bmwamsfrﬂ\e- audi o
sanpl e data blpeks cHcdetdihe é&@:é@é@aqi\gheo%e viTRG1Y aliBY-e8Bi ks t he
cache line SIZelfeady h%%%sggfbcated, the virtual cache memory block
15 addresses the data cache memory for transfer of audio
sémplé data between that corresponding cache line and the
DSP. The virtual cache memory block also de~allocates
cache 11nes not used in the current or previous frame,
addres51ng the sample memory for transfer of the audio
20 sample from the data cache to the sample memory. The
,virtual cache memory block :includes a'data line table
storing; for each virtual address, the corresponding
allocated data cache address, and also includes a virtual
v :éache address table and other circuitry for proéessing
25 current access requests, as described in further detail
below.

The sample memory can be a ROM or flash memory,

a RAM or DRAM, and may be indirectly accessed through a
PC bus. A cache line transfer between the sample memory

30 and the data cache memory may consist of a burst of
several access (read or write) .cycles. For example,
where the data cache memory is a DRAM, the transfer may
be a burst of several DRAM fast page mode access cycles.
The audio sample data blocks stored in the data cache

35 memory may match the cache line size for a personal
computer (PC) or the audio samples can have different
sizes in various cache lines of the data cache.
Likewise, the data read by the DSP from the data cache



conputer (PC) or the audio sanples can have different sizes in various
cache lines of the data cache. Likew se, the data read by the DSP.fromthe
dat'a cache WO 00/ 14721 . :
PCT/ US99/ 19128 can have a vari able nunber of bits, as requested by the DSP.
The virtual aWe0®3472brovi ded by the DSP nay be the sane as PEBUSIIN28
correspondi ng sanple nenory address. Alter- natively, the virtual, cache
menory bl ock could access the 5 sanpl"é'mam)ry by shifting the received
virtual- address by a quantity conmmensurate with the audio sanple word size

and adding. t hewgPSiulve ?Lvﬁ@ﬂbﬂ“xﬁﬁnbb? 820956 | W Feghebba wy @l base

registers) to I’OVI | e menor addre e VI rtual %@e menory
bl ock can als ndl'ré‘elﬁ"rtu ;Pdt?&?ésc | Psgl?ﬂét%
provi ding the s iasutheudorresparndingi sampw mémcmy sddpées. aritﬂ.tdm-s avoi d

audi o cl I cki Ny 3RG DESCR BRAEN GRchbEaliiY NiSckS coula access tid 0. 1 1
a schematlc bl ock ram of |taI ound?é)% %gm gﬁ £t ated _circuit
devi ce of 3t he SHRRIEHR P‘ﬂ%n‘??cﬁ“ evﬁ"? ke YHEFRE ‘g‘iﬁﬁ"és ®rory,
with the addr esuantityt aom:tsaarﬁmyitm the Zudica'sabpdenwoxd Bizek di agram
of a data 20 an&%ﬁ'&‘ingeﬂﬁé yrésmtéﬂ%fdexaeesﬁiffl albaesei-@e{sfyazt h |
associ ated inp /outvp sel ectio %&rrgﬁ% ‘6{ g‘f‘glsaschematlc
bl ock di agram ieﬁ§ aPFG RPGLsEEER Y eoc??elﬁ Pe® R of Fig

1. Fig. 4 is adkiessat | whelwobktutlagaaahefmemm ock céntalsd rtgaraillBSP-cache

interfacggi n thy \WathUah é‘%@mdﬁmﬁilbéi’&'fa@ior@ ﬁbf BroPEdin
CARRYI NG QUT TH IN\/EI\FI'ISI\IWth re ce_to_Fi t hat ortlon of t he
revious audio sample, ns ead of no sample, an

a_vo.i_d audio click:.ng. o

BRIEF DESCRIPTION OF THE DRAWINGS _
5. _' " Pig. 1 is a'schematic block diagram of' a
'digiﬁai sound—produ01nq integrated circuit device of the
present invention together with an external sample
Imemory, with the address and data paths shown.
. Fig. 2 is a schematic block diagram of a data
20 ‘cache memory in the device of Fig. 1 together with
associated input/output selection elements therefor.
Fig. 3 is a schematic block diagram detailing a
virtual cache memory block in the device of Fig. 1.
Foe - Fig. 4 is a schematic block diagram further
25  detailing a DSP-cache interface in the virtual cache
memory block of Fig. 3.

BEST MODE OF CARRYING OUT THE INVENTION
With reference to Fig. 1, that portion of the
30 digital sound producing integrated circuit 10 that is
responsible for synthesizing and processing an audio
signal, namely the digital signal processor (DSP) core
12, and for interfacing the DSP with an external digital
audio sample memory 18, namely the cache memory structure
35 of the present invention combining a data cache memory 16
- with a virtual cache memory 14, is shown together with
their main address and data paths. For the sake of
clarity, control signals are omitted from this figure.



30 di gital ,sound,producing integrated circuit 10 that is responsible for
synt-hesi zi ng and processing an audi o signal, nanely the digital signal
processor (DSP) core 12, and for interfacing the DSP with an external
digital audi o wapgissmeNOry 18, nanely the cache nenory strughpt8eoRerzs Of
the present invention conbining a data cache nmenory 16 with a virtual Tcache
menory 14, is shown together with their mgin address and data paths. For
the sake of clarity, control signals are omtted from.this figure. WO
00/ 14721 _ PCT/ US99/ 19128 -7- The sanple
nmenory: 18- st or es - successThmsanplieneppaal 8 AkAness sigressienancfudi o

stream  For . a igiayQiaastli udis eaipleBeasash! Asdit Stirea. 8, FoP ArgBALDI ts

sanpi e nemory ASate PEEFER, the SRmnyeB AOGRE 4 4 A8 SF BASPLET iy and
will not be fumendecancheioxganized dneasenltichannele ingarleaved\wWay- t hose
O e L T L g LBl P @ Lanytie ol 07 S
?LC), accessedfPPSﬁégng%g€%¥ﬁ%cmgﬁbF?ggﬁxﬁﬁdﬁgé¥ﬁtFu5§§9rI e+§£§%gbssed vi a
data 1/0 |inesItoigyespentinkly diiepsapepys panyiaf thosesuapd cine®iiar addr ess
Pho-Lo"an S04 dchephiehdie Sfseacisies, soddompiaiitescommt e |-
109,89, 2V eI Bpih G ERY S50k Rl nd R St g%y 520 07 v
the presei inperscpaldeenputer {RMesscepssrd Zrowlac PResache 1BeBATrYiat a
cache nenory lgnrolghaddpes il but 18 hécésdqi vGd ddta IyO Binds '2g rtual’
addr ess, Wh'ChhbstﬁgegoRthégﬁﬁ”faz%%lproviding a sample memory address
on chip output lines 17. o
| ' The DSP core 12 provides an address correspond-
15 ing to an audio sample on an address line 13, together
with a read or write request, to a virtual cache memory
block 14. Because the DSP 12 does not in the présent
invention directly address either sample memory 18 or
- data cache memory 16, the address on bus 13 is referred
20 ' to as a.’virtual’ address, which is used by the virtual
“cache memory block 14 to. determine the appropriate real
address of either memory 16 or 18. In the case of a
yrite request, the DSP 12 also prévides the actpal data
_to be written on a data bus 20 connected to the data
25 cache memory 16.
- The virtual cache memory 14 receives the
virtual address on bus 13 from the DSP 12 and allocates a
new or already existing data cache address corresponding
to a cache line of the data cache mémory 16. (Details
30 - for this allocation will be explained below.) At this
point, if a read operation has been requested by the DSP
iz, the virtual cache memory block 14 will decide whether
the audio sample data can be read directly from the on-
"chip data cache 16 or if an access to the external sample
35 memory 18 is necessary. If access to the sample memory
_ 18 is necessary, the virtual cache memory 14 will cal-
‘culate a sample memory address from the received virtual
' address, the contents of one or more base registers




cache nmenory block 14 to determ ne the appropriate real address of either
menory 16 or -18. In the case of a wite request, the DSP 12-al so provides
the actual data to be witten on a data bus 20 connected to the data 25
cache nmenory 16. The virtual cache nenory 14 receives the virtual address
on bus 13 froWPONWBSP 12 and all ocates a new or al ready exPSFP#1848a
cache address corresponding to a cache LBQe of the data cache nenoyy 16.
(Details 30 for this allocation will Be explained below.) At this
.point, if a read operation has been requested by the DSP 12, the virtual

gache lrrerr]?r-y Rloptlohd1)V dha dae danphat Hedtr he TRUGHE D1 SeReh pritaiidecan be Iread-.
irectly fromgthe_an- r a er na
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- necessary, thd7vitet the sampie mewory 18 apd |indgiateyp sample AFATYnenory

address from ithee gatactcaérle Viird HritddepsSTe, WH CRORLED! Braisfuie datanor e base

regi ster 01472
PC% U899/S'f1912 e_ag_ ffé%t%’b%aﬁ?péﬁdmfﬁgrgaﬁ%loevevﬁ 8?%3 1?‘?3’\% ﬁ tt%é:rlllepr ovi de
" the sanpl e nemddpcatadcdata \gache menany bing dawlipatedhya ¥ak% t he sanpl e
remorY _lﬁ a_tnd da&%ibi_a"aaras§asgghaege'asaruu§-01aat A £C @BhACroiniestéd tdit‘iéc![ e

Icn w r S a . o ver ata |1 nes
19 to the aIIg%h?é%eggﬁaggﬁgﬁ%%%éﬁﬁﬁy %égéfndig%ngfgégh%gggh%Eéche
address appl | @¢cesshtie the sampliec mempglEsiddsMegersany raediyths ored in the
al | ocat et cachegueBted! 88Fa R 1ACHRSHale AVEiladIRl ConERRIDHSH G Dveecessary

and the 10 rd%%eghéd ﬁa&g &q’{elr 3‘&9‘% %%ﬁ Ié‘_@mng.toﬂh; vRSiFi):elz over data

bus 20 on the next - synthesis
request has been requested by the DSP 12, the audio

sample provided on data bus 20 from the DSP 12 will be
f sﬁbred }n@o the allocated data cache line of the data
15 cachellé;'as indicated by the data cache address: provided
' on bus 15 from the virtual cache 14 to the data cache
memory 16. (The write from the data cache 16 to the
sample memofy 18 will be explained later.)
__' | ' With reference to Fig. 2, the data cache memory
20  block 16 preferably has a cache line width of 256 bits
and a bus width for data bus 19 to or from the sample
memory of 32 bits, as is typical for PC memory sharing
_ appliéatibﬁs fhfough a standard PCI bus. However, any
r other.size cache line and bus width can be designed as
25 long as one cache line can store at least one audio
sample. As is seen for the preferred 256-bit cache line
size, one cache line can hold either 32 8-bit audio -
samples (represented by cache line 21), 16 16-bit audio
samples (cache line 22} or 8 32-bit audio samples (cache
30 line 23). The sample width selection is controlled from
the DSP to the virtual cache memory. The data cache
memory 16 can be implemented as a single-port SRAM, as
shown. Alternatively, it may be implemented with dual-
- port RAM for optimum performance when communicating with
35 fast PC buses. '
The data cache memory 16 receives an address on
bus 15 from the virtual cache memory block and reads (or
writes) sample data from (or to) either the audio sample



request has been requested by the DSP 12, the audi o sanple provided on data
bus 20 fromthe DSP 12 will be stored into the allocated data cache |ine of
the.data 15 cache 16, as indicated by the data cache address provi ded on
bus 15 from the.vigkfual cache 14 to the data cache nmemory lferfddefoissite
fromthe data caché 16 to the sanple nenory 18 will be explained |aterf.)
Wth reference to Fig. 2, the data cachegsenory 20 bl ock 16 preferably
has a cache line width of 256 bits and a bus width for data bus 19 to or
fromthe sanple nenory of 32 bits, as is typical for PC nenory sharing
appl i cati ons mémoxythroughndaPET P&t s AGneverhe PSP dthrqualy dataache |ine
i’ind bus wi dt-gb‘é@”ﬁ’?,- Sie@t2dnass Bus 19 1Y 20S i8NCosaEdELdd Ny er.aﬁ sltore at
east one audj anple. JAs | FBE efe -hi t,,cache line
si ze, one cacﬁgrﬁ'?‘n o %h%&%m%ffﬁ]éé% %o“la%‘ éué{lgggé%%tz(ﬂ'epr esented by
cache |ine 21¥hengoammuiicatdagovithpbhe RCTadns APnea 291%256-Pithi t audio
fsarfpl eﬁ.@%ggheaéﬂe 1ind N l&%hd r(]c-ﬁ*ewﬁﬁﬁdrﬁ) Wsdhl acherst alodes dfo?grol I eg
romthe virt cache m . t Q?En? R, can be
: inplenented'a§9§£€€ﬁﬁﬁiﬂ%#%ﬁ?'Sﬁﬁﬁ?gg% §ﬁ%ﬁ%a%fg?e?%a rvely, |fﬁhay be
i npl ement ed winput®a3c. pdhisRmayef majting mushr potreRRtembke Weddnuni cating .
\t/)w t h1§5f f?ﬁhoﬁQ @&Sllﬁﬁ:seT%Ridﬁéé Eﬁlglﬂfh El&@gmlﬁ\éxzfaimm dedr es|s on
us rom V, al cache ck and rea Jhes) sanple
data from (or Eﬁﬁ)i’éﬁiﬁﬁ s[q?glgggggiégm en Wﬂﬁfiﬁ%g W16 the® 2
PCT/ US99/01912BSP 9threual \Aatar bugh20, Fdie dwmdiohgample ckranffeysP aGssugh dat a
bus 20. Sel ecbhOgno{nditfidlid10hudfol Sauy WAsie] tuiéNecan be 8, 16,
" or 32 bits wide. These transfers are controlled by the
virtual cache. memory block_nsing control gignals 26 and
28.. In particular, when reading the data cache 16, the
15 correct audio sample is selected by,means of mult;plgxers
27 and 29. When writing to the data cache 16, two
implementations are possible. Either a read/modify/write
cycle can be used to store the apdio sample at the
correct position in the cache line, or several write

20 enable signals to the data cache memory can enable
modification of only the necessary portion of the stored
cache line.

'With reference to Fig. 3, the virtual cache
méhory block 14 includes a.DSP-cache interface 33. The
25 interface 33 has signal inputs 13 and 35-37 receiving,
respectively, the virtual address, the current processing
slot number, the current access request number for the
current slot, and the current read/write request number
for the current slot. Each of these inputs is connected
30 to corresponding outputs from the DSP.' The interface 33
also has signal outputs 39, 41 and 45 connected to a
virtual cache address table 43 and a virtual cache data
line table 47. When requesting access, the interface 33
. provides a virtual cache address on signal lines 39
35 addressing the virtual cache address table 43 and the
virtual address on lines 41 to data inputs of the address
‘table 43.. When accessing data in a read or write opera-
tion, the interface 33 provides the current DSP virtual



virtual cache menory bl ock through a multiplexer 24. When conmuni cati ng
with the PCl bus 19., a full 256-bit 5 cache line is read (or witten)
using a burst node of 8 32-bit transfers, using a multiplexer 31 with
control inputs 30. This way of meking such a transfer is well known to
those skill ed WHhOWMRIart and fully detailed in the PCl bus HE&PYRH-on.
When communi cating with the 10 DSP t hr qugh data bus 20, the audiQ sanple
transfers occur on an individual audio sanple basis, which can be 8, 16, or
32 bits wide. These transfers are controlled by the virtual cache nenory

-3' ?ck US_LnglgOQ{aﬁﬁhiahﬁfééé e&tt@adgiﬁtuai rl?éb’i{é' idaulhaitinmg&mreeach riaf the
ata cache 16, the correct .audi 0 sagple is selecte means o
‘mul tipl exers -2?1%?6 g@. rﬁﬁ’é‘#‘(ﬁ } nﬁg? e‘ﬁrﬁ@%ﬁs&”@&&ﬂ% %%?Q/'t%&e

i mpl enent at i onaddrespoessible. Either a read/ nodify/wite cycle can be used

to store t_he audi o Sarfp*Qhé‘tvﬂﬁaqobﬁéﬁé'm:tyi“mobﬁ i hea s imdivaes or
several wjite 20 .

enabl e si S to,t dat a che.nenMot vV, l e
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reference to Ficprrespehds\to ththe moxdmumnefisamplieopRrmony | aecerfes Fhpbp- cache
interface 33. chie péSperrbihdd hathid3aNatngld ManePUie HeldE|d £22- 37

receiving, respective he virtual,address. the.curre rocessing sl ot
nunber, the-chPg%tp85§%§i§riﬁﬁﬂ§§ﬂ %Bﬁbﬁ?r??ﬂtiﬁigtgﬁir éﬁréﬁﬁn, and the
current read/ w(VA®DRguasyakighthdt f(¥) ,t ard ;uregwest| bit Ricithst t hese

i nputs | SIEONNEHAALa88s whe€hexOhatPORStuan Uddrdss fEomEkIPP. The
I nterface 33 al_sq hai§3|gnal out p and 45 connegted tq a.virtua

ts 39..4 _
cache address A& X3 EntTERArt %3?" gﬁ%‘i‘.’& 2 TPRE™P ab e4v7i:r an
requesti ng acceschet pddreserfakde 33 psopreferably madel up ehdwidr ess on

signal lines 3QYeticesiUfamsBy U ranboni Abdeds GRGIMEyade RS €Y doddsand the
virtual addresgyQn Jii 881 ‘dadi st bt "PVASDRY i tAEGEEE bit (v),
15  and a register bank that holds the request bits '(R). In
'_one'i@plementatidn, the current virtual address (VADDR)
'is_sent as ﬁhe_simple memory address on address lines 17.
An equality comparator 49 compares the incoming virtual
address 41 from the interface 33 to the virtual address

20  (VADDR) stored in the virtual cache address table 43 that .

' is 6ﬁtput on lines 17. This comparison is performed with
the lower 5 bits masked, therefore indicating to the
'qéche'ménaééflii whether the requested data is already

g fﬁresent in a cache line of the data cache.

25 A priority encoder 51 receives all regquest bits.
(R) in parallel from the register bank of the virtual
cache address table 43. It determines which virtual

" cache address (VCADDR) is requesting service (R = 1).
The priority encoder 51 outputs that virtual cache

30 address (VCADDR) to an increment/decrement device S5 that
outputs either VCADDR-1, VCADDR, or VCADDR+1l, as
determined by control signals (*) from the cache manager
71. That output 57 in turn accesses both the virtual

- cache address table 43 and the virtual cache data line

35 table 47. Therefore, it is possible from a given virtual
cache address'(VCADDR) to also read the previous or next
virtual cache address as well. The virtual addresses
read from these previous and next virtual cache




tdble 43. Wen accessing data in a read or wite opera- tion, the
interface 33 ‘provides the current DSP virtual WO 00/ 14721
PCT/ US99/ 19128 -10- cache address to the virtual cache data |ine table 47

in order to RedgdnayR the stored corresponding data cache adgefasoondhse
virtual cache nmenory block 14 also includes 5 a virtual cache address table

43. The size of this table corresponds-ip-the nmaxi mum of sanple nenory
accesses that can be performed within a single frane.. It holds, for each
possi bl e access, the current virtual address (VADDR), a valid bit (V), and

a request bit agAyresmes, 1With thejilewersSuhitsaraskes, ¢apt e stRkRdss s
agtdual | yt rgﬁUQ}Tgb_EEtiﬁéijiﬁ-ibrlxﬂBthvioed egesogys 7 aMas 60t hewbrémlm(l;he
address table is_prefe random
access marmry°(?Ppﬂﬁﬁ/??ﬁ?atéﬁoﬁr}@ésr@h%"@?#%aﬁ%ﬁ%&%ﬁ%ﬁ g&%ﬁ%, and the
valid bit (V) with theahewer redidisemagkaf, t Wikh Hdiedsorrespendind bits (R).
| n one ‘i npl enpRrdeneNvitbeal Waddssy ifibiiathé deiohes aQHABER) tableord as t he

ii%é&??ﬁéyﬁ?%@%ﬁﬁ% RS, 1paCigdeendll LAY b FREVEREL Modk
virtual "addr esache lineysomR)indigate thishko \the gache paBage®rtss tabl e 43
Lh?t i's Egépuz-hgn i neszrﬂe?:\giﬁgiias. f‘cﬂﬂi?arinéﬂdin'* Dokl armalssi 1inc1ﬂth1sihomer 5
equestod dat & VAESERE LIS Hdel) vikel BERERCAE, HRIICAR g MAAIAL | N,
A priorit9 encediebesinplenented a5 stapdasd RN s has) the paps| %€ 3% m t he
regi ster bank tife WHetualtcithe darezddtabie tsh e 3 hollisdefor néaxts whi ch
virtual active entry, the address (DCADDR) of the correspénding
cache line of the data cache. To allocate a free data
cache line, two register banks 65 and 66=and a priority
15 encoder 67 is used. Each "in-use" register ﬁ;nktss and
66, for the current FRAME and previous FRAME-1l, has a
size equal to the number of storage locations of the
tables 43 and 47. Each bit of these register banks -
indicates that the corresponding data cache line is
20 already in use. The priority encoder 67 indicates which
" is 'the first register bit set at zero (free or not in
use), and therefore the priority encoder’s output is the
first available data cache address (DCADDR) that can be
aésigned to correspond to a virtual address.
25 ‘ A cache manager block 71 is used to sequence
| all operations concerning a request from the virtual
cache address table 43. The cache manager 71 receives
information from various elements 43, 49, 61 and 62 of
the block 14 of Fig. 3, and sequentially generates
30 control signals. The cache manager 71 can be implemented
using a microprogram, a PLA, or a truth table decoded
with gates, as is well known in the art. Operation of
the virtual cache memory block 14 will be further
described below.
3s ' With reference to FPig. 4, the DSP cache
" interface 33 of Fig. 3 includes a virtual cache
-configuration table 75, a first-in first out (FIFO)
memory 91, adders 81 and 100 and a multiplexer 87. The



cathe address (VCADDR) is requesting service (R = 1). The pri ority encoder
51 outputs that virtual cache 30 address (VCADDR) to an - :
i ncrenent / decrement device 55 that outputs either-VCADDR-1, VCADDR, or

VCADDR+1, as Per%ned by control signals (*) fromthe ca %ﬁ@ﬁ% 71.
e

That out put rn accesses both the virtual cache addr € 43 and -
the virtual cache data |line 35 tabl el  Therefore, IS possd ble from
a given virtual cache address (VCADDR) to al so read the preV| ous or next
virtual cache address as well. The virtual addresses read fromthese

previ ous and mexfigurationctalle 75 Y@ eé@idU ARl size to the number of
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respectively, “iL.nto two re ers %‘ Two equality co rators 61

and 62 corrparélPﬁe§8’“PFFt m§ﬂ'&r9§§eg" R4 tidefodar- ‘Hi't%rg)“'!%’asked, with

t he correspon@lmg,Sit indicstes dinr aufileddidT 2 thel farst eixtardie caditeess t abl e

43 to detgrn ng gkh?%sﬁ "oflyoshge Lbeiq i Wisasage wets ddche | ne,
cac

and indicate t |s to e, cac he V|rtua e ;tenory bl ock

14 al so i ncl ud®digatipg in & fdeddqd at??n%“‘i%ﬁsé-"&?m i (R which 10
can be i npl enmpteedtaenst oy ctoRblk phnsotxhs.n sdrthiai ane asldthe Whet ual cache

addr ess t abl e 0 188805264 e £ DCADDR)  of ,
t he correspon cac?n igéihveidﬁ;a % ﬁat cache 1¥o hFoca e a free data i
cache line, ghrseess ‘éﬁll@?eﬁét&HBSG Ehe  paximunm G8er 67 is
used. Eath’ "i rofumeinorggasd:efsebartha%canobeﬁ(‘pexfﬁmrmb&ewi‘thxmmneFI_MItE and

previous FRA hag ars o &eH0 Wb i EPe& NEmpi kR aBlioftf OF lAGRagNs of
the tables 4g/in :LI bit of igege reg I ster abaﬁks in catDessP that the

correspondi ng S%ﬁég‘l“ﬁfeiq"sta ¢°75'is Toadea once by the
for a given synthesis/processing configuration. If an

appllcatlon uses a fixed configuration, then the table 75
15 can be implemented as ROM. Co :
When requesting a sample memory access, the DSP
provides, besides the slot number on input 35, the
virtual address (VADDR) for the access on input 13 (to
the FIFO memory 91), and the access request number within
20  the slot on input 36. The adder 81 adds the access ..
request number to the slot’s first virtual cache address u
(1st Vcache) received on line 78 from the field 77 of the
configurat;on table 75 to provide on line 83 a current _ et
V1rtua1 cache address (VCADDR) to the FIFO memory 921.
25 The individual read/write access bits (R/W) in field 79
of the configuration table 75 are output on line 85 and
selected by multiplexer 87, using the access request
nurber from input 36 as a selection control signal. The
multiplexer 87 thus provides a bit on output 89 to the
30 FIFO memory 91 indicating whether this particular access
is a read or a write.
The FIFO memory 91 has fields 93, 95, 97 and 99
respectively storing the current virtual cache address
(VCADDR), the virtual address for the access (VADDR), a
35 bit indicating whether this is a first request for the
slot (1st RQST), and the read/write bit (R/W) indicating
the type of access requested. The FIFO memory 91 files
all access requests from the DSP and has a size which is



20 already in use. The priority encoder 67 indicates which is the first
regi ster bit ‘'set at zero (free or not in use), and therefore the priority
encoder's output is the first avail able data caché address (DCADDR) t hat

can be assi gmawooii@72aorrespond to a virtual address. 25 PCT/US99N9128\ cache
manager block 71 is used to sequence all operations concerning a request
fromthe virtual cache address table 4313¥he cache manager 71 receives

i nformati on fromvarious el enments 43, 49, 61 and 62 of .the block 14 of Fig.

3, and sequentially_generates 30 control n The cache nager 71
can be |l PR b ABRRR SRt e £BE A8 15t « Hen VAEBRAL decoded
with gates, asacdhe wsldrelsso(MCADDRhearsd ttherérauabradﬁretdse (VaDDBAl cache

menory bl ockK écﬂ;é‘éﬂér hﬁtﬁuiﬁgeéofkeééﬂdrm%gbﬁé sB8Dits ln f:Lelds Wt h

reference to Fi e DSP.c e ace of Fi in

vi rtual cachea’b‘grﬁ% PFBK"?%%CIEY gI%Pr E‘F’“?‘ﬁyf?]rﬁ (?b‘ttpt‘g rrermry
91, addePs 8Slanghctil Cﬂbra Agdading| intod dher viPtughecache\@d@¥ess72able

PCT/ US99/ 191285 -ik?-rigpnhiguration table 75 is equal in size to the number
of processing slots frg the DSP. ' ei ves the current ail ot nunber from

the DSP on input |ines"3§h Egguesth %p&%a pECesR e PSPhadsPield 77 the
first virtualpoacidess the adzlrm :(éasi/wm&ehzyqum rsixderd fozr thed, as wel |

as indi cati ngoirent iAot 88 aRe1 %573' v,ﬁiaﬁaﬂsosaa/&ratb% apaest 166s (R VW
to be pgéformd%%%e%a r(s)f |nd|V|c$lﬁ ts,in_the field
79 to i hdicat®® d Br ¥ :[Dp"e? PES iR} rahmd ﬁ&ﬁ?ﬁﬂﬁ‘?nunber 10
of menory accEsseheh gongdgubat jn ftahisdﬁn’ ohllum'@l s as to
provide the current DSP virtual cache address on line 45
to the data line table 47 of Fig. 3.
The operation of the device is best understood
15 using the following examples. It should be first
understood that all data transfers occur with one DSP
frame delay. That is, the DSP requests access at frame F
and then transfers data at frame F+l. This gives the
.virtual cache memory block 14 a full frame to obtain the
20 requested data from the sample memory. This is parti-
cularly important whenever the sample memory is accessed
through a PCI bus or any other bus in which several
agents may simultaneously request service on the bus.
25 "Read example
We suppose that DSP slot #3 wants to access two
successive samples at address 1000H (H means hexadecimal
notation). This is a typical case in synthesis using
linear interpolation (Linear interpolation is the easiest
30 method to determine the approximate value of an unknown
sample between two consecutive samples. A more accurate
method involves convolution.) Both methods are well
known by those skilled in the art and have been described
in detail in the book "Musical Applications of
35 Microprocessors" by Hal Chamberlain, Hayden Book Company
1985).
) Referring to Fig. 4, slot #3 will access the
Vcache config table 75 providing the first Vcache address



(e.g., four in the depicted inplenmentation). The virtual cache
configuration table 75 is | oaded once by the DSP for a given

synt hesi s/ processing configuration. If an application uses a fixed

confi gurati the table 75 15 can be inpl enent ed ,ﬁ?w,
requesting 39 Q%ﬁg menory access, the DSP provides, besi dg"ésr sl ot
nunber on input 35, the virtual address,(VADDR) for the access oneinput 13
(to the FIFO nmenory 91), and the access request nunber within 20 t he

slot on input 36. The adder 81 adds the access request nunber to the slot's
first virtual(forchrampli £si0)( Exom\VEdeht)7%.cc Sheclivst | twee iP@iViom the fiel d

44 ﬁf tgg COBBZQUB@EéOihtﬁt@ﬁ ?5F{Cr)9um% e thi ﬂﬁdﬁé‘aﬁa Geagent virtual
cache adar ess E.
§ti‘3?{’% ( ™Ry vk J‘?Fe‘l’ﬁ{r};gy"&“rt ﬂ'é‘:%so‘ﬁ?l gur é{]l%o\ré‘ ?gbl e 75 are

read/ wite alPEE
output on |ioa @bring the exltodd by nultipl exer 87, using the access request
nunber fgominput 36 as a selection control S|gnal The mul ti pl exer 87 thus
provides a bit on.output 89 tq.the 30 O nenor 91 i ndi cati ng whet her
this particular access® +’§s%‘ﬁr3§& orV a ?ﬁ{ %ﬁ_fmry' 91 has fields
93, 95, 97 and 99 respectively stor egt V|r ual® cache address
(VCADDR), the virtual address for tg aEqesSs f ADDR) a 35 bi t

i ndi catygng whether this is a first request for the slot (1st RQST), and the
read/wite bit (RW isebomt iwrdteleveymee dfddaxesess 1kqueésted. The FI FO
menory 91 files all access requestsVirtnnlraﬂdDSPsaﬁleEgia size which is -

WO 00/ 14721 ' . first request = PCy/ US99/ 19128 -13- twi ce
the maxi mum access count for a sl ot R*/%H2 Qi rtual
15

_ During next slot (slot #4), the .FIFO memory 91 °
will be read, until it is empty or a first reqnest bit in
field 97 is set (meaning that the DSP is currently
fllling the FIFO during slot #4). After the FIFO read,

20 ‘the content of the Vcache address table 43 (fig. 3) will

Address 10: virtual address 1000H, VALID = 0, RQST = 1
Address 11: virtual address 1001H, VALID = =1

0, RQST
At this point we will detail the cache manager
control logic operation from fig. 3. Because ROST bits
*f have been set, the priority encoder 51 will indicate
Vecache address 10 requesting service. The cache manager
30 71 will look at the previous Vcache address (9) and the
next Vcache address (11) checking for VALID bits. These
bits not being set, the cache manager will allocate a new
cache data line, by writing the first available data
cache address given by the priority encoder 51 (for
35 example 3) to the Vcache data line table 47. It will
then execute a sampling memory access burst cycle which
will £fill the data cache memory 16 at address 3 (fig. 2)
with a cache line (byte addresses 1000H to 101FH). It
will then set the VALID bit and reset the RQST_bit'for
40 Vcache address 10.



- other bus in

cdche address (VCADDR) and the virtual address (VADDR) together with the
correspondi ng'request bits in fields 97 and 99 are provided by the FIFO
mendry 91 on outputs 39 5 and 41 for loading into the virtual cache

addr ess tabl avdtgorigiesFi 9. 3. Wen requesting data access, thgchokonbie
provi des the current read/wite request nunber for the current slot oi an

I nput 37, which is added by adder 100 ls5- to the first virtual eache
address (1st Vcache) received fromthe configuration table 75 on |ines 78
so as to provide the current DSP virtual cache address .on |ine 45 to the

“data line table 47 of e RESTTRit FeemVNeachsr addEegs 1@ Peinghest

under st ood 15resetisitige tgrd drditiyoshogdex arjllleinditate otdchd aaddresis
understood th r ) r WM Pyfr That
is, the DSP r g%’ugéﬁgﬁ%% séﬁgﬁéé@%@ga%¥%g%ﬂg?§§s¥{e? s Sa{%glgg%é?f rame
F+1. This gi ¥8e PRevVigys Yaachecaddres®r (1@ oM 111E4n4 jFhe (AP ddtobt ai n
the 20 s reqsest edItiaril) Fimdt ARssatiate theWcichéhaddréspard iholdsl arly

| npor tant  whepgy eLahdS HANRNE JHRNBEY 48 VGERS GlakBLOUP (i BCkals Or any
I C y

several agents may sinul taneous requesti service on the
bus. 25 Re&awe%a%wetwasa%ﬁaoégs:inmﬂmrﬂ-a.&{coyegw and thecess two
successi ve saeghabity cuiparatoiO8D)l. (Hoomsmmentigdeti will radstigrorhe This is
a typical casg,l; ' ' i (N real akik | 4

i nt erpol ati onglaégtii%rgﬁ%é‘s%t g§89gsg rrgﬁotc# B;ggggtge?%ﬁ%% hLiefgaasrﬁpr oxi mat e

val ue oft0an uWRRASHE addrass POywREnreaRing tdec darsccachs addressddd accurate
met hod i nvol veésom cadditess An. p£Butachetdwits 13he bable kémwinty tHeose skil |l ed

oot oo SpHEF S1SR6E B VU] B bbb loll e, o
Conpany 1985);ine table 47 at address 11.  The cache manager 71 will
then set the VALID bit and reset the RQST bit for Vcache
15 address 11. Lo i _ T
Assuming that . no othé? RQST are pending; the
cache manager 71 will enter an. idle state until next
frame. . = . _
At next frame slot #3, the DSP can how_read the
20 datum requested at previous frame. The slot #3 acdesses
the Vcache: config table 75 (fig. 4) providing the first
Vcache address (10). The. first access (0) added by adder
81 to the first Vcache address provides a DSP Vcache
address 10, which through the Vcache data line table 47
25 "indicates data cache address 3. The data cache is read
at address 3 to provide the correct data to the DSP.
Similarly the second access (1) will read the same data
cache line. '
_ If the virtual addresses do not change, reads
30 on subsequent frames will always occur from the data
cache. We will now detail two other cases:
= Virtual addresses are incremented
-~ Virtual addresses cross a cache line boundary.
Virtual addresses are incremented (now 1001H
35 and 1002H : We start from the FIFO read operation. The
virtual address (VADDR) stored in the Vcache address
table 43. at address 10 (currently 1000H) is compared by
comparator 49 with the incoming virtual address (1001H)



Referring to Fig. 4, slot #3 will access the Vcache config table 75
.providing the first Vcache address WO 00/ 14721 ' .
PCT/ US99/ 19128 -14- (for exanple, 10) fromfield-77. The first two indivi-

dual bits in_field 79 would be zero to indicate read operaty] wites
Weista peBpis -

wi ||l occur i FI FO nenory 91 during the slot: 5 Firs Vcache
address = 10 , Virtual address = 1000FL161irst request =1, RR'W= 0 10
Second write: Vcache address 11 , Virtual address = 1001H, first request
=0, RW 0 15 During next slot (slot #4), the FIFO nmenory 91 will be
read, until ivitis thepsylowen Hits maskedest Therefiore,i ¢hédyddresfawid ( meani ng
that the DSP jg fiidaqnt! thﬁ, ﬁlleiglgﬁ%ﬂuéé'f'g aﬂdo-ho#$ st fdter the FIFO
read, 20 -t%e content %? t e:Q%aghe address table 43 ( ?g. %% will be:
Address 10: \§9%-uaFuxdheEsteadaperpiiops-wll eeepr- fromikhedatd . jrt yal
address 1001Rsachd mamery, 18&&E deskribedt béfiore pOiThie wamei applisdsitio t he
cache megager ol e Q8hfelP AN hEThddfbss? 11,8ecause ROST bits have
been set, the priority_encoder 51 wll 1 ndicate y :
Virtual addresses cross a cache line boundary
(now 101FH and 1020H): Starting from the FIFO read
operation, the virtual address (VADDR) stored in the -
Vcache address table 43 at address 10 (currently 1000H)
10 is compared by comparison circuit 49 with the incoming
'~ virtual address (101FH) with the 5 léwer bits masked.
Therefore they are found identical and the first read
will occur from the data cache memory 16 as described
-— before. The virtual address stored in the Vcache address
15 table 43 at address 11 (currently 1001H) is compared with
'~ the incoming virtual address (1020H) with the 5 lower
bits masked. They are found different. Therefore, the
incoming virtual address (1020H) is stored into the
" Ycache address table 43 at address 11, the valid bit is
20  reset and the request bit is set. The RQST bit '
prOCessing from the cache manager 71 will then allocate a
new cache data line as explained before.

FD?éa cache line allocatjon and de-allocation principle

25 ‘A data cache line which is not used within a
processing frame is de-allocated (made free for new
allocation). To do so, two "in-use" register banks 65
and 66 are used, each register bank having the size of
the total number of data cache lines. At the beginning

30 of each frame, the "in use" register "Frame" 65 is
transferred to the "in use" register "Frame-1" 66 and the
"in use" register "Frame" 65 is cleared. Within a frame,
each time a data cache line is accessed, the correspond-
ing bit from the "in-use" register "Frame" 65 is set.

35 Therefore, ét the end of frame, the "in-use" register
"Frame" 65 has bit sets corresponding to all used cache
iines, and consequently, the "in use" register "“Frame-1"
66 is valid within a full frame. The priority encoder 67

i



Vcache address 10 requesting service. The cache nmanager 30 71 will | ook
at the previ dus Vcache address (9) and the next Vcache address (11)
checking for VALID bits. These bits not being set, the cache manager w ||
allocate a nwoea’fa data line, by witing the first avail aptguskehisszgache
address given by the priority encoder 51 (for 35 exanple 3) to the’
Vcache data line table 47. It will thexexecute a sanpling nmenory access
burst cycle which will fill the data cache nmenory 16 at address 3 (fig. 2)
with a cache |ine te addresses 1000H to 101FH). It will then set the
VALID bit an® e¥’h15° "B upg; Frame-1N ke sted, 66sindicates,n 0o/ 14721
. PCT/ US99/ 191 2he firsfhb:.ﬁ(jﬁ' Zero,f whitchCis heheditirsts a¥@ibabhe dstset , t he
priority encqg%evwﬁlﬂ, i ndi cate Vcache address 11 requesting service. The
cache manager OOEI ng at the previous Vcache address (10), will find
the VALID bit 5 set It wi | f| nd al so that the Vcache address 10 hol ds
t he sanes vi r ax AC 0 G52 gimemery 1 vmththelower 5 bits nmasked

(Using the R-1 storage a‘ptcg ‘ t r@g nsequently it
é&cac Hg‘ké%’f to Vcac e ad 0 the

will assign the sane data I ess Pess 11 as 10
Vcache addr eS&mpde BWPE&&%@%?’&&F&“C Htes @ dakaseaFheddress 10 of
Vcache data lliime tiabtheidatataachiecmbmnoppr sy rpegﬁtﬂneaaEaaedcumlimg R back

to Vcache datg Li3etbabts éie egtamg%rﬁ o i’fﬁ'@%f r 71 will then
set the, VALID hit and reset %ﬁ E# Vcacrﬁe 15 dress 11.
Assumi mP t hatrdiEe5enEFOreRsT adl"é‘ nﬂl?ﬂﬁ h‘?‘Hédi’a’cHé'%aﬁﬁﬁ’éP &1E58™ | enter an
I dl e state unollFHEnéwot 1020H). This is detected by the cpmparlson

circuit 49.at FIFO read time when the virtual address

stored in the Vcache address table 43 does not match the

incoming virtual address on lines 41 (with 5 lower bits

15 masked) .

onversion i ddress to sample memory address
In a PC environment, it is highly desirable to

-compute a sample memory address different from the DSP

20 virtual address. This allows simple reallocation of PC

memory without having to change the DSP program. Also

this allows handling of interleaved multichannel audio
formats as several monophonic audio streams seen from the
DSP.

F In the previous description,fthe Sample memory
address output on lines 17 (Fig. 3) was identical to the
virtual address (VADDR) provided by the DSP on lines 13.
An improvement consists in computing the sample memory
address (SMA) as follows:

30 '~ SMA = BASE + ((VA*NCHAN) + CHAN) * BYTESPERCHANNEL
Where VA is the virtual address, SMA the sample memory
address, NCHAN the number of interleaved channels, CHAN
the current channel, BYTESPERCHANNEL the number of bytes
to code one sample on a channel and BASE a register. To

35 avoid costly multiplications, NCHAN and BYTESPERCHANNEL
can be restricted to be powers of two, then the multi-
plications simply become left shifts.

25



franme. At next frame slot #3, the DSP can now read the 20 dat um
requested at previous frane. The slot #3 accesses the Vcathe config table
75 (fig. 4) providing the first Vcache address (10). The first access (0) -
added by addﬁbo@%«&ﬁ the first Vcache address provi des a DgPrafsssabgs addr ess
10, which through the Vcache data line table 47 25 i ndi cates data cache -
address 3. The data cache is read at ad@ress 3 to provide the correct data
to the DSP. Simlarly the second access (1) will read the same data cache
line. If the virtual addresses do not change, reads 30 on subsequent
frames will always ocdnothesmierel joff Saphdpticskion s F§Wha¥Lai| two ot her
cases: - Vir gegbraldsass aegictetrss selutited acYbrdimg twd®Aesses cross a -

cache |ine boundary. Vigt.ual e ' L.nGr m%ﬂ 001H 35 and-

. 1002H : we sf:gf’ge?g%'m t%l%ﬁ%gg%aé%?e(?gﬁ%%g €_he Vi tuaweéfidr_ess ( VADDR)
stored in t hwhichcablews hetderapptimizahion]@fothe BF MEPXINEPPCL000H) i s

conpar edg by conparator 49 with the incomng virtual address (1001H) WO

- 00/ 14721 _ . _ o , PCT/-US99/ 19128 -16- with
:the 5 | ower bits masked. Therefore, they are found identical. The VALID
bit is then set, and no RQST is set. Further read operations wll occur
‘fromthe data cache nenory 16 as .described before. The sane applies to.5 R
t he Vcache address table 43 at address 11. .Virtual addresses. cross a cache

| i ne boundary (now 101FH and 1020H): Starting fromthe FIFO read

operation, the virtual address (VADDR) stored i'n-the '



Vcache address table 43 at address 10 (currently 1000H) 10 I's conpared
by conparison circuit 49 with the incomng virtual address (101FH) with the
5 l'ower bits masked. Therefore they are found identical and the first read
wi [l occur fmmwoeeidata cache nenory 16 as described bef orpcr/isvensizs t ual
address stored in the Vcache address 15 table 43 at address 11
(currently 1001H) is conpared with the¥8rconing virtual address (4020H)
with the 5 |ower bits masked. They are found different. Therefore, the
incomng virtual address (1020H) is sgf% d into the Vcache address table 43
at address 11, the valid bit is 20 et and the request bit is set.

The RQST bit processing fromthe- cache nanager 71 will then allocate a new

cache data |ine Rsapyitall BeAnBeppo@ucing Aevaes hsnﬂgadlsm@tlleon and

de-al locatio C d c mhlch is not used
within a pro@%’géi-ﬂ f% arrtéo%?gdgigﬁ% a%%‘@' %@gig ggt few al | ocati on) .

- To do . sé&, mB°“$¢FEEQ¢UQiR$:§9¥i°9aﬂ%%9¥i§knﬂd 66 are used each regi ster
bank having the size-.of dﬂgathgtaigﬂumﬁyﬁodgggagtQngﬁppe Ilnes At the

begi nning 30  of eagh ster - Rral

'transferred to the "in Jgg%v?3§§st%?&§a$§§b Sgg% %ﬁﬁptﬁf “ﬁﬁ? ﬁgéa register
"Frame" 65 iBSR|angd spidyasmplesnenery, saichdatpecachetrenaxyhe |ine is
acces'sed t hetepines M Gached 1bhés f €xuRddE 'auBibSSampRy) ity reBfame” 65 is

set. TREGE Sfa Snrh1CnBROD | eb Uy byBaih 580 nd SR O 12T

has b|t sets correspo used cac Irnes, a §§huently, t he
"in use" regFE?%%ngr9¥9ﬁ23§edaeu#§°v%awniqu@ﬁanwaittsm theneto P¥e priority

encoder 67 sai BSP;l4Ahdl

PCT/ US99/ 19128 -17- . virtuwal cache memory means in an address path
between said DSP and both said sample memory and said

15 data cache memory, said virtual cache memory means
receiving virtual addresses from said Dsr.requestiﬁg
access to said sample memory, aliocatinchache.lines of
said data cache memory to correspond with said virtual
addresses, addressing said sample memory for transfer of

20 audio sample data between said sample memory and said
allocated cache lines, and addressing said data cache
memory at- said éorresponding allocated cache lines for
transfer of audio sample data between said cache lines
and’ said DSP. o

25 ¥ '

2. The device of claim 1 wherein said cache lines of

said data cache memory have a bit size matching a bit

size of blocks of audio sample data transferred to or
30 from said sample memory.

'3. The device of claim 1 wherein said cache lines of
said data cache memory have a bit size capable of storing

35 multiple blocks of audio sample data from said sample
memory.
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connected to the "in use Franme-1" register 66 indicates the first bit at
zero, which is the first avail able data cache line. 5 Witing data to the
sanple nmenory Data wite requests fromthe DSP 12 to the sanple mem)ry 18 :
are witten directly to a data cache line in the data cachgcfg

full data caW¥R&oiq? ﬁé

address crosses a cache |ine boundary bfar exanple from 101PH to 4020H).
This is detected by the conparison circuit 49 at FIFOread tinme when the
virtual address stored in the Vcache address table 43 does not match the
i ncomi ng vi r sual Thel desicont cheindl wharsinsspédeyingual s3chenpsked).

Conver si on of i ﬁéicgﬁgiggssarrpl e rrem)ry address In a PC environnent,
it is highly §e5|rgg+aeto ute a s %¥s@@r° egk:fferent from
i

the DSP 20 virtual acPnFEc e reallocation of PC
menory “wit hoptrobessiuyztdﬁlmgberheamﬁvqﬁsﬁgraweﬁmrs arfods handl i ng

of interg eav%? rBUhl | 4R 20 Bal@ DY S salas entertac®mapiagi & audi o

streans seen romthe DSP p ription, the
~Sanpl e menor FoRfiguratign pﬁ?ﬁ’i&nsﬁ’:ﬁ&g 7y d(efianag?d fl‘sazyéltdgﬁf fig% to the
virtual addr eash(aVamlR;ssprﬁpn @edhbgaidhesmn@mbﬁrne%n sidex 2884P8y enent
consists in HEBddr el aesessedirdis dadld ows: 30

—_ *
2ddr ess, S Ui NWM%&&%@% REo, gier & 287 20 1
channel ¢ CHilceliveduaceess cleguest, nmmMLatWW%er of bytes to
code one Sa_”mﬁ'tﬁalacQél%‘rﬁdz@%Q B & fiagtsial: £ipsBout (FIFOY costly
g}cj | E\INgl ! f ﬁtelng{e?pgrx.uﬁ ?rn?gd VS virgt%_f‘ N %ﬁd?Sséeséﬁé:Rﬁq'thglbe power s
: address and a read/write bit received from said DSP;
an address table capable of stcrlng, for each
15 virtual cache address, a virtual address as recelved from
s said FIFO memory, a valid bit designating whether a _
~ virtual address stored in said address table is -a valid
current address for that virtual cache address, and a-
request bit designating which virtual cache addresses
20 correspond to current access requests by said DSP;
a first comparator receiving from said address
" table said virtual address stored therein at said current
virtual cache address and also receiving said virtual
address from said FIFO memory, wherein said virtual
25 addresses being equal indicates that audio sample data
corresponding to that virtual address is already stored
in said data cache memory; )
"a first priority encoder receiving said request
bits from said address table for all of said virtual
30 cache addresses, said encoder outputting a virtual cache
address for which its request bit has been set; and
a data line table storing, for each virtual
- cache address, a corresponding data cache address for
accessing said data cache memory.
35

T

Is witten to the sanple nenory 18 when t?g V|rt’ual 10°



pl'i cati ons sinply becone left shifts. WO 00/ 14721

PCT/ US99/ 19128 -18-° Anot her | evel of sophistication is to have several BASE
regi-sters, selected according to VA contents. Tprshangfs the PC nmenory to
be segnented, ' |l ows better optimzation of the me .
Voo Sazal " WObAE R PCT/ US99) 151 T8 OB, o s
1. A digital sound-producing device, ugag a sanple nmenory for skoring-
digital audio sanple data, the 5 sound- produci ng device conprising: a
digital signal processor, (D%I;) ; .a_data cache nenory in.a data path between
said DSP and Sai dTRarffeicRmfy ¢laini 4 vhareimenddnEivtyal sasheng, in cache
| i nes t her eof meaufly onémig | furdhlet tomplrildes: from sai d sanple nmenmory for use

id DSP and al t.Or ] ' | e.dat a wit.ten thereto by
o2 3 DSP: and i 1t ual ol cBRAGEESE baHiLh RATH FLLEE Batdaiell 1 Lai ¢
'DSP and bot h &3FedesnMrd sadfoAatandingtpble foxaproviding.ndMory, said

vi.rtual Gacheaddiion ntee e ide vdirvuay aécﬁmdaa&ddsessﬂéréﬂéimeﬁahddESP -
ting ac ' ' e, s g.cac sai

Gata cache nepcerehénted i RtEe T RRY 1ty AERLRATRAE Wbrdudiiel, 07 C

said sanpl e nﬁmﬁi#?s??ﬁ JGCRTSIBP Sr1d(pddress)tablanfee xradinget ween said

sanpl e menor ycerrlespontling virtual addresses therefrom; _
' ' registers receiving from said address table
10 said virtual addresses corresponding to said incremented
and decremented addresses; '
second and third comparators respectively
receiving said corresponding virtual addresses from said

registers, both said comparators also recéiving a virtual
15 address from said address table corresponding-Eo-gaid
- virtual cache address and outputting a comparison result
'designating whether said decremented and incremented
addresses correspond to said virtual cache address, said
means for providing said incremented and decremented
20 addresses also accessing said data line table subseguent
to a positive comparison result.

6./ The device of claim 4 wherein said virtual cache
25 "memory means further comprises:

' first and second in-use register banks
connected in series to a data output of said data line
table, said in-use register banks storing bits
designating data cache addresses stored in said data line

30 table in a current processing time frame and a previous
processing time frame, respectively;
a priority encoder connected to an output of
said second in-use register bank and to a data input of
said data line table, said priority encoder providing a
35 first available data cache address to said data line »
table for allocation to a virtual cache address.

_—
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al'l ocated cache lines, and addressing said data cache nenory at said
correspondi ng aIIocated cache lines for transfer of audio.sanple data

bet ween sai d cache lines and said DSP. 25 2. The -device of claim1 wherein-
said cache lines of said data cache nenory have a bit S|zenpﬂ¢¥%@9wa bi t
si ze of bl ocWQWH472Ldi 0 sanple data transferred to or 30 ard
sanple nenory. 3. The device of claiml wherein said cache |ines of said
data cache nenory have a bit size capﬁ e of storing 35 mul ti pl e bl ocks
of audi o sanple data from said sanple nory. 18 WO 00/ 14721

PCT/ US99/ 19128 -20- 4. The device of lm wai d virtual cache

menory means conprises: an interface recaingp l\ﬁMbgqost a current

processi ng sl ot nunber, an access requ‘st nun and 5 virtual address
fromsaid DSP, said. |nterface havi ng a &0l
desi gnated first virtual C&QMELENGBQQEYFP

addi ng said first .virtual 9§§5§ddLess-
tabl e by .said received slot ng

()

~ number to obtain a current vint avugggug :
(FIFO nenory storing said m,r't al CACHEe b
a read/wite bit received frorm $aMEMORY |

storing, for each 15 virtuali caene qir'-ssummkﬂsstuan addr ess és-received
.fromsaid FIFO nenory, a valid_bit desiﬂpqslng mhet@gg_a
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vi'rrtual address stored in said address table is a valid current address for
that virtual cache address, and a request bit designating which virtual
cache addresses 20 correspond to current access requests by said DSP, a
first conpar W@V ving from said address table said virporussidisss
stored therein at said current virtual cache address and al so receiving
said virtual address fromsaid FIFO menory, wherein said virtual &5

addr esses being equal indicates that &80 sanpl e data corresponding to
that virtual address is already stored in said data cache nenory; a first
priority encoder receiving said request bits fromsaid address table for
all of said .virtual 30 cache addresses, said encoder outputting a
virtual cache a s for which its request bit has been set; and a data

" line table storing, for each virtual cache address, a correspondi ng data
cache address for accessing said data cache nenory. 35 WO 00/ 14721

PCT/ US99/ 19128 -233 4 f_claim4 wherein sajd virtua#lycache

1 nnected bet vgzen i &7
encoder- 'T; idi i

vittual cacte
i ncrenment ed :
readi ng corg i  addr¢sgeq t
sai d addre : i all gddresses correspondi
i ncrement ed S
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and decrenented addresses; second and third conparators respectively
recei ving said corresponding virtual addresses from said registers, both

said conparators also receiving a virtual 15 address from sai d address -

tabl e corresponding to said virtual cache address and OUtpUth§
conpari son #¥¥M7esi gnati ng whet her sai d decrement ed and ?gﬁgﬂhed
addresses correspond to said virtual cache address, said neans fos

provi ding said i ncrenented and decre gied 20 addr esses al so accessing
said - data |line table subsequent to 5? itive conmparison result. 6. The
device of claim4 wherein said virtual cache 25 - nmenory neans further
conprises: first and second in-use register banks connected in series to a
data output of said data |line table, said in-use register banks storing
bits desi gnating 38 cache addresses stored in said data.line 30 tabl e
in a current processing time frame and a previous processing time frane,
respectively; a pqurlty encoder connecteph to.an output of said second

i n-use register AMC AT 0 a aata npfitof saijd data T[ne tdble} said
priority encoder PLQiLdR 0 2433 it @M@!'jbﬁgxgat? cagy dogdpir ess to

said data line . hliﬁR n fe—a—wrtoar—tcache:
o mww ISTVCACHE| | VCADDR | VADDR |pgaer| W
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