WD 02/ 27483 PCT/ US01/ 42367 A FI FO WRI TE/ LI FO READ TRACE BUFFER W TH
SOFTWARE AND HARDWARE LOOP COWPRESSI ON TECHNI CAL FIELD 5 This invention
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for use with pipelined processors. BACKGROUND Digital signal processing
is concerned with the 10 representation of signals in digital formand the
transformati on or processing of such signal representation using nunerical
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sophi sticated real -tine processing of video-rate

5 This invention relates to pipelined processors, and

more particularly to a trace buffer for use with pipelined

processors.

BACKGROUND
Digital signal processing is concerned with the

10 representation of signals in digital form and the
transformation or processing of such signal representation
using numerical computation. Digital signal processing is
a widely used technology for many of today's high
technology products in fields such as wireless

15 communications, networking, and multimedia. One reason for
the prevalence of digital signal processing technology has
been the development of low cost, powerful digital signal
processors (DSPs) that provide the reliable computing
capability to implement these products cheaply and

20 efficiently. Since the development of the first DSPs, DSP

architecture and design have evolved to the point where



sequences can be perforned. DSPs are often used for a variety of nultinedia
applications such as digital video, imaging, and audio. 5 DSPs can

mani pul atveoohzr48d gital signals to create and open such neCTUREdi2867 i | es.
MPEG- 1 (Motion Picture Expert Goup), MPEG 2, MPEG 4 and H. 263 are anong
digital video conpression standards and file formats. These standards

achi eve a high conpression 10 rate of the digital video signals by storing

nmost |y charges sdoranwine tddee fr-amemd @ rareifang idrstaad Lfraglori ng each
entire frane. The video information may then be further conpressed using a

nunber of dififelR LMY Ye8SFoIfagy DSP may be used to perform various
operations on 15 the video information during conpression. These

operations mayd4dgicl ude tion r n ial d r.pol at.i_on
al gorit hns. Th>eb§|c?r1$| r?a%%y O:Fr)lctelenntulsose%?if(s&t(;aa q@%@%&f&fs&glﬁﬁl%ﬁ%{lﬁet ween bl ocks
within adjacent franes. These operations . are conputationally intensive and

may requi PEPHIGH dRE 0 ThASy alrd 9fseG G r oA ds is

evolving to keep pace with the ingreasing bandw dth requirenents of

mul t i%edi #5FEpPiarc HAomstlat® ficedidcd mWnPdiSsiton coeatife agda®ed 2 WO

02/ 27483 PCT/ US01/ 42367
such multimedia files.

MPEG-1 (Motion Picture Expert Group), MPEG-2, MPEG-4
and H.263 are among digital video compression standards and
file formats. These standards achieve a high compression

10 rate of the digital video signals by storing mostly changes
from one video frame to another, instead of storing each
entire frame. The video information may then be further
compressed using a number of different techniques.

The DSP may be used to perform various operations on

15 the video information during compression. These operations
may include motion search and spatial interpolation
algorithms. The primary intention is to measure distortion
between blocks within adjacent frames. These operations
are computationally intensive and may require high data

20 throughput.

The MPEG family of standards is evolving to keep pace
with the increasing bandwidth requirements of multimedia

applications and files. Each new version of the standard



presents nore sophisticated algorithns that place even greater processing
requi rements on the DSPs used in MPEG conpliant video processing

equi pnmentwoO V2/2lae3 pr ocessi ng equi prent manuf act urers of t enPCBUR010123675
application-specific integrated circuits (ASICs) custom zed for video
encodi ng under the MPEG and H. 263 standards. However, ASICs are conplex to
design, costly to produce and less flexible in their application than

gener al - pgrpesatsDhBse $0pRESECRCBTLANaOGoDRAMNNGEhEIhepeaandegther features
and advantages of the invention wll becone nore apparent upon reading the

fol | owi ng g@b@bEe%ro@%%%ﬁh@tk@&u@@@mﬁﬁ@@ bef ehengerkoykhRe agcpppanyi ng
dr awi ngs. 15 FI G is a block dlagran1of a nobile video device utilizing

a processQp §EEQ5QIqu%% %Qo%@g geggulﬁhghtZ is a block diagramof a

si gnal processing system accor enbodiment. FIG 3 is a block

di f t t di
erhodi ment . F1 &R FIICEFRLed SEABTRTY BrOGr PRE rages P FELYpPBoessor

in FIG. 1 accordlng to an .enbodi nent. 3 WD 02/ 27483 PCT/ US01/ 42367
application-~specific 1ntegrated circuits (ASICs) customized

for video encoding under the MPEG and H.263 standards.
However, ASICs are complex to design, costly to produce and
less flexible in their application than general-purpose
DSPs.

10

DESCRIPTION OF DRAWINGS
These and other features and advantages of the invention
will become more apparent upon reading the following detailed
description and upon reference to the accompanying drawings.
15 FIG. 1 is a block diagram of a mobile video device
utilizing a processor according to an embodiment.
FIG. 2 is a block diagram of a signal processing system
according to an embodiment.
FIG. 3 is a block diagram of an alternative signal
20 processing system according to an embodiment.
FIG. 4 illustrates exemplary pipeline stages of the

processor in FIG. 1 according to an embodiment.



FIG 5 is a block diagramof a trace buffer according to an enbodi nent.
FIG 6 is aflowchart illustrating a conpression operation for the trace
buffer | w&biR748 according to an 5 enbodinent. FIG 7 i sparblacs3ei agr am
of avalid bit buffer for the trace buffer of FIG 5 according to an
enbodi ment. DETAILED DESCRIPTION FIG 1 illustrates a nobile video device
100 including 10 a trace buffer 102 according to an enbodi nent. The nobile
vi deo devi ce 1@@cnag he a bhaadkheldgteyise ahirchdim@ys actbdaanymages
produced from an encoded vi deo signal received froman antenna 105 or a
digital videemptahagetnedi um 120, e.g., a digital video disc (DVD) or a
menory card. A 15 processor 110 comrunicates with a cache nenory 115 which

may store instiegti @nﬁsanfﬁa&acﬁgfttmﬂ%fagﬁ%g a 9@%&%@% The

processor 110 may be a m croprocessor, a si gnal” processor (DSP), a
m croprocessor, .controlling, a slave. DSP,. or proocessor..with a_hybrid 20

m croprocggseg‘?}:bgﬁ a?Ehlf%%cjfﬂ?%? %?J%%elrbuF%dsés ac?fcotrﬁilgg ngF‘Pcati on, the
processor %éo will be referred to hereinafter as a DSP 110. 4 WO 02/ 27483
PCT/ Js01/ §33g71ment.-

FIG. 7 is a block diagram of a valid bit buffer for the

trace buffer of FIG. 5 according to an embodiment.

DETAILED DESCRIPTION
FIG. 1 illustrates a mobile video device 100 including

10 a trace buffer 102 according to an embodiment. The mobile
video device 100 may be a hand-held device which displays
video images produced from an encoded video signal received
from an antenna 105 or a digital video storage medium 120,
e.g., a digital video disc (DVD) or a memory card. A

15 processor 110 communicates with a cache memory 115 which
may store instructions and data for the processor
operations. The processor 110 may be a microprocessor, a
digital signal processor (DSP), a microprocessor
controlling a slave DSP, or a processor with a hybrid

20 microprocessor/DSP architecture. For the purposes of this
application, the processor 110 will be referred to

hereinafter as a DSP 110.



The DSP 110 may perform various operations on the encoded vi deo signal,

i ncludi ng, for exanple, anal og-to- digital conversion, denodul ation,
filteri ngyodztassy ecovery, and decoding. The DSP 110 nmay HeTOd&/4£2B6
conpressed 5 digital video signal according to one of various digital

vi deo conpression standards such as the MPEG fam |y of standards and the
H 263 standard. The decoded video signal nay then be input to a display

driver 130 to pheduse t1h® méydeedfimage veltridud SRledntidnhs B Hard- hel d
devi ces generally have |limted power supplies. Al so, video decoding

oper at i ongnakBledC PTRMAL1ORRN Y JiREeRSINE. AGCRENRIY, &R or for
use in such a device is advantageously a relatively hiigh speed, |ow power

device. 1% SP h 1. i palsi /.St
o Chi Cect S By GmOTng ™ ST A e RS BaProriitee oY TRE B8 Ytay be

enhanced relatjve to a ngp-pipelined DSP.. Instead of fetching a first
i nstructi 6% EXECHTHg tﬁgmpgﬁﬁggﬂﬁthﬁh %Cgﬁé'iﬁﬁ ERBRHESSER ng a second
instructiaon, ,20_the pipelined DSP 110 nay fetch the second jnstruction
concut r enFfPkth VaLEOUSIIRAdf AR TAIISt tonSPeuhi 91R-F L OMFe FéBy- Berdpr ovi ng

instruction throughput. Further, the clock cycle of a pipelined DSP may be
shorter tRagechgemgiression standards such as the MPEG-family of

standards and the H.263 standard. The decoded video signal
may then be input to a display driver 130 to produce the
video image on a display 125.

10 Hand-held devices generally have limited power
supplies. Also, video decoding operations are
computationally intensive. Accordingly, a processor for
use in such a device is advantageously a relatively high
speed, low power device.

15 The DSP 110 may have a deeply pipelined, load/store
architecture. By employing pipelining, the performance of
the DSP may be enhanced relative to a non-pipelined DSP.
Instead of fetching a first instruction, executing the
first instruction, and then fetching a second instruction,

20 the pipelined DSP 110 may fetch the second instruction
concurrently with execution of the first instruction,
thereby improving instruction throughput. Further, the

clock cycle of a pipelined DSP may be shorter than that of



WO 02/ 27483 PCT/ USO01/ 42367 a non-pipelined DSP, in which the instruction
is fetched and executed in the sane clock cycle. Such a DSP 110 is

cont enpl a¥@d2/2m83 use in video canctorders, teleconferenci PQT/URG/4286e0
cards, and High 5 Definition Television (HDTV). In addition, the DSP 110 is
al so contenplated for use in connection wth other technologies utilizing
digital signal processing such as voice processing used in nobile

t el ephonya speeghpendeeghinSegn.inantiehheheapplsiceaicitans. 110 fEkGhed shows a
bl ock di agram of a signal processing system 200 including the DSP 110

accordi ngahg arcemRed MBNithd $a8R0WIocNe RN More anal og signals may be
provided by an external source, e.g., anfenna 105, to a signal conditioner

202. The signals eand! ijepnar 293 IdALranaedd eReLiar iy ceptaln
preprocessing functions on the analog Signal's. "EXenplary preprocessing
functions _may include_ m.xin sever.al of the anal og signals_together,
fiItering?améﬁﬁ FF?Vn&?%§ﬁ§%§ﬁ¥e§ﬁ&P8Q-%8—HFgﬁpaFa SfivePEr EABC) 204 nay
be 20 coupl ed to receive the preprocessed analqg,signals from signa
condi% i onERE282t4RE PR TGOt R Vareprldcdsdddiognaltdg HEndlld £ digit al
signals fornmed of sanples, as described above. The sanples are taken

accor di ngatlgogcontemplated for use in connection with other

technologies utilizing digital signal processing such as
voilce processing used in mobile telephony, speech
recognition, and other applications.

10 FIG. 2 shows a block diagram of é signal processing
system 200 including the DSP 110 according to an embodiment
is shown. One or more analog signals may be provided by an
external source, e.g., antenna 105, to a signal conditioner
202. The signal conditioner 202 is arranged to perform

15 certain preprocessing functions on the analog signals.
Exemplary preprocessing functions may include mixing
several of the analog signals together, filtering,
amplifying, etc.

An analog-to-digital converter (ADC) 204 may be

20 coupled to receive the preprocessed analog signals from
signal conditioner 202 and may convert the preprocessed
analog signals to digital signals formed of samples, as

described above. The samples are taken according to a



6 WD 02/ 27483 PCT/ US01/ 42367 sanpling rate determ ned by the nature of the
anal og signals received by the signal conditioner 202. The DSP 110 is
coupl ed tvoOpBZREBY e digital signals at the output of the ROOUSOM236The DSP
110 may performthe desired signal 5 transformati on upon the received
digital signals, producing one or nore output digital signals. A
digital-to-analog converter (DAC) 206 may be coupled to receive the output

digital sisgR@isnly emddeleRSPnih@d BRe thACH2R6 reoRverhe bhR1.Qut put digital
signals into output analog signals. The 10 output anal og signals may then

be conveyed oha1anqili veri Balneodihlaanehnddd o %ioﬁr.‘alr[h%g'ﬂ)%ip.t nafer 208

may perform post-processing functions upon the oufput ana si gnal s.

Functi one T SER SEo0S Mher E (RR 205 STePrLgunk: 5 GFPERBs S dbioas may
Shove & SABFaPOdrosken g Syt BRVSBB =358t dPg deFs HoskER dnbod] ment . In
this enbodinment, a digital receiver 302 nay be arranged to receive one or
nor e &i gi CE&RNEG LGOS AP FhCorpePivre Fégditedd sdogptsl, Srgaaicindo t he
DSP 110. As with the enbodi mrent shown in FIG 2, the DSP 110 perforns the
desired siogealort marsf errgitodigidrlt kégnals. A digital-to-analog
converter (DAC) 206 may be coupled'to receive the output
digital signals from the DSP 110. The DAC 206 converts the
output digital signals into output analog signals. The
10 output analog signals may then be conveyed to another
signal conditioner 208. The signal conditioner 208 may
perform post-processing functions upon the output analog
signals. Exemplary post-processing functions are similar to
the preprocessing functions listed above. Any suitable
15 configuration of these devices may be coupled into a signal
processing system 200 with the DSP 110.
FIG. 3 shows a signal proéessing system 300 according
to another embodiment. In this embodiment, a digital
receiver 302 may be arranged to receive one or more digital
20 signals and to convey the received digital signals to the
DSP 110. As with the embodiment shown in FIG. 2, the DSP

110 performs the desired signal transformation upon the

received digital signals to produce one or more output



received digital signals to produce one or nore output 7 WO 02/27483

PCT/ US01/ 42367 digital signals. A digital signal transmtter 304 nay be
coupl ed tvoOpBZREBY e the output digital signals. In one expaplUsoty42367
application, signal processing system300 is a digital audio device in
which the digital receiver 302 5 conveys signals to the DSP 110 digital

i ndicative of data stored on a digital storage device 120. The DSP 110 may

then procesgithe dighbak.shgaalstandsegnueys rhhemiesult 30g mggt Bet digital
signals to digital transmtter 204. The digital transmtter 304 may then

cause val uggpkdt e QUbRYL1@ndi gitphitshgBaks it QiBRak KaNSH Migd to the

display driver 130 to produce a video image on the display 5. The

I I | ud
St ruct i i pBtenY 08P R0t eag  oas, Padareedarvaran ai%e8 Trecution
406- 408, nd. k 409 st t f et ched
one cloc §£%g aH lphg%vﬁﬁgré%eg 6ﬁhaﬁg e§383¥§g|?%0%ﬁ36¥ g@@l?ng ?n a
subsequent cl ock cycles concurrently with the _fetching of new
i nst fuct | 6REYVS¥SgS1IneLSah@ ipe. Dﬁ?péﬂpnﬁﬁglﬁé} Fﬁ@#&égégeaﬁéiQEGﬁal

coordi nation 20 problens and hazards to processor performance. Junps in
t he prograbfrtedwonay digitelespoyageodsyiee 1BObblés, DSPN110 may

then process the digital signals and conveys the resulting
output digital signals to digital transmitter 204. The
digital transmitter 304 may then cause values of the output
10 digital signals to be transmitted to the display driver 130
to produce a video image on the display 125.
The pipeline illustrated in FIG. 4 may include eight
stages, which may include instruction fetch 402-403, decode
404, address calculation 405, execution 406-408, and write-
15 back 409 stages. An instruction i may be fetched in one
clock cycle and then operated on and executed in the
pipeline in subsequent clock cycles concurrently with the
fetching of new instructions, e.g., i+l and i+2.
Pipelining may introduce additional coordination
20 problems and hazards to processor performance. Jumps in
the program flow may create empty slots, or “bubbles,” in
the pipeline. Situations which cause a conditional branch

to be taken or an exception or interrupt to be generated
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i nstructi
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t hese conplexities.

ine. Situations which cause a conditional branch to be taken or
ion or interrupt to be generated 8 WD 02/ 27483 PCT/ USOL/ 42367 may
alter thaveezyemsiial flow of instructions. After such anPOTTSIVLBECE,
on nust be fetched outside of the sequential programflow, making
ning instructions in the pipeline irrelevant. Methods such as 5
data forwardi ng, dynam c branch prediction, and associating valid bits
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Trace buffers may store a processor's program counter
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| e, dynamic branching based |
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to predict from analyzing the code statically. The | og of
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determ ne when such an undesired event occurred when 20 executing the code

veillggePédsi with instruction addresses in the pipeline may
be employed to deal with these complexities.

Trace buffers may store a processor’s program counter
(program flow) information. A trace buffer may be used as
a debugging tool to recreate the path a program took during
execution. When executing the program, certain
instructions may produce an unexpected event. Such an
unexpected event may cause a break in the program flow.
Such events include, for example, dynamic branching based
on a result or an interrupt triggered by another device in
the system. yThese events may be difficult to predict from
analyzing the code statically. The log of executed
instructions (trace data) in the trace buffer may be used
to determine when such an undesired event occurred when
executing the code and what triggered it.

The trace buffer 150 (FIG. 1) may be connected to the
DSP 110 by a write bus 152. The trace buffer 150 may store

the addresses of fetched instructions in a series of



The trace buffer 150 (FIG 1) nmay be connected to the DSP 110 by a wite
bus 152. The trace buffer 150 may store the addresses of fetched

i nstruct ivoms22m8a series of 9 WO 02/27483 PCT/ US01/ 42367 pCcUseicaerect ed
regi sters. The stored addresses may be read out fromthe trace buffer 150
to a trace nenory 154 on a read bus 156. The trace nenory 154 may be
internal or external to the DSP. 5 FIG 5 illustrates the structure of the

trace buf fiarersdfnaceerdireg itst can .entrodi RRBIredTheldrease sbukie be50Q army
store 32-bit instruction addresses in a series of thirty- two 32-bit trace

buf fer regiust erem ¢des gnaled durte,0 1650 tlbyf t3hceeaehotit R sanasgoci at ed
i nput multiplexer (MJX) 10 505. According to an enbodi nént, the trace

butfer 15008Y o 1248 e Sdmld b U Gcliity1924( BLG oL 1083201 U read bus

156. Program code i s executed sequentially un s an event ~occurs, such as
a taken branch _aqr, an inter t, that causes 15 the program counter (PC) to
junp to aﬁgFﬁgpaﬂogﬁiFgﬁ F%&?he code. Since the code between such junp
events is sequential, .the programflow my be reconstructed froma record

of the junp evénCs. 3 A-ldrGEr s S e & NS tHEROPY theqiitPEd PYELERe trace

buffer and its speed of operation,
500 according to an embodiment. The trace buffer 500 may

store 32-bit instruction addresses in a series of thirty-
two 32-bit trace buffer registers, designated tbuf.0 to
tbuf.31, each with an associated input multiplexer (MUX)

10 505. According to an embodiment, the trace buffer 150 may
have a 64-bit write bus 152 (FIG. 1) and a 32-bit read bus
156.

Program code is executed sequentially unless an event

occurs, such as a taken branch or an interrupt, that causes

15 the program counter (PC) to jump to another location in the
code. Since the code between such jump events is
sequential, the program flow may be reconstructed from a
record of the jump events. In order to reduce the memory
required for the trace buffer and its speed of operation,

20 the trace buffer may only store the addresses of
instructions that caused the program to jump or break,
e.g., branch instructions, exceptions, interrupts, and the

addresses of the target of the branch.

10



20 the trace buffer may only store the addresses of instructions that
caused the programto junp or break, e.g., branch instructions,
excepti oveQ 02/ei483 rupt s, and the addresses of the target p€TUR&/428@nch. 10
WO 02/ 27483 PCT/ US01/ 42367 A branch nmay be a common junp event in a
program flow. Each branch nmay be identified by a pair of addresses, a
branch target address and a branch source address. The branch target

address may bent beaaddr esy dk theohinbst §hmbnsteuet ianai proheakr anehed
instruction set, and the branch source address is the address of either

the instrugthoBrahbat mg_?zn%teati@@ntta%i@aeal? af pRAeILEMELeWSQE st hg | ast
compl eted instruction. The trace buffer 150 fmy operate as a first-in

first- 10b§3§c%Fk59ﬁe%e%h%&%%58En@ QrEESnQQGEQEEQ%éaéSQEQEth?ﬁ%get

address an ranch source address for a branc y witten to the

trace buffer s | .t aneous]y as a _64:bit . wor on th 4- bit, ite bus 152.
The branc r?&?be 4G e s S E@yépgréaeiﬁgngééigge?hglgfrg%signated
pc.com which is 15 cgonnected to tbuf. 0, and the branch source address nmay
be iittaRsStEugtregi dfeths1ragelicgnatedrpethord sekni érdi $hecbraaeted to
tbuf.l. Wen the branch target address in the pc.comregister 510 is
witten teousge eddriessbrigndhet adgeess of either the instruction

that generated the break of program flow or the last
completed instruction.
The trace buffer 150 may operate as a first-in first-

10 out (FIFO) register on a write operation. A branch target
address and a branch source address for a branch may be
written to the trace buffer simultaneously as a 64-bit word
on the 64-bit write bus 152. The branch target address may
be stored in a register 510, designated pc.com, which is

15 connected to tbuf.0, and the branch source address may be
written to a register 510, designated pc.hold, which is
connected to tbuf.l. When the branch target address in the
pc.com register 510 is written to tbuf.0, the branch target
address currently stored in tbuf.0, if any, may be shifted

20 to tbuf.2 following a write path 514. Similarly, when the
branch source address in the pc.hold register 512 is
written to tbuf.l, the branch source address currently

stored in tbuf.l, if any, may be shifted to tbuf.3

11



address currently stored in tbuf.0, if any, may be shifted 20 to thuf.2
followng a wite path 514, Simlarly, when the branch source address in
the pc. hovaoreygsster 512 is witten to tbuf.1l, the branchCrOS0ICL3@ddr ess
currently stored in tbuf.1, if any, may be shifted to tbuf.3 11 WO

02/ 27483 PCT/ US01/ 42367 following a wite path 516. In subsequent wite
operations, the branch target address in tbuf.0 may be shifted to tbuf.2

and the brangbwtagget wvaddeepsthn stilguf . 2n Wulblscb@cshi ftedet o tbuf. 4. A
simlar shift occurs for the 5 branch source address in tbuf.1 to tbuf. 3,

and the bBE@QQtl@ﬂ%rc%h%d%rr%%%h' R ol 3@ Ruh 5tbﬁf8'o%a rpehi it may

occur in the other frace buffer regi’sters, that is, each struction
address i race b roregister Shlf ed omnstrea regi sters
each mmltghgf% g %fo%%h% tr%%e %ﬁ %%%ﬁg% 58& ate as *3°ast- rhuﬁpg%t-out

(LIFO read o tlon Slnce t he bus 156 is 32-bit

wi de, theg’é;1i E? &&%E gpggg ddresdest Eﬁ&arbﬁéﬁé% S6GMEE &8dr &8Ses may
be read out |nd|V|duaIIy rather than as a pair. Wien the address in tbuf.O
i s réad obranth ERETrsEdrESESSs tdpuftbuf. %aﬁobéb§ﬁ|ﬁbeénﬁeﬁﬁe(@§§ﬁﬁ@an) to

tbuf.0 followng a read path 520. Simlarly, the addresses in the other
r egi st er s sanecehpfitee sepdtr shmiode toedgibstfes.. A similar shift may

occur in the other trace buffer registers, that is, each
instruction address in a trace buffer register may be
shifted downstream two registers each write cycle.

10 The trace buffer may operate as a last-in first-out
(LIFO) register for a read operation. Since the read bus
156 is 32-bit wide, the 32-bit branch target addresses and
branch source addresses may be read out individually rather
than as a palr. When the address in tbuf.0 is read out,

15 the address in tbuf. 1 may be shifted left (upstream) to
tbuf.0 following a read path 520. Similarly, the addresses
in the other registers are shifted upstream one register.

A similar shift may occur in the other trace buffer
registers, that is, each instruction address in a trace

20 buffer register may be shifted upstream one register each
read cycle.

When the trace buffer 150 is full, i.e., tbuf.30 and

tbuf.31 are filled, the trace buffer may trigger a trace

12



A simlar shift may occur in the other trace buffer registers, that is,
each instruction address in a trace 20 buffer register nmay be shifted
upstreamvome2/2ags ster each read cycle. Wen the trace bupP€eUsabQ3érs ful l
i.e., tbuf.30 and tbuf.31 are filled, the trace buffer may trigger a trace
12 WO 02/ 27483 PCT/ US01/ 42367 buffer full exception. The exception may be
transmtted to an exception handler which may determ ne the exception to

be a traceulidbfrerueicepiciept iand i Mhiel akeeptioad@gebat iteAnshe teapt o he
contents of the trace buffer 150 into the 5 trace nenory 154. The exception

handl er may aksephabh hhediRrOghadH LAy wWaikertine thacexbubierbnl3Q is being
read out to prevent the loss of trace’information. The trace buffer rmy

pe read ol L3 IR 1P JLead (MRl aparatiand o r\e/%%ﬂ%%@r@%dr ess

read out is stored in-an area menory specitical al | ocat ed
for the contents of . the race buyffer 150. Accaqrdin o.an alternate

enbodi nent® ﬁﬁgﬁytﬁgethg en%&fp rt%@o%Fgcﬁuﬁp%fFﬁequa&@tﬁuF & may not
trigger a trace buffer full exception. Rather, the trace buffer 150, 15
oper & i ng 888 BEROTYediPét-er IRafXdrh) 16 hoRe1eddréysad sgt Ratke thét t om of

the trace buffer, i.e., the addresses may be
program flow while the trace buffer 150 is being read out

to prevent the loss of trace information. The trace buffer
may be read out in a memory map read (MMR) operation in
which each address read out of tbuf.0 is stored in an area
10 of memory specifically allocated for the contents of the
trace buffer 150.
According to an alternate embodiment, when the trace
buffer 150 is full, the trace buffer may not trigger a
trace buffer full exception. Rather, the trace buffer 150,
15 operating as a FIFO register, may drop off the addresses at
the bottom of the trace buffer, i.e., the addresses may be
shifted out of tbuf.30 and tbuf.3l.
In order to further preserve trace buffer resources,
and hence improve the performance level and speed at which
20 the trace buffer 150 may operate, structure may be provided
for compression of the traced code. The program flow may
include software and hardware loops which could rapidly

fill the trace buffer, increasing the frequency of readout
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shifted out of tbuf.30 and tbuf.31. In order to further preserve trace
buffer resources, and hence inprove the performance |evel and speed at
which 20eohz2u8ace buffer 150 nay operate, structure nayPORURIIORB&ed f or
conpression of the traced code. The programflow may include software and
har dwar e | oops which could rapidly fill the trace buffer, increasing the
frequency of readout 13 WO 02/ 27483 PCT/ USO1/ 42367 operations, and hence

sl ow perf opaBAte ook, had hatee gabkeper@orilihce bl @aRenteyeke | oop, the
branch target/source address pairs being stored are repeated n- tinmes and

hence maygBehept QY. deysiigRi iihcant nlafeneatLep, 5+AROWLREAgram f 1 ow.
Accordingly, it may be desirable to "conpress out repeated target/source

address peLiget Jg,Lacabibier L30.mL;RG erahladala candich aylevel one

conpressi on eve WO conpressi on, one conpressi on

may be triggered by.any | oop, and the.10 | evel, two conpression nmay be
triggeredtggeﬁ FB%phggﬁ apﬁgnﬁotapﬁggF § Fﬁﬂ@FfFSBBE gﬁéprgagFPBstrates a
flow chart_ describing an operation 600, including |evel one_and |level two
conpriessi 8ROUFhBIPEFPEWEAG des EFCHERILY  meteltdYoRe defbéaPhent cof

i npl enmenting the operation 600. In other 15 enbodinents, states may be
ski pped oeopprtsemedti repeated target/source address pairs.

The trace buffer 150 may be enabled to conduct a level
one compression and a level two compression, where the
level one compression may be triggered by any loop, and the

10 level two compression may be triggered by a loop containing
a nested inner loop. FIG. 6 illustrates a flow chart
describing an operation 600, including level one and level
two compression. The following description is merely one
embodiment of implementing the operation 600. In other

15 embodiments, states may be skipped or performed in a
different order.

When a new branch target commits, the branch
target/source address pair may be stored in the pc.com and
pc.hold registers, respectively, and the operation 600 may

20 return to state 602. If the address pair in the pc.com and
pc.hold registers is a new address pair, it may be compared
to the stored address pair in tbuf.0 and tbuf.l with level

one comparators 550 in state 604.

14



different order. When a new branch target commts, the branch
target/source address pair may be stored in the pc.comand pc. hold
regi stersyoomgpexti vely, and the operation 600 may 20 retPR€TVUS@/LB86 e 602.
If the address pair in the pc.comand pc.hold registers is a new address
pair, it may be conpared to the stored address pair in tbuf.0 and tbuf.]|
with | evel one conparators 550 in state 604. 14 WO 02/ 27483 PCT/ USOL/ 42367
Accordi ng to ancemhedimenio arhenibestimdeld orhaddhessestiay hawe e t
boundaries. The |least significant bits (LSBs) of the instruction addresses
may t her ef@ke R&eZard% 1 t{ Pouriid-sRence ryRr QW f, knfarmation. 5
Accordingly?ethe LSBs of the inst?ﬁ%tigﬁgaggﬁggsgggﬁgglggﬁt %gtggnsidered
in the co iSO addr air d.t st ored address
TRRESSORDELAR, i A AIH LSS o) S apd Lhe, 5t ol

pairs contained in tbuf. u cording to an enmdodinént,”the LSB

of the br h 10 target address.in tbuf.O0.m e used to indicate | evel one
conpressigﬁS'IPthngﬁﬁ?e§§xﬁgf¥%nﬁaﬁ@ﬁfuéhé%§?6pégl°§ddress pair in tbuf.o
and t buf .

| may be conpressed by setting the LSB of the branch tar%gt
addr €ss i ACCRFAINILYuhitdye iLoBSy pifc &by Pstguchion gddFesees maYstigtite 606.
I n

be considered in the comparison between the new address

pairs and the stored address pairs contained in tbuf.0 and
tbuf.l.

According to an embodiment, the LSB of the branch

10 target address in tbuf.0 may be used to indicate level one
compression. If the address pairs match, the stored
address pair in tbuf.0 and tbuf.l may be compressed by
setting the LSB of the branch target address in tbuf.o,
which is typically zero (0), to one (1) in state 606. 1In

15 this case, the new address pair is not written to the trace
buffer.

If level two compression is determined not to be
enabled in state 608, and the new and stored address pairs
do not match, the new address pair may be written to tbuf.0

20 and tbuf.l in state 610.

If level two compression is determined to be enabled

in state 608, and the new and stored address pairs do not

match, the new address pair in the pc.com and pc.hold

15



15 this case, the new address pair is not witten to the trace buffer. If

| evel two conpression is determned not to be enabled in state 608, and

t he new amaoxe@sed address pairs do not nmatch, the new aPdT/@sel/42367r may be
witten to tbuf.0 20 and tbuf.1 in state 610. If level two conpression is
determned to be enabled in state 608, and the new and stored address
pairs do not match, the new address pair in the pc.comand pc. hold 15 WO

02/ 27483 E@@A@S@ys%@@? bd e@inplelcs FRY the cerRpased J4q 1t ke Addr ass pair
stored in tbuf.2 and tbuf.3 by |level two conparators 552 in state 612. If

the new adgdress palr taRd.te,AddRRIS A I oﬁltp%&ea%fsn 5t5@u fi? @ buf. 3

mat ch, the LSB of the branch source address i n tbuf may be set to one
(1)|nst 61 i e %ldrs 's naqt vvrlttntothe
trace %;1‘% ﬁfﬁ ﬁe nreév‘fllsa ess %l?: \égln %h% %&ﬁées?’ss a|lrr s‘?t or e
t buf. 2 andt 3.do not h, adress 10 wrlttento
the trace® Bufb‘gelﬁ Pn 28 eﬂ%[lé |§\{¥f IBu§tfr n(?)%eﬁﬁu&rcf | evel one
corrpresm on operation. Instruction Address Instructi o

address in tbuf.3 may be set to one (1) in state 614. 1In

this case, the new address pair is not written to the trace
buffer.
If the new address pailr and the address pair stored in
tbuf.2 and tbuf.3 do not match, the new address pair may be
10 written to the trace buffer in state 610.
Example 1 illustrates an exemplary level one

compression operation.

Instruction Address Instruction

0x2000 I1

0x2002 I2

0x2006 I3

0x2008 I4

0x200a Branch to I2 1f loop not expired
0x200c I5

The program flow in Example 1 includes a recurring

15 loop which includes a branch at instruction address 0x200a

16



0x2000 11 0x2002 12 0x2006 13 0x2008 14 Ox200a Branch to 12 if | oop not
expired Ox200c 15 The programflow in Exanple 1 includes a recurring 15

| oop whi svObmeigzles a branch at instruction address Ox200RCT/USOIVY23&¥2/ 27483
PCT/ US01/ 42367 (branch source address) to instruction 12 at instruction
address 0x2002 (branch target address) until the loop expires. Once the

| oop expires, the PC falls out of the l|oop to instruction 15 at

i nstructi qbrathdhe DD CrIdrE At efo tiketfiusti ot arsatdton reft e ilepp, tbuf. 0
contains instruction address 0x2002 (branch target address) and tbuf.1

contai NS izgticlaG! 109 cAddr @5 2 AQa ¥ aREi 3T 6B+ 18ddNRSS)ood N the second

iteration of the [oop, the level one conparators 550 conmpare“the new
[ Tout -0 ERdhur . OO0, G 00R sl g e LesTof he T
ai 11 5 naPoR Tt YT BURT d t BOF O RS A or anch tar get
address in tbuf.0 is set |, , ,
5 After the first iteration of the loop, tbuf.0 contains
instruction address 0x2002 (branch target address) and
tbuf.l contains instruction address 0x200a (branch source
address). In the second iteration of the loop, the level
one comparators 550 compare the new target/source address
10 pair (0x2002, 0x200a) to the stored address pair in tbuf.0
and tbuf.l (0x2002, 0x200a), disregarding the LSBs of the
addresses. Since the new and stored address pairs match,
the new address palr is not written to tbuf.O and tbuf.l
and the LSB of the branch target address in tbuf.0 is set
15 to one (1). Setting the LSB of the branch target address
changes its wvalue from 0x2002 to 0x2003.
In the third iterétidn of the loop, the level one
comparators 550 compare the new address pair (0x2002,
0x200a) to the stored address pair in tbuf.0 and tbuf.l
20 (0x2003, 0x200a), disregarding the LSBs of the addresses.

Since the address pairs match, the new address pair in the

pc.com and pc.hold registers is not written to tbuf.0 and

17



15 to one (1). Setting the LSB of the branch target address changes its
val ue from 0x2002 to 0x2003. In the third iteration of the | oop, the |evel
one conpyeo ar/zm83 550 conpare the new address pair (0x2002PCT/O8@0Q397 to t he
stored address pair in tbuf.0 and tbuf.l 20 (0x2003, Ox200a), disregarding
the LSBs of the addresses. Since the address pairs match, the new address
pair in the pc.comand pc.hold registers is not witten to tbuf.0 and 17
WO 02/ 2748BuPCT/, UsQdV 4R3634ddirket. baiandnt heuaddr eas pauf.inrehaing and
tbuf.l remains (0x2003, Ox200a). Exanple 2 illustrates an exenplary | evel
two conpregsbon,opgerabken. Instruction Address Instruction 0x2000 I
0x2002 12 0x2006 13 0x2008 Branch to 12 if |oop not expired Ox200a 14

Ox200c 15 Ox20%Q.Bpaach t91hlckhtbQoRnNQkem¥RLEGd10¥201¢016 S

compression operation.

Instruction Address Instruction
0x2000 Il
0x2002 I2
0x2006 I3
0x2008 Branch to I2 if loop not expired
0x200a I4
0x200c I5
0x2010 Branch to Il if loop not expired
0x2014 I6

5

The program flow in Example 2 includes a recurring

outer loop which includes a branch at instruction address
0x2010 to instructicn Il at instruction address 0x2000, and
an inner loop which includes a branch at instruction

10 address 0x2008 to instruction I2 at instruction address

0x2002.
After the first iteration of the inner loop, tbuf.O

contains instruction address 0x2002 (branch target address)

18



The program flow in Exanple 2 includes a recurring outer |oop which

i ncludes a branch at instruction address 0x2010 to instruction Il at

i nstruct ivodozzdsess 0x2000, and an inner |oop which inclepdedsa/428@nch at
instruction 10 address 0x2008 to instruction 12 at instruction address
0x2002. After the first iteration of the inner |oop, tbuf.0 contains
instruction address 0x2002 (branch target address) 18 WD 02/27483

PCT/ USOL/ 4236¥pua@nd tbukalneonhainscthshr HetireBsaddpess @s288an(branch
source address). In the second iteration of the inner |oop, |evel one

conpr 51 9BuPEEUESras sfeSCrhbefeabausnkn i cEehergACE ! pnbxambe 1. and the
branch target address in 5 tbuf.O, 0x2002, 1s set to 0x2003. Once the
i nner | oo pi t o] r 4 at
|nstruct|§ﬁgédd?§§§loggs go&§%E§598b enggggfe%g Eﬁ ?gﬁéhgggbgruétlon at

i nstruction_address 2010_to.return nstr ion 1. In the first
|terat|onrféeE?HSStEPC%§88pl?hé bf—"aﬂcﬁh?akéépcgd%?égglc pdERESSutEr 1 oop,
i.e., 0x2000, is witten to thbuf. e branch source address of the outer

| oop 5 i . etbubx9016; ci-s WrPOOEn &8 S?EUF010X§HQ the address pair (0x2003,

0x2008) in tbuf.0 and tbuf.l is shifted to tbuf.2 and tbuf.3. The second
time Once the inner loop expires, the PC falls out of the

loop to instruction I4 at instruction address 0x200a until
it encounters the branch instruction at instruction address
0x2010 to return to instruction Il. 1In the first iteration

10 of outer loop, the branch target address of the outer loop,
i.e., 0x2000, is written to tbuf.0, the branch source
address of the outer loop, i.e., 0x2010, is written to
tbuf.l, and the address pair (0x2003, 0x2008) in tbuf.0 and
tbuf.l is shifted to tbuf.2 and tbuf.3. The second time

15 the inner loop is encountered in the second iteration of
the outer loop, level two compression occurs. The level
one comparators 550 compare the new address pair to the
address pair stored in tbuf.0 and tbuf.l (0x2000, 0x2010)
in state 604 (FIG. 6). Since these do not match, the level

20 two comparators 552 then compare the new address pair
(02002, 0x2008) to the address pair stored in tbuf.2 and
tbuf.3 (0x2003, 0x2008), disregarding the LSBs, in state

612. Since these address pairs match, the new address pair
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15 the inner loop is encountered in the second iteration of the outer

| oop, | evel two conpression occurs. The |evel one conparators 550 conpare
the new adooms®spair to the address pair stored in tbuf. BCrUS042847. |
(0x2000, 0x2010) in state 604 (FIG 6). Since these do not match, the

| evel 20 two conparators 552 then conpare the new address pair (0x2002,
0x2008) to the address pair stored in tbuf.2 and tbuf.3 (0x2003, 0x2008),
di sr egar diisgnbhe witIBsen rostdief . 06 bAd Sibude 1t.hege laddneswopai rs match, the
new address pair 19 WO 02/ 27483 PCT/ USO1/ 42367 is not witten to tbuf.O

and tbuf. bomprkg¥tlbont We iGENREeEH Y istddicated iy $ot tihag she deSB of the
source address in tbuf.3 fromzero (0) to one (1), changing the stored

| nstructi gRgaddiesy wahue o rom0Xe0R8 df QAR )l n HaRLaeeoRdd terati on

of the outer 1 oop, one conpression occurs on the o |'oop. Level
one conparataors.550 conpare the new_addre air 2000, 010) to the
addr ess pSFPrEFOPQ&%FHCFﬁﬁﬁ_ﬁd oI & +10 (i b ?%%%b&&?%géz%fop?zgﬁéregarding
the LSBs of the addresses. 1Q . Since the new and stored address pairs natch,

the few addres® P&Sr SESORGt Wnsretde™ @ bl OURF tioeP 11838 O LSB of

the target address in tbuf.0 is set fromzero (0) to_ one (1), changing the
st ored i NnSPRREESER Cad Py sy nudhier emter loop. Level one

comparators 550 compare the new address pair (0x2000,
0x2010) to the address pair stored in tbuf.0 and tbuf.l
(0x2000, 0x2010), disregarding the LSBs of the addresses.

10 Since the new and stored address pairs match, the new
address pair is not written to tbuf.0 and tbuf.l, and the
L.SB of the target address in tbuf.0 is set from zero (0) to
one (1), changing the stored instruction address value from
0x2000 to 0x2001.

15 When the DSP 110 is restarted after a power-down,
i.e., a power-on reset, the trace buffer 150 may contain
invalid instructioﬁ addresses remaining from the program
flow being executed before the DSP 110 was shut down.
According to an embodiment, each instruction address in the

20 trace buffer has an associated 1-bit valid bit. The valid
bit indicates whether the instruction address in the trace
buffer 150 is valid or invalid for the current program flow

with a HIGH or LOW value, respectively. If the instruction

20



0x2000 to 0x2001. 15 Wien the DSP 110 is restarted after a power-down,

i.e., a power-on reset, the trace buffer 150 may contain invalid

i nstruct ivodozedBEsses remai ning fromthe program flow bePayusxersded
before the DSP 110 was shut down. According to an enbodi nent, each
instruction address in the 20 trace buffer has an associated 1-bit valid
bit. The valid bit indicates whether the instruction address in the trace
buf f er 15Qddseval id anhviandal,i dtf aayt hetcwer @at tpeagtamchkowrawit h a H GH or
LOWval ue, respectively. If the instruction 20 WO 02/27483 PCT/ US01/ 42367

address i mehBydl 184 i FRY RRLDperttien to the trace menory 154 in the
read operation. FIG 7 |IIustrates a valid bit buffer 700 which nay track

the valid bits SOGi NSt i0 d S ace buffer
100 Ve val | RO drdnsy %eray%hé’\%ceitld gﬁ?u%ﬁ?&%ﬂu@hm&%&l &V that of

the trace buf 150

d hi fl FFs
desi gnat ed* 2y Fhﬁ tgl&gu%§ ¥ ghcﬁ%t d ngﬁs&gﬁgfgﬁgﬂ OE%Q%?S?%§ The

i nput MUX, 705 for each valid b|t buffer may include a 10_reset gate 710. On
a povier - oty &88t frere PALTEDHilL0-n dhch vaddl Bibi Puierer OBFTRYy ¥ eset to

zero (0) to indicate that the corresponding instruction address in the
trace buf Begtructure which parallels that of the trace buffer 150,

including thirty-two 1-bit flip-flops (FFs), designated
vbuf.0 to vbuf3l, each with an associated input MUX 705.
The input MUX 705 for each wvalid bit buffer may include a

10 reset gate 710. On a power-on reset, the valid bit in each
valid bit buffer FF may be set to zero (0) to indicate that
the corresponding instruction address in the trace buffer
150 is invalid.

The operation of the wvalid bit buffer may also

15 parallel the operation of the trace buffer. On a write
operation, the valid bit corresponding to the branch target
address in the pc.com register 510 may be transferred from
FF 712 to vbuf.0, and the wvalid bit corresponding to the
branch source address in the pc.hold register 512 may be

20 transferred from FF 713 to vbuf.l. Like the trace buffer
150, valid bits may be shifted two FFs along a write path
714 on a write operation, and shifted one FF along a read

path 716 on a read operation. For each valid bit read out
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150 is invalid. The operation of the valid bit buffer

may al so 15 parall el

the operation of the trace buffer. On a wite operation, the valid bit

correspomvdd nz21483 t he branch target

address in the pc. conPCryR&l£L2867510 may

be transferred from FF 712 to vbuf.0O, and the valid bit corresponding to
the branch source address in the pc.hold register 512 may be 20

transferred fromFF 713 to vbuf.l. Like the trace buffer 150, valid
may be shiofft etbutfwd ,FBs lalbdng va lvid be tpatihh 3d140@nvalwei mayoper ati on,

shifted one FF along a read path 716 on a read operation.

bits
and

For each valid

bit read qutittdh WO QPud7483 HCH WYaA1AB367 geab rilul. §20atd- RPepivali d bit

with a LONvalue may be witten to vbuf.31 by a valid bit generator
ithe vahkd bt shisfted to vRuf. 3@. A trace buffer according to the

repl ace

vari ous enbodi nents

i Il ¢h I flow. her.,, th FI.LFQ LI FO
capturing all Shanges L0t BOSLAN) ot LB Lot e B RblE0

organi zation o

e trace buf equi re

720 to

5 may advant ageously generate precise exceptions while

t hat

required for a FlIFQ onl r LIFO- only structure, thereby reducing space
and ﬁ%mermfﬁ PEYaAR @ﬁ?ﬁ%?aﬁbﬂepﬁéagﬁaééeﬁﬁﬁﬁeFXT§@t6ﬁn§ gﬁﬁg? A nunber of

enbodi nents of the invention have been

10

15

capturing all changes in the program flow. Further, the
FIFO/LIFO organization of the trace buffer may require less
multiplexing than that required for a FIFO-only or LIFO-
only structure, thereby reducing space and power
requirements for the trace buffer 150 on a chip.

A number of embodiments of the invention have been
described. Nevertheless, it will be understood that various
modifications may be made without departing from the spirit
and scope of the invention. For example, instruction
addresses having widths other than 32-bits, e.g., 1l6-bits
or 64-bits, may be traced using a trace buffer with
appropriately scaled trace buffer registers and read and
write buses. Accordingly, other embodiments are within the

scope of the following claims.
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described. Nevertheless, it will be understood that various nodifications
may be made without departing fromthe spirit and scope of the invention.
For exanwep2/2m83ructi on 15 addresses havi ng wi dt hs ot her P€VaR01323d7i t S,
e.g., 16-bits or 64-bits, may be traced using a trace buffer with
appropriately scaled trace buffer registers and read and wite buses.
Accordi ngly, other enbodinments are within the scope of the follow ng
clainms. 2fuXP 028/ 2TAIBEBCIBUYUS0L/ 42367 WHAT IS CLAIMED IS: 1 1. A trace
buffer circuit conprising: 2 a plurality of interconnected registers, 3
including a first end register to input and output 4 instruction
addresses, a sgcondpendaedibsirger aAdcai® BbRpaliktiygef mddle registers
connected between said first 6 end register and said second end register;
and 7, a wite path goﬁigk%giﬁggF%sgthg$8?R%gggas§ebgst§r%ne of said

plurality of interconnecte sters regrsters toward the second
and register.on.a wite 10 aoperation, 1 2. The circuit of claim1, further
358:R00 gaett SPOn FELCHSY Fot HABFLoRTRIGFER by 3 bne

conpri si nghc
regi ster toward the first end re%ister on a read,
4 instruction addresses, second end register, and a

5 plurality of middle registers connected between said first
6 end register and said second end register; and

7 a write path to shift an instruction address in
8 one of said plurality of interconnected registers by two

9 registers toward the second and register on a write

10 operation.

1 2. The circuit of claim 1, further comprising:

2 a read path to shift the instruction address by
3 one register toward the first end register on a read

4 operation.

1 3. The circuit of claim 1, wherein the trace buffer
2 operates as a first-in first-out (FIFO) register on the

3 write operation and a last-in first-out (LIFO) register on
4 the read operation.
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4 operation. 1 3. The circuit of claiml1l, wherein the trace buffer 2
operates as a first-in first-out (FIFO register on the 3 wite operation
and a | aswweomiB3 st-out (LIFO register on 4 the read opreBUS@M23Z3 WO
02/ 27483 PCT/ US01/ 42367 1 4. The circuit of claim1l, wherein the
instruction 2 address conprises a 32-bit word. 1 5. The circuit of claim
4, wherein each of the first 2 and second end registers and the plurality
of 3 4 nterconngct ed Thegicsirefis tC@FPI1Sema 132 whickrefiegitsleeinst roctie circuit
of claimb5, wherein the plurality of 2 interconnected registers conprise
thirty-twagpegisst ebtprl sbs EeCifiguidef. claimbs, further conprising: 2 a
64-bit wite bus to wite a 64-bit address pair 3 to the first end

regi ster and an adj acent register on the 4 wite operation; and 5 a 32-bit
read bus to read a 32-bit instruction 6 address fromthe first end
regi st er on thé.readhsperiaiudn. of] cdaimhd ,ciwhegictinofeaghaiof thef Frtisdr
conprising: 2 a first holding register; 3 a second holding register; 4 a
first2 conpadatecono emparegyiztrew bnandchet algetality of

3 interconnected registers comprise a 32-bit register.

1 6. The circuit of claim 5, wherein the plurality of
2 interconnected registers comprise thirty-two registers.

1 7. The circuit of claim 5, further comprising:

2 a 64-bit write bus to write a 64-bit address pair
3 to the first end register and an adjacent register on the

4 write operation; and

5 a 32-bit read bus to read a 32-bit instruction

6 address from the first end register on the read operation.
1 8. The circuit of claim 1, further comprising:

2 a first holding register;

3 a second holding register;

4 a first comparator to compare a new branch target
5 address in the first holding register to a stored branch

6 target address in the first end register;
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5 address in the first holding register to a stored branch 6 target address
inthe first end register; 24 WO 02/27483 PCT/ US01/ 42367 7 a second
conpar at wobp2mehpare a new branch 8 source address in theCe®Esantsérol di ng
register to a stored 9 branch source address in a first adjacent register,
said 10 first adjacent register being connected to the first end 11

regi ster on the read path; and 12 a conpression indication circuit to
generate a 13 conpreessicand raimgairertdm teespaised @ ke mewnkmanch target
14 address matching the stored branch target address and the 15 new branch
sour cg ad@iRSTdTRlddidis Lt tHOTREINAMNN S ¢ giLe AdHLSS sthrR2g The
circuit of claim8, wherein the conpression 2 indication circuit operates
to se a heaslorsiQuddranialids i of dfestenaddnancy;lacget ddress in

response to the new 4 branch target address ching ‘the store ranch

targ 5 res the ne ranch .source addre chi he 6 stored
brang(#] so#%eseta gﬁe%%se.nhcl r%(ﬁgs%ﬁé‘ﬁ %erl&% tcoélfnec%ﬁd;sc@, rtfﬁgrgttcc?r%jri sing: 2
a second adjacent register in said plurality of 3 registers, said second
adjai%nt ﬂ%gi¥§i§r Egﬁﬁgm%dﬁﬁﬁkﬁﬁﬁ:'oan$'the first adjacent register on the
read path;
1? a compression indication circuit to generate a

13 compression indicator in response to the new branch target
14 address matching the stored branch target address and the
15 new branch source address matching the stored branch source
16 address.

1 9. The circuit of claim 8, wherein the compression

2 indication circuit operates to set a least significant bit
3 of the stored branch target address in response to the new
4 branch target address matching the stored branch target

5 address and the new branch source address matching the

6 stored branch source address.

1 10. The circuit of claim 8, further comprising:

2 a second adjacent register in said plurality of

3 registers, said second adjacent register being connected to
4 the first adjacent register on the read path;
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25 WD 02/ 27483 PCT/US01/ 42367 5 a third adjacent register in said
plurality of 6 registers, said third adjacent register being connected to
7 the seovndzadpacent regi ster on the read path; 8 a thirBCTOSpaRad70r to
conpare a new branch target 9 address in the first holding register to a
stored branch 10 target address in the second adjacent register; and 11 a
fourth conparator to conpare a new branch 12 source address in the second
hol di :ig regi ster to aa tdtiorceddikRdrtanchyismsrcd raddries plivrdihie t kg d

adj acent register, 14 wherein the conpression indication circuit 15

oper ag es t@RRRITaL,e 5 IGDHNIeSS QM) dRHHC HLYi dHd o @RS IRkl d g, new
branch target address matching the stored branch 17 target address in the
second adj i r %qu t : .address mat ching the
stor eg br ﬁfc\eﬁ@seoctzo?%ie%tfgjaa dr esﬂﬁlnﬁghre%?hﬂk%q%azggﬁﬁ%ﬁegi ster. 1 11. The

circuit of claim10, erein the c ression__2 indication circuit erates
to seé a | east signif %&nd t‘):icimpasrag;g%t ﬁcé) SEPEF o ramely S5EEE g:(fdﬁ'geeg_g in
the third adj acent, regi.ster i .esponse to the new branch target address
5 mat hi nj‘a‘ﬁ?@sﬁ d'rne%h(?r %erft‘?@“t é]roavé{lné’ﬁdfre%?tieﬁ e S SLOFES HradiAcent

regi ster and the new branch source address 26

10 target address in the second adjacent register; and

11 a fourth comparator to compare a new branch

12 source address in the second holding register to a stored
13 branch source address in the third adjacent register,

14 wherein the compression indication circuit

15 operates to generate a compression indicator in response to
16 the new branch target address matching the stored branch
17 target address in the second adjacent register and the new
18 branch source address matching the stored branch source

19 address in the third adjacent register.

1 11. The circuit of claim 10, wherein the compression
2 indication circuit operates to set a least significant bit
3 of the stored branch source address in the third adjacent
4 register in response to the new branch target address

5 matching the stored branch target address in the second

6 adjacent register and the new branch source address
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WO 02/ 27483 PCT/ US01/ 42367 7 matching the stored branch source address in
the third 8 adjacent register. 1 12. The circuit of claiml1, further
conprisi moaz227syalid bit buffer conprising: 3 a first enBCTUS@H/A£B&P to
i nput and output valid 4 bits fromthe valid bit buffer; 5 a second end
flip-flop; 6 a plurality of interconnected flip-flops 7 connected between
said first end flip-flop and said second 8 end flip-flop; 9 a wite path
to shift aataHithPithd Btwedbsaich skhrddralddas Ofid e qannect ed
flip-flops by two flip-flops to 11 a downstreamflip-flop on a wite
operagion;; gndeld adpadpath to shift the valid bit by one flip- 13 flop
toward an upstream flip-flop on a read operation. 1 13. A pipelined
processor conprising: 2 a trace buffer circuit connected to the pipelined
3 digital signal processor, said trace buffer circuit 4 conprising: 5 a
plurality of intercdirectiatruidyich erlaim @ ,i Molnfdiar confdristinend regi ster to
i nput and out put 27 WO 02/ 27483 PCT/ US01/ 42367

2 valid bit buffer comprising:

3 a first end flip-flop to input and output valid

4 bits from the wvalid bit buffer;

5 a second end flip-flop;
6 a plurality of interconnected flip-flops
7 connected between said first end flip-flop and said second

8 end flip-flop;
9 a write path to shift a valid bit in one of said

10 plurality of interconnected flip-flops by two flip-flops to

11 a downstream flip-flop on a write operation; and

12 a read path to shift the valid bit by one flip-
13 flop toward an upstream flip-flop on a read operation.

1 13. A pipelined processor comprising:

2 a trace buffer circuit connected to the pipelined
3 digital signal processor, said trace buffer circuit

4 comprising:

5 a plurality of interconnected registers,

6 including a first end register to input and oﬁtput

27



7 instruction addresses, a second end register, and a 8 plurality of mddle
regi sters connected between said first 9 end register and said second end
regi ster wa02zi488ite path to shift an instruction addressPCl/USIIM2086Te of
said plurality of interconnected registers by two 12 registers toward the
second and register on a wite 13 operation; and 14 a read path to shift
the instruction address 15 by one register toward the first end register
on a 7eadihétepetdabnonddrekbesThe preoasisendofregliaicer]l3anaharein the trace
2 buffer operates as a first-in first-out (FIFO register on 3 the wite
oper &f i onpandaa 1k3stord hildanst YUl stlehEO-oheQict kel retwRRnt Re1kead Qperati on.
1 15. The processor of claim 13, wherein the 2 instruction address

conprd ses 32-hi. r 1 . ro sor. af..claim 15, wherein each of

t he s% fi?gg %ﬁglggggn%nghgggggﬁgﬁgﬁg %ﬁ ?ﬁgggF%Félity of 3 interconnected
registers conprise a 32-bit register. 28 W0 02/27483 PCT/,US01/42367 2 17.
The i ocessor of clainllé,wF&&%h@?%@o§ﬁrF§$ﬁ%:a§ énéifﬁgllﬁPingﬁﬁ§sto
wite a 64-bit address pair to the 4 first end regi ster and an adj acent
regigker dR PRE W £@id plurality of interconnected registers by two

12 registers toward the second and register on a write

13 operation; and

14 a read path to shift the instruction address
15 by one register toward the first end register on a read

16 operation.

1 14. The processor of claim 13, wherein the trace

2 buffer operates as a first-in first-out (FIFO) register on
3 the write operation and a last-in first-out (LIFO) register
4 on the read operation.

1 15. The processor of claim 13, wherein the

2 instruction address comprises a 32-bit word.

1 16. The processor of claim 15, wherein each of the

2 first and second end registers and the plurality of

3 interconnected registers comprise a 32-bit register.
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5 operation; and 6 a 32-bit read bus to read a 32-bit instruction 7
address fromthe end first register on the read operation. 8 18. A nethod
for conpmve@st/omgs conprising: 9 setting a | east significanPChiusowf23e br anch
10 target address in the stored address pair in response to a 11 new
address pair matching a stored address pair. 1 19. The nmethod of claim 18,
further conprising: 2 discarding the new address pair in response to 3 the
new address pair matching the stored address pair. 1 20. The nethod of
claim18, further conmprising: 2 storing the stored address pair ina first

pair 2 3 of register §hARt ALURAGNG1LAG AW #ddiess pa o gﬂnge stored 5
address pair. 29 WO 02/ 27483 PCT/ US01/ 42367 1 21. The netho cl aim 20,

further comRuleling,. 2ol idingd e saew-addigss ea'd&etsg %gﬁrflt bpgair of 3
reglsters in response to the new a ress pair not c e stored
palr he thod .0f claim20, further conp onparlng t he new

addr éss p%ﬁfs °g sé@@ﬁ§t§Fbﬁgg agl 388F8§§tpaﬁglﬁﬁea g@c%ﬁ% B&HES

reglsters adjacent t he
peration; and

6 a 32-bit read bus to read a 32-bit instruction

7 address from the end first register on the read operation.
8 18. A method for compression, comprising:

9 setting a least significant bit of a branch

10 target address in the stored address pair in response to a
11 new address pair matching a stored address pair.

1 19. The method of claim 18, further comprising:

2 discarding the new address pair in response to

3 the new address pailr matching the stored address pair.

1 20. The method of claim 18, further comprising:

2 storing the stored address pair in a first pair
3 of registers; and

4 comparing the new address pair to the stored

5 address pair.
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4 first pair of registers; 5 setting a least significant bit of a branch 6
source address in the second stored address pair in 7 response to the new
address pedp2/eEBEhi ng the second stored 8 pair; and 9 w PCT/Ngo42867new
address pair to the first pair of 10 registers in response to the new
address pair not matching 11 the second stored pair. 1 23. The method of
claim?22, further conprising: 2 discarding the new address pair in response
to 3tthe new addreShepaiathort i rg atifte 296 C Aud tiear edbrpddrEssy: 4 pair. 1
24. A nmethod for tracing instructions executed by a 2 processor,

conpri sing: 30 WO 02/ 2483 RGH USRLARBELs aWi g ra 2n-kit Rddress pair
inafirst-in 4 first-out wite operation; and 5 reading an n-bit address
in a4 ast-in ;fdirst- S£ad peratd i.m 24,
wher eéi n nr:es%ltéﬁie?tsy??{m&e@% 26. %'%hg%tr‘?let %gd]ag%é'cels-agr%ag% r}l\%%e?[%ﬁt?ht%hrg addr ess

pair 4 2 conpr issc%qfe% %raa:.Lr}fc_h target address and a branch source 3 address.

1 22. The method of claim 20, further comprising:

2 comparing the new address pair to a second stored
3 address pair in a second pair of registers adjacent the

4 first pair of registers;

5 setting a least significant bit of a branch

6 source address in the second stored address pair in

7 response to the new address pailr matching the second stored
8 pair; and

9 writing the new address pair to the first pair of
10 registers in response to the new address pair not matching
11 the second stored pair.

1 23. The method of claim 22, further comprising:

2 discarding the new address pair in response to

3 the new address pair matching the second stored address

4 pair.

1 24. A method for tracing instructions executed by a

2 processor, comprising:
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1 27. An apparatus, including instructions residing on 2 a

machi ne-readabl e medium for use in a trace buffer, the 3 instructions

4 set a least significant bit of BChU&ss¢r3d¢7ar get
address in a stored address pair in response to a new 6 address pair

mat ching the stored address pair. 1 28. The apparatus of claim 27, further
conprising 2 instructions causing the machine to:
address pair in respaisdrg 4 B - hewdddLsshipaiin mtihidig itthe stored
address pair. 31 WD 02/ 27483 PCT/ US01/ 42367 1 29. The apparatus of claim
27, fyrthen (GURYUSIWIG 2 IdpdFUGtd PN pusi ng the machine to: 3 store the
stored address pair in a first pair of 4 registers; and 5 conpare a new

t ; j4-ddy the fiqr | s .sters. 1
fr%al%gﬁr%dg%le%? by RAldrddh L d la%Ltl_Pi@t rfulc S|JJ0$1(\)S%It§ausi ng
chine tp: 3 mqyte the new address pair to the first pair of 4

ers i é?ﬁ%rsélFb the new address pair not matching 5 the stored

1 31. The apparatus of claim 29, further conprising

causi ng twe oremBi ne to:

addr

t he
regig$
pair.

S pair to a s
30. The apparatus o

urther conpri sing

25. The method of claim 24, wherein n is thirty-two.

26. The method of claim 24, wherein the address pair

comprises a branch target address and a branch source

address.

27. An apparatus, including instructions residing on

a machine-readable medium, for use in a trace buffer, the
instructions causing the machine to:

set a least significant bit of a branch target
address in a stored address pair in response to a new

address pair matching the stored address pair.

28. The apparatus of claim 27, further comprising
instructions causing the machine to:
discard the new address pair in response to the

new address pair matching the stored address pair.

31

3 discard the new
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2 instructions causing the machine to: 3 conpare the new address pair to a
second stored 4 address pair in a second pair of registers adjacent the 5
first paiwoot24eyi sters; 6 set a |least significant bit of pars@anebé’source
7 address in the second stored address pair in response to 8 the new
address pair matching the second stored pair; and 32 WO 02/27483

PCT/ US01/ 42367 9 wite the new address pair to the first pair of 10

regi sters in respongthd apderatew addr@ssinpa?, mirtmichicapriklinighe second
stored pair. 1 32. The apparatus of claim 31, further conprising 2
instracti QR tGTiRehd R UBRGEY Ned Gachiflesedy).d the new address pair in
response to the 4 new address pair nmatching the second stored address

pair.; 33 store the stored address pair in a first pair of

4 registers; and

5 compare a new address pair to a stored address
6 pair in the first pair of registers.

1 30. The apparatus of claim 29, further comprising

2 instructions causing the machine to:

3 write the new address pair to the first pair of
4 registers in response to the new address pair not matching
5 the stored pair.

1 31. The apparatus of claim 29, further comprising

2 instructions causing the machine to:

3 compare the new address pair to a second stored
4 address pair in a second pair of registers adjacent the

5 first pair of registers;

6 set a least significant bit of a branch source
7 address in the second stored address pair in response to
8 the new address pair matching the second stored pair; and
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write the new address pair to the first pair of
registers in response to the new address pair not matching

the second stored pair.

32. The apparatus of claim 31, further comprising
instructions causing the machine to:
discard the new address pair in response to the

new address pair matching the second stored address pair.

33



